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MIRNA gene discovery
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MIRNA gene discovery

Forward genetics

lin-4 Ce let-7 Ce
Isy-6 Ce bantam Dm
mir-14 Dm
Mutant Clone ~22-nucleotide
phenotype genetic locus noncoding RNA

The functions of animal microRNAs
Victor Ambros Nature 341:350 (2004)



Let-7 is a strongly conserved miRNA

CCCC (OO Caememenennes (((enennn 1))))))))))))))) 1)) D)) e )))) e
TGAGGTAGTAGGTTGTATAGT

human CAGGTTGAGGTAGTAGGTTGTATAGTTTAG-AAT-T-ACATCAAGGGAGATAACTGTACAGCCTCCTAGCTTTCCTTGGGTCTT-GCACT
chimp CAGGTTGAGGTAGTAGGTTGTATAGTTTAG-AAT-T-ACATCAAGGGAGATAACTGTACAGCCTCCTAGCTTTCCTTGGGTCTT-GCACT
dog CAGGTTGAGGTAGTAGGTTGTATAGTTTAG-AAT-T-ACATCAAGGGAGATAACTGTACAGCCTCCTAGCTTTCCTTGGGTCTT-GCAC-
mouse CAGGTTGAGGTAGTAGGTTGTATAGTTTAG-AGT-T-ACATCAAGGGAGATAACTGTACAGCCTCCTAGCTTTCCTTGGGACTT-GCAC-
rat CAGGCTGAGGTAGTAGGTTGTATAGTTTAG-AGT-T-ACAACAAGGGAGATAACTGTACAGCCTCCTAGCTTTCCTTGGGACTT-GCAC-
chicken CAGGTTGAGGTAGTAGGTTGTATAGTTTAG-AAT-T-ACACCAAGGGAGATAACTGTACAACCTCCTAGCTTTCCTTGGGTCTT-GCAC-
zebrafish CAGGCTGAGGTAGTAGGTTGTATAGTTTAG-AAT-A-ACATCACTGGAGATAACTGTACAACCTCCTAGCTTTCCCTGAG-——-——————
fugu CAGGTTGAGGTAGTAGGTTGTATAGTTGAG-AGT-G-ACACCACAGGAGATGACTGTACAGCCTCCTAGCTTTCCCTGAG-——=======
pufferfish -AGGTTGAGGTAGTAGGTTGTATAGTTGAG-AGT-T-ACACCCCCAGAGATAACTGTACAGCCTCCTAGCTTTCCCTGAG-CTACGCAC-
frog CAGGCTGAGGTAGTAGGTTGTATAGTTGAG-GAT-A-ACACCAAAGGAGATAACTGTACAGCCTCCTATCTTTCCCTGGGGCTT——————
D.mel CAAATTGAGGTAGTAGGTTGTATAGT--AGTAAT-T-ACA-CATC----ATA-CTATACAATGTGCTAGCTTTCTTIG---——=======
D.pse CAAATTGAGGTAGTAGGTTGTATAGT--AG-==-— T-ACTTCA-GATCG-TA-CTATACAATGTGCTAGCTTTCTTIG---——=======
D.vir CAAATTGAGGTAGTAGGTTGTATAGT--AG-TAT-T-T-AT-A-GAGC-ATA-CTATACAGCGTIGCTAGCTTTCTTIG---——=======
D.moj CAAATTGAGGTAGTAGGTTGTATAGT--AG-TAC-T-T-AT--AGACC-ATA-CTATACAGCGTIGCTAGCTTTCTTIG---——=======
D.ana CAAATTGAGGTAGTAGGTTGTATAGT--AG-CA----AC-T-AAGAATCGTA-CTATACAATGTGCTAGCTTTCTTIG---——=======
D.yak CAAATTGAGGTAGTAGGTTGTATAGT--AGTAAT-T-ACA-CATC----ATA-CTATACAATGTGCTAGCTTTCTTIG---——=======
C.ele ---GGTGAGGTAGTAGGTITIGTATAGITTGG-AAT-A-TTACCACCGGTGA-A-CTATGCAATTTTCTACCTTACC-—————————————e

C.bri -ACGGTGAGGTAGTAGGTITIGTATAGITTAG-AATATTAC-TCTCGGT-GA-A-CTATGCAAGTTTCTACCTCACC-————————————e



MIRNA gene discovery

Forward genetics

lin-4 Ce let-7 Ce
Isy-6 Ce bantam Dm
mir-14 Dm
Mutant Clone ~22-nucleotide
phenotype genetic locus noncoding RNA

Reverse genetics

Genomics miR-1817 Mm
miR-181 Mm mir-273 Ce
mir-273 Ce

and many more

E).(periment- cDNA cloning
driven
RNA hairpin ~22-nucleotide
Computation- computational y St geneA SN,
driven prediction
PubMed: miRNA & 2001 [dp] - 4 The functions of animal microRNAs

2006 - 598 Victor Ambros Nature 341:350 (2004)



Computation-driven miRNA
discovery



pri-miRNA

Posttranscriptional RNA silencing ﬂ)

Main clue: miRNA precursors
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RNA secondary structures predicted using Mfold
http://www.bioinfo.rpi.edu/applications/mfold



MIRNA gene prediction

Use evolutionary information. Viral miRNAs are
poorly conserved.

Whole-genome alignment of
D.melanogaster and D.pseudoobscura

mir-184 Chr 2R ebv-mir-BHRF1-2
100%
A\ % .
A\ o N AN N ZZ; Mature 5° miRNA

8394167 8304487 8304807 8395127 8305447 Fkkdk kk Tk dekdkkkok

Rhesus U U U//UGAU

Papio CUUUUAAAUUCUGCC~ACAG AGAUAGQ/UGAU

Pan @ 0—----- AAAUUCUGCCGCAGCAGAUAGC Y UGAU
\ Human CUUUUAAAUUCUGUUGCAGCAGAUAGC, UGAU N

Consensus CUUUUAAAUUCUGUUGCAGCAGAUAGC AAAA
LN DL e

& Y . . 5 o : T : :
"8 | o | | < oo P s GAAAGUUUAAGACGGCGUUUUCUAUUG Ucuu

q e e S S S R = GAAAGUU  AAGACGGCGUUUUCUAUUG §UAAC ﬂ
RN “ : . -3 e GAAA'UUUAGGACGGCGUUUUCUAUUG \UAAC

GAACCUUUAAGG GGCGUUUUCUAUUG\UGCC

AGU CG,UAGC
*kk  kk * *kkkkkhkkkhkk *\

Mature 3' miRNA

UGGACGGAGAACUGAUAAGGGC
Lai et al. Genome Biology 2003



MIRNA gene prediction

Need for a prediction method  « Viral miRNAs are
that does not require the miRNA poorly conserved.

to be conserved across species.
ebv-mir-BHRF1-2

1. ldentify robust stems
In viral genomes. Mature 5' miRNA
. ]ghe?us *****U** U** ******U/ c
apio UGAU
2' BUIId a mOdeI from Pag ————— AAAUUCUGCCGCAGCAGAUAGC?UGAU N
positive and negative | consensus covvuanavucucuuceaccacavacd  Aah
examples. I (D cec
GAAAGUUUAAGACGGCGUUUUCUAUUG UCU
GAAAGUU AAGACGGCGUUUUCUAUUG §UAAC ﬂ%
. GAAA 'UUUAGGACGGCGUUUUCUAUUG \UAAC
3. Classify the stems e 0 iUGCC /
using the model. _
Mature 3’ miRNA




Detection of robust stems
In whole genome sequences

Search for stems whose secondary structure remains
the same irrespective of their flanking seauences.

example: hsa-mir-100

Location of robust stems
in the EBV genome

(+)

(-)

L 1 | 1 | 1 |
0 50000 100000 150000




SVM model for ab initio miRNA gene
prediction

average distance between loops

, o0 oo oo o e oo » Positives:

A e /'U\__,G\__,U\A ___________ YA e VA g .
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/ \A
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SVM model for miRNA gene

prediction
Negatives: Positives:
MRNAs, rRNAs, human genomic Olatthuton of scores
tRNAs, regions containing

viral stem loops known miRNAs

| Negatives Positives

De
n.oo 0.05 010 015 0.20 025 030

] T T
-10 -5 5
| Score I

29% false negatives 3% false positives

Used SVMIlight http://svmlight.joachims.org/




Application: mIRNA gene

prediction in viruses

33 viral miRNAs identified
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Variations on miRNA gene
prediction

Extensigr'w of U=y
base pairing
(0.5)

miRNA base
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Proportion of miRNAs with
P-value < specified threshold

100

%0

€0

70

miRNA stems are signficantly more stable

Variations on miRNA gene
prediction

Base Fosition I 65451598] 65451908] 65451910] 65451928] 65451938] 65451940]
———> AGCTGTGGAGTGTGACAATGGTGTTTGTGTCCARACCATCARACGCCATTATCACACTARATAGCT
Chromosome Bands Based On ISCN Lengths

Chromosome Band

18¢E1
STS Markers on Genetic and Radiation Hubrid Maps
STS Markers

mi 1y

UCSC Known Genes (June, 8S) Based on UniFrot, RefSed, and GenBank mRNA
RefSeq Genes
collection Fi

Mamma 11ian

ORF mMRNAS
+

FS
5
P

Mouse mRNAS from GenBank
16-Way Vertebrate MUltiz Alignment & Conservation

Conservation

Gaps
mouse AGCTGTGGAGTGTGACAARTGGTGTTTGTGTCCAARARCCATCAAACGCCATTATCACACTAAATAGC T
rat AGCTCTGGAGTGTGACAATGGTGTTTGTGTCCAAANCATCAAARCGCCATCATCACACTAARACAGCT
human AGCTGTGGAGTGTGACAATGGTGTTTGTGTCTAARACTATCAAACGCCATTATCACACTAAATAGCT
dog AGCTGTGGAGTGTGACAATGGTGTTTGTGTCCAARACTATCAAARCGCCATTATCACACTAAATAGCT
cow AGCTGTGGAGTGTGACAATGGTGTTTGTGTCCAARACTATCAAARCGCCATTATCACACTAAATAGCT

opossum AGCTATGGAGTGTGACAATGGTGTTTGTGTCCA CTATCAARARCGCCATTATCACACTAARATAGCT
chicken
X_tropicalis
zebraf ish

tetraodon AGCTGTGGAGTGTGACAARTGGTGTTTGTGTCC = TCAARARCGCCATTATCACACTAARATAGCT

M-:c—c{

Berezikov, E. et al. (2005) Cell 120:21
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than randomized counterparts.

Bonnet et al. (2004) Bioinformatics 20:2911
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Variations on miRNA gene
prediction

mRNA Expected Position in 3UTR Conservation
hsa-let-7b|[0.653 2058 hgl7chriZ  GATTCACG--CTTTTGTTTTCATAATACCTCAC 4281463 4281493  +
panTroichr10 GATTCACG--CTTTTGTTTTCATAATACCTCAC 4539943 4539973  +
mmSchré AATGTACTTCTTTTCOTTTTCCTAATACCTCAC 21962440 21962472 -
C. Elegans rn3chrd CATGTA-——-CTTTTTTTTCCATAATACCTCAC 23603903 23603931 -
canFamichr2? GATTCACA--TTTTTGTTTTCATAATACCTCAC 5530847 5530877 -
COG-1A 5' cC ca A 3' galGal2chr! ——————mmmo TPCCCATTTTCACAATACCTCAC 185852373 185852395 +
GU CUUAUACAAAA 0.653 1991 hgl7chri2  ATTCTTCAAAGACGGAGTATTCTTTACCTCAG 4281395 4281426  +
CG GAGUAUGUUUU panTrolchr10 ATTCTTCAAAGACGGAGTATTCTTTACCTCAG 4539875 4539906  +
1sy-6 3' GCUUUA CA 5" mmSchré ATTCTTCAAAGA--GAGTATTCTTTACCTCAG 21962365 21962394 -
rn3chrd ATTCTTCAAAGA--GAGT-TTCTTTACCTCAG 23603837 23603865 -

canFamichr2? ATTCTTCAAAGA--CAGCATTCTTTACCTCAG S530781 5530810 -
galGal2chrl ATCCTGCAAAGA--TGGTATAC-TTACCTCAG 1858352320 183852348 +

0.653 4921 hgl7chr12  TATGTTCATCACCCTTATATCATGTACCTCAG 4284325 4284356  +
panTrolchr10 TATGTTCATTACCCTTATATCATGTACCTCAG 4542808 4542839  +
mmSchré GTTETTCATTATCCTTCTGCCATETACCTCAR 21965077 21965108 -
rn3chrd BTTETTCATTATCCTTCTGCCRTETACCTCAR 23606455 23606486 -

canFamlchr2? TATGTTCATTACCCTTGTACCGTGTACCTCAG S5533716 5533747 -
galGal2chrl TATGTTCATTAGTATTTTCTCATGTACCTCAG 185854369 185854400 +

MIROD7 (hsa-let-7b)
/\

Human GGG ;
JIIT
©
Humen® ACCCG G‘

i

MIR041 (new Conhrmed)

- .i iiii

Himn CCG ACCCTCTACCCTGTAGGATGTAT

’-)—-Dn)b\)

and many more,
particularly SVMs.

A

T
|
|
|

( Q [ ; TCTAGG / 1 A\ C G CGGG i (&)
[ Discoverad 8-mor motif [l Conserved nuclectide ACGT [l Mutation dierupting base pair
Il Discovered, validated miRNA 22-mer ACGT I Silent mutation in unpaired position Compensatory mutations
CGT
I Previously known miRNA 22-mer ACGT W Silent mutation preserving base pair A kl presenving base pairing

Xie, X. et al. (2004) Nature 434:338



Experiment-driven miRNA discovery



Cloning protocol for small RNAs

discriminates against
conventional RNase
degradation products:

5’HO P3
5 HO OH ¥

total RNA
5P OH 3" siRNAs, miRNAs (RNase Ill products)
Ligase
T4 Rnl2(1-249) J 5’ APP O-L3 X 3’ adapter
S5'P O-L3 X

Ligase

5’ adapter 5 HO NSNS OH 3’ l T4 Rnl1, ATP

5 HO O-L3 X

Y

concatamerization, ligation into T vector and sequencing

Tom Tuschl



Functional annotation of small RNAs

Adaptor removal -

(computational) rRNA

tRNA
miRNA
MRNA

Small (16-30 nc)
cloned RNAs

Match to sequences
of known function



Characterization of mature miRNA
sequences



How many miRNA types in a cell/tissue?

Proportion samples Proportion samples
0.04 : : : : : 50 —— 17—
— | 40_ —_ —
0.03r at least 5 copies
M i 30 i —
002 at | Ieas_t 1 copy |
B B 20 ] -
0.01]- | i 10__ miR-142 lymphocytes |
[ ] i 1 I / miR-122 liver |
][] — | lgl | L
O350 100 1%0 % 02 04 06 08 1
Nr miRNA types Frequency of

most abundant type
No corrections for

« Non-uniform sampling of tissues
 Polycistronic precursors



Relative frequency of miRNA types in
a cell/tissue?

Mantle cell lymphoma
100 ¢

o1
o

=N
g O O

Nr of miRNAs

N

=

5 10
Nr of cloned copies

Perhaps not all “detectable” miRNAs are functionally relevant.
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Cancer classification using miRNAs

- STOM - COLON
PAN - LVR
- PROST - OVARY
I
MESO - MELA %MN ﬁ%ﬂ ]
- -
- -
— —
- . [ JHYP47-50

B HYP >50
T mLL
] TALL
[ TEL-AMLI
1 NORMP

Lu et al. Nature 435:834 (2005)



MIRNA profiling of related cells

PC HL

BL

BM
remission

-B-ALL

Lymphomas

B-CLL

11804
11804

1657

g93H3
S.-90
ey
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Accurate methods for miRNA
profiling are still needed

Shingara (whole brain)

Liu (whole brain)
Landgraf (hippocampus)
Landgraf (midbrain)
Landgraf (frontal cortex)
Landgraf (cerebellum)
Miltenyi (hippocampus)
Sempere (whole brain)

Baskerville (frontal cortex)

Baskerville (whole brain)

Wang (whole brain)

Barad (whole brain)

Lu (whole brain-2)

Lu (whole brain—1)
0 05 1
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5'/3" asymmetry

5’ clones

log(counts)

3’ clones



Processing precision

Nr miRNAs Nr miRNAs
200 200
150 150+
100 100+
50 50+
0 : ' 0 1
0 2 4 6 8 0.4 0.6 0.8 1

St.dev. processing site location Prop. clones using main

processing site



Processing precision

Precise processing of hsa-let-7a-2

preMir GCUCCCAGGUUGAGGUAGUAGGUUGUAUAGUUUAGAAUUACAUCAAGGGAGAUAACUGUACAGCCUCCUAGCUUUCCUUGGGUCUUG
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Processing precision

Less precise processing of hsa-mir-302a

preMir ~ GCUCCCCACCACUUAAACGUGGAUGUACUUGCUUUGAAACUAAAGAAGUAAGUGCUUCCAUGUUUUGGUGAUGGUAAGUCU
fold (CC- COC COCC- COCOCCOCCe COCCOCOC0Ceeeeeennn ))))))))))))))))NI)I)))))))ee))) .

243 o UAAGUGCUUCCAUGUUUUGGUGA—-—————————
108 mmm o UAAGUGCUUCCAUGUUUUGGUG-——————————
34 UUCCAUGUUUUGGUGA-—————————
10 e UAAGUGCUUCCAUGUUUUGGU-———————————
10 e AAGUGCUUCCAUGUUUUGGUGA--————————
5 CUUCCAUGUUUUGGUGA-—————————
3 CUUCCAUGUUUUGGUG-——————————
c 2 ACUUAAACGUGGAUGUACUUGCU - —— = — - — — oo oo~
2 UAAGUGCUUCCAUGUUUUGGUGAU-————————
2 UAAGUGCUUCCAUGUUUUGG-————————————
2 e UAAACGUGGAUGUACUUGCUUUG - == == — —m — oo oo
2 e UAAACGUGGAUGUACUUGCUU —— ——— — o oo
2 e UAAACGUGGAUGUACUUGCU = — = ——— — o oo oo
2 AAGUGCUUCCAUGUUUUGGUG-——————————
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Post-processing modifications

A additions

U additions

A-to-l editing

Total of 3-4% of cloned sequences have
mutations relative to genome sequence.
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How many miRNAs are there?

“Our analysis can be used to calculate an upper bound on the number of human
MiRNA genes. If all 188 candidates were authentic miRNA genes and these
represented 74% of the total miRNA genes, then there are no more than 255
mMiRNA genes in the genome.” Lim et al. Science 299:1540 (2003). Conservation
up to zebrafish.

“Here we report the use of this approach to clone and sequence 89 new human
microRNAs (nearly doubling the current number of sequenced human
microRNAs), 53 of which are not conserved beyond primates. These findings
suggest that the total number of human microRNAs is at least 800”. Bentwich et
al. Nat Genet. 37:766 (2005). Conservation in primates.

“Our studies suggest that the number of microRNA precursors in mammalian
genomes likely ranges in the tens of thousands.” Miranda et al. 126:1203 (2006).

In our data, more than 97% clones originate from
less than 300 prototypical miRNA precursors.



What else can we find in small RNA
cloning data?



Functional annotation of small RNAs

Small (16-30 nc)

cloned RNAs
» Perfect match to genome
» Cloned multiple times —
. Novel

» Hairpin precursor MiRNAs

» Conserved in other species
rRNA rRNA
tRNA tRNA
mMiRNA miRNA
MmRNA mRNA

Ambros V, Bartel B, Bartel DP, Burge CB, Carrington JC, Chen X, Dreyfuss G,
Eddy SR, Griffiths-dones S, Marshall M, Matzke M, Ruvkun G, Tuschl T.
A uniform system for microRNA annotation. RNA. 2003 Mar;9(3):277-9.



Functional annotation of small RNAs
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A few words about piIRNAs



PIRNAs appear at the onset of mitosis in maturing mice
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PIRNAs are clustered and processed from longer transcripts

chromosome 17 cluster

H 18-to 26-nt total testis RNA
O 24-to 33-nt total testis RNA 3 4
E MILIIP RNA

TR |

5 1 2 probe numbers

5 kb
E—

6 7 8 9 10 11 12 13 14 15 16 17 18 19 X Y

e O
]
| |

L E [
- 4
: = ol >
. i
o =
B [« L




PIRNA primary transcript processing
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Analysis of base-pairing around piRNAs and miRNAs
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