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"An organism is so complex a thing, and growth so complex a phenomenon, that for growth to be so uniform 
and constant in all the parts as to keep the whole shape unchanged would indeed be an unlikely and an 
unusual circumstance. Rates vary, proportions change, and the whole configuration alters accordingly." - D’Arcy Thompson

Thus, the problem of how discs develop can be reduced to questions about how cells communicate. 
Who signals to whom? Over what distance? With what molecules? To what end? - Lewis Held, Jr

• Talk outline:

• Could have decided to define a function for the Fat pathway, e.g. uniform growth, or size determination. However, in a 
manner similar to Thompson, its not clear to me what part of the observation I must explain if I am interested in the 
developmental conseuqneces of the Fat pathway. Hence, I will build up my model from what I think are the core 
interactions in the wing disc and see what it is able to do. Ntatural drawback is then, why did I choose to focus on some 
interactions and not others? What do I really learn from proposing some model? In defense, I think I propose a null 
model that does explain some features and hypothesizes some new things. Puts some framework onto the Fat pathway

• If I were to do a function down approach I think a Hakim Siggia approach is wise. But that too has its drawbacks.
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
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1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
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Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-

2

Note: lacZ
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mutants can be partially rescued byWarts overexpression (Feng
and Irvine, 2007). Warts is a kinase, and activated Warts phos-
phorylates and thereby inactivates a transcriptional coactivator

protein, Yorkie (Yki) (Huang et al., 2005). yki is genetically re-
quired for the influence of fat on growth (Bennett and Harvey,
2006; Silva et al., 2006; Willecke et al., 2006), and the subcellular
localization of Yki is influenced by upstream pathway compo-
nents, including fat and warts (Dong et al., 2007; Oh and Irvine,
2008). The basic outlines of Fat/Hippo signaling have been
worked out in Drosophila, but homologous genes have been
identified in mammals, and, at least for the Hippo branch of
this signaling network, an analogousmammalian tumor suppres-
sor pathway exists and influences growth (Dong et al., 2007;
Zhao et al., 2007).
The influence of Fat on downstream gene expression and

growth is absolutely dependent upon the unconventional myosin
Dachs, as dachs mutation completely suppresses the fat tumor
suppressor phenotype (Cho and Irvine, 2004; Feng and Irvine,
2007; Mao et al., 2006). Dachs protein can localize to the plasma
membrane, but this membrane localization is inhibited by Fat
(Mao et al., 2006). In addition to their influence on growth, fat,
fj, and ds also affect planar cell polarity (PCP) (Casal et al.,
2002; Strutt and Strutt, 2002; Yang et al., 2002). Interestingly,
the localization of Dachs on the membrane is normally polarized,
such that Dachs preferentially localizes to the distal sides of
cells. This polarized localization is influenced by fat, fj, and ds
(Mao et al., 2006), and it currently constitutes the most immedi-
ate known response to Fat activity.
Wehave assessed the contribution of Fat signaling toDpp-reg-

ulated growth by examining the influence of Dpp signaling on
both regulators and readouts of Fat signaling, including fj and
ds expression; Dachs and Yki localization; and transcriptional
targets of the Fat/Hippo signaling network. We have also used
dachsmutants to examine genetically the contribution of Fat sig-
naling to the influence of Dpp signaling on wing growth, cell pro-
liferation, and gene expression. And, we have examined the influ-
ence of fj and ds expression patterns on cell proliferation and Fat
signaling in thewing. Our results establish thatmorphogen gradi-
ents influence growth in part via the Fat signaling pathway, and
they emphasize that Fat signaling is modulated by juxtaposition
of cells that express different levels of Fat pathway regulators.
Finally, we propose a model to explain how the graded expres-
sion of Fj and Ds could influence Fat/Hippo signaling.

RESULTS

Dpp Signaling Influences the Expression
and Localization of Fat Pathway Components
To characterize the potential relationship between Dpp signaling
and Fat signaling, we examined the consequences of manipula-
tions of Dpp pathway activity on the expression and localization
of Fat pathway components. The most immediate known re-
sponse to Fat signaling is the localization of Dachs at the mem-
brane, which can be visualized by using an epitope-tagged pro-
tein, Dachs:V5 (Mao et al., 2006). When expressed in clones of
cells, a polarized localization of Dachs within cells is evidenced
by the preferential accumulation of Dachs:V5 at the membrane
on one side of a clone and not the other. Genetic experiments
confirm that Dachs polarization is completely dependent upon
fat (Figure 1B). We have previously noted that, in the wing disc,
Dachs preferentially accumulates on the distal sides of cells
(Mao et al., 2006). We have since extended these observations

Figure 1. Polarization of Dachs Localization in the Wing
(A) Schematic of a portion of thewing imaginal disc. The approximate locations

of Wg-expressing cells along the D-V boundary (red) and Dpp-expressing cells

along the A-P boundary (yellow) are shown. The region illustrated here as distal

(green) corresponds to Vestigial-expressing cells, which give rise to the wing

blade.

(B–D) Portions of wing imaginal discs with clones of cells expressing Dachs:V5

(red). (B) In a clone of cells mutant for fat8 and expressing Dachs:V5, Dachs is

on themembrane all around the clone circumference. (C and D) Two examples

of wild-type discs with many small Dachs:V5-expressing clones are shown;

the D-V boundary and the wing pouch are demarcated by wg-lacZ[ro216] ex-

pression (green). Arrows indicate the vectors of Dachs polarization for selected

clones. (C-1), (C-2), (D-1), and (D-2) show close-ups of the boxed regions; box

1 shows clones near the D-V boundary but far from the A-P boundary, and box

2 shows clones near the A-P boundary but far from the D-V boundary.
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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mutants can be partially rescued byWarts overexpression (Feng
and Irvine, 2007). Warts is a kinase, and activated Warts phos-
phorylates and thereby inactivates a transcriptional coactivator

protein, Yorkie (Yki) (Huang et al., 2005). yki is genetically re-
quired for the influence of fat on growth (Bennett and Harvey,
2006; Silva et al., 2006; Willecke et al., 2006), and the subcellular
localization of Yki is influenced by upstream pathway compo-
nents, including fat and warts (Dong et al., 2007; Oh and Irvine,
2008). The basic outlines of Fat/Hippo signaling have been
worked out in Drosophila, but homologous genes have been
identified in mammals, and, at least for the Hippo branch of
this signaling network, an analogousmammalian tumor suppres-
sor pathway exists and influences growth (Dong et al., 2007;
Zhao et al., 2007).
The influence of Fat on downstream gene expression and

growth is absolutely dependent upon the unconventional myosin
Dachs, as dachs mutation completely suppresses the fat tumor
suppressor phenotype (Cho and Irvine, 2004; Feng and Irvine,
2007; Mao et al., 2006). Dachs protein can localize to the plasma
membrane, but this membrane localization is inhibited by Fat
(Mao et al., 2006). In addition to their influence on growth, fat,
fj, and ds also affect planar cell polarity (PCP) (Casal et al.,
2002; Strutt and Strutt, 2002; Yang et al., 2002). Interestingly,
the localization of Dachs on the membrane is normally polarized,
such that Dachs preferentially localizes to the distal sides of
cells. This polarized localization is influenced by fat, fj, and ds
(Mao et al., 2006), and it currently constitutes the most immedi-
ate known response to Fat activity.
Wehave assessed the contribution of Fat signaling toDpp-reg-

ulated growth by examining the influence of Dpp signaling on
both regulators and readouts of Fat signaling, including fj and
ds expression; Dachs and Yki localization; and transcriptional
targets of the Fat/Hippo signaling network. We have also used
dachsmutants to examine genetically the contribution of Fat sig-
naling to the influence of Dpp signaling on wing growth, cell pro-
liferation, and gene expression. And, we have examined the influ-
ence of fj and ds expression patterns on cell proliferation and Fat
signaling in thewing. Our results establish thatmorphogen gradi-
ents influence growth in part via the Fat signaling pathway, and
they emphasize that Fat signaling is modulated by juxtaposition
of cells that express different levels of Fat pathway regulators.
Finally, we propose a model to explain how the graded expres-
sion of Fj and Ds could influence Fat/Hippo signaling.

RESULTS

Dpp Signaling Influences the Expression
and Localization of Fat Pathway Components
To characterize the potential relationship between Dpp signaling
and Fat signaling, we examined the consequences of manipula-
tions of Dpp pathway activity on the expression and localization
of Fat pathway components. The most immediate known re-
sponse to Fat signaling is the localization of Dachs at the mem-
brane, which can be visualized by using an epitope-tagged pro-
tein, Dachs:V5 (Mao et al., 2006). When expressed in clones of
cells, a polarized localization of Dachs within cells is evidenced
by the preferential accumulation of Dachs:V5 at the membrane
on one side of a clone and not the other. Genetic experiments
confirm that Dachs polarization is completely dependent upon
fat (Figure 1B). We have previously noted that, in the wing disc,
Dachs preferentially accumulates on the distal sides of cells
(Mao et al., 2006). We have since extended these observations

Figure 1. Polarization of Dachs Localization in the Wing
(A) Schematic of a portion of thewing imaginal disc. The approximate locations

of Wg-expressing cells along the D-V boundary (red) and Dpp-expressing cells

along the A-P boundary (yellow) are shown. The region illustrated here as distal

(green) corresponds to Vestigial-expressing cells, which give rise to the wing

blade.

(B–D) Portions of wing imaginal discs with clones of cells expressing Dachs:V5

(red). (B) In a clone of cells mutant for fat8 and expressing Dachs:V5, Dachs is

on themembrane all around the clone circumference. (C and D) Two examples

of wild-type discs with many small Dachs:V5-expressing clones are shown;

the D-V boundary and the wing pouch are demarcated by wg-lacZ[ro216] ex-

pression (green). Arrows indicate the vectors of Dachs polarization for selected

clones. (C-1), (C-2), (D-1), and (D-2) show close-ups of the boxed regions; box

1 shows clones near the D-V boundary but far from the A-P boundary, and box

2 shows clones near the A-P boundary but far from the D-V boundary.
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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mutants can be partially rescued byWarts overexpression (Feng
and Irvine, 2007). Warts is a kinase, and activated Warts phos-
phorylates and thereby inactivates a transcriptional coactivator

protein, Yorkie (Yki) (Huang et al., 2005). yki is genetically re-
quired for the influence of fat on growth (Bennett and Harvey,
2006; Silva et al., 2006; Willecke et al., 2006), and the subcellular
localization of Yki is influenced by upstream pathway compo-
nents, including fat and warts (Dong et al., 2007; Oh and Irvine,
2008). The basic outlines of Fat/Hippo signaling have been
worked out in Drosophila, but homologous genes have been
identified in mammals, and, at least for the Hippo branch of
this signaling network, an analogousmammalian tumor suppres-
sor pathway exists and influences growth (Dong et al., 2007;
Zhao et al., 2007).
The influence of Fat on downstream gene expression and

growth is absolutely dependent upon the unconventional myosin
Dachs, as dachs mutation completely suppresses the fat tumor
suppressor phenotype (Cho and Irvine, 2004; Feng and Irvine,
2007; Mao et al., 2006). Dachs protein can localize to the plasma
membrane, but this membrane localization is inhibited by Fat
(Mao et al., 2006). In addition to their influence on growth, fat,
fj, and ds also affect planar cell polarity (PCP) (Casal et al.,
2002; Strutt and Strutt, 2002; Yang et al., 2002). Interestingly,
the localization of Dachs on the membrane is normally polarized,
such that Dachs preferentially localizes to the distal sides of
cells. This polarized localization is influenced by fat, fj, and ds
(Mao et al., 2006), and it currently constitutes the most immedi-
ate known response to Fat activity.
Wehave assessed the contribution of Fat signaling toDpp-reg-

ulated growth by examining the influence of Dpp signaling on
both regulators and readouts of Fat signaling, including fj and
ds expression; Dachs and Yki localization; and transcriptional
targets of the Fat/Hippo signaling network. We have also used
dachsmutants to examine genetically the contribution of Fat sig-
naling to the influence of Dpp signaling on wing growth, cell pro-
liferation, and gene expression. And, we have examined the influ-
ence of fj and ds expression patterns on cell proliferation and Fat
signaling in thewing. Our results establish thatmorphogen gradi-
ents influence growth in part via the Fat signaling pathway, and
they emphasize that Fat signaling is modulated by juxtaposition
of cells that express different levels of Fat pathway regulators.
Finally, we propose a model to explain how the graded expres-
sion of Fj and Ds could influence Fat/Hippo signaling.

RESULTS

Dpp Signaling Influences the Expression
and Localization of Fat Pathway Components
To characterize the potential relationship between Dpp signaling
and Fat signaling, we examined the consequences of manipula-
tions of Dpp pathway activity on the expression and localization
of Fat pathway components. The most immediate known re-
sponse to Fat signaling is the localization of Dachs at the mem-
brane, which can be visualized by using an epitope-tagged pro-
tein, Dachs:V5 (Mao et al., 2006). When expressed in clones of
cells, a polarized localization of Dachs within cells is evidenced
by the preferential accumulation of Dachs:V5 at the membrane
on one side of a clone and not the other. Genetic experiments
confirm that Dachs polarization is completely dependent upon
fat (Figure 1B). We have previously noted that, in the wing disc,
Dachs preferentially accumulates on the distal sides of cells
(Mao et al., 2006). We have since extended these observations

Figure 1. Polarization of Dachs Localization in the Wing
(A) Schematic of a portion of thewing imaginal disc. The approximate locations

of Wg-expressing cells along the D-V boundary (red) and Dpp-expressing cells

along the A-P boundary (yellow) are shown. The region illustrated here as distal

(green) corresponds to Vestigial-expressing cells, which give rise to the wing

blade.

(B–D) Portions of wing imaginal discs with clones of cells expressing Dachs:V5

(red). (B) In a clone of cells mutant for fat8 and expressing Dachs:V5, Dachs is

on themembrane all around the clone circumference. (C and D) Two examples

of wild-type discs with many small Dachs:V5-expressing clones are shown;

the D-V boundary and the wing pouch are demarcated by wg-lacZ[ro216] ex-

pression (green). Arrows indicate the vectors of Dachs polarization for selected

clones. (C-1), (C-2), (D-1), and (D-2) show close-ups of the boxed regions; box

1 shows clones near the D-V boundary but far from the A-P boundary, and box

2 shows clones near the A-P boundary but far from the D-V boundary.
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-

2

Dachs polarity and build 
up of nuclear Yorkie

Cell
450

Figure 1. Organization of the Wing Imaginal Disc

(A) Schematic of the wing portion of a wing imaginal disc, with the
approximate location of DPP-expressing cells (yellow) and dorsal-
ventral boundary cells (green) indicated. The subdivision of the
wing into lateral (L), medial-lateral (M-L), and medial (M) regions
used for scoring clones is also indicated.
(B) Location of DPP-expressing cells, visualized by staining a dpp-
lacZ line.
(C) TKV activity gradient in the wing, visualized by staining for
phospho-MAD.
(D) Distribution of cell proliferation in the wing, visualized by label-
ing and staining for BrdU.

cell proliferation; and 4) daughter cells acquire posi-
tional values intermediate between their neighbors,
such that the discrepancies in positional values be-
come more shallow until proliferation ceases.

Although the observations that DPP forms a morpho-
gen gradient and is required for growth are consistent
with the possibility that growth is actually stimulated by
a gradient of positional values specified downstream of
DPP, several observations have appeared to contradict
this hypothesis. First, the DPP gradient and its associ-
ated activity gradient decay exponentially rather than
linearly (Entchev et al., 2000; Teleman and Cohen,
2000); thus, it is not clear how mechanisms tied to the
slope of the gradient could generate even growth
across the disc. Second, uniform expression of DPP, or
of activated TKV, can promote wing overgrowth (Lecuit
et al., 1996; Martin-Castellanos and Edgar, 2002; Nellen
et al., 1996), implying that growth is affected by the
level of DPP and is not limited to situations where DPP
is graded. Moreover, expression of activated TKV in
clones has been reported to promote proliferation in
a strictly cell-autonomous manner, whereas gradient
models would predict that it should promote prolifera-
tion nonautonomously. Thus, despite the theoretical
appeal of gradient models and their ability to explain
regeneration, experiments with a key morphogen that
actually patterns the wing and regulates its growth
have appeared to contradict them.

In order to re-examine the relationship between DPP
pathway activity and wing growth, we created a method

for controlled gene expression that allows quantitative
and temporal control over gene expression in clones
of cells. Using this approach, we demonstrate that the
juxtaposition of cells perceiving different levels of DPP
signaling does in fact stimulate nonautonomous prolif-
eration. We further show that the responses to DPP dif-
fer in lateral versus medial regions of the disc and that
the nonautonomous proliferative response is transient,
suggesting explanations for why the nature of growth
regulation by DPP was missed in prior experiments. By
establishing the fundamental ability of the DPP gradient
to regulate growth, our results provide a molecular
basis for linking growth to patterning in developing
tissues.

Results

A Method for Conditional Gene Expression
in Genetic Mosaics
Studies of the influence of the DPP pathway on wing
growth and patterning have, for technical reasons, fo-
cused on long-term responses, typically involving at
least 2 days between pathway modulation and response
assessment. However, we reasoned that cells might
adapt to changes in DPP signaling, in which case short-
and long-term responses could differ. To evaluate this
possibility, we developed a system for temporal regula-
tion of gene expression in genetic mosaics.

This was achieved by combining the UAS-Gal4 (Brand
and Perrimon, 1993), Flp-out (Struhl and Basler, 1993),
and GeneSwitch Gal4 (Osterwalder et al., 2001; Roman
et al., 2001) methods for regulating gene expression.
A Gal4:Progesterone Receptor fusion gene (Gal4:PR)
(Osterwalder et al., 2001) was inserted into an actin pro-
moter Flp-out cassette (Struhl and Basler, 1993) to gen-
erate a transgene we refer to as AyGal4:PR (Figure 2A).
Based on prior studies of the component parts, we ex-
pected that, in transgenic flies, a pulse of expression
of the Flipase enzyme would catalyze excision of a DNA
cassette containing a transcriptional terminator, allow-
ing expression of Gal4:PR in clones of cells. In the ab-
sence of hormone, the PR domain would prevent Gal4
from activating transcription, but, in the presence of a
progesterone analog, RU486, this repression would be
relieved, resulting in expression of transgenes under
the control of UAS regulatory sequences (Figure 2). An
additional advantage of this system is that changes in
RU486 concentration can lead to quantitative changes
in target gene expression (Osterwalder et al., 2001).

Experimental analysis confirmed that the AyGal4:PR
system works as expected (Figure 2). RU486 was deliv-
ered by transferring larvae to RU486-containing food.
GFP expression is barely detectable in association with
AyGal4:PR clones in larvae containing a UAS-GFP trans-
gene but grown on normal food (Figure 2D). GFP-
expressing clones can, however, be readily visualized
within 4 to 5 hr after their transfer to RU486-containing
food (Figure 2E). Expression levels increase strongly up
to 10–15 hr after drug addition (Figure 2F), after which
they appear to plateau (data not shown).

Controlled Activation of TKV in Clones
In order to analyze the temporal response to mosaic
activation of the DPP pathway, Gal4:PR-expressing clones
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mutants can be partially rescued byWarts overexpression (Feng
and Irvine, 2007). Warts is a kinase, and activated Warts phos-
phorylates and thereby inactivates a transcriptional coactivator

protein, Yorkie (Yki) (Huang et al., 2005). yki is genetically re-
quired for the influence of fat on growth (Bennett and Harvey,
2006; Silva et al., 2006; Willecke et al., 2006), and the subcellular
localization of Yki is influenced by upstream pathway compo-
nents, including fat and warts (Dong et al., 2007; Oh and Irvine,
2008). The basic outlines of Fat/Hippo signaling have been
worked out in Drosophila, but homologous genes have been
identified in mammals, and, at least for the Hippo branch of
this signaling network, an analogousmammalian tumor suppres-
sor pathway exists and influences growth (Dong et al., 2007;
Zhao et al., 2007).
The influence of Fat on downstream gene expression and

growth is absolutely dependent upon the unconventional myosin
Dachs, as dachs mutation completely suppresses the fat tumor
suppressor phenotype (Cho and Irvine, 2004; Feng and Irvine,
2007; Mao et al., 2006). Dachs protein can localize to the plasma
membrane, but this membrane localization is inhibited by Fat
(Mao et al., 2006). In addition to their influence on growth, fat,
fj, and ds also affect planar cell polarity (PCP) (Casal et al.,
2002; Strutt and Strutt, 2002; Yang et al., 2002). Interestingly,
the localization of Dachs on the membrane is normally polarized,
such that Dachs preferentially localizes to the distal sides of
cells. This polarized localization is influenced by fat, fj, and ds
(Mao et al., 2006), and it currently constitutes the most immedi-
ate known response to Fat activity.
Wehave assessed the contribution of Fat signaling toDpp-reg-

ulated growth by examining the influence of Dpp signaling on
both regulators and readouts of Fat signaling, including fj and
ds expression; Dachs and Yki localization; and transcriptional
targets of the Fat/Hippo signaling network. We have also used
dachsmutants to examine genetically the contribution of Fat sig-
naling to the influence of Dpp signaling on wing growth, cell pro-
liferation, and gene expression. And, we have examined the influ-
ence of fj and ds expression patterns on cell proliferation and Fat
signaling in thewing. Our results establish thatmorphogen gradi-
ents influence growth in part via the Fat signaling pathway, and
they emphasize that Fat signaling is modulated by juxtaposition
of cells that express different levels of Fat pathway regulators.
Finally, we propose a model to explain how the graded expres-
sion of Fj and Ds could influence Fat/Hippo signaling.

RESULTS

Dpp Signaling Influences the Expression
and Localization of Fat Pathway Components
To characterize the potential relationship between Dpp signaling
and Fat signaling, we examined the consequences of manipula-
tions of Dpp pathway activity on the expression and localization
of Fat pathway components. The most immediate known re-
sponse to Fat signaling is the localization of Dachs at the mem-
brane, which can be visualized by using an epitope-tagged pro-
tein, Dachs:V5 (Mao et al., 2006). When expressed in clones of
cells, a polarized localization of Dachs within cells is evidenced
by the preferential accumulation of Dachs:V5 at the membrane
on one side of a clone and not the other. Genetic experiments
confirm that Dachs polarization is completely dependent upon
fat (Figure 1B). We have previously noted that, in the wing disc,
Dachs preferentially accumulates on the distal sides of cells
(Mao et al., 2006). We have since extended these observations

Figure 1. Polarization of Dachs Localization in the Wing
(A) Schematic of a portion of thewing imaginal disc. The approximate locations

of Wg-expressing cells along the D-V boundary (red) and Dpp-expressing cells

along the A-P boundary (yellow) are shown. The region illustrated here as distal

(green) corresponds to Vestigial-expressing cells, which give rise to the wing

blade.

(B–D) Portions of wing imaginal discs with clones of cells expressing Dachs:V5

(red). (B) In a clone of cells mutant for fat8 and expressing Dachs:V5, Dachs is

on themembrane all around the clone circumference. (C and D) Two examples

of wild-type discs with many small Dachs:V5-expressing clones are shown;

the D-V boundary and the wing pouch are demarcated by wg-lacZ[ro216] ex-

pression (green). Arrows indicate the vectors of Dachs polarization for selected

clones. (C-1), (C-2), (D-1), and (D-2) show close-ups of the boxed regions; box

1 shows clones near the D-V boundary but far from the A-P boundary, and box

2 shows clones near the A-P boundary but far from the D-V boundary.
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Juxtaposition of Cells Expressing Different Levels
of Either Fj or Ds Induces Elevated BrdU Labeling
The observations that TkvQ-D influences Fat signaling and that
dachs is required for the nonautonomous effect of TkvQ-D on
BrdU labeling and Fat target gene expression imply that the
Dpp gradient regulates cell proliferation through the Fat path-
way. This, in turn, suggests that the graded expression of the
two known Fat regulators, Fj and Ds, could influence wing
growth. To investigate this, we examined the consequences of
creating sharper than normal juxtapositions between cells ex-
pressing different levels of either Fj or Ds.
When expression of Fj and Ds was induced in clones of cells,

a nonautonomous elevation of BrdU labeling was clearly ob-
served along the edges of these clones by 15 hr after induction
of expression (Figure 5). In blind scoring, 57% (106/185) of Fj-ex-
pressing clones and 56% (111/200) of Ds-expressing clones at
15–22 hr were identified as causing a nonautonomous elevation
of BrdU labeling (Figures 5A and 5B), but only 7% (11/148) of
GFP-expressing control clones were scored as being associated
with the elevation of BrdU labeling. Quantitation of this effect by
automated image analysis identified a 3.4-fold increase in the
frequency of labeled nuclei surrounding Ds-expressing clones,
and a 2.6-fold increase in labeled nuclei surrounding Fj-express-
ing clones (Figure S3). When we examined Ds- and Fj-express-
ing clones at 51–52 hr after induction, a robust response to Fj
was still detected (62%, or 79/128 clones), although the influ-
ence of Ds was reduced (25%, or 23/93 clones) (Figures 5E
and 5F). To control for the possibility that changes in cell affinity
might influence cell proliferation, we also included E-cadherin-
expressing clones at 15–22 hr in this analysis, but only 8% (7/83)
were scored as being associated with a nonautonomous eleva-
tion of BrdU labeling in blind scoring (not shown), and no in-
crease in the frequency of BrdU labeled nuclei was detected by
automated image analysis (Figure S3).
Notably, when Fj was expressed, the detection of elevated

BrdU labeling was strongest in proximal regions of the wing
(62%, 100/161 clones), where endogenous Fj levels are lowest,
and weaker in distal regions (43%, 39/90 clones), where

Figure 4. dachs Is Required for Nonautonomous Influences of Tkv
on Cell Proliferation
(A–D) Wing imaginal discs containing Gal4:PR-expressing clones, marked

by expression of GFP (green), grown for 15 hr on media containing RU486,

and then labeled and stained for BrdU (red) or phospho-Mad (magenta). For

ease of comparison, the locations of selected clones are outlined by dashes.

Because the nuclei are not all in the same focal plane, we combined staining

in different focal planes by maximum projection through confocal sections.

(A) AyGal4:PR UAS-tkvQ253D UAS-GFP. BrdU labeling is elevated around the

clone. (B) AyGal4:PR UAS-GFP. BrdU labeling is normal. (C) dachsGC13;

AyGal4:PR UAS-TkvQ253D UAS-GFP. BrdU labeling is autonomously elevated

within a lateral clone (asterisk), but no nonautonomous elevation of labeling

is observed. (D) dachsGC13; AyGal4:PR UAS-TkvQ253D UAS-GFP. p-MAD

staining is elevated in TKVQ-D-expressing clones.

(E and F) Discs with uniform TkvQ253D expression, induced by actin-Gal4:PR

are shown. (E) In wild-type, this represses BrdU labeling in medial cells (aster-

isk) (Rogulja and Irvine, 2005), but in (F) fat, no medial repression occurs.

(G) dachs mutant wing imaginal discs containing tub-Gal4/Gal80ts clones ex-

pressing TkvQ253D, stained for expression of Diap1 (red). Diap1 expression is

not affected by the clones.

(H) Close-up of a clone shown in (G).
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).

Developmental Cell

Morphogen Control of Wing Growth through Fat

Developmental Cell 15, 309–321, August 12, 2008 ª2008 Elsevier Inc. 311

b)

Thursday, July 21, 2011

Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Observations - To what end?

Dpp “gradients” induce growth

endogenous Fj levels are higher (Figure 5B). Conversely, when
Ds was expressed, the detection of elevated BrdU labeling
was strongest in distal regions of the wing (69%, 79/115 clones),
where endogenous Ds levels are lowest, and weaker in proximal
regions (46%, 73/160 clones), where endogenous Ds levels are
higher (Figure 5A). These observations suggest that the ability
of Fj- and Ds-expressing clones to induce cell proliferation de-
pends on the degree of difference in expression levels between
neighboring cells. BrdU labeling was most obviously elevated
along the outside edge of clones, but it also sometimes ap-
peared elevated along the inside edge of clones.

A variety of observations have indicated that Fj and Ds ex-
pression are associated with inhibition of Fat signaling along
clone edges. fat mutant clones have been associated with
the upregulation of wg, Ser, fj, and Diap1 (Cho et al., 2006;
Cho and Irvine, 2004; Mao et al., 2006; Yang et al., 2002),
and these same genes can be upregulated around the edges
of clones of cells expressing either Fj or Ds (Figure 5G;
Figure S1D; Buckles et al., 2001; Cho et al., 2006; Cho and Ir-
vine, 2004; Zeidler et al., 1999). To confirm that the elevated
BrdU labeling induced by juxtaposing cells expressing different
levels of either Fj or Ds is also mediated through the Fat

Figure 5. Fj- and Ds-Expressing Clones Elevate BrdU Incorporation
(A–F) Wing imaginal discs containing Gal4:PR-expressing clones, marked by expression of GFP (green), grown for the indicated number of hours on media con-

taining RU486, and labeled and stained for BrdU are shown. For ease of comparison, the locations of selected clones are outlined by dashes. (A and E)AyGal4:PR

UAS-ds UAS-GFP. Elevated BrdU labeling is evident in (A), especially in distal regions, but not in (E). (B and F) AyGal4:PR UAS-fj UAS-GFP. Elevated BrdU

labeling is evident, especially in proximal regions. (C) dachsGC13; AyGal4:PR UAS-ds UAS-GFP. BrdU labeling is not affected by the clones. (D) dachsGC13;

AyGal4:PR UAS-fj UAS-GFP. BrdU labeling is not affected by the clones. (G) tub-Gal4/Gal80ts clones expressing ds; Diap1 staining is elevated around the clones

(arrows). (H) dachsGC13 mutant with tub-Gal4/Gal80ts clones expressing ds; Diap1 staining is not affected by the clones.
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“Gradients” in the Fat pathway components induce growth

clones, scored as being associated with nonautonomous eleva-
tion of BrdU labeling in a prior series of experiments [Rogulja and
Irvine, 2005]). Conversely, only 11% (34/309) of TkvQ-D clones
in dachsmutants were scored as being associated with a nonau-
tonomous elevation of BrdU labeling (Figure 4C). To quantify
these results, we also used an automated image analysis pro-
gram to count labeled nuclei per unit area, and to compare the
frequency of labeled nuclei surrounding clones to the frequency
elsewhere in the disc (Figure S3). This analysis identified a 2.6-
fold increase in labeled nuclei surrounding TkvQ-D-expressing
clones in wild-type, whereas in dachs mutant discs the
frequency of BrdU labeling was comparable to that in the wild-
type control (Figure S3). The observation that the nonautono-
mous induction of cell proliferation associated with TkvQ-D-ex-
pressing clones is essentially eliminated in dachsmutant animals
implies that the Dpp gradient requires the Fat pathway to
influence growth. Importantly, Dpp signaling still occurs in dachs
mutants, as monitored by the elevated phosphorylation of the
Mad transcription factor in TkvQ-D clones (Figure 4D). Moreover,
the ability of TkvQ-D clones to autonomously upregulate BrdU la-
beling in lateral cells (Martin-Castellanos and Edgar, 2002;
Rogulja and Irvine, 2005) is retained in dachs mutants, albeit at
a reduced level (Figure 4C) (38% [35/93] of lateral TkvQ-D-
expressing clones were scored as autonomously upregulating
BrdU labeling in dachs mutants, compared with 80% [68/85] of
TkvQ-D clones and 0% [0/43] of control clones in wild-type ani-
mals). The persistence of the autonomous mechanism, but not
the nonautonomous mechanism, for promotion of cell prolifera-
tion by TkvQ-D is consistent with the observation that wing
growth is reduced but not eliminated in dachs mutants (Mao
et al., 2006).
While juxtaposing cells with different levels of Dpp pathway

activity stimulates cell proliferation, uniform activation of Tkv in-
hibits the proliferation of medial wing cells (Figure 4E; Rogulja
and Irvine, 2005). To investigate whether this inhibition might re-
quire fat, we assayed the influence of uniform TkvQ-D expression
on BrdU labeling in fat mutant wing discs. When TkvQ-D was
expressed uniformly in fat mutants, strong BrdU labeling was
detected throughout the wing (Figure 4F). Thus, mutation of fat
abrogated the inhibition of proliferation normally associated
with uniform TkvQ-D expression.

Figure 3. Dpp Signaling Influences Fat/Hippo Pathway Target Genes
(A–H)Wing imaginal discs, stained for expression of (A, C, D, and F–H) Diap1 or

(B and E) ex-lacZ (red). (C)–(H) contain tub-Gal4/Gal80ts clones marked by co-

expression of GFP. Arrows point to examples of Fat/Hippo target gene upreg-

ulation around clone edges. (A and B) Wild-type discs. (C) TkvQ-D-expressing

clone. Strong Diap1 upregulation is observed in lateral regions, but the effect is

subtle in the medial wing, where endogenous Tkv activity is high. (D) Close-up

of a TkvQ-D-expressing clone. Diap1 upregulation is strongest in cells immedi-

ately neighboring the clone, but examples of upregulation 2–3 cells away

(arrow) and inside the clone border (arrowhead) can be observed. (E) TkvQ-D-

expressing clone. ex-lacZ is upregulated around clone edges, except near the

D-V boundary. (F) Brinker-expressing clone. Diap1 is downregulated inside the

clone, but upregulated just outside, mimicking the effects of Brinker on BrdU

labeling (Rogulja and Irvine, 2005). (G) Clones in which Tkv levels have been

downregulated by RNAi. Diap1 upregulation is observed along clone edges.

(H) Close-up of a clone in (G).
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-

2

tkv: receptor for Dpp (ligand) Diap1: Apoptosis inhibitor 
and reporter for Yorkie
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• Fact 2) Fat pathway is polarized in WT

• Fact 3) Gradients --> Growth

• Input 1) Polarity generating mechanism

• Input 2) Cytosolic read out of polarity

• So, if I get a polar read out from my model then we shouldn’t be surprised. So there are two aspects of the results that are 
going to be worth highlighting. THe quantitative nature of the polarity and growth signaling as a function of some input 
parameters. And, features that I did not put in by hand.
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).

Developmental Cell

Morphogen Control of Wing Growth through Fat

Developmental Cell 15, 309–321, August 12, 2008 ª2008 Elsevier Inc. 311

b)

Thursday, July 21, 2011

Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as

5

d−→u i

dt
= kufidi+1(1 + α−→u i)− γu

−→u i(1 + β←−u i+1)

d←−u i+1

dt
= kufi+1di(1 + α←−u i+1)− γu

←−u i+1(1 + β−→u i)

fi = f0
i −−→u i −←−u i & di = d0i −−→u i−1 −←−u i+1
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as

5

d−→u i

dt
= kufidi+1(1 + α−→u i)− γu

−→u i(1 + β←−u i+1)

d←−u i+1

dt
= kufi+1di(1 + α←−u i+1)− γu

←−u i+1(1 + β−→u i)

fi = f0
i −−→u i −←−u i & di = d0i −−→u i−1 −←−u i+1
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as

5

d−→u i

dt
= kufidi+1(1 + α−→u i)− γu

−→u i(1 + β←−u i+1)

d←−u i+1

dt
= kufi+1di(1 + α←−u i+1)− γu

←−u i+1(1 + β−→u i)

fi = f0
i −−→u i −←−u i & di = d0i −−→u i−1 −←−u i+1

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as

5
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as

5

d−→u i

dt
= kufidi+1(1 + α−→u i)− γu

−→u i(1 + β←−u i+1)

d←−u i+1

dt
= kufi+1di(1 + α←−u i+1)− γu

←−u i+1(1 + β−→u i)

fi = f0
i −−→u i −←−u i & di = d0i −−→u i−1 −←−u i+1
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as

5

d−→u i

dt
= kufidi+1(1 + α−→u i)− γu

−→u i(1 + β←−u i+1)

d←−u i+1

dt
= kufi+1di(1 + α←−u i+1)− γu

←−u i+1(1 + β−→u i)

fi = f0
i −−→u i −←−u i & di = d0i −−→u i−1 −←−u i+1

0

0
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes
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In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes
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Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-

2

Transmembrane Interactions Cytosolic Intermediate Nuclear Signal

FiDi+1(1 + α
−→
U i)− Γ

−→
U i(1 + β

←−
U i+1) = 0

Fi+1Di(1 + α
←−
U i+1)− Γ

←−
U i+1(1 + β

−→
U i) = 0

Fi = F 0
i −−→

U i −
←−
U i & Di = D0

i −
−→
U i−1 −

←−
U i+1

−→
C i =

1

1 +
�−→

U i
λ

�n

←−
C i =

1

1 +
�←−

U i
λ

�n

Ni = (
−→
C i +

←−
C i)

−→u i

←−u i+1

Celli+1Celli

−→u i

←−u i+1

−→u i

a)

←−u i+1

−→u i

←−u i+1

fi

fi+1

di+1

di

b)

Active Fat

Dachs

η

n = 1

n = 2
n = 4

n = 8

C =
1

1 +
�

U
η

�n

1

0

σc

γc

∼
�
γc
νc

�1/n

ci =
σc

γc + νcun
i

Tuesday, July 26, 2011

Tuesday, July 26, 2011

Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes
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dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i
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= σc − γc

←−c i − νc
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←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Figure 5: Symbolic illustrations of the formation of active Fat complexes and their subsequent inhibition of Dachs: a) Schematic
of Fat-Dachsous interactions within mathematical model: Fat in cell i, fi, binds to Dachsous in cell i+1, di+1, to form a complex −→u i.
Fat in cell i+1, fi+1, binds to Dachsous in cell i, di, to form a complex ←−u i+1. Positive feedback amongst complexes favors the formation
of similar species and enhances the degradation of opposing species, as illustrated in grey boxes within panel a). Weak tissue-wide
gradients of Dachsous and Four-jointed can be amplified via these cooperative interactions, providing the large degrees of polarity at an
interface required to allow the localization of Dachs. b) Interfacial localization of Dachs, C, is inhibited by active Fat complexes, u. b)
Employing a separation of timescales the steady-state concentration of Dachs (C), as a function of active Fat complexes (U), at a given
interface is C = (1 + (U/η)n)−1. This relation typically defines a two-state signaling scenario, where an interface depleted of active
Fat complexes allow the accumulation of Dachs and an abundance of such complexes efficiently inhibit Dachs accumulation. This panel
illustrates the features of this relation that are controlled by two parameters, η and n. η is a critical concentration level of active Fat
complexes that defines the boundary between the two signaling states. The exponent n represents the degree of cooperativity in this
interaction, for example, n = 2 represent Dachs inhibition requiring two active Fat complexes to act in unison. As is illustrated in this
panel, increasing the value of n defines an increasingly clear distinction between the two signaling states.

set of algebraic equations. Exact global solutions to

these equations are presented in the results section.

A polarized readout of active Fat: The levels

of active Fat on the cellular interfaces, in particular

the abundance of one species over another, reflects

the absolute level and tissue wide biases mediated by

morphogen gradients. A read out of this polarity is

essential to the Fat pathway’s involvement in regu-

lating both polarity and proliferation. As described

above, one of the proteins involved with this read out

is the polarized accumulation of Dachs. Despite sin-

gling out Dachs as the cytosolic component of the

Fat/Hippo pathway, we emphasize that the model

proposed here ought to be viewed with some degree of

abstraction from the details of a particular molecule.

The interactions proposed below might be the con-

sequence of several cytosolic intermediaries that may

have not yet been identified, while in another species

a quite different protein might play the role Dachs is

inferred to play in the fly wing disc.

In agreement with a previously proposed interac-

tion for Dachs inhibition at an interface [3], we pos-

tulate that there exist local “pools” of Dachs at each

interface. These reservoirs of Dachs are inhibited by

active Fat complexes. A high level of asymmetry in

the two species of active Fat complexes will lead to

differential inhibition of Dachs on the two interfaces,

allowing the accumulation on the interface with fewer

active complexes. The rate equations below capture

these processes

d−→c i

dt
= σc − γc

−→c i − νc
−→c i

−→u n
i (4)

and

d←−c i

dt
= σc − γc

←−c i − νc
←−c i

←−u n
i (5)

In the above equations we refer to the cytoso-

lic protein involved in the polarized readout of Fat-

Dachsous polarity as c. The notation for the right

pointing and left facing Dachs is similar to the one

employed in Fat-Dachsous interactions, where
−→c i is

the level of Dachs that localizes on the right interface

of the ith cell and a similar interpretation for
←−c i fol-

lows. σc corresponds to the rate of synthesis, γc to the
rate of degradation and νc to the rate of Dachs inhi-

bition by active Fat complexes. We have allowed the

possibility of cooperative interactions between active

Fat complexes and Dachs via the exponent n. For ex-

ample, an interaction with n=2 would correspond to

a scenario where Dachs is inhibited when two active

Fat complexes bind to it. In addition to the above

interactions we could include ligand-independent Fat

activity where inactive Fat also degrades Dachs. This

would naturally give a fat-mutant a stronger over-

growth phenotype than a dachsous-mutant.

The downstream consequences of localization of

Dachs culminates in the nuclear build-up of growth

and polarity regulating transcription factors, such as

5
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Figure 6: Phase portrait of steady-state levels of active Fat complexes as a function of Dachsous concentration: Cooperative

interactions define a critical concentration of Dachsous, D∗, above which a highly polarized solution (
−→
U >

←−
U or

−→
U <

←−
U ) is admitted,

below which a symmetric unpolarized state is achieved (
−→
U =

←−
U ). The concentrations of active Fat complexes in the polarized regime

are determined by the intersection of the red and green curves (mathematical details in appendix). The function F is an increasing
function of D, with F → 1 as D → ∞. The concentration of active Fat complexes in the unpolarized regime is approximated by the

intersection of the red line with the broken gray line
−→
U =

←−
U . No solutions can lie to the right of the broken gray line,

−→
U +

←−
U = 1

since the level of Fat is limiting here.

Yorkie. We propose that nuclear transcription factor

levels adjust at a much slower timescale than inter-

facial accumulation of Dachs and hence, appealing

to this separation of timescales, the steady-states of

equations 4 and 5 are the relevant limits to consider

(mathematical details relegated to the appendix).

−→c i =
σc

γc + νc
−→u n

i

;
←−c i =

σc

γc + νc
←−u n

i

(6)

Figure 5 b) illustrates how the level of Dachs varies

as a function of the concentration of active Fat, U,

and the two parameters (γc/νc)1/n and n. As can

be seen directly from the expressions in equation 6,

when the concentration of active Fat at an interface

is large, u � (γc/νc)1/n, the inhibition of Dachs is

efficient and its concentration decays, c → 0. Con-

versely, when u � (γc/νc)1/n, Dachs is allowed to

localize to the interface in question and c → σc/γc.
The cooperativity parameter n, as illustrated in

figure 5 b), controls the shape of the relation between

Dachs and active Fat. In particular, larger values of n

lead to sharper distinction between regions with low

and high concentrations of Dachs.

Transcriptional regulators of growth: There are
several cytosolic and nuclear intermediates that link

Fat-Dachsous signals to growth and polarity. In par-

ticular, the dependence of Yorkie on Dachs has sev-

eral intermediates in the Warts and Hippo pathway.

Modeling these interactions adds little to the under-

standing we hope to achieve. We therefore posit that

Dachs upregulates the level of nuclear Yorkie in an en-

tirely straightforward manner, according to the rate

equations

dni

dt
= kn(

−→c i +
←−c i)− γnni (7)

ni is defined to be the nuclear concentration

of growth regulating transcription factors, such as

Yorkie. The above rate equation corresponds to the

build up of nuclear Yorkie in a manner proportional

to the summed concentration of Dachs that is allowed

to localize to all cellular interfaces, resulting in the

following steady-state levels of Yorkie (mathematical

details in appendix),

ni =
kn
γn

�
σc

γc + νc
−→u n

i

+
σc

γc + νc
←−u n

i

�
(8)

Its straightforwardly seen that the level of Yorkie in

equation 8 is the sum of the two expressions in equa-

tion 6 appended by the appropriate factor kn/γn to

account for its own concentration level. This expres-

sion would naturally be extended in two dimension

to account for Dachs signaling from all cellular inter-

faces.

6

Analytic solution - Absolute level response

α&β−→ Polarity

Critical relative level of Dachsous

←−
U +

−→
U = 1−

√
Γ

d−→u i

dt
= kufidi+1(1 + α−→u i)− γu

−→u i(1 + β←−u i+1)

d←−u i+1

dt
= kufi+1di(1 + α←−u i+1)− γu

←−u i+1(1 + β−→u i)

fi = f0
i −−→u i −←−u i & di = d0i −−→u i−1 −←−u i+1
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U =
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U +
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since the level of Fat is limiting here.

Yorkie. We propose that nuclear transcription factor

levels adjust at a much slower timescale than inter-

facial accumulation of Dachs and hence, appealing

to this separation of timescales, the steady-states of

equations 4 and 5 are the relevant limits to consider

(mathematical details relegated to the appendix).
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Figure 5 b) illustrates how the level of Dachs varies

as a function of the concentration of active Fat, U,

and the two parameters (γc/νc)1/n and n. As can

be seen directly from the expressions in equation 6,

when the concentration of active Fat at an interface

is large, u � (γc/νc)1/n, the inhibition of Dachs is

efficient and its concentration decays, c → 0. Con-

versely, when u � (γc/νc)1/n, Dachs is allowed to

localize to the interface in question and c → σc/γc.
The cooperativity parameter n, as illustrated in

figure 5 b), controls the shape of the relation between

Dachs and active Fat. In particular, larger values of n

lead to sharper distinction between regions with low

and high concentrations of Dachs.

Transcriptional regulators of growth: There are
several cytosolic and nuclear intermediates that link

Fat-Dachsous signals to growth and polarity. In par-

ticular, the dependence of Yorkie on Dachs has sev-

eral intermediates in the Warts and Hippo pathway.

Modeling these interactions adds little to the under-

standing we hope to achieve. We therefore posit that

Dachs upregulates the level of nuclear Yorkie in an en-

tirely straightforward manner, according to the rate

equations

dni

dt
= kn(

−→c i +
←−c i)− γnni (7)

ni is defined to be the nuclear concentration

of growth regulating transcription factors, such as

Yorkie. The above rate equation corresponds to the

build up of nuclear Yorkie in a manner proportional

to the summed concentration of Dachs that is allowed

to localize to all cellular interfaces, resulting in the

following steady-state levels of Yorkie (mathematical

details in appendix),

ni =
kn
γn

�
σc

γc + νc
−→u n

i

+
σc

γc + νc
←−u n
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�
(8)

Its straightforwardly seen that the level of Yorkie in

equation 8 is the sum of the two expressions in equa-

tion 6 appended by the appropriate factor kn/γn to

account for its own concentration level. This expres-

sion would naturally be extended in two dimension

to account for Dachs signaling from all cellular inter-

faces.
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Analytic solution - Absolute level response

α&β−→ Polarity

Critical relative level of Dachsous

←−
U +

−→
U = 1−

√
Γ

FiDi+1(1 + α
−→
U i)− Γ

−→
U i(1 + β

←−
U i+1) = 0
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←−
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Fi = F 0
i −−→

U i −
←−
U i & Di = D0
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←−
U i+1

Sunday, August 28, 2011



←−
U
−→
U =

1

αβ

←−
U +

−→
U = 1

←−
U +

−→
U = F [D;Γ,α,β]

D

1

−→
U

←−
U

|−→ U
−
←− U

|

D0

Polarized

D0
∗

D0
−

D0
+

1

1

0

Positive 
Feedback

a) b)

D0
∗(Γ,α,β)D0

− D0
+

Tuesday, July 26, 2011

Figure 6: Phase portrait of steady-state levels of active Fat complexes as a function of Dachsous concentration: Cooperative

interactions define a critical concentration of Dachsous, D∗, above which a highly polarized solution (
−→
U >

←−
U or

−→
U <

←−
U ) is admitted,

below which a symmetric unpolarized state is achieved (
−→
U =

←−
U ). The concentrations of active Fat complexes in the polarized regime

are determined by the intersection of the red and green curves (mathematical details in appendix). The function F is an increasing
function of D, with F → 1 as D → ∞. The concentration of active Fat complexes in the unpolarized regime is approximated by the

intersection of the red line with the broken gray line
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U =
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U . No solutions can lie to the right of the broken gray line,

−→
U +

←−
U = 1

since the level of Fat is limiting here.

Yorkie. We propose that nuclear transcription factor

levels adjust at a much slower timescale than inter-

facial accumulation of Dachs and hence, appealing

to this separation of timescales, the steady-states of

equations 4 and 5 are the relevant limits to consider

(mathematical details relegated to the appendix).
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Figure 5 b) illustrates how the level of Dachs varies

as a function of the concentration of active Fat, U,

and the two parameters (γc/νc)1/n and n. As can

be seen directly from the expressions in equation 6,

when the concentration of active Fat at an interface

is large, u � (γc/νc)1/n, the inhibition of Dachs is

efficient and its concentration decays, c → 0. Con-

versely, when u � (γc/νc)1/n, Dachs is allowed to

localize to the interface in question and c → σc/γc.
The cooperativity parameter n, as illustrated in

figure 5 b), controls the shape of the relation between

Dachs and active Fat. In particular, larger values of n

lead to sharper distinction between regions with low

and high concentrations of Dachs.

Transcriptional regulators of growth: There are
several cytosolic and nuclear intermediates that link

Fat-Dachsous signals to growth and polarity. In par-

ticular, the dependence of Yorkie on Dachs has sev-

eral intermediates in the Warts and Hippo pathway.

Modeling these interactions adds little to the under-

standing we hope to achieve. We therefore posit that

Dachs upregulates the level of nuclear Yorkie in an en-

tirely straightforward manner, according to the rate

equations

dni

dt
= kn(

−→c i +
←−c i)− γnni (7)

ni is defined to be the nuclear concentration

of growth regulating transcription factors, such as

Yorkie. The above rate equation corresponds to the

build up of nuclear Yorkie in a manner proportional

to the summed concentration of Dachs that is allowed

to localize to all cellular interfaces, resulting in the

following steady-state levels of Yorkie (mathematical

details in appendix),
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γn
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+
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←−u n

i

�
(8)

Its straightforwardly seen that the level of Yorkie in

equation 8 is the sum of the two expressions in equa-

tion 6 appended by the appropriate factor kn/γn to

account for its own concentration level. This expres-

sion would naturally be extended in two dimension

to account for Dachs signaling from all cellular inter-

faces.
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Figure 6: Phase portrait of steady-state levels of active Fat complexes as a function of Dachsous concentration: Cooperative

interactions define a critical concentration of Dachsous, D∗, above which a highly polarized solution (
−→
U >

←−
U or

−→
U <

←−
U ) is admitted,

below which a symmetric unpolarized state is achieved (
−→
U =

←−
U ). The concentrations of active Fat complexes in the polarized regime

are determined by the intersection of the red and green curves (mathematical details in appendix). The function F is an increasing
function of D, with F → 1 as D → ∞. The concentration of active Fat complexes in the unpolarized regime is approximated by the

intersection of the red line with the broken gray line
−→
U =

←−
U . No solutions can lie to the right of the broken gray line,

−→
U +

←−
U = 1

since the level of Fat is limiting here.

Yorkie. We propose that nuclear transcription factor

levels adjust at a much slower timescale than inter-

facial accumulation of Dachs and hence, appealing

to this separation of timescales, the steady-states of

equations 4 and 5 are the relevant limits to consider

(mathematical details relegated to the appendix).
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γc + νc
−→u n

i

;
←−c i =
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γc + νc
←−u n
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Figure 5 b) illustrates how the level of Dachs varies

as a function of the concentration of active Fat, U,

and the two parameters (γc/νc)1/n and n. As can

be seen directly from the expressions in equation 6,

when the concentration of active Fat at an interface

is large, u � (γc/νc)1/n, the inhibition of Dachs is

efficient and its concentration decays, c → 0. Con-

versely, when u � (γc/νc)1/n, Dachs is allowed to

localize to the interface in question and c → σc/γc.
The cooperativity parameter n, as illustrated in

figure 5 b), controls the shape of the relation between

Dachs and active Fat. In particular, larger values of n

lead to sharper distinction between regions with low

and high concentrations of Dachs.

Transcriptional regulators of growth: There are
several cytosolic and nuclear intermediates that link

Fat-Dachsous signals to growth and polarity. In par-

ticular, the dependence of Yorkie on Dachs has sev-

eral intermediates in the Warts and Hippo pathway.

Modeling these interactions adds little to the under-

standing we hope to achieve. We therefore posit that

Dachs upregulates the level of nuclear Yorkie in an en-

tirely straightforward manner, according to the rate

equations

dni

dt
= kn(

−→c i +
←−c i)− γnni (7)

ni is defined to be the nuclear concentration

of growth regulating transcription factors, such as

Yorkie. The above rate equation corresponds to the

build up of nuclear Yorkie in a manner proportional

to the summed concentration of Dachs that is allowed

to localize to all cellular interfaces, resulting in the

following steady-state levels of Yorkie (mathematical

details in appendix),

ni =
kn
γn

�
σc

γc + νc
−→u n

i

+
σc

γc + νc
←−u n

i

�
(8)

Its straightforwardly seen that the level of Yorkie in

equation 8 is the sum of the two expressions in equa-

tion 6 appended by the appropriate factor kn/γn to

account for its own concentration level. This expres-

sion would naturally be extended in two dimension

to account for Dachs signaling from all cellular inter-

faces.

6

Analytic solution - Absolute level response

α&β−→ Polarity

Critical relative level of Dachsous
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Yorkie. We propose that nuclear transcription factor

levels adjust at a much slower timescale than inter-

facial accumulation of Dachs and hence, appealing

to this separation of timescales, the steady-states of

equations 4 and 5 are the relevant limits to consider

(mathematical details relegated to the appendix).
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Figure 5 b) illustrates how the level of Dachs varies

as a function of the concentration of active Fat, U,

and the two parameters (γc/νc)1/n and n. As can

be seen directly from the expressions in equation 6,

when the concentration of active Fat at an interface

is large, u � (γc/νc)1/n, the inhibition of Dachs is

efficient and its concentration decays, c → 0. Con-

versely, when u � (γc/νc)1/n, Dachs is allowed to

localize to the interface in question and c → σc/γc.
The cooperativity parameter n, as illustrated in

figure 5 b), controls the shape of the relation between

Dachs and active Fat. In particular, larger values of n

lead to sharper distinction between regions with low

and high concentrations of Dachs.

Transcriptional regulators of growth: There are
several cytosolic and nuclear intermediates that link

Fat-Dachsous signals to growth and polarity. In par-

ticular, the dependence of Yorkie on Dachs has sev-

eral intermediates in the Warts and Hippo pathway.

Modeling these interactions adds little to the under-

standing we hope to achieve. We therefore posit that

Dachs upregulates the level of nuclear Yorkie in an en-

tirely straightforward manner, according to the rate

equations

dni

dt
= kn(
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ni is defined to be the nuclear concentration

of growth regulating transcription factors, such as

Yorkie. The above rate equation corresponds to the

build up of nuclear Yorkie in a manner proportional

to the summed concentration of Dachs that is allowed

to localize to all cellular interfaces, resulting in the

following steady-state levels of Yorkie (mathematical

details in appendix),
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Its straightforwardly seen that the level of Yorkie in

equation 8 is the sum of the two expressions in equa-

tion 6 appended by the appropriate factor kn/γn to

account for its own concentration level. This expres-

sion would naturally be extended in two dimension

to account for Dachs signaling from all cellular inter-

faces.
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Yorkie. We propose that nuclear transcription factor

levels adjust at a much slower timescale than inter-

facial accumulation of Dachs and hence, appealing

to this separation of timescales, the steady-states of

equations 4 and 5 are the relevant limits to consider

(mathematical details relegated to the appendix).
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Figure 5 b) illustrates how the level of Dachs varies

as a function of the concentration of active Fat, U,

and the two parameters (γc/νc)1/n and n. As can

be seen directly from the expressions in equation 6,

when the concentration of active Fat at an interface

is large, u � (γc/νc)1/n, the inhibition of Dachs is

efficient and its concentration decays, c → 0. Con-

versely, when u � (γc/νc)1/n, Dachs is allowed to

localize to the interface in question and c → σc/γc.
The cooperativity parameter n, as illustrated in

figure 5 b), controls the shape of the relation between

Dachs and active Fat. In particular, larger values of n

lead to sharper distinction between regions with low

and high concentrations of Dachs.

Transcriptional regulators of growth: There are
several cytosolic and nuclear intermediates that link

Fat-Dachsous signals to growth and polarity. In par-

ticular, the dependence of Yorkie on Dachs has sev-

eral intermediates in the Warts and Hippo pathway.

Modeling these interactions adds little to the under-

standing we hope to achieve. We therefore posit that

Dachs upregulates the level of nuclear Yorkie in an en-

tirely straightforward manner, according to the rate

equations

dni

dt
= kn(

−→c i +
←−c i)− γnni (7)

ni is defined to be the nuclear concentration

of growth regulating transcription factors, such as

Yorkie. The above rate equation corresponds to the

build up of nuclear Yorkie in a manner proportional

to the summed concentration of Dachs that is allowed

to localize to all cellular interfaces, resulting in the

following steady-state levels of Yorkie (mathematical

details in appendix),

ni =
kn
γn

�
σc

γc + νc
−→u n

i

+
σc

γc + νc
←−u n

i

�
(8)

Its straightforwardly seen that the level of Yorkie in

equation 8 is the sum of the two expressions in equa-

tion 6 appended by the appropriate factor kn/γn to

account for its own concentration level. This expres-

sion would naturally be extended in two dimension
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facial accumulation of Dachs and hence, appealing
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(mathematical details relegated to the appendix).
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as a function of the concentration of active Fat, U,

and the two parameters (γc/νc)1/n and n. As can

be seen directly from the expressions in equation 6,
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is large, u � (γc/νc)1/n, the inhibition of Dachs is

efficient and its concentration decays, c → 0. Con-

versely, when u � (γc/νc)1/n, Dachs is allowed to
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Modeling these interactions adds little to the under-

standing we hope to achieve. We therefore posit that
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equation 8 is the sum of the two expressions in equa-
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account for its own concentration level. This expres-

sion would naturally be extended in two dimension
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Yorkie. We propose that nuclear transcription factor

levels adjust at a much slower timescale than inter-

facial accumulation of Dachs and hence, appealing

to this separation of timescales, the steady-states of

equations 4 and 5 are the relevant limits to consider

(mathematical details relegated to the appendix).
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Figure 5 b) illustrates how the level of Dachs varies

as a function of the concentration of active Fat, U,

and the two parameters (γc/νc)1/n and n. As can

be seen directly from the expressions in equation 6,

when the concentration of active Fat at an interface

is large, u � (γc/νc)1/n, the inhibition of Dachs is

efficient and its concentration decays, c → 0. Con-

versely, when u � (γc/νc)1/n, Dachs is allowed to

localize to the interface in question and c → σc/γc.
The cooperativity parameter n, as illustrated in

figure 5 b), controls the shape of the relation between

Dachs and active Fat. In particular, larger values of n

lead to sharper distinction between regions with low

and high concentrations of Dachs.
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several cytosolic and nuclear intermediates that link
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ticular, the dependence of Yorkie on Dachs has sev-

eral intermediates in the Warts and Hippo pathway.

Modeling these interactions adds little to the under-

standing we hope to achieve. We therefore posit that

Dachs upregulates the level of nuclear Yorkie in an en-

tirely straightforward manner, according to the rate

equations
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dt
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ni is defined to be the nuclear concentration
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Yorkie. The above rate equation corresponds to the

build up of nuclear Yorkie in a manner proportional

to the summed concentration of Dachs that is allowed

to localize to all cellular interfaces, resulting in the

following steady-state levels of Yorkie (mathematical
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Its straightforwardly seen that the level of Yorkie in

equation 8 is the sum of the two expressions in equa-

tion 6 appended by the appropriate factor kn/γn to

account for its own concentration level. This expres-

sion would naturally be extended in two dimension

to account for Dachs signaling from all cellular inter-
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interactions define a critical concentration of Dachsous, D∗, above which a highly polarized solution (
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U >
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U or
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U <
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U ) is admitted,

below which a symmetric unpolarized state is achieved (
−→
U =
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U ). The concentrations of active Fat complexes in the polarized regime
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Yorkie. We propose that nuclear transcription factor

levels adjust at a much slower timescale than inter-

facial accumulation of Dachs and hence, appealing

to this separation of timescales, the steady-states of

equations 4 and 5 are the relevant limits to consider

(mathematical details relegated to the appendix).
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Figure 5 b) illustrates how the level of Dachs varies

as a function of the concentration of active Fat, U,

and the two parameters (γc/νc)1/n and n. As can

be seen directly from the expressions in equation 6,

when the concentration of active Fat at an interface

is large, u � (γc/νc)1/n, the inhibition of Dachs is

efficient and its concentration decays, c → 0. Con-

versely, when u � (γc/νc)1/n, Dachs is allowed to

localize to the interface in question and c → σc/γc.
The cooperativity parameter n, as illustrated in

figure 5 b), controls the shape of the relation between

Dachs and active Fat. In particular, larger values of n

lead to sharper distinction between regions with low

and high concentrations of Dachs.

Transcriptional regulators of growth: There are
several cytosolic and nuclear intermediates that link

Fat-Dachsous signals to growth and polarity. In par-

ticular, the dependence of Yorkie on Dachs has sev-

eral intermediates in the Warts and Hippo pathway.

Modeling these interactions adds little to the under-

standing we hope to achieve. We therefore posit that

Dachs upregulates the level of nuclear Yorkie in an en-

tirely straightforward manner, according to the rate

equations

dni

dt
= kn(

−→c i +
←−c i)− γnni (7)

ni is defined to be the nuclear concentration

of growth regulating transcription factors, such as

Yorkie. The above rate equation corresponds to the

build up of nuclear Yorkie in a manner proportional

to the summed concentration of Dachs that is allowed

to localize to all cellular interfaces, resulting in the

following steady-state levels of Yorkie (mathematical

details in appendix),
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Its straightforwardly seen that the level of Yorkie in

equation 8 is the sum of the two expressions in equa-

tion 6 appended by the appropriate factor kn/γn to

account for its own concentration level. This expres-

sion would naturally be extended in two dimension

to account for Dachs signaling from all cellular inter-

faces.
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interactions define a critical concentration of Dachsous, D∗, above which a highly polarized solution (
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U >
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U or
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U <
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below which a symmetric unpolarized state is achieved (
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U =
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are determined by the intersection of the red and green curves (mathematical details in appendix). The function F is an increasing
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U . No solutions can lie to the right of the broken gray line,
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Yorkie. We propose that nuclear transcription factor

levels adjust at a much slower timescale than inter-

facial accumulation of Dachs and hence, appealing

to this separation of timescales, the steady-states of

equations 4 and 5 are the relevant limits to consider

(mathematical details relegated to the appendix).
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Figure 5 b) illustrates how the level of Dachs varies

as a function of the concentration of active Fat, U,

and the two parameters (γc/νc)1/n and n. As can

be seen directly from the expressions in equation 6,

when the concentration of active Fat at an interface

is large, u � (γc/νc)1/n, the inhibition of Dachs is

efficient and its concentration decays, c → 0. Con-

versely, when u � (γc/νc)1/n, Dachs is allowed to

localize to the interface in question and c → σc/γc.
The cooperativity parameter n, as illustrated in

figure 5 b), controls the shape of the relation between

Dachs and active Fat. In particular, larger values of n

lead to sharper distinction between regions with low

and high concentrations of Dachs.

Transcriptional regulators of growth: There are
several cytosolic and nuclear intermediates that link

Fat-Dachsous signals to growth and polarity. In par-

ticular, the dependence of Yorkie on Dachs has sev-

eral intermediates in the Warts and Hippo pathway.

Modeling these interactions adds little to the under-

standing we hope to achieve. We therefore posit that

Dachs upregulates the level of nuclear Yorkie in an en-

tirely straightforward manner, according to the rate

equations
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dt
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−→c i +
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ni is defined to be the nuclear concentration

of growth regulating transcription factors, such as

Yorkie. The above rate equation corresponds to the

build up of nuclear Yorkie in a manner proportional

to the summed concentration of Dachs that is allowed

to localize to all cellular interfaces, resulting in the

following steady-state levels of Yorkie (mathematical

details in appendix),
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equation 8 is the sum of the two expressions in equa-
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Figure 7: Steady-state levels of active Fat complexes as a func-
tion of a linearly graded Dachsous profile: This figure is similar
to figure 6 with the addition of the black curves that represent the
steady state concentration of active Fat complexes as we scale from
left to right o=f an array exposed to increasing levels of Dachsous
with a gradient ∆D. Such a profile is illustrated in the top right
of the figure. The three curves are numerical output for arrays of
cells exposed to gradients of 0.5%, 5% and 10% across cells. The
role of a gradient is two fold, first, it picks which of the two poten-

tial polarized states are realized (
−→
U >

←−
U or

−→
U <

←−
U ). Secondly, it

quantitatively alters the steady-state concentration of active Fat
complexes in a manner proportional to the gradient. Note, that
in contrast to figure 6 the solution curve below criticality is off

the
−→
U =

←−
U line. We chose a value of η such that in the absence

of a gradient, active Fat complexes are never sufficiently depleted
to allow the accumulation of Dachs. Only in the presence of a
strong enough gradient does one species of complexes decrease suf-

ficiently,
−→
U < η. Hence, for a chosen value of η, itself a function

of biochemical constants, there exists a critical gradient that can
generate cellular polarity to the polarized localization of Dachs.
[Parameter values: α = β = 2.5, Γ = 0.01, η = 0.1, n = 2]

3 Results

We will present the generic features and results in
parts: first, how the concentrations of transmem-
brane complexes depend on the absolute levels of in-
teracting proteins, second, how the gradients in pro-
tein expressions alter the aforementioned concentra-
tions. Subsequently, we will present what the re-
sponse of polarized cytosolic (Dachs) and transcrip-
tion factor (Yorkie) levels are to the levels of active
Fat complexes, thereby constructing a phase diagram
relating the inputs, protein expressions levels and gra-
dients, and the outputs, cell polarity and growth.

To highlight the relevant parameters in the model
we work with the dimensionless statement of the

governing relations (mathematical details relegated
to appendix) where concentrations are relative to a
“typical” level of Fat, F̄ . An explanation of the meth-
ods used and utility of such a rewriting of equations
can be found in the supplementary text.

Steady-state levels of active Fat complexes where
Γ = γu/kuF̄ , along with α and β, are parameters that
quantifies the formation and degradation of active Fat
complexes.

FiDi+1(1 + α
−→
U i)− Γ

−→
U i(1 + β

←−
U i+1) = 0 (9)

Fi+1Di(1 + α
←−
U i+1)− Γ

←−
U i+1(1 + β

−→
U i) = 0 (10)

where F 0
i and D0

i are relative concentrations, to F̄ ,
and are determined by

Fi = F 0
i −−→

U i−
←−
U i & Di = D0

i −
−→
U i−1−

←−
U i+1 (11)

Steady-state levels of interfacial Dachs where a sin-
gle parameter λ = (γc/F̄nνc)1/n determines inhibi-
tion

−→
C i =

1

1 +
�−→

U i
λ

�n ;
←−
C i =

1

1 +
�←−

U i
λ

�n (12)

Steady-state levels of nuclear Yorkie

Ni = (
−→
C i +

←−
C i) (13)

3.1 Formation of active Fat complexes

Absolute level response: In order to illustrate the
solutions as a function of absolute levels we investi-
gate the scenario where the level of Fat and Dachsous
across the array of cells is uniform. Figure 6 a) and
b), are often referred to as phase portraits of solu-

tions, that is pairs of [
−→
U ,

←−
U ], to equations 9, 10 and

11, as a function of the parameter D0 (note F 0 = 1)
and fixed values of biochemical constants α, β and Γ.
Figure 6 a) illustrates the qualitative features of the
dependence on D0: the y-axis measure the degree of
polarity, that being the over abundance of one species

over the other |−→U −←−
U | (note the absolute signs). At

a critical value of D0
∗, itself a function of biochemical

constants (Γ,α,β) (in the limit Γ � 1 it adopts a par-
ticularly neat form D0

∗ ≈ 2/
√
αβ), a polarized state

is admitted in a non-linear fashion. For values lower
than the critical state, D0

− < D0
∗, a symmetric state is

maintained with no disparity in concentrations of the
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Questions about the curve:
1) Response at the critical point
2) Why does the curve settle at intersection?
3) When does it turn around?

All 3 levels of model 
in one figure
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Figure 3: A map from patterning signals to growth: The graded expression of proteins, Dachsous amongst them, regulates growth

and polarity. The above two idealized maps represent the level of growth as a function of absolute levels and gradients. The structure of

the heatmap is therefore a function of the mechanistic details of the pathways involved in patterning. a) Here a level detector pathway is

illustrated, where above a critical absolute level of Dachsous, D∗
, growth is signaled. b) Here a gradient detector pathway is illustrated,

where above a critical gradient in Dachsous, ∆D∗
, growth is signaled. Clearly any realistic pathway must be some combination of such

idealized maps. This framework allows a simple and quantitative analysis of experimental data and theoretical insight.

panied signaling within the UOER and 6) propaga-
tion of Fat pathway polarity and signaling across the
disc via cellular interactions that could possible me-
diate growth arrest across the wing disc.

Despite the conclusion being expressed in the lan-
guage of the molecular components found in the fruit
fly wing disc, we believe, that the stated principles
and mechanisms might help in understanding a range
of phenomena in other organs and species, where de-
tails of the molecular components vary. This degree
of abstraction from molecular details, is not only rec-
ommended, but in fact required if we are to continue
our exploration of the unifying concepts in develop-
mental biology.

2 Framework & Model

Two core upstream components of the Fat/Hippo
pathway, Four-jointed and Dachsous, are known to
be graded across the wing disc, as depicted in fig-
ure 2 a) and b) respectively. The redundancy of
the the Four-jointed and Dachsous gradients [4, 2]
suggests the investigation of growth and polarity re-
sponses as a function of gradients and absolute levels
of a single component of the Fat/Hippo pathway, say
Dachsous. We therefore construct a phase diagram
where the absolute or relative levels of growth are
depicted as a function of the gradient and absolute
level of Dachsous. Figure 3 a) and b) illustrates two
examples of such phase diagrams of growth. High and

low levels of growth are represented by red and blue
colors, respectively. Figure 3 a) depicts a pathway
that acts as a “level detector”, signaling growth for
cells exposed to Dachsous levels above D∗, regardless
of gradient. Figure 3 b) on the other hand corre-
sponds to a pathway that detects gradients, and sig-
nals growth above a threshold ∆Dachsous∗, a “gra-
dient detector”. Utilizing this framework, figure 4 is
a neat summary of the relative growth levels in vari-
ous knockout, clonal and wildtype observations in the
wing disc. One of the ways to discern between models
that might reproduce the generic features of growth
illustrated in 4 would be a quantitative mapping out
of the boundaries between various growth regions, or
phases.

We now present a model that includes a minimal
list of membrane, cytosolic and nuclear components
and whose generic features reproduce a phase dia-
gram in good agreement with figure 4. Building on
the schematic in figure 1 a) we present our math-
ematical model in parts: 1) Membrane interactions
between Fat and Dachsous, 2) A cytosolic polar-
ized read out of active Fat complexes, achieved by
Dachs inhibition in the fly wing disc and 3) Synthe-
sis of growth regulating transcription factors, such
as Yorkie. For simplicity we consider a one dimen-
sional array of cells. All analyses and results have
been shown to be generalizable to two dimensions:
qualitatively all the results are recovered.

Fat-Dachsous interactions: Each interface, as il-
lustrated in figure 1, can have Fat-Dachsous com-

3

Map from expression levels of core 
components to growth/polarity response
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of phenomena in other organs and species, where de-
tails of the molecular components vary. This degree
of abstraction from molecular details, is not only rec-
ommended, but in fact required if we are to continue
our exploration of the unifying concepts in develop-
mental biology.

2 Framework & Model

Two core upstream components of the Fat/Hippo
pathway, Four-jointed and Dachsous, are known to
be graded across the wing disc, as depicted in fig-
ure 2 a) and b) respectively. The redundancy of
the the Four-jointed and Dachsous gradients [4, 2]
suggests the investigation of growth and polarity re-
sponses as a function of gradients and absolute levels
of a single component of the Fat/Hippo pathway, say
Dachsous. We therefore construct a phase diagram
where the absolute or relative levels of growth are
depicted as a function of the gradient and absolute
level of Dachsous. Figure 3 a) and b) illustrates two
examples of such phase diagrams of growth. High and

low levels of growth are represented by red and blue
colors, respectively. Figure 3 a) depicts a pathway
that acts as a “level detector”, signaling growth for
cells exposed to Dachsous levels above D∗, regardless
of gradient. Figure 3 b) on the other hand corre-
sponds to a pathway that detects gradients, and sig-
nals growth above a threshold ∆Dachsous∗, a “gra-
dient detector”. Utilizing this framework, figure 4 is
a neat summary of the relative growth levels in vari-
ous knockout, clonal and wildtype observations in the
wing disc. One of the ways to discern between models
that might reproduce the generic features of growth
illustrated in 4 would be a quantitative mapping out
of the boundaries between various growth regions, or
phases.

We now present a model that includes a minimal
list of membrane, cytosolic and nuclear components
and whose generic features reproduce a phase dia-
gram in good agreement with figure 4. Building on
the schematic in figure 1 a) we present our math-
ematical model in parts: 1) Membrane interactions
between Fat and Dachsous, 2) A cytosolic polar-
ized read out of active Fat complexes, achieved by
Dachs inhibition in the fly wing disc and 3) Synthe-
sis of growth regulating transcription factors, such
as Yorkie. For simplicity we consider a one dimen-
sional array of cells. All analyses and results have
been shown to be generalizable to two dimensions:
qualitatively all the results are recovered.

Fat-Dachsous interactions: Each interface, as il-
lustrated in figure 1, can have Fat-Dachsous com-
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Phase diagram

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.

9

2λ

Features
1) Knockout
2) Signaling peak
3) “Critical” gradient
4) More gradient --> More growth
5) Low (a weak knockout) levels give less 
growth than the signaling peak
6) Over-expression of Ds over Fat leads to no 
growth regardless of gradient
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model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Phase diagram

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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tional to the Dachsous gradient, an effect expected in
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centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
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U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent
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D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
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U+
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U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.
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∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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rally, have low concentrations of transmembrane com-
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of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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the
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U =
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U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.
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The results of the model for the Fat/Hippo pathway
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sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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gradient generates sufficient depletion of
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U to allow
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which the level of active Fat on a given interface is de-
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can occur. However, in stark contrast to a classic
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apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram

0

1

2

1% 5% 10%

∆D∗

D
ac
h
so
u
s

∆Dachsous

Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response
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∆Dachsous, and its absolute value, Dachsous. What is striking is
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absent. Here it can be seen to be around 2%. This critical gradient
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excess growth is signaled. Quantitatively, this occurs for D < 2η.
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complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]
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model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.
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signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-
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son is currently impossible since a mapping out of the
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U = 1/αβ), however, the
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tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.
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The results of the model for the Fat/Hippo pathway
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features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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transcription factor N lies in between values 0 and 2,
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increases with the gradient ∆Dachsous. Within this region only
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η = 0.1, n = 2]
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graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.
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the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the
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η = 0.1, n = 2]

where the levels of growth are shown as functions
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graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.
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the generic properties of the map between patterning

signals and growth within the model presented here.
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features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Features
1) Knockout
2) Signaling peak
3) “Critical” gradient
4) More gradient --> More growth
5) Low (a weak knockout) levels give less 
growth than the signaling peak
6) Over-expression of Ds over Fat leads to no 
growth regardless of gradient

Questions
1) Signaling peak width?
2) Predictions? Quantitative vs Qualitative
3) Multiple gradients?
4) Dynamic picture?
5) Clones?

Sunday, August 28, 2011



Response to over-expression (clones)

D
ac
hs
ou
s

−→
U � ←−

U
−→
U � ←−

U

Monday, July 25, 2011

Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Features:
1) Edge response (with different polarity)  
2) Low Fat-pathway activity within OE-region 

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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3) Non-autonomous signaling that is Dachsous dependent (postional 
dependence of clone
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Features:
1) Edge response (with different polarity)  
2) Low Fat-pathway activity within OE-region 

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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1) Edge response (with different polarity)  
2) Low Fat-pathway activity within OE-region 

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Features:
1) Edge response (with different polarity)  
2) Low Fat-pathway activity within OE-region 

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Hypotheses 

Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Hypotheses 

Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
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U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.
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The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Hypotheses 

Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,
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24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-

2

Sunday, August 28, 2011



Hypotheses 

Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
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U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
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U
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U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
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U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Hypotheses 

Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Hypotheses 

Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Hypotheses 

Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-

2

Sunday, August 28, 2011



Hypotheses 

Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Hypotheses 

Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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Hypotheses 

Qualitative hypotheses (in vivo)
1) Weak knockout --> undergrowth
2) Clones with gradient will not instigate growth
3) Position of Dachsous clone
4) Fat and Dachsous in approximately equal amount
5) Polarity in the interior of the clone ought to 
interpolate over a correlation length

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 9: Two dimensions: Medial and Lateral Dachsous clones overexpressing Dachsous at order of magnitude above neighboring
levels. Both clones show suppression of growth within clone and strong Yorkie signaling in ”wildtype” cells abutting clonal boundaries.
Medial clones, in contrast to lateral clones, show marked nonautonomous signaling. The cause being that medial cells have protein
expression levels that ensure that cooperative interactions are dominant and hence the polarizing influence of strongly polarized cells
is felt more strongly.

to the right, and vice versa at the opposing edge.

2) As observed in the wing-disc, cells close to the
over-expressing region have increased growth. The
degree and extent to which this nonautonomous sig-
naling is present depends on the level of Dachsous
itself. Generically, there are two behaviours as illus-
trated by the two dimensional simulations in figure
9 b) and c) that correspond to different Dachsous
levels in the wildtype cells (as indicated by the hori-
zontal slices through panel a)). In the regime where
Dachsous levels match the Fat levels nonautonomous
signaling is at its strongest. As Dachsous levels are
increased over the levels of Fat this non-autonomy is
reduced, however the strong upregulation of growth
at the edge is preserved. This variation in nonauton-
omy is the cause of the signaling peak around unity
in figure 8 with suppression with increasing levels of
Dachsous over Fat. The extent of nonautonomous
signaling depends on the parameters α and β for any
given levels of Dachsous, in particular, these param-
eters govern how much an interface/cell will polar-
ize in response to biasing cues that can emanate ei-
ther from tissue wide gradients or polarized neigh-
boring cells. The signal decays because the level of
Dachsous on either side of the clonal edge is at wild-
type levels and hence itself provides a smaller biasing

cue to its neighbors than the “edge cells”. This is
a natural consequence of imposing the stoichiomet-
ric laws for Fat and Dachsous whereby a abundance
of one species of complexes at an interface leads to
a depletion of transmembrane proteins on the other
interfaces of the same cell, thereby propagating the
signal. A naturally analogy exists between the cell
lengths over which nonautonomous signaling is sig-
nificant and the concept of a correlation length in
statistical physics. In particular, large changes in the
polarity, and therefore growth, are interpolated over
a correlation length. This imparts favorable proper-
ties to the detection of gradients by cells within the
disc, since they now sense the biasing cues of tissue
wide gradient over a correlation length rather than
individually. This naturally allows a more robust de-
tection of a gradient. We will return to this feature
of the model and comment on the possibility of it be-
ing involved in the propagation of signals across the
entire wing disc and in particular growth arrest.

3) Within the over-expressing region growth is at
low levels. The mechanistic cause of this within our
model is two fold: first, the high levels of Dachsous
within the over-expressing region forces the cells into
a saturation regime where the gradient does not have
the biasing features it does at wildtype levels. This
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-

2

Qualitative hypotheses (synthetic - David Sprinzak)
1) Testing the existence of cooperative interactions (strength of alpha, beta etc)
2) Possibly see transition as a function of absolute level
2) Non-autonomy in a multi-cell assay
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Shortcomings, Cynicism and things I don’t understand

1) Why are the profiles of Fj and Ds what they 
are? Fail
Potentially helpful observations would be: 
a) Dynamics of initiation of these profiles 
b) Fat profile 
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-
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the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Shortcomings, Cynicism and things I don’t understand

1) Why are the profiles of Fj and Ds what they 
are? Fail
Potentially helpful observations would be: 
a) Dynamics of initiation of these profiles 
b) Fat profile 
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-

2

2) Four-jointed feedback: How do we 
include such an effect? How much of 
Fj is under Dpp control and how much 
under growth feedback? 

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram

0

1

2

1% 5% 10%

∆D∗

D
ac
h
so
u
s

∆Dachsous

Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.

Furthermore, Rogulja et al. [3] have found that the
nonautonomous growth around dachsous and four-
jointed clones is increased in distal and proximal re-
gions, respectively. Recent inferences of a moving
wave of Fat-Dachsous signaling during the recruit-
ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].

The following questions motivate this study: How
do cells read weak gradients in the expressions lev-
els of relevant proteins and respond by producing a
strong polarized response? Can the various UOER
observations be understood in a synergistic man-
ner? Can signals propagate across the disc via Fat-
Dachsous interactions, in particular, could the Fat
pathway be involved in growth arrest? In response,
we construct a cell-cell signaling model that is sensi-
tive to external polarizing cues, such as tissue-wide
gradients. This sensitivity is ensured via a positive
feedback amidst Fat-Dachsous complexes that pre-
dicts a non-trivial response of growth on expression
levels and gradients of core components of the Fat
pathway. Our model recovers several key observed
features of the Fat/Hippo pathway: 1) Dachs local-
ization on all cellular interfaces and overgrowth in
fat/ds/fat-ds mutants (ligand-independent Fat activ-
ity recovers a stronger fat mutant phenotype than
its dachsous counterpart), 2) reduced growth in weak
fat/ds/fat-ds mutants, 3) the existence of a weak
critical gradient in the expression levels of Dachsous
and/or Four-jointed, below which, cells do not re-
spond and above which they do, 4) Wild-type growth
and localization of Dachs to interfaces with smaller
amounts of Dachsous in response to external polariz-
ing cues (distal in the wild-type scenario), 5) Strong
growth signaling at clonal boundaries with no accom-

2

2) Four-jointed feedback: How do we 
include such an effect? How much of 
Fj is under Dpp control and how much 
under growth feedback? 

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.

Cells with very low concentrations of Dachsous, natu-

rally, have low concentrations of transmembrane com-

plexes hence the curve starts in the lower-left corner

of figure 7. Note that the curve is deviated from

the
−→
U =

←−
U since there exists a weak gradient that

creates a weak level of polarity in a manner propor-

tional to the Dachsous gradient, an effect expected in

the limit of no cooperative interactions (mathemat-

ical details relegated to the appendix). As we scan

to the right of the array, with ever increasing con-

centrations of Dachsous, the concentration of trans-

membrane complexes increase until the critical con-

centration of Dachsous is surpassed and a strongly

polarized solution is achieved. In the absence of a

gradient the solution would lie on the green line as

illustrated in figure 6 (
−→
U
←−
U = 1/αβ), however, the

gradient perturbs this solutions. The steeper the gra-

dient the larger the perturbation, which is apparent

in figure 7. The scenario with just a 0.5% gradient in

D across cells doesn’t enter the purple shaded region

and hence would not signal growth via cytosolic inter-

mediaries like Dachs. The scenario with just a 10%

gradient generates sufficient depletion of
←−
U to allow

the accumulation of Dachs at the “distal” interface.

A final aspect of the solutions is that for increas-

ing concentration of Dachsous (D � 1) the solution

curve exits the signaling purple region and settles at

the intersection of the green line and the saturation

line
−→
U+

←−
U = 1. This occurs regardless of the gradient

in Dachsous expression and corresponds to concentra-

tions of Dachsous so large that every Fat protein has

found a binding partner and hence all interfaces are

able to efficiently inhibit Dachs.

The details of how gradients numerically alter ac-

tive Fat levels is less important than the simple pic-

ture illustrated in figures 7, where for a given choice

of λ there exists a critical Dachsous gradient, above

which the level of active Fat on a given interface is de-

pleted sufficiently to allow the accumulation of Dachs.

Below this critical gradient there isn’t sufficient po-

larity that is generated and no Dachs accumulation

can occur. However, in stark contrast to a classic

gradient detector depicted in figure 3 b) it is already

apparent that absolute level will play a role.

3.2 Phase diagram of growth

The results of the model for the Fat/Hippo pathway

are best presented in the form of a phase diagram
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.
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3) Is growth uniform (rate control vs size/shape control)? How much does the Fat 
pathway contribute? Is this even the relevant question (initiation, maintenance, 
arrest)? Maybe its worth thinking about how multiple transduction pathways 
contribute to growth...
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Figure 1: Interactions within the Fat/Hippo pathway: Two

adjacent cells interact through the formation of transmembrane

complexes involving two protocadherins, Fat (Fat) and Dachsous

(Ds). Four-jointed (Fj) is a golgi-kinase that alters the affinity be-

tween Fat and Dachsous via phosphorylation of their extracellular

domains (reduces Ds affinity for Fat, while increasing Fat’s affinity

for Ds). Bound Fat has been inferred to inhibit cytosolic compo-

nents of the Hippo pathway, among them is Dachs, an unconven-

tional myosin that accumulates on distal interfaces of cells in the

wing disc. These cytosolic components in turn regulate growth and

polarity via the regulation of transcription factors such as Yorkie.

Broken links represent potential intermediaries that are involved

in signal transduction.

culminating in the nuclear build up of growth reg-
ulating transcription factors, such as Yorkie. The
above protein-interactions are depicted in an ideal-
ized schematic of two interacting cells within the wing
disc in figure 1 and the graded expressions of Four-
jointed, a golgi-kinase that alters the affinity of trans-
membrane proteins, and Dachsous are shown in figure
2 a) and b), respectively.

Accompanying the list of molecular components in-
volved in transducing the appropriate chemical sig-
nals, additional studies have investigated a spec-
trum of wildtype, knockout and clonal behaviors in
the fruit fly wing disc. We now recount these cru-
cial observations. fat is a tumor-supressor [1] and
its mutants produce a severe overgrowth phenotype.
dachsous mutants lead to overgrowth, albeit to a
lesser extent than fat mutants. Unlike wild-type
growing wing disc cells, where Dachs is preferentially
localized on the distal interface, fat mutants show
Dachs localization on all cellular interfaces [3]. Coun-
terintuitively, weak fat mutants lead to a slight re-
duction in growth. Uniform over-expression regions,
UOER, (several fold increase in expression level of
four-jointed or dachsous) exhibit nonautonomous in-
crease in growth (BrdU labeling and expression of
Yki target genes, such as Diap1) at UOER bound-
aries and suppression of growth within UOER [3] [5].

c)

by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
effect of TkvQ-D on BrdU labeling (Rogulja and Irvine, 2005), ex-
pression of TkvQ-D was temporally controlled in these experi-
ments by using either drug-regulated (AyGal4:PR) (Rogulja and
Irvine, 2005) or temperature-regulated (Gal4/Gal80ts) (Buttitta
et al., 2007) systems; both methods gave similar results. Dachs
was lost from the membrane all around the edges of clones ex-
pressing TkvQ-D (Figure 2A). In complementary experiments, we
inhibited Dpp signaling by expressing the transcriptional repres-
sor Brinker (Brk). Since most of the influence of Dpp signaling on
patterning and growth can be accounted for by its repression of
Brk expression (reviewed by Affolter and Basler, 2007), forced
expression of Brk is functionally equivalent to loss of Dpp path-
way activity. In clones of cells coexpressing Dachs:V5 and Brk,
normal Dachs polarization was lost, as Dachs:V5 was observed
on both distal and proximal clone edges (Figure 2B). The results
of these pathway activation and inhibition experiments parallel
endogenous Dachs localization, because, in all cases, Dachs
concentrates on the membrane of cells with less Dpp pathway
activity when they contact cells with higher Dpp pathway activity,

Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,

24–28 hr after temperature shift-mediated induction of expression. (G) shows

a disc with a Gal4:PR-expressing clones at 18 hr after RU486-mediated induc-

tion of expression; all clones weremarked by expression of GFP (green). In this

and subsequent figures, panels marked prime show a single channel of the im-

age to the left. (A) Clones expressing Dachs:V5 and TKVQ-D. Dachs is not on

the membrane on the distal side of the clone (arrow). (A0) shows a close-up

of the boxed area in (A). (B) Clones expressing Dachs:V5 and Brinker. (B0)

shows a close-up of the boxed area in (B). Dachs is on the membrane on all

sides of the clone; the arrowhead points to the proximal edge. (C) fj expression

(fj-lacZ) is highest in distal wing cells and is modestly graded from distal to

proximal. (D) ds expression (ds-lacZ) is highest in proximal wing cells and is

modestly graded from proximal to distal. (E) fj-lacZ expression is upregulated

within clones expressing TKVQ-D (arrow). (F) ds-lacZ expression is repressed in

the proximal wing within clones expressing TKVQ-D (arrow). (G) Ds protein is

relocalized around the edges of clones expressing TkvQ-D and appears dimin-

ished within the clone. (G0) shows a close-up of the boxed area in (G).
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a)
by examining a much larger number of small clones throughout
the developing wing to create a Dachs polarization map. (Figures
1C and 1D and data not shown). While confirming the general
proximal-distal asymmetry in Dachs localization, this study
also revealed finer details of Dachs polarization. For example,
near the A-P compartment boundary and away from the dor-
sal-ventral (D-V) compartment boundary, Dachs is polarized
along the D-V axis (Figures 1C2 and 1D2), whereas far from
the A-P compartment boundary and near the D-V compartment
boundary, it is polarized along the A-P axis (Figures 1C1 and
1D1). This pattern suggests that Dachs polarization is influenced
downstream of cues emanating from both the A-P and D-V com-
partment boundaries.
Dpp is the morphogen produced by A-P compartment bound-

ary cells, and it becomes distributed in a gradient that influences
patterning and growth (reviewed in Affolter and Basler, 2007).
The A-P polarization of Dachs localization thus suggests that
Fat signaling is influenced downstream of Dpp signaling. This
was investigated by examining the influence of an activated
form of the Dpp receptor Thickveins, TkvQ-D (Nellen et al.,
1996), on Dachs localization. To parallel our earlier study of the
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Figure 2. Dpp Signaling Influences Fat Signaling Components
(A–G0) (A, B, E, and F) Wing imaginal discs containing tub-Gal4/Gal80ts clones,
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Figure 2: Graded expressions of Four-jointed and Dachsous:

a) & b) display the weakly graded expressions of opposing four-

jointed and dachsous profiles across the wing-disc, respectively.

Four-jointed expression is maximal in distal regions while dachsous

expression is maximal in more proximal regions.
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gions, respectively. Recent inferences of a moving
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ment of non-wing cells in the growing wing pouch
has highlighted the role of cellular interactions in the
propagation of signals across the wing-disc [7], [6] and
[8].
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dicts a non-trivial response of growth on expression
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growth signaling at clonal boundaries with no accom-
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2) Four-jointed feedback: How do we 
include such an effect? How much of 
Fj is under Dpp control and how much 
under growth feedback? 

the left exposed to low concentrations of Dachsous

to the right where cells are exposed to high levels.
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3.2 Phase diagram of growth
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Thursday, July 21, 2011Figure 8: Phase diagram of growth levels as a function of
absolute level and gradient of Dachsous: Growth levels, repre-

sented by the level of nuclear Yorkie (n in the model) in response

to variations in the gradient of Fat pathway activity across cells,

∆Dachsous, and its absolute value, Dachsous. What is striking is

the resemblance to the heatmap illustrated in figure 4. Three key

features of this heatmap are 1) For a given value of η there exists

a critical gradient ∆Dachsous∗, below which growth signaling is

absent. Here it can be seen to be around 2%. This critical gradient

will naturally be a function of parameters in the model, however,

its existence is entirely generic. 2) In response to gradients larger

than ∆Dachsous∗, there exists a range of protein levels within

which a single interface allows the localization of Dachs. Larger

gradients signal higher levels of growth. The width of this region

increases with the gradient ∆Dachsous. Within this region only

one species of active Fat complexes is sufficiently depleted, thereby

allowing the localization of Dachs to a single interface. 3) Regard-

less of the gradient in Fat pathway activity, for low protein levels

excess growth is signaled. Quantitatively, this occurs for D < 2η.
In this regime of the phase diagram both species of active Fat

complexes are present at low levels and hence Dachs is allowed

to accumulate at all interfaces, thereby signaling growth in excess

of wildtype levels. [Parameter values: α = β = 2.5, Γ = 0.01,
η = 0.1, n = 2]

where the levels of growth are shown as functions

of absolute level and gradients of proteins that are

graded across the tissue. The level of growth in our

model is represented by the concentration of nuclear

transcription factors, N in equation 8, one of which is

Yorkie in the fruit fly. The levels of growth regulating

transcription factor N lies in between values 0 and 2,

which is a straightforward consequence of equation 8.

The phase diagram presented in figure 8 depicts all

the generic properties of the map between patterning

signals and growth within the model presented here.

These generic properties do appear to correspond to

the different phases highlighted in figure 4. What is

striking is that a relatively simple model, in the ab-

sence of fine tuning, appears to recover most of the

observations made to date. A quantitative compari-

son is currently impossible since a mapping out of the

phase boundaries between different growth phases in

the wing disc is missing. We now proceed in describ-

ing the different phases in figure 8.

9

3) Is growth uniform (rate control vs size/shape control)? How much does the Fat 
pathway contribute? Is this even the relevant question (initiation, maintenance, 
arrest)? Maybe its worth thinking about how multiple transduction pathways 
contribute to growth...

Could the Fat pathway allow communication across the wing-disc?
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posing Four-jointed and Dachsous profiles.

6 Discussion

[clearly this section needs some tweeking :) ]

7 Appendix

7.1 Derivation of kinetic equations 9,
10 and 11

Let us first derive the rate equations without taking
into account any cooperative interactions. Once the
appropriate equations have been derived, adding co-
operativity will be straightforward.

d−→u i

dt
= kufidi+1 − γu

−→u i (14)

d←−u i+1

dt
= kufi+1di − γu

←−u i+1 (15)

where

fi = f0
i −−→u i −←−u i & di = d0

i −−→u i−1 −←−u i+1 (16)

Equations 14 and 15 have the following interpreta-
tion: Fat in cell i binds with Dachsous in cell i+1 to
form a complex, which we label −→u i. This happens at
a rate governed by the parameter ku. This complex
degrades at a rate γu. Similarly Fat in cell i+1 binds
to Dachsous in cell i to form ←−u i+1.

Equation 16 describes the stoichiometry within a
cell. f0

i is the total level of Fat in cell i, d0
i is the

total level Dachsous in cell i. These proteins can be
in one of three states, free, bound to the interface on
the right and bound to the interface on the left.

Why ”rescale” the equations at all? Currently,
the equations have 4 parameters in any given cell
κ, γ, f0

i , d0
i . Each has units of concentration, inverse

time, or concentration × inverse time. However, after
the following rescaling it becomes clear that there are
fewer parameters per cell.

The concentration of complexes −→u i and ←−u i will
increase as the total concentration of Fat increases.
The total concentration of Fat can vary from cell to
cell, we therefore appeal to a ”characteristic” level of
Fat, say the average concentration of Fat across the
disc, to represent the scale that sets the concentra-
tion of complexes in a cell within the disc. We call
this characteristic scale S and ”rescale” the variables
according to

F =
f

S
; D =

d

S
;
−→
U =

−→u
S

;
←−
U =

←−u
S

; T = κSt

(17)
Note, that the last ”rescaling” is of time. If we sub-
stitute these new (upper case) variables (which we
can note have no units anymore) into the governing
equations, we get
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Thank you for listening

This fruit fly
It reveals to us

How nature designs
Amidst all the fuss

We relentlessly study 
With all our might

The order and beauty
Of your bristles and stripes

When will you ever reveal
Your singular principles
Or will we forever feel

Ensconced with something mystical

Thank you to Sid, Ken and Boris
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