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MmIicroRNAs

1-3% of all genes

predicted to target >25% of the vertebrate genes
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microRNAs:

miragana JQOOOTVOVOC
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microRNAs:

~22nt RNAs

Processed by Drosha

Processed from a hairpin by Dicer
Bound by Argonaute

Bind to the target 3’UTR

Repress translation

Induce mRNA deadenylation .
Seed is important for specificity
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microRNAs:

~22nt RNAs
Processed by Drosha

Processed from a hairpin by Dicer

Bound by Argonaute
Bind to the target 3’UTR
Repress translation

Induce mRNA deadenylation
Seed is important for specificity
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microRNAs:

~22nt RNAs

Processed by Drosha

Processed from a hairpin by Dicer
Bound by Argonaute

Bind to the target 3’UTR

Repress translation

Induce mRNA deadenylation

Seed is important for specificity

miR-1/206
C cm ' , -
Drosophila zebrafish S

chicken mouse

Sokol et al., G&D 2006
Wienholds et al., Science 2005
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Approaches to target identification

Contribution of Genetics

Lin-4 repressed lin-14

Heterochronic mutants in C. elegans

lin-4 encodes for two RNAs ~60 and ~22nt

Regulated lin-14 through its 3'UTR (antisense sites to lin-4)
Translational repression. mMRNA levels unaffected.

GOF mutations for lin-14 delete lin-4 binding sites on it
Lin4 acted as a repressor of lin-14

Ambros, Ruvkun, Lai and Slack



Approaches to target identification

Contribution of Genetics

Lin-4 repressed lin-14
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Approaches to target identification

Contribution of Genetics

Drosophila:

Micro RNAs are complementary to
3' UTR sequence motifs that mediate

negative post-transcriptional
regulation

Published online: 18 March 2002, DOI: 10.1038/ng865

Micro RNAs are a large family of noncoding RNAs of 21-22 nucleotides whose func-
tions are generally unknown. Here a large subset of Drosophila micro RNAs is shown
to be perfectly complementary to several classes of sequence motif previously
demonstrated to mediate negative post-transcriptional regulation. These findings
suggest a more general role for micro RNAs in gene regulation through the formation
of RNA duplexes.

Lai



Approaches to target identification

Contribution of Genetics

Drosophila: motifs in some mRNAs that caused
post-transcriptional repression of these mRNAs
These motifs were complementary to some miRNAs 5’ end

human miR-23

a Bob X1 AS b rd box consensus AS UAAAGCU
Bob K2 AS fly miR-4 AUARAGCUAGACAACCAUUGA
= | 7om 2s worm miR-75 UUARAGCUACCAACCGGCUUCA
E rd AS miR-79 AUAAAGCUAGGUUACCAAAGCU
" | Efspljma Xl AS
o | Efspl)jma X2 AS
t | E(spl)m2 AS C GY box consensus AS uGGAAGAC
@ | E(splimd AS fly miR-7 UGGAAGACUAGUGAUUUUGUUGU
E(spl)mé AS
d-hey AS d miR-11 5'C CUGAGUUCUUGC 3'
» | deadpan As | [} J
2 E(spl)mé X1 3 A-ACCOGAUAGUG 5'
@ [Ersplymdx1 As
< | E(splymdbX2 AS . .
S| 5rsplim as miR-4 AUARAGCUAGACAACCAUUGA 3
“ | E(splym3 as ll||||| l |
L | Ersplims as E(spl)mé B1 3 CUCUAGGUUACC 5'
T | E(spl)m7 AS
o |E 1)m AS CUAUCAC ,
E::g,j 52 28 ccil miR-7 S'UGGMTﬁUAGUGAUUUUGUUGU 3
- (111 [EEREEEETT
¥ box consensus AS E(spl)m3 GY 3 "'ACCUUCUGUUGCCUAGAACAACG 5
fly mirR-2a-1,2 SCCACGCUUUGAUGAGC miBoT '
miR-2b-1,2 BCCAGCUUUGAGGAGC el ?ﬁ?ﬁﬁ"‘?gusﬁ“lj‘fwc“ﬁc“ 3
miR-6-1,2,3 SAGUGGCUGUUCUUUUU < el
miR-13a A CAUUUUGACGAGU Tom GY1 3 'ACCUUCUG-UUACUAAGCCGAUU 5
MmiR-13b-1,2 SCCAUUUUGAUGAGU
MmiR-11 SUCUGAGUUCUUGC
worm miR-2 SAGCCAGCUUUGAUGUGC e miR-6-1,2,3 5' UGGCUGUUCUUUUU 3'
miR-43 BUUUACUUGCUGUCGC Y H
UGCCAGGGAUUUCC miR-5 3'G UAGCAAGGARR 5'




Basic Rules for miRNA target recognition

Plants: “Perfect” sequence complementarity

Animals: 3’'UTR (but also can happen in ORF or 5’UTR)

Seed is the major determinant

Target mRNA
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microRNA

Mutagenesis
defined the seed



Basic Rules for miRNA target recognition

Plants: “Perfect” sequence complementarity

Animals: 3’'UTR (but also can happen in ORF or 5’UTR)
Seed is the major determinant

Exceptions:

Let 7 regulation of lin-41

lin-41 mRNA e let-7 RNA VEEXEENEYEUA GGU UG gﬂu iu U-
rrste miR-84 NEICEYSISIIENEIUA UGUAA ) UA-
1 2 miR-241 NICEXSISANENSiGCUCA GUAGA C GA
lu4l uvvauacancc®' 'cuactuca 9 vuauacaace 2V cusccuc 3 miR48 NVISEIS ISR GUGCGAG A A e
ler-7  UGAUAUGUUGG ,;GAUGGAGU 1 & UGAUAUGUUGG ,,GAUGGAGU R W T . . <y
n2853 +

Slack 2004, Ambros 2005
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Approaches to target identification

Computational approaches

Look at sequence complementary to miRNAs
Reinforced the idea of the seed
Too many sites: Use of conservation

Performance of a sliding window over the miRNA
Compared to a shuffled miRNA, keeping dinucleotide bias

This approach identified >100 target mMRNAs per miRNA

Bartel, Rajewsky, Cohen, Sander, Gerstein...
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Approaches to target identification

Canonical sites

Computational approaches
Seed is a major determinant

A 7mer-A1 site

Seed match +
A at position 1

..... NNNNNNA . . . . . . Poly(A)

[RRRURA
INNNNNNNNNN-5 miRNA
87654321

Seed

Atypical sites

F 3-supplementary site
(atypical elaboration of the 6mer, 7mer and 8mer sites)

Supplementary

NNNNNNNN

Seed match +
match at position 8

NN NNNNNNNN -5 miRNA
876543

Seed

paiing 1-5nt  Seed
(234 pairs) loop  match

1111
NNNNNNNN -5" miRNA
1876543

C 8mersite

Seed match +

A1and m8
BN A——"
INNNNNNNN-5" miRNA
7654321

Seed

A . .. 'JNr\IlNNNNN' 'hlseruNNNN ...... Poly(A)

G 3-compensatory site
Compensatory
pairing  1-5nt Seed
( 4-5 pairs) loop  mismatch
———

Marginal sites

ORF |8 r]l wmlq WTNWTA ..... Poly(A)
NNNN Ny NNNNNNNN-S miRNA
1 1817 1 '1 w '8765
0" Seed

D 6mersite
Seed match
Xa.............. NN Poly(A)
NNNNNNNNNNNNNNNNNNNNN-5' miRNA
87654321
Seed
E Offset 6mer site
Xa............. NNNNNN .« oo Poly(A)

NNNNNNNNNNNNNNNNNNNNN-5° miRNA

8M1
Seed

Offset 6mer
> 86

3’-comp§nsalory

Bartel 2009



Approaches to target identification

Experimental approaches

Transfect miRNAs in HeLa Cells
Analyze the gene expression profile by microarrays

MRNAs downregulated in the presence of the miRNA

Lim 2005



Approaches to target identification

Experimental approaches

Motif enriched in the genes downregulated
was complementary to the miRNA seed.

But these targets were not preferentially conserved

a Motif MEME UTRs with Motif

size  expectation consensus (%) consensus
4 =1 - -
5 >1 - -
6 2.7x10-12 88 CAUUCC 2
7 6.9x10-27 62 CAUUCCA '
8 1.4x107%2 31 ACAUUCCA 24
9 1.7x10-32 10 AcCAuuccau | @ A
10 8.5x10-33 6 ACAUUCCAUU | 8 Usses
, TLLLIIT N0 —
miR-1 3' AAUGUAUGAAGAAAUGUAAGGU 5'
b Motif MEME UTRs with Motif
size  expectation consensus (%) consensus
4 =1 - -
5 =1 - -
6 9.0x10°17 76 GUGCCU
7 1.0x10-54 65 GUGCCUU |
8 5.2x10-70 33 AGUGCCUU |
9 1.1x10-78 20 AAGUGCCUU |

10 2.7x10°78 6 AAGUGCCUUU L

EERRRE i
miR-124 3' ACCGUAAGUGGCGCACGGAAU 5' Lim 2005




Approaches to target identification

Experimental approaches

Generated chimeric miRNAs

5’ end is most important for target regulation

miR-124 UAAGGCACGCGGUGAAUGCCA
chimiR-124/1 UAAGGCACGC
chimiR-1/124 GGUGAAUGCCA

Lim 2005



Approaches to target identification

Experimental approaches

What is the correlation with gene expression in vivo?
b 300 ©
250
200
150
100
50

10

Counts
Counts

8
6
4
2

0O 10 20 30 40 0 10 20 30 40
Cerebral cortex ranks Cerebral cortex ranks

Targets of a brain miRNA tend to be expressed lower in
The brain compared to other tissues.

Caveat: Remember experiment done in HelLa cells
Lim 2005



Approaches to target identification

Experimental/computational approaches

What about the genes that are highly expressed in one tissue?

Concept of target avoidance: mRNAs highly expressed in
one tissue tend to lack miRNA target sites for miRNAs
expressed in that tissue

Lim 2005



Approaches to target identification

Experimental/computational approaches

What about the genes that are highly expressed in one tissue?

B 78nt SERB e em-- s ‘.
nnag gg E
ig ‘é g!% %g § g gnzo-—g‘gg égi 3 % 1%
5 S t § = "
TR IR LR IR 1 B T
s DG IHE R R T T G e
3385838532 5588 2080585 8528080 E 58 8855082252835 L838025E2 tamiy eported expression
II. miR-133 Skeletal muscle (heart)
| - i m:g}ézzoe gl;eletal muscle (heart, miR-1)
miR- er
] I miR-194 Gut, liver, kidney
[¥] [t} miR-200a/-141 Nasal epithelium, gut
E& ll 1 miR-200b Nasal epithelium, gut
“ i3] miR-96 Olfactory epithelium, sensory organs, (thymus)
l=.. - | B mlg}ﬁ&) Etl\ggndu(s. blood)cells. (marrow, spleen, lymph)
g B miR- marrow
EE EOE miR-15/-16/-195 Ubiquitous (marrow)
5 Bm miR-17/-20/-106 Ubiquitous (Hela
B! miR-19 Ubiquitous (Hela
| | . miR-302/-93/-372/-37 (ES cells -302, -372, -373; Hela -93)
E B ‘ miR-125 Brain, spinal cord
m THE H N [ | I ] j B let-7/miR-98 Brain, spinal cord, ubiquitous
[l miR-99/-100 Brain, spinal cord
EmEn miR-9 Proliferating cells of brain, spinal cord, eye
m a [} ﬂ - ] mig-;g F’Bostie;iortrunk, spinal cord
BB miR- rain
“I [ mgg-}gg Biff'erentlated cells of brain, spinal cord, eye
miR- rain
i} 2] miR-183 Olfactory epithelium, sensory organs, (brain)
l1 miR-7 Brain, przncreatlc islet (adremal)rga
I [ miR-375 Pituitary, pancreatic islet
a | miR-23 pharyngeal arches, tail is
| miR-27 aryngeal arches, tip of tail
mEE miR-30-5p ronephros, epidermis, lens
N | miR-143 Gall bladder, swimbladder, heart, gut, nose

(bladder, ovary)
Farh 2005



microRNAs accelerate target mRNA degradation

How can we identify physiological miRNA targets?

Loy

REPRESSION mRNA DECAY
CRNA — miRNA
level N
—— .+ miRNA




microRNAs accelerate target mRNA degradation

What about the genes that are highly expressed in one tissue?

Loy

REPRESSION mRNA DECAY

Wild type Mutant Rescued
wt mIRNA - all miRNAs - miRNA x

MRNA | % - ‘éz_,

level

Putative
MiRNA-x targets



What are the targets of miRNAs in muscle?

@j MiRNA EQ

REPRESSION mRNA DECAY

miR-206

[

*************** S FACS <4 microarray
-y goo—> 8 [l wild type
wild type S 3 [ MZdicer--+
MZdicer-=+» ~ 808 > B miR-X-MO

Genes upregulated in the absence of the microRNAs

Mishima et al G&D 2009



Compare wild type vs. MZdicer™R-430 muscle

Total : 6825 mRNAs (with UTR information)

( > 1.3 fold upregulated)

Genes upregulated in muscle depleted of microRNAs



MIiRNA target site analysis

MiRNA target site (TS) = complementary to the seed (7mer - 8mer)

miR-X 3’ NNNNNNNNNNNNNNNXXXXXXXX 5’

target site 8mer 5/ YYYYYYYA 3°
7mer-8m YYYYYYYN
/mer-t1lA NYYYYYYA

1) TS preferentially enriched = miR-X is active

2) target genes for miR-X = upregulated genes with TS



miR-1/206, miR-133 and miR-430 TS are enriched
In genes upregulated in MZdicer muscle

MZdicer-up
:
0 2
+
N
c
Q
S
§1FI|\I'I-I‘I'|"I
= 1 3 :5 7 9 11 13 15
b p-value (-log, )
.._9 0 Statistical significant pvalue

# Target sites for mR-X
# Target sites for all mMiRNAs

experiment

Fold enrichment =
# Target sites for mR-X

# Target sites for all mMiRNAs

control




miR-1/206, miR-133 and miR-430 TS are enriched
In genes upregulated in MZdicer muscle

MZdicer-up Up in MZdicer 666 mMRNAs

LT miR -1 with TS 274 mRNA
GE, o
T2
-
=

)

£
'S’|k-v<|v<|||l||!||
£ 8 5 7 9 11 13 15
g p-value (-log, )
=

O_

# Target sites for mR-X
# Target sites for all mMiRNAs

experiment

Fold enrichment =
# Target sites for mR-X

# Target sites for all mMiRNAs

control




Inhibition of individual miRNAs using antisense MO

[N

@ OFF ——mmi_Anp

Processing Repression

miR-1/206 MO

D Edl S S —




Single miRNA TS are enriched in genes upregulated in

MO injected embryos and MZdicer
miR-1 MO MZdicerm™r43 mMiR-133 MO

Control Control
892/6825 /6825
(13%) (11%)

MZdicer and miR-1 MO-up MZdicer and miR-133 MO-up
.5 v O ,
< mMiR-1 ¢ 2
£
% 4 ‘f 4 miR-133
M~ M~ [
53 53 -
£ £ i miR-216a
f’ 2 e 0] -§ 2 Py ’
% g S F 5 7 9 11 13 15% M.3.§ 5 7 9 11 13 15
“0 . ° ° p-value (-log. ) 0 miR-30a  p-value (-log,,)
10 10



What is the expression pattern of muscle miRNA targets?

Wl 2222222222°
VUTTTTTTTTTTNTN OO

)

Low in muscle?

GFP VS. non'GFP GFP VS. non-GFP

expressed in muscle?



Muscle miRNA targets tend to be
expressed at lower levels in muscle

err vs. NON-GFP

Fraction of genes

Low in muscle?

70%
60%
50%
40%
30%
20%
10%

0%

Wl 2222222222°
VUTTTTTTTTTTNTN OO

)

expressed in muscle?

/ GFP vs. noncep

L .

lower in muscle
VS. non-muscle

higher in muscle
VS. hon-muscle

non-targets
mtargets



MIRNA targets are low in muscle

wild type

e
5| §
= s
P
.
- g DR mMiRNA and targets are expressed
‘é ", ' iIn mutually exclusive manner
Q.
© ‘g (Stark et al 2005, Farh et al 2005)




Do miRNAs influence the expression pattern of the targets?

a) Expression domain is primary
determined at transcription level

y )

miRNA LOF

Mutual exclusion model

\ b) miRNAs shape expression patterns

YYIIIIIIIIIIIIYYYS) A
miRNA LOF >

AAAAAAIAIAAIADD DD

)

Instructive model



pfn2l

MIiRNAs regulate embryonic gene
expression patterns post-transcriptionally

atp6v1ba

wild type MIR=1=MO
4 . "i*
“ '
) B BB
PN i R
1 ' ’
b3 _




Muscle miRNA targets tend to be lower in muscle vs non-muscle

710%
60%

0
90% m non-targets

m muscle miRNA

40% targets

30%
20%

Fraction of genes

10%

0%
lower in wild type
muscle
VS. hon-muscle

@



Muscle miRNA targets tend to be lower in muscle vs non-muscle
This bias on gene expression depends largely on miRNAs
710%

60%

0
90% m non-targets

m muscle miRNA

40% targets

30%
20%

Fraction of genes

10%

0% ‘
lower in wild type lower in MZdicer
muscle muscle
VS. hon-muscle vs. non-muscle

¢ O



Can miRNAs shape the expression of a
ubiquitously transcribed gene?

Ractin miR-1
promoter — GFP target sites

. .~
o~ S
. .
. .

Target 5’ AUACAUACUUCUAAUCAUUCCA 3’

miR-1 3’ UAUGUAUGAAGAAAUGUAAGGU 5’



MIiRNAs regulate embryonic gene

expression patterns post-transcriptionally
Tg: [B-actin-promoter]-GFP-3xIPT-miR-1
uninjected

Ractin miR-1
promoter — GFP target sites

. ..
P N
o .~
. .
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—

GFP protein

o

o]
=
=
o
—
=
(0]
=

B

Target 5’ AUACAUACUUCUAAUCAUUCCA 3’

g~
a
/”3. IRRRARRN RN
o miR-1 3’ UAUGUAUGAAGAAAUGUAAGGU 5’

GFP mRNA




expression patterns post-transcriptionally

MIiRNAs regulate embryonic gene

Tg: [B-actin-promoter]-GFP-3xIPT-miR-1

uninjected +miR-1-MO

GFP protein

GFP mRNA




Basic Rules for miRNA target recognition

Plants: “Perfect” sequence complementarity
Animals: 3’'UTR (but also can happen in ORF or 5’UTR)

Seed is the major determinant

Exceptions:

3’UTR Context:

15nt away from stop codon

Away from the center in long 3’'UTRs

AU rich sequences flanking site

Proximity of sites to = or # miRNAs that are co-expressed

MiRNAs are likely to influence 3’'UTR evolution and
gene expression patterns in the tissues.

Bartel Cell 2009



miR-X 3’ NNNNNNNNNNNNNNNXXXXXXXX

target site 8mer 5’ YYYYYYYA
7mer-8m YYYYYYYN
/mer-tlA NYYYYYYA
2.

1++—+ | —
1 3 §5 7 9 11
+ . p-value (-log, )

| |

13 15

fold enrichment 7+8mer

Statistical significant pvalue

# Target sites for mR-X
# Target sites for all mMiRNAs

o

experiment

Fold enrichment =
# Target sites for mR-X

# Target sites for all mMiRNAs

control



