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Pairing Beyond the Seed Supports MicroRNA Targeting 
Specificity

James P. Broughton1, Michael T. Lovci2, Jessica L. Huang1, Gene W. Yeo2, and Amy E. 
Pasquinelli1,*

1Division of Biology, University of California at San Diego, La Jolla, CA 92093-0349, USA

2Department of Cellular and Molecular Medicine, Institute for Genomic Medicine, Stem Cell 
Program, University of California at San Diego, Sanford Consortium for Regenerative Medicine, 
2880 Torrey Pines Scenic Drive, La Jolla, CA 92037, USA

SUMMARY

To identify endogenous miRNA target sites, we isolated AGO-bound RNAs from Caenorhabditis 
elegans by individual-nucleotide resolution crosslinking-immunoprecipitation, which fortuitously 

also produced miRNA-target chimeric reads. Through the analysis of thousands of reproducible 

chimeras, pairing to the miRNA seed emerged as the predominant motif associated with functional 

interactions. Unexpectedly, we discovered that additional pairing to 3′ sequences is prevalent in 

the majority of target sites and leads to specific targeting by members of miRNA families. By 

editing an endogenous target site, we demonstrate that 3′ pairing determines targeting by specific 

miRNA family members and that seed pairing is not always sufficient for functional target 

interactions. Finally, we present a simplified method, Chimera PCR (ChimP), for the detection of 

specific miRNA-target interactions. Overall, our analysis revealed that sequences in the 5′ as well 

as the 3′ regions of a miRNA provide the information necessary for stable and specific miRNA 

target interactions in vivo.

eTOC Blurb

Argonaute iCLIP produces miRNA-target chimeras that identify miRNA targets. Broughton et al. 

analyze these chimeras, reporting that 3′ regions of miRNAs confer specificity to miRNA target 

interactions in vivo. They develop a simple, versatile, and economic method called Chimera PCR 

(ChimP) for testing miRNA-target interactions.
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INTRODUCTION

MicroRNAs (miRNAs) are small RNA molecules that are bound by Argonaute (AGO) 

proteins. The AGO-miRNA duplex forms the core of the miRNA-induced silencing complex 

(miRISC), which is directed by the bound miRNA to complementary sequences in the 

messenger RNA (mRNA) (Pasquinelli, 2012). The miRISC co-factors then promote 

translational inhibition and transcript destabilization of the target RNA. Canonical miRNA-

target interactions featuring complementarity to the seed sequence, nucleotides (nts) 2–8 of 

the miRNA, have long been recognized as critical for miRNA targeting (Bartel, 2009). 

Recent structural and single molecule studies have emphasized the importance of seed 

pairing for stable AGO binding (Chandradoss et al., 2015; Elkayam et al., 2012; Jo et al., 

2015; Nakanishi et al., 2012; Salomon et al., 2015; Schirle and MacRae, 2012).

However, there are examples of functional miRNA target interactions that occur without 

perfect seed pairing. For example, the well-established miRNA target lin-41 in 

Caenorhabditis elegans features two sites that are complementary to the let-7 miRNA (Slack 

et al., 2000; Vella et al., 2004). Neither site supports canonical seed pairing interactions; one 

of the sites forms a one-nucleotide bulge in the target and the other requires an unfavorable 

GU pair. Imperfect seed matches have been suggested to be compensated by more extensive 

pairing with the 3′ end of the miRNA (Brennecke et al., 2005; Grimson et al., 2007). 

However, examples of conserved sites with 3′ compensatory binding for weak seeds are 

relatively rare (Friedman et al., 2009). Although studies using 3′ untranslated region (UTR) 

reporters have suggested that non-canonical seed sites are functional (Helwak et al., 2013), a 
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recent analysis of non-canonical target sites revealed that, even though these sites are bound 

by the miRNA complex, they do not appear to be broadly functional (Agarwal et al., 2015).

Many mature miRNAs can be classified based on the presence of identical seed sequences 

into groups called miRNA families (Lewis et al., 2003; Lim et al., 2003). Due to the shared 

seed sequence of miRNA family members, it is predicted that these miRNAs will regulate 

similar target RNAs. Phenotypic analyses of miRNA deletions in nematodes suggest that 

members of miRNA families have cooperative or redundant functions with each other 

(Alvarez-Saavedra and Horvitz, 2010). However, recent work suggests that individual family 

members may have independent targets, even when co-expressed (Moore et al., 2015).

Since miRNAs can regulate their targets by base pairing with as few as six nucleotides or 

through non-canonical interactions, the prediction of miRNA targets from sequence alone is 

difficult. Crosslinking immunoprecipitation and sequencing (CLIP-seq) and similar methods 

have been used to identify AGO binding sites on RNAs (Chi et al., 2009; Hafner et al., 2010; 

Zisoulis et al., 2010). However, CLIP-based approaches do not identify the miRNA that is 

responsible for a given interaction. Recently, methods have been developed to capture the 

miRNA associated with specific target sites bound by AGO (Grosswendt et al., 2014; 

Helwak et al., 2013; Moore et al., 2015). These methods (CLASH, modified iPAR-CLIP, 

CLEAR-CLIP) involve similar procedures to isolate AGO complexes, induce the ligation of 

miRNAs to nearby target RNA sequences, and then prepare sequencing libraries. The hybrid 

reads produced by these methods are known as miRNA-target chimeras.

Here we report that individual-nucleotide resolution crosslinking immunoprecipitation 

(iCLIP) of endogenous AGO in C. elegans produces miRNA-target chimeric reads at similar 

efficiencies as methods designed to yield chimeras. Our analysis of thousands of 

reproducible miRNA-target chimeric reads unambiguously reveals the identity of the 

miRNA at AGO mediated target sites and points to features that promote target mRNA 

regulation in the endogenous context. We demonstrate the importance of interactions beyond 

seed pairing in specifying miRNA target sites using an endogenous in vivo reporter. 

Furthermore, we present a method for the identification of miRNA-target chimeras that does 

not require the use of radioactivity or the analysis of sequencing datasets.

RESULTS

ALG-1 iCLIP generates miRNA-target chimeras

In C. elegans, the Argonaute-Like Gene 1 (ALG-1) protein is essential for normal miRNA 

expression and function. To generate a more complete map of ALG-1 target sites, we carried 

out ALG-1 iCLIP in wild-type (WT) C. elegans animals at the last larval stage of 

development, as iCLIP has been shown to recover more unique cDNAs than traditional 

CLIP-seq (Sugimoto et al., 2012). We analyzed ALG-1 binding sites using the CLIPper 

peak-finding algorithm (Lovci et al., 2013) and identified 5,006 ALG-1 binding sites that 

were reproducible in at least two biological replicates (Table S1). 79.9% of these binding 

sites occurred in 3′UTRs (Figure S1A).
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Chimera-generating methods have provided unambiguous miRNA targeting data in a variety 

of organisms and cell types (Grosswendt et al., 2014; Helwak et al., 2013; Moore et al., 

2015). Interestingly, these miRNA-target chimeric reads have been reported to also occur in 

CLIP-seq and PAR-CLIP libraries, even without the addition of the biochemical steps 

intended to increase their frequency (Grosswendt et al., 2014). We tested for the presence of 

miRNA-target chimeras in our ALG-1 iCLIP libraries by PCR using primers for mature let-7 

and the second let-7 complementary site (LCS2) in the 3′UTR of lin-41. PCR products were 

detected only for this well-established target interaction, and not for another miRNA and the 

same target site, or when using single primers (Figure 1A). This result shows that chimeric 

reads for authentic miRNA target sites occur in ALG-1 iCLIP and that these reads occur at a 

high enough frequency for PCR to detect.

To identify all of the miRNA-target chimeric reads in our ALG-1 iCLIP data, we developed 

a computational pipeline for their detection and mapping. We anticipated that low numbers 

of chimeric reads (<5000) might be recovered, as has been described for CLIP libraries that 

lack the intermolecular ligation step (Grosswendt et al., 2014; Moore et al., 2015). 

Remarkably, our analysis revealed 153,684 non-redundant chimeric reads that mapped to the 

C. elegans genome at 46,910 sites for 112 guide and 47 passenger strand miRNAs. Sites 

with at least two overlapping reads represented 20.6% of total sites. Non-redundant chimeric 

reads ranged from 1.3% to 5.1% of all reads from five independent ALG-1 iCLIP libraries. 

For comparison, ~2% of CLASH, ~0.2% of modified iPAR-CLIP, and ~1.5–5% of CLEAR-

CLIP libraries consisted of chimeric reads (Grosswendt et al., 2014; Helwak et al., 2013; 

Moore et al., 2015). Initial analysis of the chimeric reads from ALG-1 iCLIP revealed that 

they map to known miRNA target sites. For example, let-7 chimeric reads map specifically 

to the two let-7 complement sites in the lin-41 3′UTR (Figure 1B). To assess the frequency 

of non-specific chimera formation in ALG-1 iCLIP, we mapped our chimeric reads to the E. 
coli genome. E. coli bacteria are the food source for C. elegans, and reads that map to the E. 
coli genome are commonly recovered in CLIP-based experiments (Grosswendt et al., 2014). 

<7% of total non-redundant miRNA-containing reads were ligated to E. coli sequences, 

indicating that nonspecific ligation events were rare. These analyses show that ALG-1 iCLIP 

produces miRNA-target chimeras with similar efficiency to methods specifically designed to 

generate chimeric reads. Moreover, these chimeric reads correctly match specific miRNAs to 

previously characterized miRNA target sites.

To explore the mechanism by which chimeric reads might have been generated, we 

examined the prevalence of full-length and 3′ truncated miRNAs in our chimeric read data. 

Previously, it was suggested that trimming of the miRNA 3′ end by RNase treatment may 

allow endogenous enzymes present in the lysate to ligate the miRNA to proximal target 

RNA sequence (Grosswendt et al., 2014). However, the majority of miRNA-target chimeras 

produced by ALG-1 iCLIP were composed of full-length miRNAs. The inclusion of 

truncated miRNAs increased chimera identification by ~20% (Figure S1B), whereas >90% 

of the chimeras were formed by shortened miRNAs in unmodified iPAR-CLIP. Since the 

majority of miRNA-target chimeric reads were composed of intact miRNAs, it is likely that 

most iCLIP chimeras form during the biochemistry used to produce chemical moieties 

compatible with linker ligation steps. However, since the inclusion of 3′ truncated miRNAs 

increased the identification of miRNA-target chimeras, it remains possible that the action of 
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an endogenous ligase is responsible for a subset of chimeric reads. During our analysis of 

ALG-1 iCLIP chimeric reads, we noticed that many reads contained an untemplated 

nucleotide on the 5′ end of the miRNA. The inclusion of the untemplated nucleotide when 

searching for chimeric reads increased read identification by ~30% (Figure S1B). This 

nucleotide is primarily an adenosine or thymidine and is likely added during reverse 

transcription (Figure S1C). For our computational identification of miRNA-target chimeric 

reads, we included both 3′ truncated and 5′ untemplated nucleotide addition miRNA 

variations.

For all subsequent analyses we considered only the 4,920 chimera-producing sites that were 

reproducible in at least two biological replicates (Table S2), hereafter referred to as target 

sites. The miRNAs with the greatest number of target sites tended to be those that were 

highly expressed, as determined by the number of chimeric reads (Figure 1C). In addition, of 

the 20 miRNAs with the greatest number of target sites, 80% were identified as the top 20 

highest expressed miRNAs at mid-L4 (Kato et al., 2009). Similarly, 83% of the guide strand 

miRNAs with reproducible target sites were previously shown to be associated with ALG-1 

(Zisoulis et al., 2010) (Figure S1D). These experiments show that ALG-1 iCLIP generates 

reproducible miRNA-target chimeric reads that reveal the miRNA targeting landscape in C. 
elegans.

Targets identified by chimeras are misregulated in alg-1(−) animals

AGO proteins are generally guided by miRNAs to the 3′UTR of mRNAs (Pasquinelli, 

2012). The majority of target sites identified in this study occurred in mRNAs and 40.5% of 

all target sites mapped to 3′UTRs (Figure 1D). Of these 3′UTR target sites, 87% overlapped 

an ALG-1 binding site in at least one ALG-1 iCLIP library (Figure S1E). We found 

relatively few target sites in introns (5.5%) compared to miRNA-target chimeras from 

human CLASH (15%) and mouse CLEAR-CLIP (36%) (Moore et al., 2015). However, both 

CLASH and CLEAR-CLIP considered clustered sites, whereas we considered only 

reproducible target sites. When we analyzed all chimeric reads (including non-reproducible) 

found in our ALG-1 iCLIP libraries, 16.4% of the reads mapped to introns (Figure S1F). 

The fewer miRNA intronic target sites observed when considering only reproducible sites 

suggests that these interactions are either unstable or occur infrequently.

Chimeras also formed with other mature miRNAs and snoRNAs. In addition, we observed 

target sites that mapped to published circRNAs (Ivanov et al., 2015; Memczak et al., 2013). 

Within mRNA sequences, individual miRNAs exhibited distinct binding patterns with some 

miRNAs having primarily 3′UTR (e.g., miR-71 and miR-60) or coding exon target sites 

(e.g., miR-46/47 and miR-72) (Figure 1E and Figure S1G).

In most cases, miRISC promotes transcript destabilization of bound targets (Eichhorn et al., 

2014). Hence, loss of AGO proteins or deletion of specific miRNAs results in increased 

target mRNA abundance. To examine if the mRNAs containing target sites identified by 

ALG-1 iCLIP are up-regulated in alg-1 mutants, we performed RNA-seq on WT and 

alg-1(gk214) animals, referred to hereafter as alg-1(−). Compared to randomly selected 

genes, the mean change in expression was higher for genes with target sites in 3′UTRs but 

not coding exons (Figure 1F). Similarly in alg-1(−), only transcripts with ALG-1 binding 
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sites in 3′UTRs were up-regulated (Figure S1H). This observation is consistent with 

previous microarray analysis of alg-1(−) animals that showed up-regulation primarily of 

transcripts with ALG-1 binding in 3′UTRs (Zisoulis et al., 2010).

Seed-pairing is enriched in miRNA target sites

The miRNA sequence can be separated into five functional domains that affect miRNA 

target recognition: 5′ anchor (nt 1), seed sequence (nts 2–8), central region (nts 9–12), 3′ 
supplementary region (nts 13–16), and 3′ tail (nts 17–22) (Wee et al., 2012). We anticipated 

that complementarity to the seed sequence of the cognate miRNA would be a prominent 

feature in our target sites. However, it was also possible that the target sites identified by 

ALG-1 iCLIP would share a common sequence motif unrelated to the identity of the cognate 

miRNA. Using MEME motif analysis (Bailey and Elkan, 1994), the primary motif we 

identified was the seed complement for the cognate miRNA that was ligated to target sites of 

highly expressed miRNAs (Figure 2A). This demonstrates that the chimeras produced by 

ALG-1 iCLIP are dependent on the identity of the ligated miRNA. Complementarity to the 

3′ supplementary region of the miRNA, in addition to the seed sequence, has been 

suggested to moderately enhance miRNA targeting (Grimson et al., 2007). To assess the 

prevalence of seed and 3′ supplementary pairing, we looked for enrichment of the 

complementary nucleotides to these miRNA domains in and around the target sites. For both 

seed and 3′ supplementary pairing, the presence of the complement to these sites is enriched 

at the target site compared to surrounding sequences (Figure 2B).

To examine globally how miRNAs interact with their target sites in mRNAs, we paired each 

miRNA with its target site using RNAhybrid (Rehmsmeier et al., 2004) and grouped similar 

interactions by k-means clustering on the predicted miRNA-target duplexes. When k=7, six 

groups feature seed interactions and six feature 3′ interactions. (Figure 2C). Unlike 

chimeras from human miRNAs identified by CLASH, we did not detect a class of 

distributed interactions (Helwak et al., 2013). Our classes exhibit distinct pairing among the 

different miRNA functional domains. For example, Class 1 features seed-only pairing, 

whereas Class 3 and Class 4 exhibited seed pairing with 3′ supplemental pairing but no 

central pairing. Class 7 interactions did not exhibit seed pairing interactions, but instead 

contained complementarity to interactions throughout the other miRNA domains.

Categorization of the target sites found in coding exons and 3′UTRs did not reveal 

enrichment for a specific class in either genic region (Figure 2D). However, individual 

miRNAs exhibited enrichment for specific classes of interactions (Figures 2E and S1I). We 

detected differential enrichment for each of the seven classes among the miRNAs that 

produce the greatest number of target sites, including differences between members of the 

same miRNA family, such as let-7 and miR-48. Well-established miRNA targets sites, such 

as those in lin-14, lin-28, lin-41, and hbl-1, generally featured Class 3 and Class 4 

interactions (Figure 2F).

To examine if there might be functional differences among the classes of pairing 

interactions, we examined the expression of transcripts with each class of interaction in their 

3′UTRs in alg-1(−) animals compared to WT (Figure 2G). Among the seven classes, only 

the seedless Class 7 was not significantly up-regulated in comparison to randomly selected 
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transcripts. Although it is possible that the Class 7 target sites primarily direct translational 

repression, it is striking that seed pairing seems to be broadly important for the regulation of 

target mRNA stability.

Another feature that has been associated with functional miRNA target sites is the presence 

of an adenosine immediately 3′ of the seed complement in the target RNA, known as T1A 

(Lewis et al., 2005). Human AGO contains a binding pocket that recognizes T1A, which 

likely functions to anchor the AGO protein at the target site (Schirle et al., 2015, 2014). T1A 

is over-represented in our chimera derived target sites compared to sites with shuffled 

dinucleotides (Figure 2H). This analysis lends genome-wide support for previous 

computational and structural work pointing to the importance of the identity of the 

nucleotide after seed pairing in the target sequence.

Although all but one class of miRNA-target interactions exhibited general seed pairing, 

many sites within these classes appeared to have imperfect seed matches. We examined the 

complementarity of target sites to their cognate miRNAs for various classes of seed 

matching. Among all mRNA target sites, ~50% of interactions included 6mer (nts 2–7), 

7mer-m8 (nts 2–8), 7mer-A1 (nts 2–7 with T1A), or a 8mer (nts 2–8 with T1A) seed 

interaction with the cognate miRNA, whereas ~20% of sites included a 6mer-offset (nts 3–

8), mismatch, or bulge seed interaction and ~30% of sites featured no match to an 

established seed type (Figure 2I). Taken together, these findings support the importance of 

seed pairing in miRNA function and reveal that the majority of miRNA target sites support 

additional 3′ end complementary interactions.

MiRNA family members bind specific sets of target sites

Considering that seed pairing has been proposed to be not only necessary but also sufficient 

for miRNA targeting (Doench and Sharp, 2004; Lewis et al., 2005, 2003) and that miRNA 

families in C. elegans may act redundantly (Alvarez-Saavedra and Horvitz, 2010), we 

predicted that miRNA family members would bind largely overlapping sets of targets. To 

investigate this possibility, we examined target sites for the let-7 family of miRNAs. Three 

of the let-7 family of miRNAs, let-7, miR-48, and miR-241, are expressed during the last 

larval stage in overlapping sets of tissues (Abbott et al., 2005; Kato et al., 2009; Martinez et 

al., 2008). Additionally, miR-48 and miR-241 are processed from the same primary 

transcript. Whereas the first eight nucleotides of let-7, miR-48, and miR-241 are identical, 

the rest of their sequences diverge (Figure 3A). Surprisingly, the chimeras formed by let-7, 

miR-48, and miR-241 revealed that the majority of their target sites were non-overlapping 

(Figure 3B).

Target sites that were shared by multiple let-7 family members included the established let-7 

family targets, daf-12 and hbl-1 (Abbott et al., 2005; Grosshans et al., 2005) (Figure S2A 

and B). Along the 3′UTRs of both daf-12 and hbl-1, multiple let-7 family members share 

some target sites, but other target sites are specific or highly biased for binding to a single 

family member. The general binding preferences of these sites agree with early observations 

that some let-7 family members are predicted to pair more favorably with specific 

complementary sites in the hbl-1 3′UTR (Lin et al., 2003).
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In general, transcripts bound by a single let-7 family member tended to be regulated by the 

miRNA pathway. We found that transcripts targeted by an individual let-7 family miRNA in 

their 3′UTR were significantly up-regulated in alg-1(−) animals (Figure 3C). Although the 

majority of let-7 target sites did not produce chimeras with other let-7 family members 

(Figure 3B), most of the transcripts containing these let-7 specific sites produced chimeras 

or strong peaks representing ALG-1 binding at additional locations. While these 

observations suggest combinatorial regulation, we were still able to detect specific 

misregulation of some of these targets in animals deficient for let-7 activity; whereas these 

same targets were not up-regulated in miR-48 or miR-241 null strains (Figure 3D). We were 

unable to detect targets for miR-48 and miR-241 that appeared to be specifically 

misregulated, likely because both miR-48 and miR-241 are significantly up-regulated in 

miR-241 and miR-48 deletion strains, respectively (Figure S3A and B), unlike in let-7 
mutant animals (Figure S3C and D).

Some let-7 target sites, such as the established site in ztf-7 (Jovanovic et al., 2010), are 

shared by multiple let-7 family members, whereas others produced chimeric reads almost 

exclusively with a specific member (Figure 3E). Since nucleotides 1–8 of let-7, miR-48, and 

miR-241 are identical, other sequences in these miRNAs must dictate specific target 

interactions. With the limited number of specific sites for each let-7 family miRNA, we did 

not detect a miRNA region common to all let-7 family members that would be responsible 

for exclusive interactions. Instead, the overall binding energy is more favorable for each 

miRNA and its cognate sites than for other family members paired to those sites. We 

hybridized each let-7 family member to specific target sites using RNAhybrid to determine 

the minimum free energy of the miRNA-target duplex. In general, pairing was most 

favorable for the let-7 family member with its experimentally defined set of specific target 

sites (Figure 3F).

Specific binding by miRNA family members appears to be common for other miRNAs. The 

miR-58 and miR-238 families of miRNAs are expressed at mid-L4 (Kato et al., 2009) and 

also have divergent 3′ ends (Figure S3E and F). For both of these families, we found 

primarily specific target sites with similar patterns of favorable pairing as those observed for 

the let-7 family (Figure S3G–J). We found that shared sites were more likely to contain 

perfect seed matches than specific sites (Figure S3K), but a strong bias for T1A in shared 

sites versus specific sites was not detected (Figure S3L). These analyses reveal that miRNA 

family members can exhibit divergent target interactions and that these preferences likely 

arise from 3′ end pairing of the miRNA to its target site.

MiRNA 3′ end pairing directs specific target interactions

Our detection of chimeras specific for let-7 in the lin-41 3′UTR is consistent with the 

requirement for let-7-mediated regulation of lin-41. Loss of let-7 results in a lethal 

phenotype where animals burst through their vulvas (Reinhart et al., 2000; Slack et al., 

2000), and this phenotype can be suppressed by restoring regulation of just lin-41 (Ecsedi et 

al., 2015). Additionally, versions of let-7 that contain mutations in 3′ end sequences do not 

fully rescue bursting of let-7 mutants, pointing to the importance of the 3′ end of this 

miRNA (Zhang et al., 2015). To further test if regulation of lin-41 is entirely dependent on 
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let-7, we analyzed the expression of lin-41 in let-7(n2853) animals and in null mutants of 

miR-48 and miR-241, at mid-L4 stage. Compared to WT, the levels of lin-41 were 

misregulated only in let-7(n2853) (Figure 4A).

The imperfect seed pairing of LCS1 and LCS2 in lin-41 likely necessitates strong miRNA 3′ 
end interactions, which are much more favorable for let-7 than for miR-48 or miR-241. 

However, our chimera data indicated that some target sites are capable of perfect seed 

pairing (up to 8mer) to any of the let-7 family members yet appear to be exclusively bound 

by a single member (Figure S3K). To test the functional importance of specific miRNA 

targeting in vivo, we decided to replace LCS1 and LCS2 in the lin-41 3′UTR (Figure 4B) 

with a target site that was specific for another let-7 family member. We reasoned that the 

altered specificity of this site might switch the identity of the miRNA required to regulate 

lin-41. To minimally perturb the endogenous context, we used CRISPR/Cas9 genome 

editing and homologous recombination methods to introduce two copies of the miR-48 

specific target site from the dot-1.1 3′UTR (Figure 3E) at the same positions as LCS1 and 

LCS2 in the lin-41 3′UTR. The dot-1.1 miR-48 site has 7mer-A1 seed pairing with a GU-

wobble at the nucleotide 8 position and more extensive 3′ end complementarity to miR-48 

than to let-7 or miR-241 (Figure 4C). Importantly, all let-7 family members are expected to 

be capable of interacting with the dot-1.1 site through seed mediated interactions. Thus, if 

seed pairing is sufficient for regulation, this version of lin-41 should no longer be dependent 

on any one let-7 family miRNA. Animals harboring the mutant lin-41(ap427) allele, which 

has the miR-48 specific sites in the lin-41 3′UTR, display no observable phenotypes, 

suggesting that lin-41 is sufficiently regulated in these animals.

The let-7(n2853) mutation results in a single nucleotide change to the seed sequence of 

mature let-7 and decreased levels of mature let-7 (Figure S3C and D). At 25°C, let-7(n2853) 
animals burst through the vulva and die due to the specific misregulation of lin-41 (Figure 

4A and D). Remarkably, when we combined the let-7(n2853) mutation with lin-41(ap427), 
vulval bursting was suppressed, indicating that regulation of this edited version of lin-41 is 

no longer dependent on let-7 (Figure 4E). We next attempted to generate a double mutant 

with lin-41(ap427) and miR-48(n4097), a deletion allele of the miR-48 miRNA. However, 

we were unable to generate a strain of homozygous double mutants because all animals burst 

through the vulva and died once they reached the L4 stage, regardless of culture temperature 

(Figure 4F). Finally, we generated lin-41(ap427);miR-241(n4316) double mutants, which 

had no observable phenotypes.

To quantify the dependence of lin-41(ap427) regulation on each let-7 family member, we 

conducted bursting assays at 25°C ( Figure 4G). WT, miR-48 null, miR-241 null, and 

lin-41(ap427) animals did not burst at 25°C, whereas ~98% of let-7(n2853) animals burst 

and died. However, only ~7% of these let-7 mutants burst in the lin-41(ap427) background. 

As described above, a lin-41(ap427);miR-48(n4097) strain could not be isolated due to 

bursting and lethality of all double mutants, as confirmed by genotyping of the corpses. For 

lin-41(ap427);miR-241 null animals, there was no detectable bursting. The apparent miRNA 

specific regulation of WT lin-41 by let-7 and lin-41(ap427) by miR-48 is not due to down-

regulation of other let-7 family members in the miRNA mutant backgrounds (Figure S3A 

and B).
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Consistent with the phenotypes, the misregulation of lin-41 mRNA levels in let-7(n2853) 
was prevented in the let-7(n2853);lin-41(ap427) strain (Figure 4H). Instead, expression of 

lin-41 in the edited strain was found to be strongly misregulated in the absence of miR-48, 

as detected by single worm qRT-PCR (Figure 4I). Thus, the potential for pairing to miRNA 

3′ end sequences drives miRNA specific regulation at the molecular and phenotypic levels, 

which in the case of miR-48 regulation of lin-41(ap427) is not compensated by the presence 

of let-7 or miR-241. Taken together, these experiments reveal the importance of miRNA 3′ 
end interactions in dictating target specificity among miRNA family members, even when 

targets share a canonical seed complement.

Simplified detection of endogenous miRNA target interactions by Chimera PCR (ChimP)

Although several groups have developed chimera-generating methods that can be applied in 

a variety of model systems, each of these protocols requires the use of radioactivity and 

complex sequencing data analysis. As a consequence, these methods are impractical for 

many research groups, which may be interested in a single miRNA or target. Considering 

that miRNA-target chimeras were detectable in standard iCLIP libraries using PCR (Figure 

1A), we developed a method to facilitate the detection of miRNA-target chimeras by PCR. 

This method, called Chimera PCR (ChimP), allows the detection of miRNA-target chimeras 

without the use of radioactivity or the need for complex sequencing analyses (Figure S4A).

In brief, the ChimP protocol is similar to other chimera-generating methods that include an 

intermolecular ligation step to ligate miRNAs to their target RNAs (Grosswendt et al., 2014; 

Helwak et al., 2013; Moore et al., 2015). However, ChimP does not require radioactive 

tagging and isolation of RNA from a membrane. Instead, AGO-miRNA-target RNA tertiary 

complexes are treated with Proteinase K to isolate the RNAs. Libraries are then generated in 

a similar manner to standard iCLIP. The resulting library can then be used as the template in 

a PCR reaction using an oligonucleotide with the miRNA sequence as the forward primer 

and an oligonucleotide complementary to the target RNA as the reverse primer.

We used ChimP to confirm the miRNA-target chimeras for let-7 and lin-41, miR-48 and 

dot-1.1, and miR-241 and lgg-2, which were originally detected in our ALG-1 iCLIP reads 

(Figure 5A). To control for the possibility that the PCR products produced by ChimP were 

the result of amplification from a single primer, we also performed single primer controls to 

demonstrate that primers for both the miRNA and target sequence are required (Figure 5B). 

Furthermore, we cloned and sequenced the PCR products for let-7 and lin-41 and miR-48 

and dot-1.1 (Figure 5C). In both cases, the miRNA-target chimera contained the sequence of 

the two primers used for amplification separated by a small sequence that originated from 

the target RNA. This demonstrates that ChimP is capable of producing bona fide miRNA-

target chimeras.

To test the fidelity of ChimP, we asked whether it could distinguish between miRNA family 

specific target sites. For both, lin-41 and dot-1.1, we were only able to detect miRNA-target 

chimeras for let-7 and miR-48, respectively (Figure 5D and E). To further demonstrate the 

utility of ChimP, we also applied our method to detect miR-71 target sites to the alg-1 and 

C44F1.1 3′UTRs that had been identified from our chimeric data (Figure S4B and C) and 

include examples of the biological reproducibility of ChimP (Figure S4D and E).
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In some cases, we noted that primers generated products in the minus template control PCR 

reactions. Sequencing of these products showed that they were primer-dimers that amplified 

due to overlapping end complementarity. Furthermore, on occasion we found that low 

annealing temperatures, particularly for miRNAs with low GC content, or when library 

amplification primers were not fully removed from the library, led to the amplification of 

non-specific products, such as miRNA-rRNA reads. As a consequence, we recommend 

including no template control reactions as well as cloning and Sanger sequencing of 

fragments in pilot experiments employing ChimP.

Using ChimP, we were able to demonstrate that the let-7 specific binding of lin-41 switches 

to miR-48 specific binding in the edited lin-41(ap427) strain (Figure 5D and F). These 

results further illustrate the utility of ChimP and show that specific binding of a miRNA 

target can be determined by miRNA 3′ end sequences. Overall, these analyses demonstrate 

that ChimP is a versatile method to rapidly test for the presence of endogenous miRNA-

target interactions. With this assay, researchers can avoid laborious and computationally 

intensive CLIP-based chimera-producing experiments when specific miRNAs and potential 

target sites are of interest.

DISCUSSION

The initial aim of this study was to refine the catalog of AGO binding sites using iCLIP. Our 

serendipitous discovery that ALG-1 iCLIP produces miRNA-target chimeras led to the most 

comprehensive map of unambiguous miRNA target sites in C. elegans to date. Investigation 

of this reproducible dataset of endogenous miRNA target sites provided insights into 

functional target interactions in a living animal. On a genome-wide scale, we found that 

miRNA-target interactions associated with regulatory outcomes generally involve seed 

pairing, an adenosine at the T1 position, and binding sites in mRNA 3′UTRs. Moreover, we 

were surprised to observe that miRNA families with divergent 3′ ends target largely distinct 

sets of sites. We demonstrated that pairing to the miRNA 3′ end not only provides 

specificity but can also be essential for target regulation fidelity in vivo. Finally, we 

developed ChimP to allow for the detection of chimeric reads by PCR, and anticipate that 

this will be a widely accessible method for interrogating potential miRNA-target site 

interactions.

Identification and validation of endogenous miRNA binding sites

The target sites identified by ALG-1 iCLIP chimeras represent endogenous miRNA-target 

interactions that occur at mid-L4. Presently, it is unclear why we recovered a larger fraction 

of chimeric reads in our iCLIP libraries (~1.3–5.1%) than did a previous directed attempt to 

form chimeras in C. elegans (~0.2%) (Grosswendt et al., 2014). Of the >150,000 miRNA-

target chimeric reads generated by ALG-1 iCLIP, we conservatively used only those that 

were reproducible in at least two biological replicates. This requirement focused our studies 

on high-confidence sites and helped to potentially eliminate off-target or transient binding 

events.

Although ALG-1 iCLIP produces miRNA-target chimeric reads with similar efficiencies as 

CLEAR-CLIP (Moore et al., 2015) and CLASH (Helwak et al., 2013), and more efficiently 
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than modified iPAR-CLIP (Grosswendt et al., 2014), the biochemical steps were not 

specifically designed to promote the optimal 5′- and 3′-end chemistry that is required for 

chimera formation. It has been proposed that chimeric reads that form in CLIP-seq and 

PAR-CLIP libraries occur due to the action of an endogenous ligase present in the lysates 

(Grosswendt et al., 2014). In the CLIP-seq and PAR-CLIP libraries analyzed by Grosswendt 

et al. 2014, the majority of the miRNA sequences in chimeras were truncated at the 3′-end, 

likely by the RNase used to trim unprotected RNA fragments. However, full-length miRNA 

sequences account for the majority of miRNA-target chimeric reads in ALG-1 iCLIP data. 

Furthermore, our analysis of AGO-2 iCLIP data, where the 3′-linker was ligated after RNA 

isolation (Bosson et al., 2014), found almost no miRNA-target chimeric sequences (data not 

shown). This suggests that the T4 RNA ligase used to ligate the 3′-linker is responsible for 

the efficiency seen in ALG-1 iCLIP.

We have also demonstrated that ChimP can be used to identify miRNA-target sites for 

specific miRNA-target interactions of interest. An advantage of ChimP is the ability to 

detect chimeric events without the use of radioactivity or the bioinformatics expertise 

required to identify chimeras from CLIP-based methods. ChimP is sensitive enough to 

reproduce the specificity seen for the let-7 family miRNA targets observed in this study. 

Although ChimP does not identify the miRNA-target landscape across the transcriptome, it 

allows for the investigation of specific interactions that may be of interest to laboratories 

focused on certain miRNAs and targets.

Features of endogenous miRNA targeting

By capturing the endogenous miRISC, we were able to examine miRNA-target interactions 

in vivo without changing the stoichiometry between ALG-1, the miRNAs, and target RNAs. 

Perfect complementarity to at least a 6mer seed sequence was found in the majority of target 

sites. Interestingly, we did notice that the frequency of different types of seed interactions 

depended on the identity of the miRNA. For example, miR-60 is highly enriched for Class 1 

pairing interactions, which involve complementarity to only the 5′ end of the miRNA, and 

has greater potential for perfect seed pairing than any of the other most abundant miRNAs 

(Figure 2E and I). This pattern could be related to the relatively low GC content of the 

miR-60 5′ region, which might then be compensated for by strong seed pairing interactions 

to stabilize miRISC binding.

Similar to the mammalian target sites identified by CLEAR-CLIP and CLASH (Helwak et 

al., 2013; Moore et al., 2015), we also observed extensive predicted pairing to the 3′ end of 

the miRNA, in addition to seed pairing. We identified seven classes of base pairing 

interactions between miRNAs and mRNAs, six of which featured various degrees of miRNA 

3′ end base pairing. Additionally, target sites were enriched for T1A, consistent with 

predicted features of miRNA target sites (Grimson et al., 2007; Lewis et al., 2005) and 

structural evidence that AGO contains a binding pocket for adenosine in the T1 position 

(Schirle et al., 2015, 2014).

In addition to distinct classes of pairing interactions being associated with different degrees 

of target regulation, the location of the target site also seems to be important for functional 

targeting. Similar to previous observations (Zisoulis et al., 2010), we noted that transcripts 
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with target sites in coding exons were less up-regulated in alg-1(−) animals than those with 

target sites in 3′UTRs. It is possible that some of these are regulated primarily at the level of 

translational inhibition with no detectable mRNA destabilization. Alternatively, competition 

between miRISC and translating ribosomes may reduce the residence time of AGO at exonic 

sites, thwarting effective regulation of the mRNA (Gu et al., 2009). However, not only were 

many target sites in coding exons reproducible but some gave rise to abundant chimeras, 

suggesting that these interactions are unusually stable. We noticed that some of these target 

sites overlap with published circRNAs for C. elegans (Ivanov et al., 2015; Memczak et al., 

2013). Thus, it is possible that some of these stable, chimera generating target sites are 

derived from miRISC interactions with circRNAs and not the mRNA. In addition, circRNAs 

in Drosophila have been reported to be enriched for conserved miRNA seed complement 

sites, which further suggests that some circRNAs are bound by miRNAs (Westholm et al., 

2014). One hypothesis is that these sites act as sponges to absorb excess miRNA load (Tay et 

al., 2014); however, other work has demonstrated that many circRNAs and other potential 

competing endogenous RNAs, due to their low expression, are not capable of functioning as 

miRNA sponges that titrate miRISC from mRNA targets (Bosson et al., 2014; Denzler et al., 

2014). Thus, it remains to be determined what role coding-exon sites play or whether the 

substrates for AGO binding of this class are linear or circular RNA.

Target sites identified by ALG-1 iCLIP and other chimera-generating methods have also 

mapped to ncRNAs (Grosswendt et al., 2014; Helwak et al., 2013; Moore et al., 2015). 

Some of these interactions may represent novel functions for AGO, whereas others may 

arise from background ligation to highly expressed cellular RNAs. We anticipate that 

interactions between miRNAs and ncRNAs that are identified by chimera formation with a 

single miRNA are more likely to represent functional interactions (Figure S5A) than sites 

that are bound by many unrelated miRNAs (Figure S5B). It remains unclear, outside of base 

pairing specificity, why some miRNAs seem to have preferences for particular types of 

ncRNA interactions. For example, miR-46/47 has twice as many snoRNA target sites, 

compared to all other expressed miRNAs, whereas miR-71 is devoid of snoRNA interactions 

(Figure 1E).

Specificity role for miRNA 3′ ends

Since members of a miRNA family typically have identical 5′ sequences but divergent 3′ 
ends, they provide an ideal source for assessing contributions of the 3′ supplementary 

region to specificity and function. Unexpectedly, specific targeting by miRNA family 

members seems to be much more common than anticipated and exists even in the presence 

of strong seed complementarity. For specific target sites, the miRNA that is bound to those 

sites is predicted to be more thermodynamically stable than other miRNAs of the same 

family. This suggests that base pairing interactions, beyond the seed sequence, are 

responsible for miRNA targeting specificity.

Target sites with weak seed sequence complementarity, such as those with bulged or 

mismatched nucleotides, are thought to be compensated by more extensive interactions with 

the 3′ end of the miRNA (Brennecke et al., 2005; Grimson et al., 2007). As a consequence, 

sites with a weak seed may be more likely to be regulated by specific miRNA family 
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members. However, single cell reporters have demonstrated that some sites with 6mer seed 

or 7mer-m8 seed with 3′ supplementary complementarity can direct miRNA family specific 

regulation (Moore et al., 2015). These experiments suggested the possibility that these 

interactions alone could be functionally relevant.

To test whether miRNA 3′ end interactions can direct functional specificity when multiple 

miRNA family members are present at endogenous levels, we engineered an in vivo reporter 

based on the regulation of lin-41. Normally, lin-41 is repressed solely by let-7 via two sites 

in its 3′UTR (Ecsedi et al., 2015; Slack et al., 2000; Vella et al., 2004). By editing those 

sites to become miR-48 target sites, we were able to transfer regulation of endogenous lin-41 
to miR-48. In the miR-48 null background, animals with the edited lin-41 3′UTR 

phenocopy let-7 null strains with completely penetrant busting and lethality (Reinhart et al., 

2000). Importantly, the new miR-48 sites retain perfect seed pairing to any of the let-7 

family members, yet only miR-48 appears capable of binding, as demonstrated by ChimP, 

and regulating this version of lin-41. Altogether, this work shows that miRNA family 

members have many distinct targets and demonstrates that targeting specificity among 

miRNA family members can have functional consequences in vivo. However, the functional 

importance of miRNA family member-specific interactions, outside of the context of the 

let-7 family and the lin-41 3′UTR, remains an important question.

Crystal structures of AGO have revealed that when bound to the miRNA alone, only 

nucleotides 2–6 of the miRNA seed sequence are positioned to interact with target RNAs 

(Elkayam et al., 2012; Nakanishi et al., 2012; Schirle and MacRae, 2012). However, when 

the complex includes a complement RNA, AGO undergoes a conformational change that 

allows for full seed pairing (nts 2–8) and potentially exposes the miRNA 3′ supplementary 

region (nts 13–16) for additional pairing interactions (Schirle et al., 2014). Our data suggest 

that these suspected conformational changes allow miRNAs capable of 3′ end pairing 

interactions to outcompete miRNAs that support only seed pairing for a given site. Although 

in vitro studies have concluded that base pairing beyond the seed does not increase the 

affinity of AGO for a target site (Chandradoss et al., 2015; Jo et al., 2015; Salomon et al., 

2015), it seems reasonable that target recognition in the more complex endogenous context 

could utilize additional base pairing interactions for specific and functional interactions in 
vivo.

Here we have reported the identification of thousands of examples of endogenous miRNA 

target sites in an intact organism. This work expands the dataset of experimentally captured 

miRNA-target interactions, providing a rich resource for improving target predictions and 

our understanding of miRNA targeting in vivo. For laboratories interested in select miRNA 

target sites, ChimP can be used to screen potential target interactions without having to 

analyze complex sequencing data. Our genome-wide analysis of chimeras formed by 

endogenous miRNA-target interactions revealed that pairing to the miRNA 3′ end provides 

a degree of specificity not previously considered in most target prediction methods. As we 

have shown, the ability of a miRNA to recognize more than just seed sequences shared by 

all members of a family can have important consequences in vivo. The specificity provided 

by the miRNA 3′ end may be especially relevant in humans where ~60% of miRNAs are 

part of a miRNA family (Kozomara and Griffiths-Jones, 2011). Specific miRNA family 
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members are reportedly involved in numerous pathologies (Boyerinas et al., 2010), 

potentially because they have distinct targets that are not sufficiently regulated by the other 

family members. Overall, our results support the importance of seed pairing for functional 

miRNA-target interactions, but also reveal that this core motif might not always be 

sufficient. Instead, additional interactions with the miRNA 3′ end may be necessary for 

specific targeting in the endogenous context.

EXPERIMENTAL PROCEDURES

Nematode strains

Strains used and generation of lin-41(ap427) are described in the Supplemental 

Experimental Procedures.

ALG-1 iCLIP

ALG-1 iCLIP was performed as previously described (Broughton and Pasquinelli, 2013), 

using mid-L4 WT (N2) C. elegans animals grown at 25°C for 29 hours after L1 

synchronization. Computational identification of ALG-1 binding sites and identification of 

chimeric reads is described in the Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• AGO iCLIP miRNA-target chimeras reveal miRNA targeting landscape 

in C. elegans

• miRNA families target non-overlapping sets of target sites

• miRNA 3′ end interactions contribute to target site specificity in vivo

• Chimera PCR (ChimP) identifies specific miRNA target sites of 

interest
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Figure 1. ALG-1 iCLIP produces miRNA-target chimeric reads
(A) The presence of miRNA-target chimeras in ALG-1 iCLIP libraries were tested by PCR 

using the indicated primers. (B) let-7 chimeric reads map to LCS1 and LCS2 in the lin-41 
3′UTR. (C) The number of target sites and chimeric reads detected for the ten miRNAs with 

most target sites. (D) Distribution of target sites among transcript types. (E) Genic locations 

of target sites for the indicated miRNAs. (F) Up-regulation in alg-1(−) of transcripts with 

target sites only in 3′UTR (red) (Mann-Whitney U test, P<2×10–19) but not in coding exons 

(blue) (Mann-Whitney U test, P<0.35) in comparison to randomly selected transcripts. See 

also Figure S1 and Table S2.
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Figure 2. miRNA-target chimeric reads are enriched for seed pairing
(A) The seed complement is the primary motif identified by MEME of targets for the 

indicated miRNAs. (B) Density plot showing enrichment of 6mer seed and 3′ 
supplementary complementarity to cognate miRNAs at 3′UTR target sites. (C) miRNA-

target duplex structure predictions calculated by RNAhybrid and partitioned into seven 

classes by k-means clustering. Black pixels represent pairing. (D) Distribution of classes 

among all mRNA, coding exon or 3′UTR target sites. (E) Distribution of classes for the 

indicated miRNAs. Significantly enriched classes (one-sided Fisher’s exact test, P<0.001) 

are indicated (*). (F) Class interactions of established miRNA target sites. For sites with 

multiple miRNAs bound, the miRNA with the greatest number of chimeric reads at that site 

was chosen. (G) Up-regulation of transcripts in alg-1(−) for each interaction class (Mann-

Whitney U test, *** P<0.001, ** P<0.005). (H) T1A is enriched after the seed complement 

for the ten miRNAs with the greatest number of target sites compared to sites with shuffled 

dinucleotides (Fisher’s exact test, P<0.0001). Error bars represent ±SEM. (I) Distribution of 

seed complements for all mRNA target sites and the indicated miRNAs. See also Figure S1.
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Figure 3. The let-7 family of miRNAs binds divergent sets of target sites
(A) Mature sequences of the three most abundant let-7 family miRNAs. (B) Overlap of 

target sites for let-7 family miRNAs. (C) Transcripts specifically bound by single let-7 

family miRNAs in 3′UTRs are up-regulated in alg-1(−) compared to random transcripts 

(Mann-Whitney U test: let-7 targets P<1.3×10- 5, miR-48 targets P<4.4×10-5, miR-241 

targets P<0.18). (D) qRT-PCR of let-7 specific target candidates in the indicated strains (* 

P<0.05). Error bars represent ±SEM. (E) Examples of shared and specific let-7 family 

targets with predicted pairing interactions. (F) RNAhybrid analysis of minimum free energy 

of miRNA-target duplex for each let-7 family member to its specific mRNA target sites. See 

also Figure S2 and S3.
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Figure 4. Seed pairing is not sufficient for target regulation in vivo
(A) Northern blot for lin-41 in the indicated strains. (B–C) Diagram with binding profiles for 

let-7, miR-48, and miR-241 pairing to sites in WT lin-41 and lin-41(ap427) where the let-7 

complementary sites (LCS) have been switched miR-48 complementary sites (48CS). (D) 

let-7(n2853) animals burst through the vulva at 25°C. (E) Suppr ession of let- 7(n2853) 
bursting by lin-41(ap427). (F) lin-41(ap427);miR-48(n4097) double mutants phenocopy 

let-7(n2853) vulval bursting. (G) Quantification of bursting in the presence (+) and absence 

(−) of the indicated gene products. Error bars represent ±SEM (H) qRT-PCR of lin-41 in 

let-7(n2853) and lin-41(ap427);let-7(n2853), normalized to WT and lin-41(ap427) strains, 

respectively. Error bars represent ±SEM. (I) Single worm qRT-PCR of lin-41 in 

lin-41(ap427);miR-48(n4097) strains heterozygous or homozygous for the miR-48 deletion, 

normalized to lin-41(ap427);miR-48(+/+). Error bars represent ±SEM.
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Figure 5. Chimera PCR (ChimP) enables the identification of miRNA-target chimeras by PCR
(A) Detection of let-7 family chimeras using ChimP. Libraries were generated using higher 

(H) and lower (L) molecular weight cDNAs. (B) Single primer negative controls along with 

a let-7 + lin-41(LCS2) positive control from another part of the gel. (C) Examples of 

sequenced ChimP products for let-7 and lin-41 LCS2, and miR-48 and dot-1.1. (D) 

Detection of the lin-41 LCS2 with let-7 but not with other let-7 family member primers by 

ChimP. (E) Specific detection of dot-1.1 with a primer for miR-48. (F) The miR-48 

complement sites in the lin-41(ap427) 3′UTR interact with miR-48 and not let-7. See also 

Figure S4.
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