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SUMMARY

MicroRNAs (miRNAs) are essential components of
gene regulation, but identification of miRNA targets
remains a major challenge. Most target prediction
and discovery relies on perfect complementarity of
the miRNA seed to the 30 untranslated region (UTR).
However, it is unclear to what extent miRNAs target
sites without seed matches. Here, we performed a
transcriptome-wide identification of the endogenous
targets of a singlemiRNA—miR-155—in a genetically
controlled manner. We found that approximately
40% of miR-155-dependent Argonaute binding
occurs at sites without perfect seed matches. The
majority of these noncanonical sites feature exten-
sive complementarity to the miRNA seed with one
mismatch. These noncanonical sites confer regula-
tion of gene expression, albeit less potently than
canonical sites. Thus, noncanonical miRNA binding
sites are widespread, often contain seed-like motifs,
and can regulate gene expression, generating a
continuum of targeting and regulation.

INTRODUCTION

MicroRNAs (miRNAs) direct Argonaute (AGO) proteins to post-

transcriptionally repress messenger RNA (mRNA) targets and

regulate a broad range of physiological processes (Ambros,

2004; Bartel, 2004, 2009). While gain- and loss-of-function

studies have established specific roles of individual miRNAs,

the identity of most miRNA targets remains unknown, which

limits mechanistic insight into observed phenotypes. For

instance, it is unclear whether individual miRNAs target multiple

components of the same regulatory pathway, individual compo-

nents of related pathways, or multiple unrelated pathways.

Early studies using both reporter assays and analysis of down-

regulated genes in miRNA overexpression experiments revealed

that perfect complementarity of the 50 end of the miRNA (i.e., the
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‘‘seed’’ region at positions 2–7) to the 30 untranslated region

(UTR) of target RNAs is the most common determinant of target

specificity (Brennecke et al., 2005; Doench and Sharp, 2004;

Lewis et al., 2003, 2005; Lim et al., 2005). However, many reports

suggest regulation of sites without perfect seed complemen-

tarity (Betel et al., 2010; Brennecke et al., 2005; Didiano and Ho-

bert, 2006; Lal et al., 2009; Lu et al., 2010; Shin et al., 2010; Vella

et al., 2004; Vo et al., 2010). Recently, biochemical identification

of AGO binding sites became possible with high-throughput

sequencing of RNA isolated by crosslinking immunoprecipitation

(HITS-CLIP) and photoactivatable-ribonucleoside-enhanced

crosslinking and immunoprecipitation (PAR-CLIP) techniques,

which combine RNase treatment and AGO immunoprecipitation

with high-throughput sequencing to identify sites of AGObinding

across the transcriptome (Chi et al., 2009; Gottwein et al., 2011;

Hafner et al., 2010; Leung et al., 2011; Skalsky et al., 2012; Zisou-

lis et al., 2010). In these studies, a sizable fraction of CLIP-

identified AGO binding sites did not contain seed matches.

However, it was unclear whether the majority of this apparently

seedless targeting was caused by miRNA independent mecha-

nisms (Leung et al., 2011) or by noncanonical miRNA-target

interactions. Thus, the mechanism and gene regulatory potential

of these seedless interactions remained in question.

To address miRNA dependent targeting by AGO without reli-

ance on sequence motifs, we combined genetic, biochemical,

and computational approaches.We analyzed binding sites using

differential HITS-CLIP (dCLIP) and mRNA expression changes in

primary cells isolated frommice that are wild-type or deficient for

a single miRNA. We used miR-155 as a model for the following

reasons: miR-155 knockout mice show a marked impairment

in T and B cell function (Rodriguez et al., 2007; Thai et al.,

2007; Vigorito et al., 2007), miR-155 is highly expressed in

humanmalignancies (Eis et al., 2005; Kluiver et al., 2005; Metzler

et al., 2004; Volinia et al., 2006), and its overexpression in pre-B

cells (Costinean et al., 2006) or hematopoietic stem cells (O’Con-

nell et al., 2008) leads to oncogenic transformation. Importantly,

miR-155 is abundant in activated T cells, whereas naive wild-

type T cells are devoid of miR-155 and are therefore similar to

miR-155-deficient counterparts. Thus, we employed AGOdCLIP

to identify miR-155-dependent binding sites using wild-type
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(WT) and miR-155-deficient (155KO) primary T cells. Our

analysis of differential AGO binding confirmed that exact

complementarity to nucleotides 2–7 of the miRNA is present in

the majority of miR-155-dependent binding sites. We also found

that perfect seed matches are absent in �40% of miR-155-

dependent AGO binding sites. These noncanonical sites, which

are undetectable by seed-based miRNA target prediction algo-

rithms, were strongly enriched for inexact seed matches, which

contained amismatch to the seed at a single nucleotide position.

Furthermore, noncanonical miRNA binding sites regulate gene

expression, albeit less potently than canonical sites.

In contrast to seed matches in the 30 UTR, differential gene
expression analysis after miRNA perturbation indicated that,

as a group, seed matches within coding regions have little

gene regulatory activity (Grimson et al., 2007; Lim et al., 2005).

Previous studies using CLIP techniques demonstrated extensive

AGO binding to the coding region, although these sites were

observed to mediate less regulation than 30 UTR sites (Chi

et al., 2009; Gottwein et al., 2011; Hafner et al., 2010; Leung

et al., 2011; Skalsky et al., 2012; Zisoulis et al., 2010). However,

several groups reported features that lead to more regulation by

sites in the coding region (Fang and Rajewsky, 2011; Forman

et al., 2008; Gu et al., 2009; Schnall-Levin et al., 2011). For this

reason, we investigated whether sites with stringently defined

Argonaute binding to coding regions lead to functional gene

regulation. Using AGO dCLIP, we showed miR-155-dependent

AGO binding to a subset of miR-155 seedmatches within coding

regions. However, these sites did not lead to detectable downre-

gulation of steady statemRNA levels, leaving open the possibility

that these sites may have other functions.

Our AGO dCLIP analysis identified, in a genetically controlled

manner, a transcriptome-wide set of direct targets for amiRNA in

a specific cellular context and revealed the unexpected preva-

lence of noncanonical targeting by miRNAs.

RESULTS

Analysis of AGO Binding Sites in miR-155-Sufficient
and -Deficient T Cells
Although barely detectable in naive T cells, miR-155 was

dramatically upregulated upon activation of CD4+ T cells

induced by TCR and costimulatory receptor CD28 ligation (Fig-

ure S1A available online). In order to reveal miR-155-dependent

binding of AGO in primary T cells, we performed AGO dCLIP

using activated CD4+ T cells isolated from WT and miR-155

KO C57Bl/6 mice. We UV crosslinked protein-mRNA complexes

in the activated T cells and followed with partial RNase digestion

and stringent immunoprecipitation with an anti-Argonaute 2 anti-

body. The published AGO HITS-CLIP protocol (Chi et al., 2009)

was modified to increase coverage and dynamic range and to

reduce sequencing costs (see the Experimental Procedures).

Libraries constructed from 12 biological replicates of activated

155KO and WT CD4+ T cells were subjected to high-throughput

sequencing, and the reads that uniquely aligned to the annotated

30 UTR sequences of the mouse genome were analyzed (a total

of 5,213,578 and 5,334,757 uniquely mapping reads from WT

and 155KO libraries, respectively) (Figure 1A; see the Supple-

mental Experimental Procedures). To detect AGO binding sites,
Molec
we developed a peak calling algorithm based on edge detection

(see the Supplemental Experimental Procedures). This algorithm

was essential for identifying overlapping binding sites (Figures

S2B–S2D) and is effective for binding site detection in other

data sets (Figure S2E).

In T cells, we identified 14,634 reproducible AGO binding sites

in the 30 UTRs of 4,165 genes (Table S1 and http://cbio.mskcc.

org/leslielab/clipseq/). We limited our analysis to these sites,

which contained reads mapped from at least seven of the 12

replicates in either WT or 155KO T cell libraries.

Additional analyses confirmed that the observed changes in

AGO binding were a direct effect of miR-155 deficiency. First,

principal component analysis revealed that the transcriptomes

of 155KO andWT activated T cells were very similar (Figure S1B).

Second, AGO dCLIP libraries from 155KO cells, which included

miRNAs, showed no changes in AGO-bound miRNA levels

other than miR-155 itself (Figure S1C). Therefore, miR-155 loss

did not cause major changes in the activation state, miRNA

expression, or global transcriptome of activated T cells at the

time point of analysis.

To validate AGO dCLIP, we examined 30 UTR AGO binding

sites containing miR-155 seed matches. We expected these

seed match sites to exhibit more AGO binding in WT cells than

155KO cells (Figure 1B). Indeed, for the vast majority of the

known targets of miR-155 (Bolisetty et al., 2009; Costinean

et al., 2009; Levati et al., 2011; O’Connell et al., 2008, 2009;

Rai et al., 2010; Wang et al., 2011), we observed differential

AGO binding at miR-155 seed matches. Using this approach,

we identified many targets, including PDL1, the ligand for the

key inhibitory receptor PD1. Analysis of all AGO sites containing

miR-155 seed matches showed that they had significantly

reduced binding in 155KO cells compared to all AGO binding

sites (p < 4310�74) (Figure 1C). The observed differential binding

at canonical miR-155 targets confirms that AGO dCLIP detects

miR-155-dependent binding sites.

We used a stringent statistical test to discern miR-155-depen-

dent sites from other AGO binding sites. At 191 AGO binding

sites in 175 genes, there was significantly more AGO binding in

WT than 155KO cells (cutoff at p < 0.01; see the Supplemental

Experimental Procedures and Table S2). We next investigated

whether differential AGO binding correlated with greater target

regulation of AGO binding sites containing miR-155 seed

matches (57% of all miR-155-dependent sites). Specifically,

we compared expression changes in 155KO T cells for genes

with AGO binding at miR-155 seed matches against the subset

of genes with significant differential AGO binding at miR-155

seedmatches (Figure 1D). As expected, we found stronger regu-

lation of target genes with differential AGO binding at miR-155

seed matches. To quantitatively examine whether differential

AGO binding is associated with greater gene regulation at

AGO-bound miR-155 seed matches, we performed a linear

regression analysis, which showed that differential AGO binding

at sites with miR-155 seedmatches correlated with downregula-

tion (p < 0.05) (Figure S2F). Nearly all (>87%) AGO binding sites

containing miR-155 seed matches had less binding in 155KO

cells than in WT cells (using a normalized read count difference

of 0). Furthermore, genes with AGO-bound miR-155 seed

matches were greatly induced relative to genes with miR-155
ular Cell 48, 760–770, December 14, 2012 ª2012 Elsevier Inc. 761
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Figure 1. Differential CLIP-Sequencing Identifies Sites of miR-155-Mediated Argonaute Binding

(A) CD4+ T cells were isolated from miR-155-sufficient and -deficient mice and RNase-treated cell lysates were subjected to Argonaute (AGO) immunopre-

cipitation. After stringent purification of complexes, indexed and barcoded libraries were prepared and subjected to Illumina high-throughput sequencing.

(B) Examples of canonical AGO binding sites in PD-L1 and the previously described target SHIP1. Grey rectangles indicate miR-155-dependent binding sites

(p < 0.01) called by edge-detection method. Reads from the 12 replicates have been stacked; blue shades are miR-155-sufficient (WT) replicates, and yellow

shades are mir-155-deficient (155KO) replicates. Black bars indicate the location of the miR-155 seed in the binding site. Coordinates along the x axis indicate

nucleotide position relative to the beginning of the 30 UTR. The y axis indicates read counts, which are square root transformed after individual library normal-

ization (see the Supplemental Experimental Procedures).

(C) Relative AGO binding in WT and 155KO cells at all 30 UTR binding sites or 30 UTR binding sites containing a miR-155 seed.

(D) Gene expression differences assessed by microarray between WT and 155KO cells of targets predicted by seed, AGO binding sites, or miR-155-dependent

AGO binding sites.

p values were calculated with a one-sided KS test. See also Figure S1 and Table S1.
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seed matches at which no AGO binding is detected (Figure 1D).

Together, these data indicate that dCLIP improves the specificity

of CLIP, yet for highly expressed miRNAs, the presence of

a miRNA seed match within an AGO binding site usually iden-

tifies a miRNA target.

Analysis of AGO Binding Sites Outside the 30 UTR
In addition to the prevalent binding that occurs in the 30 UTR, we

observed reads mapping to other transcribed regions including

the 50 UTR, coding regions, and the introns of genes (Figure 2A).

Closer inspection revealed that most intronic reads were unclus-

tered or mapped to small nucleolar RNAs (snoRNAs). AGO

binding to snoRNAs was previously described (Ender et al.,

2008; Saraiya and Wang, 2008; Taft et al., 2009), and our exper-

iments provide further data concerning AGO binding to tran-

scripts generated by snoRNA loci in mammals.

To determine whether AGO bound coding region sites in

a miRNA-dependent fashion, we examined sites with miR-155
762 Molecular Cell 48, 760–770, December 14, 2012 ª2012 Elsevier
seed matches. Examining binding sites observed in at least

seven of 12 replicates, we observed 137 AGO binding sites con-

taining miR-155 seed matches in the coding regions of 129

genes. Many of these sites had clear miR-155-dependent

binding (Figure 2B). Indeed, AGO binding at miR-155 seed

matches in the coding region and the 30 UTR was similarly

miR-155 dependent (Figure 2C), although there were almost

three times as many sites in the 30 UTR. This miR-155 depen-

dence confirms that AGO-miRNA complexes bind to the coding

region.

Rare codons 50 of miRNA complementary sites in the coding

region contribute to more effective miRNA-mediated regulation

(Gu et al., 2009). Consistent with this observation, PAR-CLIP re-

vealed that AGO binding occurs at sites flanked by sequences

enriched for rare codons (Hafner et al., 2010). Our data confirm

this observation (Figure S3). Surprisingly, as was seen in the

previous study of AGO binding, rare codons appeared to be

more common both 50 and 30 of AGO binding sites.
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Figure 2. Argonaute Binding to Coding Regions

(A) Proportion of reads from miR-155-sufficient (WT) and miR-155-deficient (155KO) libraries mapping to various regions of the genome.

(B) Examples of AGO binding sites in the coding region. Coordinates along the x axis indicate nucleotide position relative to the beginning of the transcript.

(C) Relative AGO binding in WT and 155KO cells at all binding sites, 30 UTR binding sites containing a miR-155 seed, or CDS binding sites containing a

miR-155 seed.

(D) Gene expression differences assessed by microarray between WT and 155KO cells of targets predicted by AGO binding sites in the coding region.

p values were calculated with a one-sided KS test. See also Figures S2 and S3.
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We applied the same stringent statistical test for miR-155

dependence that we applied to 30 UTR sites. This identified 20

genes with sites in the coding region that contained a miR-155

seed and displayed significant miR-155 dependence. However,

in contrast to 30 UTR site-containing mRNAs, thesemRNAs were

not regulated by miR-155 (Figure 2D). Therefore, although miR-

155 AGO complexes bound the coding region, this binding

was not sufficient for transcript regulation.

Identification of Noncanonical AGO Binding Sites
with AGO dCLIP
The strength of AGO dCLIP is the ability to identify miRNA-

dependent binding sites without reliance on seed matches. We

found that 34% of 30 UTR AGO binding sites did not have

a seed match for any of the 40 highest expressed miRNAs in

our cells (Figure 3A), in agreement with previous reports (Chi

et al., 2009; Hafner et al., 2010; Zisoulis et al., 2010). These 40

miRNAs represented more than 75% of the reads mapped to

miRNA genes in libraries isolated fromWT and 155KO cells (Fig-

ure S4). Of these miRNAs, the lowest expressed miRNA had

less than 1% of the reads of the highest expressed miRNA.

Accounting for AGO binding sites with this many seeds probably

overestimates the amount of seed-mediated targeting.

Recent work in embryonic stem cells (ESCs) suggested that

there are miRNA-independent G-rich motifs associated with
Molec
AGO binding sites (Leung et al., 2011); however, these motifs

were found in less than 2% of AGO binding sites identified in

activated T cells. These results suggested that ‘‘noncanonical’’

miRNA dependent targeting is common.

We next focused on miR-155-dependent AGO binding sites in

30 UTRs. While the majority of these sites contained miR-155

seed matches,�43% did not (Figure 3A and Table S3). Increase

of the stringency for miR-155 dependence (p < 0.005) did not

substantially alter this percentage of seedless sites (�37%).

These candidate noncanonical sites without a miR-155 seed,

but with significantly more AGO binding in WT than in 155KO

T cells, were found within genes with (e.g., Hif1a and Trib1)

and without (e.g., Unc119b, Cep135, and Gimap3) miR-155

canonical sites (Figures 3B and 3C).

To determine whether miR-155 binds these noncanonical

sites directly, we first looked for complementarity to the miR-

155 sequence. We implemented a supervised learning strategy

to optimize parameters for miR-155/AGO binding site align-

ments to discriminate between miR-155-dependent binding

sites and -independent AGO binding sites (see the Supple-

mental Experimental Procedures). The optimized parameters

rely on extensive complementarity to the seed region of miR-

155 to discriminate more than 75% of miR-155-dependent

binding sites from nondifferential AGO binding sites (average

of 10-fold coefficient of variation; see the Supplemental
ular Cell 48, 760–770, December 14, 2012 ª2012 Elsevier Inc. 763
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Figure 3. Many miRNA-Dependent Sites Do Not Contain Seed Matches

(A) Proportion of sites from all AGO binding sites or from miR-155-dependent sites that do not contain seed matches.

(B) Examples of noncanonical targets. Red vertical lines indicate the location of a seed-like motif in the site. Predicted base pairing between miR-155 and 30 UTR
sequences is indicated below AGO dCLIP read distribution profiles. Positions selected for mutations in luciferase reporter constructs are highlighted in the

alignment.

(C) Example of a gene with both a noncanonical and a canonical site in the same 30 UTR; numbers along the horizontal axis indicate nucleotides from the start of

the 30 UTR.
See also Figure S4, Table S2, and Table S3.
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Experimental Procedures). To identify global patterns in the

alignments between miR-155 and miR-155-dependent AGO

binding sites, we grouped the alignments based on comple-

mentarity to the seed region. The most frequent motifs were

represented by sequences with exact complementarity to

nucleotides 1–7 (for miR-155, this includes an A at position 1)

and nucleotides 1–8. This group of motifs was followed by

sequences with complementarity to nucleotides 2–8, and with

complementarity to nucleotides 2–7 (Figure 4A). However, in

addition to these expected canonical motifs, we found several

types of seed-like motifs that, to the best of our knowledge,

have not been previously described at a transcriptome-wide

level. These included motifs with inexact complementarity to

the miR-155 seed such as mismatches at positions 5 and 7

and a G:U wobble at position 6 (Figure 4A). The observed

complementarity for miR-155 within noncanonical AGO binding

sites implied that AGO dCLIP specifically identified sites of

direct miR-155 targeting.

We next investigated whether these seed-like motifs were

able to mediate in vivo interactions with miR-155-loaded AGO
764 Molecular Cell 48, 760–770, December 14, 2012 ª2012 Elsevier
complexes. Previous work showed that a small percentage of

HITS-CLIP reads contain deletions, which are likely a conse-

quence of reverse transcription errors at sites of UV-induced

protein-RNA crosslinking (Zhang and Darnell, 2011). Because

UV-mediated crosslinking was preformed on live cells, deletions

within binding sites are evidence of in vivo interactions. We

mapped deletions surrounding sites of miR-155 canonical

motifs and found a large number of deletions proximal to miR-

155 seed matches in libraries generated from WT but not

155KO T cells (Figure 4B). As expected, deletions proximal to

miR-21 seeds were found equally in WT and 155KO libraries.

To assess frequencies of deletions at noncanonical miR-155-

dependent AGO binding sites, we used the seed-like motifs

identified by our supervised learning algorithm. We found

many deletions in WT but not in 155KO libraries near seed-like

motifs in noncanonical sites. This result indicated that our

sequence alignment strategy effectively identified the site of

miR-155 interaction within AGO-bound regions and demon-

strated that the interaction between miR-155 and noncanonical

sites occurs in vivo.
Inc.
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Figure 4. Characteristics of Noncanonical

Sites

(A) Variations in canonical (top) and noncanonical

(bottom) motifs in miR-155-dependent sites.

Numbers in parentheses indicate the number of

miR-155-dependent AGO binding sites containing

the motif.

(B) Crosslinking-induced deletions around canon-

ical seed matches and noncanonical seed-like

motifs.

(C) Enrichment for inexact 6-mer and 7-mer motifs

in noncanonical miR-155-dependent (p < 0.01)

sites relative to all binding sites.

(D) Enrichment of 30 complementarity in non-

canonical miR-155 binding sites. Enrichment of

motifs complementary to miR-155 was examined

in 16 nt regions found 3–18 nt 50 of inexact seed
matches in noncanonical miR-155-dependent

(p < 0.05) sites relative to equally sized regions

in Argonaute binding sites lacking miR-155

seed matches. Enrichments were calculated with

Fisher’s Exact Test.

(E) AU content in a 100 nt window centered at

seed matches or noncanonical seed-like motifs.

See also Figures S5 and S8.
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Features of Noncanonical miR-155 Binding Sites
Further insights into noncanonical sites came from focused anal-

ysis of seedless miR-155-dependent binding sites. These sites

exhibited a strong enrichment for seed region motifs that

contained a single mismatch from the miRNA seed (up to

p < 10�10 for the inexact 7-mer from nucleotides 1–7) (Figure 4C).
Molecular Cell 48, 760–770, D
A subtle enrichment (p < 0.05) for inexact

matches to the 30 end of the miRNA was

also apparent. We examined whether

noncanonical sites contained sequences

complementary to the 30 end of the

miRNA by focusing on sequences 50 of
motifs with a single mismatch from

a miR-155 seed, where supplementary

30 binding is expected to occur. These

subregions showed strong enrichment

for complementarity to the 30 end of

miR-155 (from p < 0.03 to p < 10�5 for

inexact 6-mer and 7-mer motifs starting

at nucleotides 12–18) (Figure 4D), this

was a similar enrichment to that seen for

canonical sites (Figure S5). These results

support similar binding for noncanonical

and canonical sites with complementarity

to the 50 end of the miRNA and frequent

supplementary pairing to the 30 end of

the miRNA.

Since canonical miRNA target sites

are flanked with sequences containing a

high AU nucleotide content (Grimson

et al., 2007; Nielsen et al., 2007), we

examined AU content in noncanonical

sites (Figure 4E). Consistent with pre-

vious studies, we found that sequences
flanking AGO-bound miR-155 seed matches displayed higher

AU content than unbound miR-155 seed matches and 30

UTRs. Regions around noncanonical sites had higher AU

content than 30 UTR sequences or unbound miR-155 sites

and in this regard were indistinguishable from AGO-bound

canonical miR-155 sites.
ecember 14, 2012 ª2012 Elsevier Inc. 765
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Figure 5. Gene Regulation by Noncanonical

Sites

(A) Gene expression differences in miR-155-suffi-

cient and -deficient T cells assessed by micro-

array. Expression is plotted for canonical targets

and noncanonical targets without seed matches

in the 30 UTR.
(B) Repression of 30 UTRs with noncanonical

target sites by miR-155 assessed in luciferase

reporter assays. Percent repression is the reduc-

tion in luciferase activity observed upon miR-155

overexpression relative to the luciferase activity

observed with control miRNA overexpression.

Socs1, a canonical target, the Socs1 miR-155 site

mutant, and Tgm2 were used as positive and

negative controls, respectively.

(C) Repression of luciferase reporter expression

for constructs with and without mutations in the

predicted noncanonical sites. Mutations are

shown in Figure 3B.

(D) Gene expression differences from microarray

data (Mu et al., 2009) of canonical targets and

noncanonical targets that lacked miR-17�92 seed

matches anywhere in the 30 UTR in wild-type and

miR-17�92 cluster-deficient B cell lymphoma cells.

Predicted noncanonical targets contain AGO binding sites with a single mismatch frommiR-17�92 seed matches and an exact match to a 30 motif.

In (B) and (C), mean ± SEM is plotted. *p < 0.05; **p < 0.01; ****p < 10�4. See also Figure S6.
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Noncanonical Targeting Is Associated with Moderate
Regulation of Gene Expression by miR-155
Our results showed that miR-155 facilitated AGO binding at sites

with inexact complementarity to the miR-155 seed. To assess

the effect of these seed-like noncanonical sites on gene regula-

tion, we examined targets with a single miR-155 dependent

noncanonical site containing a motif with up to one mismatch

from positions 1–6 or 2–7 of themiR-155 seed. To conservatively

estimate the effect of these sites on gene expression we

removed genes with a miR-155 seed match in the 30 UTR. This
set of genes was significantly regulated by miR-155 in activated

T cells (p < 10�4) (Figure 5A). However, these noncanonical

targets were less regulated than genes containing a single

canonical site and transcripts were not strongly regulated

(<2-fold) by a noncanonical target site alone. The regulation of

noncanonical targets was confirmed by comparing gene expres-

sion of these predicted noncanonical targets to the expression of

genes associated with randomly chosen AGO-bound sites; this

permutation test was also significant (p < 0.05). Together, these

data suggest that noncanonical targeting alone can lead to

modest regulation of gene expression.

To test whether miR-155 directly regulates gene expression

through binding to noncanonical sites we evaluated the repres-

sion of many predicted noncanonical targets using luciferase

reporter assays. We generated luciferase reporters containing

target sites in their native 30 UTR context (at least 450 nt of the

30 UTR was used) and examined repression by miR-155 overex-

pressed in HEK293T cells (Figure 5B and Figure S6). Most non-

canonical targets were clearly regulated bymiR-155. One 30 UTR
(Tgm2) with an inexact seed, but without miR-155-dependent

AGO binding, was also tested and showed no miR-155-depen-

dent repression. Consistent with the moderate gene expression
766 Molecular Cell 48, 760–770, December 14, 2012 ª2012 Elsevier
changes revealed by our global analysis, the noncanonical sites

conferred less repression than the canonical target site in the 30

UTR of the Socs1 gene.

To test whether miR-155 mediated regulation depends on

the noncanonical targets sites predicted by AGO dCLIP, we

mutated these sites in a subset of luciferase reporter constructs

(Figure 5C). In most cases, we made mutations at four

nucleotides in regions with complementarity to the miRNA

seed (Figure 3B). In one case, where we predicted contribution

of 30 interactions to miR-155 binding, we also mutated the corre-

sponding 30 site (Figure 3B). Mutations of the sites significantly

reduced repression by miR-155. These experiments demon-

strated that miR-155 binding to inexact seed sites can downre-

gulate gene expression.

Prediction of Canonical and Noncanonical miRNA
Targets Based on Gene Expression and AGO Binding
Analyses
In addition to a genetically controlled transcriptome-wide identi-

fication of miR-155 targets, the AGO dCLIP data set enables

analysis of target interactions with other miRNAs expressed in

activated T cells (see Table S1). Thus, we investigated whether

our data sets were predictive of canonical and noncanonical

gene regulation by other endogenous miRNAs. Like miR-155,

the miR-17�92 cluster is oncogenic (He et al., 2005), is overex-

pressed in human malignancies (He et al., 2005; Volinia et al.,

2006), and regulates differentiation and survival of T and B cells

(Jiang et al., 2011; Ventura et al., 2008; Xiao et al., 2008). We

used previously published differential gene expression data

from B cell lymphoma cells expressing or lacking the miR-

17�92 cluster (Mu et al., 2009). Using this data set, we improved

upon seed based predictions by filtering for miR-17�92 seed
Inc.



Table 1. GO Enrichment Analysis

miRNA Immune Process Targets

miR-155 Negative regulation

of B cell proliferation

BTLA, INPP5D, RC3H1

miR-155 Lymphocyte

homeostasis

AHR, BCL2, CASP3, HIF1A,

MEF2C, PMAIP1, SKIL

miR-21 Alpha-beta T cell

differentiation

BCL11B, BCL2, SATB1,

STAT6, TCF7

miR-21 Thymus development BCL11B, BCL2, BCL2L11,

CCNB2, CITED2, JARID2

miR-146 Enucleate erythrocyte

differentiation

ID2, SP1, SP3

miR-146 Positive regulation

of Th1 differentiation

CCR7, SOCS5

miR-17�92 Embryonic

hemopoiesis

GATA3, HIF1A, MLL1,

RUNX1, TGFBR2

miR-17�92 Negative regulation

of T cell proliferation

BTLA, CBLB, CD274, IL2RA,

ITCH, PDCD1LG2, RC3H1

The targets of miRNAs defined by seed matches in AGO CLIP binding

sites in T cells were queried for enrichment in Gene Ontology immune

processes. All functions with p < 0.005 using a hypergeometric test are

listed. See also Figure S7.
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matches in AGO binding sites (Figure 5D), demonstrating the

utility of our data set for canonical miRNA target identification

for other miRNAs and in other cellular contexts. We also ob-

served moderate induction of genes with inexact complemen-

tarity to the miR-17�92 seed (positions 1–6 or 2–7) and exact

complementarity to positions 15–20 within AGO binding sites.

Importantly, these results were unaffected by exclusion of genes

containing miR-17�92 seed matches anywhere in the 30 UTR
(Figure 5D). The success of our analysis of miR-17�92 regulation

of canonical and noncanonical sites was particularly remarkable

considering that we used AGO binding sites identified in acti-

vated T cells and the miR-17�92-dependent gene expression

changes were measured in transformed B cells.

Analysis of miRNA Function in the Immune System
Since our data set provides themost complete and specific list of

miRNA targets generated in the immune system, we checked

whether targets of individual miRNAs present in activated

T cells were enriched for specific immunological functions. Using

Gene Ontology enrichment analysis, we foundmultiple functions

enriched within the targets of miRNAs expressed in our data set

(Table 1). Several functions predicted by this analysis have been

confirmed; for example, miR-146a is necessary for preventing

a T-helper 1 cell-driven autoimmunity (Lu et al., 2010), and

miR-17�92 overexpression leads to dysregulated T cell expan-

sion and autoimmunity (Xiao et al., 2008). This analysis would

fail unless miRNAs exert their effect through multiple targets. It

therefore supports the idea that miRNAs are acting on multiple

targets to affect a given function.

Based on GO analysis, which implicated miR-155 in lympho-

cyte homeostasis, we hypothesized that miR-155 contributes

to proliferation of T cells. We examined the expansion of WT

and 155KO T cells cotransferred into lymphopenic mice and

found that 155KO T cells were outcompeted byWT counterparts
Molec
(data not shown). This observation was in agreement with an es-

tablished role for miR-155 in homeostasis of regulatory T cells,

a specialized T cell lineage that expresses high levels of miR-

155 (Lu et al., 2009). This analysis demonstrated the power of

high-throughput miRNA target discovery for understanding

miRNA dependent phenotypes.

Since we identified both the canonical and noncanonical

targets of miR-155, we also explored the relationships between

these targets (Figure S7). We identified several gene networks

in which multiple components are targeted by miR-155.

Together, these data support the hypothesis that miRNAs exert

biological function through targeting of multiple functionally

related genes.

DISCUSSION

The analysis of miR-155-dependent AGO binding sites in acti-

vated primary T cells provides a transcriptome-wide perspective

of a miRNA’s targets in an endogenous context. miR-155-AGO

complexes are bound to over 300 canonical sites containing

a perfect 6- to 8-mer seed in the 30 UTR and this group of genes

is strongly regulated by miR-155.

No miR-155 seeds were observed in �40% of miR-155-

dependent AGO binding sites, and the majority of these sites

contain inexact seed matches, which are associated with

weaker regulation. Several rules for noncanonical sites have

been described, notably for bulge sites and centered sites (Chi

et al., 2012; Shin et al., 2010). Surprisingly, neither bulge sites

nor centered sites were found among the miR-155 noncanonical

sites. While centered sites are potent regulators of gene expres-

sion, they are relatively rare, with an average of several functional

sites per miRNA (Shin et al., 2010)—so it was not surprising that

they were not observed in our data set. In contrast, bulge sites

are relatively common, accounting for up to one-quarter of all

targets for some miRNAs (Chi et al., 2012); however, miR-155

appears to lack binding to this type of site.

Despite the modest level of regulation associated with nonca-

nonical sites, these sites could play important biological roles.

First, modest regulation of many targets may lead to important

biological consequences—although there are not yet experi-

mental systems for studying the effects of numerous moderate

perturbations in gene expression. In addition, combinations of

canonical and noncanonical sites may afford a wide spectrum

of regulation of gene expression. Second, recent work sug-

gested that miRNA binding sites on endogenous transcripts

can compete for miRNA-AGO complexes and thereby upregu-

late other genes (Cesana et al., 2011; Jeyapalan et al., 2011;

Karreth et al., 2011; Lee et al., 2009; Poliseno et al., 2010; Suma-

zin et al., 2011; Tay et al., 2011). Third, noncanonical sites may

serve as an evolutionary midpoint for stronger canonical miRNA

targeting. We therefore examined whether orthologous human 30

UTR sequences of our predicted noncanonical targets were

enriched for miR-155 seed matches. We found a modest enrich-

ment (p < 0.05; hypergeometric test) for canonical motifs in

human 30 UTRs, suggesting that noncanonical targets may be

an evolutionary midpoint. We also examined conservation using

alignments of multiple species (Figure S8), which again sug-

gested modest conservation of noncanonical sites.
ular Cell 48, 760–770, December 14, 2012 ª2012 Elsevier Inc. 767
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As mentioned above, recent work suggested a model in

which RNAs compete for miRNA-AGO complexes and reduce

repression of other RNAs bearing sites for the same miRNAs

(Cesana et al., 2011; Jeyapalan et al., 2011; Karreth et al.,

2011; Lee et al., 2009; Poliseno et al., 2010; Sumazin et al.,

2011; Tay et al., 2011). In this study, we found greater than

500 binding sites for miR-155 in a defined T cell lineage. The

most-highly bound site, which occurs in a mitochondrial

genome encoded RNA, accounts for �20% of miR-155-depen-

dent AGO binding. The most-highly bound site transcribed from

the nuclear genome accounts for less than 5% of miR-155-

dependent AGO binding. In total, only eight sites individually

account for >1% of miR-155 dependent AGO binding. This

suggests that at endogenous transcript levels very few tran-

scripts bind a given miRNA-AGO complex at high enough levels

to substantially influence the amount of free complex. Although

data supporting competing endogenous RNAs focused on

transcripts that share multiple miRNA binding sites, it seems

unlikely that a transcript that altered the free pool of multiple

miRNAs by <1% would significantly affect regulation of other

targets. Therefore, we propose that if the competing endoge-

nous transcript hypothesis is correct, then (1) very few endoge-

nous transcripts bind sufficient miRNA-AGO complexes to alter

targeting of other transcripts or (2) there is an as yet unde-

scribed mechanism by which specific subsets of targets

compete for restricted pools of miRNA-AGO complexes.

In summary, AGO dCLIP revealed that noncanonical AGO

binding sites are a significant component of miRNA targeting,

although they generally exert mild effects on gene regulation.

We expect that differential CLIP-based techniques will facilitate

further identification of functionally relevant noncanonical

miRNA targets. It appears that similar to variations in transcrip-

tion factor bindingmotifs, there is a spectrum of sequencemotifs

bound by RISC complexes loaded with a given miRNA and that

these variations to the binding sites afford a continuum of

miRNA-dependent regulation of gene expression.

EXPERIMENTAL PROCEDURES

dCLIP Website

Accessible binding maps for all 30 UTRs are located at http://cbio.mskcc.org/

leslielab/clipseq/.

Differential HITS-CLIP

CD4+ T cells were harvested from WT and 155KO mice described elsewhere

(Thai et al., 2007). All animal studies were performed in accordance with insti-

tutional guidelines. T cells were activated by culturing in the presence of CD3

and CD28 antibodies for 4 days at 37�C, 5% CO2. Twelve HITS-CLIP libraries

were constructed for both the activated WT and 155KO CD4+ cells, six with

each 30 linker sequence, which enabled statistical modeling of linker-induced

biases. The libraries were constructed as described by Chi et al. (2009), with

the following modifications. First, AGO immunoprecipitation was performed

with a polyclonal antibody generated against an Argonaute 2 N-terminal

peptide (O’Carroll et al., 2007). Second, so that contamination between

libraries could be reduced, two different 30 linker sequences were used, and

reverse transcription (RT) was performed with primers that distinguish

between the 30 linkers. This permitted selective amplification of libraries. Third,

the RT primers contained index tags, which enabled multiplex sequencing of

libraries in a single sequencing lane. Fourth, for improvement of library

complexity, the entire complementary DNA (cDNA) pool from each replicate

was amplified in the presence of SYBR green dye with a real-time thermocy-
768 Molecular Cell 48, 760–770, December 14, 2012 ª2012 Elsevier
cler so that amplification could be stopped near the end of the linear phase.

Finally, random barcodes in the RT primer were used to distinguish between

more frequently cloned regions and fragments preferentially amplified by

PCR. We constructed libraries with barcodes 6 nt in length to extend the

previous dynamic range of the assay. Sequencing was done on an Illumina

GA2x as SE36 reads with an 11 nt index read to sequence the index and

degenerate barcode.

Gene Expression Analysis

Cells were isolated and cultured as discussed above for 3 days. Cells were

resuspended in Trizol and RNA was isolated according to manufacturer

instructions. cDNA libraries were amplified and hybridized to Affymetrix

MOE 430A 2.0 chips.

Computational and Bioinformatics Analyses

We constructed a 30 UTR database for the mouse genome by identifying the

longest annotated 30 UTR for each gene in RefSeq or Ensembl. The annotated

coding region sequence (CDS) of each gene was selected from the same tran-

script. The 30 ends of reads were trimmed until the base quality score was >20.

Reads that aligned uniquely to the mouse genome (with up to one mismatch)

were mapped. Reads that mapped to the same genomic position and con-

tained the same barcode were collapsed to a single read to reduce PCR

bias. We also weighted read counts by normalizing to the library size aligned

to the 30 UTR database. mRNA expression data was mean centered and

scaled to unit variance.

Luciferase Assays

HEK293T cells were cultured at 73 104 cells/well in a 24-well plate 1 day prior

to transfection. psiCheck-2 vector (Promega) containing 30 UTR regions were

cotransfected with miR-155-expressing or control miR-146a-expressing

pMDH-PGK-EGFP plasmids with Fugene 6 (Roche) in duplicate. Cells were

harvested 18 hr later and luciferase activity was assayed using the Dual-

Luciferase Reporter Assay System (Promega). Renilla Luciferase (bearing

the cloned 30 UTR) activity was normalized to Firefly Luciferase activity.

Results from duplicate wells were averaged, and multiple (nR 4) independent

experiments were pooled. Differences in repression across wild-type

constructs was assessed with a one-way ANOVA followed by pairwise

tests between the Tgm2-negative control and targets, adjusting for multiple

comparisons with Dunnett’s criterion. Differences in repression between

mutant and wild-type constructs were assessed with paired t tests (Prism,

GraphPad Software).
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