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miRNAs function as ~22-nucleotide (nt) RNAs that target messenger 
RNAs (mRNAs) for degradation or translational repression1,2. A single 
miRNA can potentially repress hundreds of genes by binding with partial 
sequence complementarity to mRNAs3,4. By combinatorial regulation 
of thousands of genes, the miRNA pathway critically influences many 
developmental programs as well as cellular homeostasis, the disruption 
of which leads to human disease. Thus, an outstanding challenge has 
been to distinguish biologically relevant miRNA-target interactions. To 
date, identification of miRNA target sites has been dependent largely 
on computational methods that have limited capability for predicting 
specific and physiologically relevant targets. Addressing this need, sev-
eral studies have reported biochemical approaches to isolate targets by 
immunoprecipitation of miRNA effector complexes containing miRNA–
mRNA duplexes5–10. Despite reduction of the search space for miRNA  
target sites from within all transcribed genes to a subset of immuno-
precipitated RNAs, the identification of miRNA binding sequences is 
still not directly obtained and usually relies on subsequent computational 
searches for complementary sites within the precipitated transcripts. 
Here we have narrowed the regions recognized by miRNA effector 
complexes to approximately 100-nt sequences. The identification and 
analysis of sequences directly associated with Argonaute protein in vivo 
in C. elegans has enabled the discovery of distinct features related to this 
core component of the miRNA-induced silencing complex (miRISC) as 
well as its interaction with mRNA target sites.

RESULTS
ALG-� CLIP-seq in C. elegans identifies known miRNA targets
As miRNAs guide Argonaute proteins to specific complementary 
sequences in mRNAs, we applied the CLIP-seq (also referred to as 

HITS-CLIP) method11–13 to capture and identify the miRNA and 
target-site sequences bound by the miRNA complex (miRISC) in 
developing worms. A recent application of this approach in mouse 
brain resulted in a map of Argonaute binding sites in this tissue14. 
C. elegans offers several advantages for applying the CLIP-seq 
procedure to detect global Argonaute protein–RNA interactions.  
A single Argonaute protein, ALG-1, is largely responsible for miRNA 
function, and viable alg-1 genetic mutants exist15. A short but well-
established list of miRNA targets expected to be bound by ALG-1 at 
discrete positions is available16–31. Of these targets, extensive studies 
have confirmed that lin-41 is regulated by let-7 miRNA during the 
fourth larval (L4) stage via two clustered sequences, let-7 comple-
mentary sites 1 and 2 (LCS1 and LCS2)26–28. We used this example 
to optimize the CLIP-seq method to detect bona fide ALG-1 binding 
sites (Supplementary Fig. 1). Synchronized L4-stage wild-type (WT) 
worms and alg-1(gk214) mutants (hereafter referred to as alg-1(–)), 
which lack the anti–ALG-1 antibody epitope sequence, were treated 
with UV irradiation to stabilize in vivo protein-RNA interactions 
(Supplementary Fig. 1a). A custom antibody specific for the C. elegans  
ALG-1 protein (Supplementary Fig. 1b) was used to enrich for 
ALG-1 complexes expected to include miRNA and target RNA spe-
cies. Immunoprecipitated complexes were processed for isolation of 
sequences protected by ALG-1 protein from nuclease digestion.

We obtained 3,864,848 and 5,127,241 reads from WT and alg-1(–) 
CLIP-seq libraries, respectively, out of which 1,651,523 (42.7%) and 
695,895 (13.6%) mapped uniquely to the repeat-masked C. elegans 
genome (Supplementary Fig. 2a). Using MIResque, a microRNA pre-
diction algorithm designed to analyze small-RNA reads obtained from 
high-throughput sequencing (S. Aigner and G.W.Y., unpublished data),  
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MicroRNAs (miRNAs) regulate gene expression by guiding Argonaute proteins to specific target mRNA sequences.  
Identification of bona fide miRNA target sites in animals is challenging because of uncertainties regarding the base-pairing 
requirements between miRNA and target as well as the location of functional binding sites within mRNAs. Here we present the 
results of a comprehensive strategy aimed at isolating endogenous mRNA target sequences bound by the Argonaute protein  
ALG-� in C. elegans. Using cross-linking and ALG-� immunoprecipitation coupled with high-throughput sequencing (CLIP-seq), 
we identified extensive ALG-� interactions with specific 3′ untranslated region (UTR) and coding exon sequences and discovered 
features that distinguish miRNA complex binding sites in 3′ UTRs from those in other genic regions. Furthermore, our analyses 
revealed a striking enrichment of Argonaute binding sites in genes important for miRNA function, suggesting an autoregulatory 
role that may confer robustness to the miRNA pathway.

http://www.nature.com/nsmb/
http://www.nature.com/doifinder/10.1038/nsmb.1745


©
20

10
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

�  advance online publication nature structural & molecular biology

a r t i c l e s

lin-41

a

b

c

d

LCS5 LCS4

3′ UTR

3′ UTR

3′ UTR

3′ UTR

let-7 miRNA sites

lin-4 miRNA sites

LCS3
LCS6

LCS2
LCS1

alg-1(–) exp 1

alg-1(–) clusters

30

30

30

Reads from
individual
alg-1(–) experiments

Reads from
individual
WT experiments

30

30

30
1

1

1

WT clusters

1

1

1

alg-1(–) clusters

50

50

50

Reads from
individual
alg-1(–) experiments

Reads from
individual
WT experiments

50

50

50
1

1

1

WT clusters

1

1

1

let-7 miRNA sites

alg-1(–) clusters

50

50

50

Reads from
individual
alg-1(–) experiments

Reads from
individual
WT experiments

50

50

50
1

1

1

WT clusters

1

1

1

let-7 miRNA sites

alg-1(–) clusters

100

100

100

Reads from
individual
alg-1(–) experiments

Reads from
individual
WT experiments

100

100

100
1

1

1

WT clusters

1

1

1

alg-1(–) exp 2

alg-1(–) exp 3

WT exp 1

WT exp 2

WT exp 3

LCE1
LCE2

LCE3
LCE4

LCE5

LCE6 LCE7

alg-1(–) exp 1

alg-1(–) exp 2

alg-1(–) exp 3

WT exp 1

WT exp 2

WT exp 3

LCS3LCS1 LCS2 LCS4
LCS5

LCS6

LCS7
LCS8

alg-1(–) Exp 1

alg-1(–) Exp 2

alg-1(–) Exp 3

WT Exp 1

WT Exp 2

WT Exp 3

LCS3

LCS1
LCS2

LCS4 LCS5
LCS6

LCS7
LCS8

alg-1(–) exp 1

alg-1(–) exp 2

alg-1(–) exp 3

WT exp 1

WT exp 2

WT exp 3

100 nt

lin-14

hbl-1

daf-12

100 nt

100 nt

100 nt

CDS

CDS

CDS

CDS

Figure 1 MicroRNA targets identified by  
ALG-1 CLIP-seq in L4-stage worms. Graphical 
depictions of the number and location of reads 
from alg-1(–) (red upper tracks) and WT (blue 
lower tracks) from three biological replicates, 
CLIP-derived clusters (solid rectangular boxes 
over the reads) and putative miRNA binding 
sites in the 3′ UTR of mRNA transcripts (LCS, 
let-7 complementary sequence; LCE, lin-4 
complementary element). (a) lin-41 3′ UTR.  
Of the six predicted LCSs, LCS1 and LCS2 
(open boxes) have experimentally validated let-7 
sites26–28. (b) lin-14 3′ UTR. Deletion of all  
the predicted LCE sites or of LCEs 1–5 results  
in misregulation of lin-14 expression23,29.  
(c) hbl-1 3′ UTR16,24,31. The sites for let-7 
miRNA (LCSs 1–8) binding have been predicted 
but not experimentally tested. (d) daf-12 3′ 
UTR. Deletion of the predicted LCSs 1–4 or 5–8 
in reporter constructs leads to misregulation of 
reporter gene expression18.

136 previously reported miRNAs, 37 of 
which represent the ‘star’ strand, and 1 novel 
miRNA gene were identified in the WT library 
(Supplementary Table 1). Heterogeneity 
in the terminal sequences, which primarily  
consisted of lost nucleotides from the 3′ ends, 
could be due to the cloning method, but in two 
cases we found base additions to the 5′ ends 
that altered the seed sequence. Identification 
of the distinct pool of miRNAs bound to 
ALG-1, which included a large number of  
star sequences, enabled selective analysis of  
pairing capacity between miRNAs and mRNA 
sequences associated with ALG-1 at the stage 
of sample collection.

To correctly assign CLIP-seq reads to 
authentic transcribed regions, we reannotated 
the 5′ and 3′ untranslated regions (UTRs) of 
gene loci using publicly available 36-bp reads obtained from high-
throughput sequencing of poly(A)-selected cDNA libraries from 
the L3 and L4 stages of C. elegans larval development32. Reads that 
mapped upstream and downstream of currently annotated genes were 
used to redefine the 5′ and 3′ UTRs. In total, the 5′ and/or 3′ ends of 
8,231 genes (40% of genes in the genome) were reannotated by our 
analysis. The median (average ± s.d.) lengths of bases extended for  
5′ and 3′ UTRs are 56 (391 ± 621) and 215 (543 ± 700) nt, respectively.  
This substantial change in the landscape of C. elegans gene predic-
tions was important for defining the genic location of ALG-1 binding 
sites and for choosing control sequences for computational analyses 
(see below).

To distinguish authentic and specific ALG-1 binding sites, we devel-
oped a new version of our CLIP-cluster identification algorithm12. 
Briefly, for each of the three biological replicates of the ALG-1 
CLIP-seq experiments (WT or alg-1(–)), we first defined ‘regions’ 
in each gene by extending the sequencing reads to account for the 
length of the RNA fragments in our CLIP libraries (Supplementary  
Fig. 2a). To retain biologically reproducible regions while account-
ing for the different number of sequenced reads in each replicate 
library, we weighted regions that overlapped across replicate experi-
ments by the fraction of reads in the region relative to all the reads 
in that experiment mapping within the gene. Regions that passed our  

stringent threshold corresponded to being reproducible in at least two of  
three replicate experiments (see Online Methods). Reads within 
accepted regions were further integrated from replicates to form a 
‘cluster’, and clusters containing more reads than statistically expected 
were kept for further analyses. Finally, clusters that overlapped by at 
least 25% between WT and alg-1(–) were removed as potential sources 
of false positives, such as reads from highly abundant rRNA and  
protein-coding genes (see act-5 gene in Supplementary Fig. 2b).

In total, 5,310 WT and 826 alg-1(–) clusters were identified, 4,806 
of which were unique to WT (Supplementary Fig. 2a), represent-
ing 3,093 genes, approximately one-fifth of the annotated C. elegans  
protein-coding genes expressed at this stage in development. Over 
half of these genes contained a single cluster (Supplementary Fig. 2c). 
The CLIP-seq results provided a significantly refined and biologically 
based dataset for identifying miRNA target sites and studying ALG-1 
binding properties. Compared to the entire transcriptome, 3′ UTRs 
only, or 3′ UTRs of mRNAs from miRISC immunoprecipitates, we 
greatly reduced the search space for functional regions, by a factor 
of 47, 20 or 5, respectively (see Online Methods for calculation). The 
tracks for the reannotated gene regions, WT and alg-1(–) reads and 
clusters are available at the UCSC genome browser (http://genome.
ucsc.edu) under ‘ALG1 CLIP-seq’ within the ‘Regulation’ section in 
the ce6 genome.

http://genome.ucsc.edu
http://genome.ucsc.edu
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Isolation of sequences containing well-established miRNA target 
sites demonstrates the sensitivity of the ALG-1 CLIP-seq method. 
Extensive genetic and reporter gene experiments have pointed to 
LCS1 and LCS2 in the lin-41 3′ UTR as critical sequences for miRNA 
regulation of this gene26–28. Our ALG-1 CLIP-seq results identified a 
series of reads forming a significant cluster that maps directly on top 
of the closely spaced LCS1-LCS2 region (Fig. 1a). Notably, regulation 
of lin-41 by let-7 miRNA results in substantial mRNA degradation33. 
Thus, the detection of lin-41 by ALG-1 CLIP-seq demonstrates the 
sensitivity of this method for detecting miRNA targets regardless of 
regulatory mechanism. The first discovered miRNA target, lin-14, 
is regulated by lin-4 miRNA via multiple 3′ UTR complementary 
elements (LCEs)23,29. We identified three significant clusters that 
encompass the proposed LCEs 1–3, 5, and 6–7, respectively (Fig. 1b). 
Another cluster, toward the end of the lin-14 3′ UTR, is consistent 
with evidence that this gene is also regulated by other miRNAs26,34. 
Multiple let-7 binding sites have been predicted to mediate regulation 
of hbl-1 and daf-12 (refs. 16,18,24), and clusters cover a select few of 
the LCSs in the 3′ UTRs of these genes (Fig. 1c,d). Thus, ALG-1 CLIP-
seq provides direct biochemical evidence for predicted miRNA target 
sites and reveals regions of greater relative occupancy by miRISC 
within a regulated 3′ UTR.

Of 13 well-established miRNA target genes in C. elegans16–21,23–30, 
all but 3 were found to contain at least one significant 3′-UTR cluster 
(Table 1). Moreover, the clusters include the cognate miRNA tar-
get site for 9 of these 10 genes. The majority of these miRNA target 
genes were also found to be enriched in ALG-1 interacting proteins 
1 and 2 (AIN-1 and AIN-2, members of the GW182 family of pro-
teins) immunoprecipitation experiments6. Beyond showing miRISC 
association with specific endogenous mRNAs, the ALG-1 CLIP-seq 
dataset contributes nucleotide-level resolution of the actual target 
region (Table 1 and Supplementary Table 2).

Genomic and sequence properties of ALG-� binding sites
Although most genetic and computational studies support a bias for 
the location of miRNA target sites in 3′ UTRs, functional interaction 

of miRISC at other genic positions has also been demonstrated1,35–39.  
To study the global distribution of ALG-1 binding in C. elegans 
 protein-coding genes, we mapped the positions of clusters relative to 
the length of targeted mRNAs. We observed a distinct profile of CLIP-
derived cluster (CDC) occupancy proximal to the 3′ ends of spliced 
mRNAs from WT but not alg-1(–) worms (Fig. 2a). Notably, the fre-
quency of clusters throughout the composite gene model was higher 
in WT than in alg-1(–) worms, showing that ALG-1 binding extends to 
other genic regions (Fig. 2a). Furthermore, the CDC distribution, as a 
percentage of 3′-UTR length, was not enriched proximal to the stop 
codon or poly(A) sites, in contrast to the bias for predicted miRNA 
target sites residing near either end of mammalian 3′ UTRs1 (Fig. 2b). 
In fact, the fraction of clusters that mapped a given distance from the 
stop codon largely mirrored the distribution of 3′-UTR lengths in  
C. elegans (Supplementary Fig. 3). In total, 1,656 (34.5%) of CDCs 
were located in 3′ UTRs, 2,473 (51.5%) in coding exons, 602 (12.5%) 
in introns and 75 (1.6%) in 5′ UTRs.

To characterize the sequence properties of ALG-1 binding sites, 
we subjected CDCs and a control set of random derived clusters 
(RDCs) to a battery of computational analyses. In order to perform 
as equitable a comparison as possible, we minimized biases due to 
GC content, evolutionary conservation, genic region and length of 
the bound region when selecting RDCs (Supplementary Fig. 4a,b). 
Furthermore, RDCs were selected from genes depleted of ALG-1 
binding sites. Caveats of this approach are that a chosen RDC may 
actually be bound by ALG-1 at a different developmental stage or 
that the target mRNA may be present at such low abundance that 
it is not detected. Our ability to detect the lin-41 LCS1-LCS2 region 
(Fig. 1a and Supplementary Fig. 1c) despite strong downregulation 
of this mRNA at the L4 stage33 suggests that this second point is a 
minor issue. In spite of the potential limitations for assigning RDCs, 
our results corroborate expected properties and identify new features 
associated with miRISC binding to endogenous sequences (CDCs) 
on a global scale.

Preferential evolutionary conservation is a common feature used 
to predict miRNA target sites40–42. Indeed, we observed substantially  

Table 1 ALG-1 CLIP-seq identifies sequences that mediate regulation by miRNAs

miRNAmRNA target AIN-IPa
ALG-1 CLIP-seq

mRNAb alg-1(–)/WT Evidence for miRNA 
targetingc

Reference(s)
Cluster in 3′ UTR Cognate miRNA site

lin-4lin-14 • • • UP G/R-3  23,29

lin-4lin-28 • UP G/R-3  25

let-7/mir-48/84/241hbl-1 • • • UP G/R-2  16,24,31

let-7lin-41 •e • • UP G/R-3  26–28

let-7/mir-84let-60 • • • NC G/R-2  20

let-7daf-12 • • • UP G/R-2d  18

let-7pha-4 • •f •f UP G/R-2  18

let-7lss-4 • • • UP G/R-2  18

let-7 or mir-273die-1 • • • UP G/R-3  17,18

let-7nhr-25 • UP G  19

let-7T14B1.1 • • • UP R-1  22

lsy-6cog-1 • NC G/R-3  21

mir-61vav-1 • • NC G/R-3  30

A list of individual miRNAtarget pairs that are supported by genetic and reporter assays was adapted from published work44. Bullets denote detection of the target mRNA in  
AIN-1 or AIN-2 immunoprecipitation experiments6, identification of 3′-UTR sequence by ALG-1 CLIP-seq and whether the region includes the cognate miRNA regulatory site.  
The relative expression of target mRNA levels in alg-1(–) compared to WT worms (UP, upregulation; NC, no change) is shown. Evidence for miRNA targeting is detailed in  
footnote c, and references are provided in the final column.
amRNA transcripts enriched (>0.5 average percentile rank) in AIN-1 or AIN-2 immunoprecipitations (P < 0.01). bt-statistic difference of more than 2.5 with P < 0.01. cGenetic suppression (G) 
or GFP/lacZ reporter (R) evidence of posttranscriptional regulation. R-1, 3′ UTR mediates post-transcriptional regulation, and mutation of target site(s) alters regulation. R-2, 3′ UTR regulation 
is lost in animals bearing mutations in the miRNA. R-3, miRNA and target site(s) are required for post-transcriptional regulation. dRegulation disrupted upon deletion of LCSs 1–4 or LCSs 5–8. 
eDetected by qRT-PCR in the AIN-2 immunoprecipitation. fA region that includes the cognate miRNA site is covered by sequencing tags but only in one experiment, thus not achieving statistical 
significance.
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higher conservation levels within CDCs compared to RDCs in  
3′ UTRs (Fig. 3a) and a similar trend for coding exon and intron 
regions (Supplementary Fig. 5a). Also, consistent with the obser-
vation that functional miRNA target sites are frequently located in 
RNA sequences of higher accessibility (in other words, less second-
ary structure)43–47, the ALG-1–bound regions (CDCs), as well as the 
100-nt upstream and downstream flanking sequences, were signifi-
cantly more accessible than RDCs in the 3′ UTRs (P < 10−10) (Fig. 3b). 
However, this was not true for CDCs in the other genic regions 
(Supplementary Fig. 5b). It has also been suggested that a high local 
AU content is responsible for the more accessible 3′ UTR sites targeted 
by miRNAs48,49. Thus, we analyzed the nucleotide composition within 
and 100 nt upstream and downstream of 3′ UTR CDCs to search for 
motifs statistically enriched relative to RDCs. Unexpectedly, the ten 
most enriched 5- to 7-mers in 3′ UTR CDCs and their flanking regions 
are almost exclusively composed of CU nucleotides (P < 10−4), reveal-
ing alternative sequence elements that may mediate miRNA–ALG-1 
target recognition and regulation in C. elegans (Fig. 3c). Moreover, 
this striking pattern was not associated with CDCs from 5′ UTR, 
coding exon or intron regions (Supplementary Fig. 5c) or with clus-
ters from alg-1(–) animals, indicating that the CU-rich motifs are a 
specific characteristic of ALG-1–bound regions in 3′ UTRs.

Multiple computational prediction methods and extensive reporter 
validation assays point to the miRNA ‘seed’ (defined as perfect pairing 
between miRNA bases 2–7 and the target site) as a primary determi-
nant for specific target recognition40–42,50. Indeed, the top ten most 
highly cloned miRNAs in our immunoprecipitations have signifi-
cantly more frequent seed pairs within the 3′-UTR CDCs than do 
the least-cloned miRNAs (P < 0.0045; Supplementary Fig. 6a), and 
this general trend was also observed when all cloned miRNAs were 
analyzed (Supplementary Fig. 6b). To globally assess whether the 
seed or any other mature miRNA region showed enriched pairing 
capacity to CDCs, we used the complete set of miRNAs associated 
with ALG-1 in our experiments (Supplementary Table 1). We calcu-
lated the number of conserved hexamers present in CDCs that have 
perfect complementarity to regions within cloned mature miRNAs 
or have one conserved G•U wobble pair (Fig. 3d–g). Our analysis 
shows that a statistically significant (P < 10−6) number of conserved 
hexamers from 3′-UTR CDCs were complementary to bases 1–6, 
2–7 and 3–8 of miRNAs compared to controls: conserved RDC 
hexamers paired to miRNAs or CDC hexamers paired to scrambled  
miRNAs. We observed the strongest signal for bases 2–7 (seed), with 
the allowance of one G•U pair generating the highest number of sites 
within the 3′-UTR clusters (Fig. 3d). This trend was not observed for 
CDCs in the other genic regions (Fig. 3e and Supplementary Fig. 7). 
Unexpectedly, CDCs within coding exons showed statistically signifi-
cant pairing to the central region of miRNAs (P < 10−6) (Fig. 3e). We 
extended our analysis to include not only perfect conservation with 
or without G•U pairs but also cases in which there would be a G•U 

pair in one of the two Caenorhabditis species but a perfect match in 
the other species (G•U and G-C, respectively, ‘semiconserved hexa-
mers’) (Supplementary Fig. 7). This enabled us to assess the specific 
contributions of conservation of sequence versus pairing capacity to 
the patterns of miRNA complementarity to sites in CDCs. Overall, 
perfect conservation coupled with one G•U contributed most sub-
stantially to the pairing capacity of miRNAs to 3′-UTR and coding-
exon CDCs. The percentage of 3′-UTR clusters containing a perfectly 
conserved seed match allowing zero and only one G•U base pair was 
55% and 63%, respectively, in comparison to 30% and 41% in RDCs 
(P < 10−4). These results indicate that, although seed pairing is an 
important determinant of miRNA–mRNA interaction in the 3′ UTRs, 
other pairing conformations may contribute significantly to ALG-1 
binding in vivo.

We also analyzed the pairing capacity of the archetypical miRNAs 
let-7 and lin-4 within 3′-UTR CDCs (Fig. 3f,g). Despite the caveat that 
a number of these CDCs may not be targeted only by let-7 or lin-4, 
we observed a strong pairing capacity for the let-7 seed at positions 
2–7. Unexpectedly, we observed a significant enrichment for pairing 
at positions 14–19 when allowing a single G•U base pair at the 3′ end 
of the let-7 miRNA (Fig. 3f). Notably, lin-4 also showed significant  
3′ base-pairing at the same positions, but the strongest signal at the 
5′ end of the miRNA was at positions 4–9 (Fig. 3g). The ability of 
lin-4 to base-pair with potential target sites at positions other than 
the canonical 2–7 may indicate that individual miRNAs show specific 
pairing preferences with different outcomes for gene regulation.

Expression and functional biases of ALG-� mRNA targets
Regulation by miRNAs can result in substantial degradation of target 
mRNA levels or translational repression with little, if any, mRNA desta-
bilization2. Given that the overwhelming majority of clusters reside in 
the 3′ UTR and coding exons, we sought to investigate whether the loca-
tion of clusters affects mRNA levels. To test whether genes bound by 
ALG-1 at the 3′ UTR and coding exons were subject to regulation at the 
mRNA level, we performed microarray experiments comparing WT to 
alg-1(–) L4-stage worms. Consistent with previous reports that miRNA 
regulation can result in substantial target-mRNA degradation in  
C. elegans33,51, lin-41, lin-14, lin-28 and many other established miRNA 
targets were upregulated in the alg-1(–) mutant worms (Table 1 and 
Supplementary Table 2). Notably, genes containing 3′-UTR clusters 
were strongly upregulated in alg-1(–) mutants compared to genes that 
had no ALG-1–bound sites (Fig. 4a). In contrast, no relationship was 
detected between mRNA expression levels and genes with clusters in 
coding exons (Fig. 4a). These findings suggest that the mechanism of 
target regulation may be different for genes with ALG-1 binding sites 
in 3′ UTRs versus coding exons.

We next asked if genes with ALG-1 binding sites or expression 
changes in alg-1(–) compared to WT worms were enriched (P < 0.05) 
in particular functional classes based on the “Topomap” categories, 
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Figure 2 Relative position of ALG-1 binding sites 
across protein-coding genes. (a) Distribution 
of WT (blue) and alg-1(–) (red) clusters across 
a composite mRNA length. Cluster position is 
depicted as a percentage of the gene region, 
from the beginning to the end of spliced 
transcripts. (b) Distribution of WT (blue) and 
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the region from the annotated translational stop 
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which group co-regulated genes from extensive microarray datasets52. 
Notably, several functional categories were distinctly associated with 
genes that contained CDCs in 3′ UTRs versus coding exons and were 
up- or downregulated in alg-1(–) mutants (Fig. 4b). For example,  
genes belonging to the functional classes “Protein kinases” and  
“Cell biology” are enriched for containing 3′-UTR CDCs and being 
upregulated in alg-1(–) worms. Genes in the “Histone” category are 
also associated with upregulation but tend to have CDCs in their 
coding exons. This difference in locality of miRNA binding may be 
related to the typically short and nonpolyadenylated status of histone 
mRNAs53. Some functional categories included genes with CDCs in 
the 3′ UTR and coding exons and/or up- and downregulated genes. 
The overlap in categories is not surprising given the large fraction of 
genes with ALG-1–bound regions and the likely widespread direct 
and indirect effects on mRNA expression by the miRNA pathway. 
Our results reveal biological pathways targeted in vivo by ALG-1 in 
developing worms and indicate that some gene categories tend to be 
differentially bound and regulated by ALG-1.

miRNA pathway genes are enriched in ALG-� targets
During our analyses of categories of genes bound by ALG-1, we 
discovered a strong enrichment for genes implicated in the miRNA 
pathway. CDCs in the 3′ UTR in the alg-1 gene indicate autoregula-
tion of this core miRNA factor (Fig. 4c). Additionally, significant 
clusters were identified in the 3′ UTRs of ain-1 and ain-2, and mRNA 
levels of these genes and of the alg-1 homolog alg-2 were found to be 
upregulated in alg-1(–) worms (Supplementary Table 3). The poten-
tial cross-regulation of these miRNA effector genes may explain the 
nonlethal phenotype associated with loss of any single one of these 

genes6,15. To investigate the extent of ALG-1 regulation of miRNA 
pathway genes, we analyzed two published lists of genes specifically 
connected to miRNA function by proteomic and genetic evidence6,54. 
We observed that this network of miRNA pathway genes showed stat-
istically significant enrichment in ALG-1 CDCs (30 out of 39 genes 
identified by proteomics and 15 out of 44 identified by genetics),  
compared to an expectation of ~16% (P < 10−4; Supplementary 
Table 3). We speculate that cross-regulation of these genes may confer 
robustness to the miRNA pathway by relaxing repression of miRNA 
cofactors to compensate for insufficiencies in major components 
such as ALG-1.

ALG-�–bound regions as a resource for miRNA target predictions
A number of different algorithms (mirWIP, rna22, PicTar, TargetScan, 
PITA and miRanda) are available for predicting miRNA target sites 
in C. elegans genes22,35,44,45,53,55. Most of these prediction methods 
use a common set of criteria (seed, conservation and energy require-
ments), except for PITA, which does not require conservation, and 
rna22, which uses a different set of parameters. Because predictions 
are typically available for 3′-UTR sequences, we assessed the ability 
of these methods to detect predicted miRNA target sites within the 
ALG-1–bound 3′-UTR CDCs (Supplementary Fig. 8, tracks for the  
predicted sites from these algorithms are available under ‘ALG1 CLIP-seq’  
within the ‘Regulation’ section in the ce6 genome). Although 93% 
of the 3′-UTR CDCs contained a miRNA target site predicted by at 
least one of the algorithms (1,539 CDCs), only 3% of the CDCs had 
at least one site predicted by all 6 programs (52 CDCs). As an exam-
ple, five of the six target prediction programs list potential miRNA 
target sites, largely disparate in both location and number, in the  
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Figure 3 Attributes enriched in ALG-1 binding sites within 3′ UTRs. (a) Box plots of the conservation levels measured as the fraction of perfectly 
conserved nucleotides between genome-wide alignments of C. elegans and Caenorhabditis brenneri in CLIP-derived clusters (CDCs) and random  
derived clusters (RDCs). CDCs are significantly more conserved than RDCs as assessed by the Kolgomorov-Smirnov two-sample test (P < 10−36).  
(b) Box plots of RNA accessibility, measured as the average probability of being unpaired, of CDC and RDC and their corresponding flanking  
sequences (100 nt upstream or downstream). CDCs and flanking sequences are significantly more accessible than RDCs in the same locations as 
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respectively. Hexamers within 3′-UTR CDCs and RDCs (d) or coding-exon CDCs and RDCs (e) that base-pair to cloned miRNAs or shuffled versions of 
cloned miRNAs. Hexamers within 3′-UTR CDCs and RDCs that base-pair to the let-7 or shuffled let-7 miRNA (f) and lin-4 or shuffled lin-4 miRNA (g). 
Regions of the miRNA(s) that have statistically enriched numbers of complementary hexamers within CDCs when compared to RDCs or shuffled miRNAs 
are denoted by * (P < 0.01) and ** (P < 10−6) as measured by a Z-test.
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alg-1 3′ UTR (Fig. 4c); our results narrow the regions recognized and 
bound by ALG-1 in vivo at the specific developmental stage tested. The 
prominent disparity among prediction methods has been previously 
noted44 and emphasizes the value of the ALG-1 CLIP-seq as a tool to 
improve miRNA target identification.

DISCUSSION
We present a global snapshot of an endogenous miRISC RNA bind-
ing profile in whole animals. We demonstrate that binding of the 
core miRNA effector protein Argonaute is strongly enriched at 
the 3′ ends of transcripts, although substantial numbers of CDCs 
also reside within the 5′ UTR, coding exonic and intronic regions 
of genes as well. A striking signature of the ALG-1–bound 3′-UTR 
CDCs emerged: the regions showed greater sequence conservation 
and accessibility, they contained and were flanked by CU-rich motifs, 
they were enriched for sequences complementary to the 5′-end seed 
regions of miRNAs and they were associated with upregulation of 
mRNA expression in the alg-1(–) mutant background. Although 
some of these characteristics were shared with clusters in other 
genic regions, the marked overall differences in 3′ UTR versus other 
regions suggests that separate rules may regulate ALG-1 binding to 
distinct positions within an mRNA. The importance of context could 
underlie the conflicting conclusions that have been drawn about the 
ability of miRNAs to target different regions in mRNAs56–58 and, in 
some cases, the failure of reporter assays to demonstrate miRNA reg-
ulation of genes bound and regulated by alg-1 (see Supplementary 
Table 2). In addition to providing a map of ALG-1 interaction sites 
for the C. elegans protein-coding genes potentially under miRNA 
regulation in late larval development (see Supplementary Fig. 9 and 
Supplementary Data), compared to previously available methods 
our strategy substantially reduced the search space by factors of  
5, 20 and 47 for identifying direct miRNA target sites. Although 
we detected a strong signal for pairing to the miRNA seed region 

in 3′-UTR ALG-1–bound sites, ~40% of the ALG-1 clusters lacked 
conserved seed pairing capacity, indicating that more flexible base-
 pairing rules may guide a large fraction of miRNA target recogni-
tion in vivo. Furthermore, the observation of different patterns for 
let-7 or lin-4 miRNA paired to sites within ALG-1–bound sequences  
raises the possibility of individual miRNA pairing rules. The dis-
covery of miRNA pathway genes as an exceptional class of genes  
bound and regulated by endogenous alg-1 suggests that cross- 
regulation of miRNA cofactors contributes substantially to this 
essential posttranscriptional control mechanism. In conclusion, 
our analyses and data provide a framework and a rich resource for 
understanding in vivo miRNA–mRNA interactions in a context- 
specific manner.

METHODS
Methods and any associated references are available in the online 
version of the paper at http://www.nature.com/nsmb/.

Accession codes. Microarray CEL files have been deposited at the 
Gene Expression Omnibus database repository under accession 
number GSE19138.

Note: Supplementary information is available on the Nature Structural & Molecular 
Biology website.
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Figure 4 Relationship between ALG-1 binding 
and mRNA expression levels. (a) Effects of 
ALG-1 binding on mRNA levels. Box plots 
representing the differential expression (as a 
t-statistic) of genes from biological replicate 
microarray experiments comparing alg-1(–) to 
WT L4-stage worms. Genes are divided into 
those that contained no CDCs and those that 
contained CDCs only within 3′ UTRs or coding 
exons. Compared to genes with no CDCs or 
coding-exon CDCs, genes with 3′-UTR CDCs 
are significantly more upregulated in alg-1(–) 
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sum test (P < 10−4). (b) Functional enrichment 
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ONLINE METHODS
Cross-linking and immunoprecipitation coupled to sequencing. For three inde-
pendent experiments using WT and alg-1(–) worms, we harvested approximately 
40,000 L4-stage worms and irradiated them with UV-B (3 kJ m−2). We lysed 
the irradiated worms by sonication. For the immunoprecipitation, we used a 
custom antibody and performed the rest of the CLIP-seq method essentially as 
described12. For further details see Supplementary Methods.

Microarray analysis. We prepared three independent sets of RNA from WT and 
alg-1(–) worms at the L4 stage, labeled them as per manufacturer’s instructions 
(Affymetrix) and hybridized them to Affymetrix C. elegans gene microarrays. To 
assign a value for differential gene expression between the two groups, we computed 
a t-statistic as described before59. For further details see Supplementary Methods.

Improved UTR annotation. We obtained publicly available stage-specific  
C. elegans RNA-sequence libraries from published work32, aligned them to the 
genome of C. elegans and then assigned them to the composite gene loci. For 
further details see Supplementary Methods. To control for RNA transcripts 
from noncoding and unannotated transcribed regions, we applied a 3-kb cutoff 
such that only reads within 3 kb of an annotated gene end could be assigned 
to the gene.

Defining experimentally reproducible regions. We aligned reads from ALG-1 
CLIP-seq to the repeat-masked C. elegans genome (ce6) and extended 50 bases 
in the 3′ direction to account for the size of the gel-extracted PCR product. Reads 
that overlapped within and across experiments formed contiguous ‘regions’. We 
assigned a score to each nucleotide within a region, and we gave more weight to 
the region from the experiment with the most reads based on the assumption 
that there was a higher likelihood of detecting real interactions, even for weakly 
abundant RNAs. After assigning weights to each nucleotide, we considered a 
region to be replicated across biological experiments only if at least one of the 
nucleotides had a score greater than a user-defined cutoff. For further details see 
Supplementary Methods.

Computational identification of ALG-1 binding sites. For finding peaks, we 
considered only the regions that had at least one nucleotide satisfying the user-
defined cutoff within WT or alg-1(–) samples. We calculated significant peaks by 
first determining read-number cutoffs using the Poisson distribution. The Poisson 
distribution assumes all intervals are independent and have equal probability of 
an occurrence happening. We determined a global and local cutoff by assigning 
the cutoff value using the whole transcriptome frequency as the global cutoff and 
using a gene-specific frequency for the local cutoff. The gene-specific frequency 
was simply the number of reads overlapping a gene divided by the pre-mRNA 
length of that gene. After finding these cutoffs, we used a sliding window the size 
of the interval to determine where the actual read numbers exceed both the global 
and local cutoffs. At each significant interval, we attempted to extend the region 

by adding in the next read and recalculating the significance of this new interval. 
If the probability was still significant, and the distance between this extension and 
the previous interval was sufficiently small, this read was included and the peak 
width was updated. This extension was empirically limited to two times the size of 
the minimal interval. We identified clusters independently for CLIP-seq performed 
on WT and alg-1(–) strains. Next, we considered WT clusters that overlapped 
with alg-1(–) by 25% either as abundant unbound RNA cloned independently of 
ALG-1 interaction or as PCR artifacts and removed these clusters. We considered 
WT clusters that did not overlap with alg-1(–) clusters for more than 25% of their 
length as bona fide ALG-1–interacting loci and termed them CLIP-derived clusters 
(CDCs). For further details see Supplementary Methods.

Generation of randomly derived clusters (RDCs). We divided genes into 
quartiles based on the number of reads aligned uniquely to each gene locus. We 
compared binding sites within genes to ‘background regions’ in genes expressed 
within the same quartile. We further divided the transcriptome into functional 
regions: 5′ UTR, coding exon, intron and 3′ UTR. For each region, we determined 
the average evolutionary conservation level by the algorithm PhastCons60 and 
GC content. We then divided each region into quartiles based on their conser-
vation level and GC content. For each bona fide binding site of length L that is 
contained within an unambiguously assigned functional region (see above) of 
conservation level C and GC content G, we picked a background binding site 
at random of length L from the transcriptome that fell in the same functional 
region of conservation level C ′ and GC content G ′, where C ′ and C as well as 
G ′ and G are in the same conservation and GC quartile, respectively. We imple-
mented controls for C ′ and G ′ on the level of the whole genic region. For the 
determination of motifs and conservation levels for CDCs vs RDCs, we did not 
control GC-content or conservation levels, respectively. For further details see 
Supplementary Methods.

Assessing miRNA-target base-pairing rules. We used all the miRNAs that were 
sequenced in the WT library in order to analyze base-pairing to target regions 
(CDCs) as compared to background regions (RDCs). We assessed the number of 
CDC sites complementary to every adjacent position of each miRNA for two defi-
nitions of conservation: (i) ‘exact’ conservation and (ii) ‘semiconservation’ and for 
two different definitions of ‘binding capacity’: (i) Watson-Crick base-pairing and 
(ii) G•U mismatches, allowing a single G•U base pair in a 6-mer site (see inset in 
Supplementary Fig. 7). For further details see Supplementary Methods.

Conservation levels. We determined conservation by parsing with perl scripts the 
multiz alignments of the C. elegans (May 2008, ce6) to the Caenorhabditis brenneri 
(Feb 2008, caePb1) genomes. For further details see Supplementary Methods.

Statistical analysis. We used a number of statistical tests in this study and identi-
fied them at the appropriate places throughout the text and figure legends. For 
further details see Supplementary Methods.
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