
Article
A Variety of Dicer Substrates
in Human and C. elegans
Agnieszka Rybak-Wolf,1,3 Marvin Jens,1,3 Yasuhiro Murakawa,2,3 Margareta Herzog,1 Markus Landthaler,2,*
and Nikolaus Rajewsky1,*
1Laboratory for Systems Biology of Gene Regulatory Elements
2Laboratory for RNA Biology and Posttranscriptional Regulation
Berlin Institute for Medical Systems Biology, Max-Delbrück-Center for Molecular Medicine, Robert-Rössle-Strasse 10, 13125 Berlin,
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SUMMARY

The endoribonuclease Dicer is known for its central
role in the biogenesis of eukaryotic small RNAs/mi-
croRNAs. Despite its importance, Dicer target tran-
scripts have not been directly mapped. Here, we
apply biochemical methods to human cells and
C. elegans and identify thousands of Dicer-binding
sites. We find known and hundreds of additional
miRNAs with high sensitivity and specificity. We
also report structural RNAs, promoter RNAs, and
mitochondrial transcripts as Dicer targets. Interest-
ingly, most Dicer-binding sites reside on mRNAs/
lncRNAs and are not significantly processed into
small RNAs. These passive sites typically harbor
small, Dicer-bound hairpins within intact transcripts
and generally stabilize target expression. We show
that passive sites can sequester Dicer and reduce
microRNA expression. mRNAs with passive sites
were in human and worm significantly associated
with processing-body/granule function. Together,
we provide the first transcriptome-wide map of Dicer
targets and suggest conserved binding modes and
functions outside of the miRNA pathway.

INTRODUCTION

Genes are subject to posttranscriptional regulation by small RNAs

(sRNA) and RNA-binding proteins (RBPs). Over the past years,

many regulatory sRNAs have been discovered (Bartel, 2009;

Kim et al., 2009). Most miRNAs are generated from primary tran-

scripts that undergo two distinct steps of processing. First,

DROSHA and its partner DGCR8 release �70 nt stem-loop

precursor miRNAs (pre-miRNAs) inside of the nucleus (Lee et al.,

2003). Alternatively, ‘‘mirtrons’’ are derived from introns in a

splicing-machinery-dependent and Drosha-independent fashion

(Okamura et al., 2007; Ruby et al., 2007). The pre-miRNA hairpins

are further cut by Dicer (Hutvágner et al., 2001). The physical dis-

tance between the Dicer PAZ and 50 pocket and the RNase III do-

mains functions as a molecular ‘‘ruler’’ to control the product size
C

(Lau et al., 2012; Park et al., 2011). The resulting �22 nt miRNA/

miRNA* duplexes have a 2 nt overhang at the 30 ends, which is a

characteristic signature of Dicer processing (Bartel, 2009). The

duplexes are subsequently handed over to Argonaute (AGO) pro-

teins, and one of the two strands is selected as thematuremiRNA

to form active RNA-induced silencing complex (RISC), which

represses the expression of target genes (Bartel, 2009).

Dicer binding sites are typically indirectly inferred by mapping

sRNA sequencing data to transcripts. Two adjacent read stacks

suggest a pre-miRNA that was cleaved by Dicer. Amore variable

30 than 50 end is also typical for miRNAs (Chiang et al., 2010). By

computationally scoring these and other hallmarks of Dicer pro-

cessing, Dicer targets are inferred (Friedländer et al., 2012).

These methods invariably make assumptions about how Dicer

binds and processes substrates.

sRNA sequencing revealed diverse sRNA classes, including

miRNAs that areprocessed fromtRNAsandsnoRNAs (Castellano

and Stebbing, 2013; Ender et al., 2008; Friedländer et al., 2014).

Currently, more than 1,800 pre-miRNAs in human and 200 in

C. elegans are listed in miRBase (Kozomara and Griffiths-Jones,

2014). However, it remains challenging to distinguish miRNAs

from fragments of other transcripts based on sRNA-sequencing

data alone (Kozomara and Griffiths-Jones, 2014). There are also

other types of sRNAs such as endogenous short interfering

RNAs (endo-siRNAs) originating from long double-stranded

RNAs (dsRNAs) generated by transposable elements or conver-

gent transcription units (Kim et al., 2009). Also sRNAs from tran-

script starts and ends have been described (Seila et al., 2008;

Valen et al., 2011; Zamudio et al., 2014). Recent findings highlight

that primary sequence, RNA structure, size, and position of stem

and loop, the accessibility of 30/50 ends, and cofactors are all rele-

vant for Dicer substrate recognition and/or cleavage (Feng et al.,

2012; Fukunaga et al., 2012; Gu et al., 2012; Lau et al., 2012;

Park et al., 2011; Tian et al., 2014). Furthermore, in vitro studies

(Feng et al., 2012) and electron microscopy (Taylor et al., 2013)

show that affinity andcleavage efficiency canbeuncoupledprop-

erties of the bound substrate. In C. elegans, Dicer binds the

lncRNA rncs-1 in vitro but does not process it to sRNA, leading

to sequestration of Dicer and inhibition of its function (Hellwig

and Bass, 2008).

Other reports likewise point to functions of Dicer that are not

connected to sRNA production. In human cells, Dicer is present
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Figure 1. PAR-CLIP Identifies Transciptome-wide Binding of Dicer

(A) Outline of experimental setup. PAR-CLIP/iPAR-CLIP of Dicer was per-

formed in HEK293 cells and C. elegans. Expressed sRNA was profiled by 50P
(C. elegans) or AGO2/3-IP (human) deep sequencing. The impact of Dicer and

Drosha knockdowns on mRNA levels was monitored by mRNA-seq, on sRNA

expression by sRNA-seq.

(B and C) Overview of PAR-CLIP experiments in HEK293 cells (B) and in

C. elegans (C). The right panel shows the phospho-image of SDS-PAGE-

resolved, radiolabeled Dicer-RNA complex, immunoprecipitated from 4SU-

labeled and crosslinked HEK293 cells (B) or worms (C). Arrows indicate the

specific band of RNAs crosslinked to Dicer protein, confirmed by western blot

(left).
in the nucleus (Doyle et al., 2013; Sinkkonen et al., 2010) and in-

teracts with nuclear pore complexes (Ando et al., 2011). In

C. elegans, Dicer localizes to germline P granules and is required

for their formation (Beshore et al., 2011). Dicer is also present in

chromatoid bodies of mammalian germ cells (Kotaja et al., 2006).

If Dicer binding and RNA cleavage are largely uncoupled, many

interactions may be undetectable with current methods.

Here, we present an in-depth identification and analysis of

direct Dicer-binding sites in human embryonic kidney (HEK)

293 cells andC. elegans by applying PAR-CLIP/iPAR-CLIP (Haf-

ner et al., 2010; Jungkamp et al., 2011) (Figure 1). Becausemam-

mals and nematodes both have a single full-length Dicer gene,

assumed to process long dsRNAs and miRNAs, we were able

to compare human and worm modes of Dicer targeting, high-

lighting core functions conserved during 550million years of evo-

lution. To measure the enzymatic activity of Dicer on its binding

sites, we performed sRNA sequencing. In human cells, we

deeply sequenced AGO-loaded sRNAs, enabling us to identify

hundreds of additional miRNAs.

We also identified in both human and worm thousands of sta-

bly bound Dicer target sites that were not processed into sRNAs
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(‘‘passive’’ sites). In C. elegans, the top passively bound tran-

script was the lncRNA rncs-1, confirming previous in vitro data

(Hellwig and Bass, 2008) and indicating that passive sites can

function by sequestering Dicer. Dicer knockdown experiments

in both human cells and worms suggest that passive sites, in

contrast to sites that emit sRNAs, are generally stabilized by

Dicer. Furthermore, we systematically compared passive Dicer

targets across human and worm and discovered that messages

encoding P body/granule components are statistically signifi-

cantly enriched in both species.

In summary, our data reveal hundreds of additional miRNAs,

non-canonical substrates for dicing, and a novel, passive mode

of Dicer binding. Moreover, we identify a large number of stably

bound ‘‘passive’’ sites inside of many mRNAs in both human

and worm. We present multiple lines of evidence that these sites

are bound by Dicer nearby the loop of small hairpin structures

within the intact host RNA, generally stabilizing its expression.

We discuss several scenarios for the function of passive sites.

RESULTS

PAR-CLIP Identifies Transcriptome-wide Binding
of Dicer in Human Cells and C. elegans

To identify direct in vivoDicer targets transcriptomewide,weper-

formedPAR-CLIP (Hafner et al., 2010) in humanHEK293cells and

iPAR-CLIP (Jungkamp et al., 2011) in young adult C. elegans

worms (Figures 1B and 1C). We used HEK293 cells expressing

FLAG/HA-tagged DICER1 protein (Figure S1A available online),

whereas in C. elegans, we used a 33FLAG/103His-tagged

DCR-1 rescue strain (Figure S1B). For HEK293 cells and worm,

we combined three independent replicates each (see Figures

S1C–S1F for reproducibility). After computational quality filtering,

we identified�8,500 and�2,500 reproduced Dicer-binding sites

in HEK293 cells and C. elegans, respectively. The crosslinking

introduced specific nucleotide mutations and was not biased to-

ward highly expressed genes (Figures S1G and S1H).

Dicer PAR-CLIP Recovers Known miRNAs
We first investigated canonical miRNAs, exemplified by the hu-

man ‘‘oncomir’’ cluster miR-17–92 (Figure 2A) and the miR-35–

41 cluster in C. elegans (Figure 2B). All PAR-CLIP experiments

reproducibly mapped Dicer binding (Figure 2A and 2B). PAR-

CLIP reads and crosslink-induced T-to-C mutations cover the

entire pre-miRNA stem-loop structure. AGO-bound sRNA reads

align to both sides of the stem and form precise double

stacks, representing the ‘‘mature’’ and ‘‘star’’ miRNA. Additional

�11 nt of base-paired RNA beyond the pre-miRNA reflect the re-

quirements for Drosha processing (Han et al., 2006) of miR-17

and miR-40 (Figures 2A and 2B, inserts).

In contrast to sRNA sequencing, Dicer PAR-CLIP abundantly

yielded reads spanning the loop region of miRNAs. This was

further enhanced when the RNase T1 treatment was omitted

(Figure S2A and S2B). Thus, our PAR-CLIP assay faithfully re-

covers Dicer binding to intact miRNA precursors.

To our surprise, Dicer binds not only pre-miRNAs. We

mapped Dicer-binding sites to GENCODE, WormBase in

C. elegans, and miRBase annotations. Only 321 binding sites

map to 316 individual miRNAs in HEK293 cells and 100 binding



sites to 92 miRNAs in C. elegans. The majority of Dicer-binding

sites map to a wide range of RNA transcripts, including not

only other structural RNAs, such as tRNAs and snoRNAs, but

also exonic and intronic mRNA regions (Figures 2C and 2D and

Table S1). This is also reflected in the distribution of PAR-CLIP

reads (Figures S2C and S2D).

Dicer-Binding Sites Explain the Majority of Expressed
sRNA
We asked how many of the expressed sRNAs map to Dicer-

binding sites. We sequenced AGO-loaded sRNAs in HEK293

cells by immunoprecipitation of stably expressed FLAG/HA-

tagged AGO2 and AGO3. The two data sets were highly corre-

lated (Figure S2E) and subsequently merged (referred to as

AGOIP). AGOIP read counts were also highly correlated to

normal 50-monophosphate-specific (50-P) sRNA sequencing,

indicating that the majority of expressed sRNAs are indeed

loaded into AGO (Figure S2F). Of the aggregate number of

AGOIP reads from 18–26 nt length, 95% originate from human

Dicer-binding sites, comparable to the 93% explained by miR-

Base (Figure 2E).

C. elegans expresses at least 27 Argonautes (Gu et al., 2009).

We therefore relied on conventional sRNA sequencing. Here,

61% of 18–26 nt reads originate from nematode Dicer-binding

sites, comparable to 60% explained by miRBase (Figure 2F).

The previously published PAR-CLIP data sets of single-stranded

RNA-binding proteins, human ELAVL1 (Lebedeva et al., 2011)

and C.elegans GLD-1 (Jungkamp et al., 2011), were analyzed

in the same manner as negative controls and explained less

than 1% of the expressed sRNA. Worm-specific, triphosphory-

lated endo-siRNAs were sequenced independently and were

found to be largely unassociated with Dicer-binding sites,

consistent with previous results on their Dicer-independent pro-

duction (Gu et al., 2009) (Figure S2G).

Dicer PAR-CLIP Identifies sRNA-Generating Loci with
High Sensitivity
Because the pool of expressed sRNAs can be dominated by a

few highly expressed miRNAs, we investigated the sensitivity

of the Dicer PAR-CLIP as a function of sRNA expression. We

considered all clusters of AGOIP reads that uniquely align to

the genome as potential sites of sRNA production and selected

those with a given minimal sRNA output. We then asked what

fraction of these stacks overlap Dicer-binding sites, known

miRNAs, or control sites (Figures 2G and 2H). Although Dicer-

binding sitesmore often overlap with regions of low and interme-

diate sRNA expression than the miRBase annotation, the gap

disappears for highly expressed sRNAs. Thus, although compa-

rable fractions of total sRNA can be explained by either miRBase

or Dicer binding, Dicer PAR-CLIP offers enhanced sensitivity for

lowly expressed sRNAs.

We conclude that Dicer PAR-CLIP identifies loci of sRNA pro-

duction with high sensitivity and that the majority of AGO-loaded

or 50-P sRNAs (at least 95% in HEK cells and at least 61% in

C. elegans) are probably Dicer products. Furthermore, the con-

trol data sets for ELAVL1 and GLD-1 demonstrate that our anal-

ysis of HEK293 and worm PAR-CLIP data has a very low rate

(<1%) of falsely reporting sites that generate sRNAs.
C

Dicer PAR-CLIP Discovers Hundreds of
Additional miRNAs
Next,we searched for previously unidentifiedmiRNAs in theDicer

PAR-CLIPdata.We identified 1,978humanDICER1-binding sites

with AGOIP read counts above background level (Figure S3A). Of

these, 1,678 are not listed in miRBase (Figure S3A). We ran

miRDeep2 (Friedländer et al., 2012) to predict additional miRNAs

from the AGOIP data independently and subsequently inter-

sected these with DICER1-binding sites. This analysis resulted

in 212 (not present in miRBase) miRNA candidates supported

by Dicer PAR-CLIP (Table S2). However, we also found many

Dicer-bound loci with a clean ‘‘double-stack’’ profile of AGOIP

reads, the signature of processed pre-miRNAs, which were only

called by miRDeep2 after deactivating the hairpin scoring (Table

S2). This scoring ismeant to assess how likely the hairpin fold of a

sequence occurred by chance, which reduces false positives but

also sensitivity. We successfully validated Dicer-dependent pro-

cessing for three out of three suchmiRNAs by an in vitro process-

ing assay (Figure S3B), demonstrating that the PAR-CLIP

evidence for in vivo interactions allows us to relax the miRDeep2

filtering. In total, we report 367 new miRNA candidates predomi-

nantly originating from introns (like knownmiRNAs), but also from

a variety of other sources including 50 UTRs (Figures 3A and 3B).

In C. elegans, only two sites were identified as putative addi-

tional miRNAs (Figures S3C and S3D), which is not surprising

considering the very deep sRNA profiling and smaller genome

(Shi et al., 2013).

Additionally IdentifiedmiRNAs AreDicer Dependent and
Interact with mRNAs
To validate the miRNA candidates, not present in miRBase, we

compared sRNA read counts from control cells to Dicer- or Dro-

sha-depleted cells (Figures S3E–S3G). Our 50-P sequencing data

allowed us to quantify expression changes of 52 miRNA candi-

dates, whichwere specifically and highly significantly downregu-

lated upon Dicer knockdown (Figures 3C, S3H, and S3I).

Next, we screened publicly available AGO CLIP data for

chimeric reads (Grosswendt et al., 2014) that would support

direct miRNA:target interactions. For 20 of our miRNA candi-

dates, chimeric reads with target 30 UTRs were found (Table

S2). Although some indicate binding through seed complemen-

tarity, others show noncanonical miRNA:target interactions. For

example, the miRNA derived from the 50 UTR of glutamate-

ammonia ligase (GLUL) appears to bind to the 30 UTR of methyl-

transferase-like 8 (METTL8) by base-pairing within the central

region of the miRNA (Figure 3E).

We further validated four out of four candidates by northern

analysis. Dicer dependence is reflected either by reduction of

maturemiRNAorbyaccumulationofpre-miRNA inDicer-depleted

cells (Figure 3D). Finally, we employed a luciferase reporter with

perfect matches to miRNA candidates. By this assay, three out

of six candidates can regulate targets in vivo (Figure 3F). In sum-

mary, multiple independent assays support expression, Dicer de-

pendency, and functionality of the additionally identified miRNAs.

Dicer Binds and Cleaves Structural RNAs
Known and additional miRNAs still account for only a fraction of

the Dicer targets with sRNA output. We call these sites ‘‘active’’
ell 159, 1153–1167, November 20, 2014 ª2014 Elsevier Inc. 1155
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Figure 2. PAR-CLIP Recovers Known miRNAs and Explains the Majority of Expressed sRNA

(A and B) Dicer PAR-CLIP data for miRNA clusters: human mir-17–92 (A) and C.elegans mir-35–41 (B). PAR-CLIP-binding sites from three independent ex-

periments are indicated as gray boxes. Consensus clusters in blue (human) or green (nematode). Human AGO2/3-IP sRNA reads andC. elegans 50-P sRNA read

coverage in black. The top insert shows details of the folded pre-miRNA secondary structure. PAR-CLIP read coverage in blue (human) and green (C. elegans).

Crosslinks in yellow to red, proportional to induced nucleotide conversion frequency. sRNA coverage as black lines, with width indicating expression level.

(legend continued on next page)
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(at least 10 AGOIP or sRNA reads) or ‘‘highly active’’ (human:

>1,000 AGOIP reads, C. elegans: >100 sRNA reads) (Figures

S4A and S4B). Figure 4A shows active Dicer binding to the H/

ACA box snoRNA SNORA33, the 30 splice site of an alternative

exon of Drosha mRNA, and the 50 UTR of glutamate-ammonia

ligase (GLUL) (Figure S4C shows greater detail). All of these sites

give rise to ample sRNAs, comparable to a medium-expressed

miRNA. The C. elegans examples of atypical substrates include

the C/D box snoRNA F30H5.4 and Y-RNA yrn-1 (Figure S4D),

where cleavage may generate different RNA fragments of �50

nt length. Cleavage appears to frequently occur only on one

side of the stem, suggesting that Dicer may primarily participate

in its degradation. Expression of Dicer-bound structural RNAs

indeed increased upon Dicer depletion, as shown by qPCR for

tRNAs, snoRNAs, vault RNAs, or Y-RNAs in human (Figure S4E)

and C.elegans (Figures S4F and S4G), independent of whether

sRNA profiles match a clean double-stack profile that would

resemble pre-miRNA-like processing.

Many Abundant sRNAs Are Processed with Low
Precision
To study sRNA production for these substrates, we first compu-

tationally scanned binding sites for hairpin structures that could

explain Dicer binding. These structures set the frame of refer-

ence to count sRNAs that align to both hairpin arms, to assess

possible preferences for 50 or 30 arms, and to score the fidelity

of sRNA processing by recording 50 variability of read stacks

(Figure 4B and Experimental Procedures). The in silico hairpin

folds are supported by PARS data, which captures secondary

structures in vivo (Wan et al., 2014; Figure S4H).

The resulting picture reveals a large dynamic range (six orders

of magnitude) of sRNA expression generated by diverse sub-

strates (Figures 4C and S4I). The most abundant sRNAs origi-

nate from known miRNAs, whereas Dicer binding to mRNAs,

on average (but with interesting exceptions like the 50 UTRs of

GLUL or FLCN), gives rise to very little or no detectable sRNA.

Expression of sRNAs from mRNAs did not correlate with

mRNA expression (Figure S4J).

As reported before (Chiang et al., 2010), the more abundant

sRNA preferentially arises from the 50 arm of the hairpin. This

holds for known miRNAs and becomes more pronounced for

the entire set of active sites (Figure 4D). Interestingly, expression

level of sRNAs does not automatically correlate with processing

fidelity (Figure 4E). Although known miRNA precursors are not

only abundant, but also cut with the highest precision, the

additional miRNAs and a subset of bound tRNAs and snoRNAs

identified here are processed with comparable precision despite

lower sRNA expression. On the other hand, abundant sRNAs

from mitochondria are apparently produced with very low preci-

sion (Figures 4F and S4N).

There are examples of Dicer-bound structural RNAs, mostly

tRNAs, which show clean stacks of AGO-loaded RNAs, but addi-
(C and D) Annotation breakdown of binding sites in human (C) and C. elegans (D

(E and F) Barplots of size and 50 nt distribution of sRNA reads. Top half, left to right:

ELAVL1/GLD1-binding sites (negative control). Bottom half: sRNA from remainin

(G and H) Barplot showing the fraction of sRNA read stacks that overlap with Dicer

sites as controls (bright gray), as a function of minimal sRNA read count in huma

C

tional and more diverse sRNA profiles in 50 P sequencing (Fig-

ure 4F). Furthermore, upon Dicer knockdown, the sRNA output

from most tRNAs is not substantially reduced (Figure S4K),

whereas mitochondrial sRNAs even increase in abundance (Fig-

ures 4G and S4K). Taken together, Dicer binding to structural

RNAs influences RNA stability, but concomitant sRNA produc-

tion does not automatically indicate that dicing is also the source

of the observed sRNA. Rather, abundant RNA species may be

subject to multiple, different mechanisms of decay, including

hydrolysis.

Mitochondrial Transcripts Are Regulated by Human
and C. elegans Dicer
Because many Dicer-binding sites map to mitochondrial tran-

scripts but display low fidelity of sRNA production, we examined

the expression changes of mitochondrial transcripts upon Dicer

depletion by qPCR. We reproducibly observed increased mito-

chondrial transcript levels after 2 days of DICER1 depletion in

HEK293 cells (Figure 4H). The effect is even more prominent af-

ter 3 days (Figure S4L), which was confirmed by northern anal-

ysis (Figure S4M) and was similarly observed in DCR-1 RNAi

worms (Figures S4O and S4P).

Dicer Is Associated with sRNAs Derived from
Transcription Start Sites
As described before (Seila et al., 2008; Valen et al., 2011; Zamu-

dio et al., 2014), some sRNAs originate from transcription start

sites (TSS). We observe concomitant DICER1 binding around

TSS of protein-coding genes (Figure S4Q), suggesting that pro-

moter-associated sRNAs from both strands are, at least in part,

DICER1 associated. In contrast, the AGOIP peak upstream of

transcription termination and polyadenylation sites (PAS) does

not coincide with Dicer binding (Figure S4R). This is consistent

with recently published data describing PAS-associated sRNA

as Dicer independent (Valen et al., 2011).

Reproducible Dicer Binding without Detectable sRNA
Production
Althoughwewere able to associate 86%of humanDicer-binding

sites and 72% of C. elegans sites with local stem-loop folds, the

majority of these Dicer-bound hairpins (73.4% and 84.5%) ap-

peared to not give rise to detectable sRNA. These 5,349 human

and 1,510 C. elegans ‘‘passive’’ sites are particularly enriched in

coding sequences and 30 UTRs (Figures 5A and 5B).

Although we already demand that all binding sites are

supported by at least two out of three independent PAR-CLIP

replicates, we wanted to ensure that the passive sites indeed

represent stable interactions with mRNAs. To this end, we per-

formed independent Dicer immunoprecipitations without cross-

linking or RNase treatment and assayed the bound RNAs by

semiquantitative RT-PCR. In each case, the amplicons were

set outside of the identified Dicer-binding sites, and the RT
).

sRNA originating fromDicer-binding sites,miRBasemiRNAs (pos. control), and

g transcribed parts of the genome. (E) human, (F) C. elegans.

-binding sites (black), miRBasemiRNAs (dark gray), or ELAVL1/GLD-1-binding

n (G) and C. elegans (H).
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Figure 3. Identification and Validation of miRNA Targets

(A) Annotation breakdown of identified (top) and known miRBase (bottom) miRNAs.

(B) Examples of identified miRNAs of different human genomic origin. Reduced miRDeep2 plots show the precursor hairpin structure and the coverage of mature

(red), star (violet), and loop (yellow) sequences.

(C) Cumulative distribution of changes in small RNA expression upon Dicer knockdown (siRNA 2). The distribution of log2 fold changes of small RNA read counts

of tRNAs (gray), snoRNAs, and snRNAs (green), known miRNAs (dark blue), and miRNAs identified in this analysis (blue, dashed). Known (p < 1 310�88, Mann-

Whitney U, n = 512) and newly identified (p < 1310�19, MWU, n = 52) are significantly more downregulated after Dicer depletion than tRNAs (n = 513).

(D) Northern blots of human let-7a (pos. control) and four miRNAs validate the�22 nt mature product and either reduction of mature (let-7a, GLUL) or increase of

precursor (AURKB, SNORA56, SNORA32) upon Dicer-depletion.

(E) Chimeric reads from AGO-CLIPs, containing miRNAs (top) and target fragments (below, fragments are extended; original chimeric part is bold) support in vivo

interaction. Vertical bar: Watson-Crick pairing; colon: G-U wobble. Dashes indicate bulged nucleotides in the paired sequence.

(F) Luciferase reporter assay with perfectly matching (PM) or mismatched (MM) binding sites controlling Renilla expression. Barplot: Ratios of Renilla to firefly

(control). Error bars indicate SD.
reaction was oligo-dT primed to specifically test for binding to

intact mRNAs. By this assay, nine out of ten passive Dicer-bind-

ing events were validated in both human and worm (Figures 5C,

5D, S5A, and S5B), also with an antibody against endogenous

DICER1 (Figure S5A).
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In C. elegans, the most strongly bound passive target of

DCR-1 in vivo is rncs-1 (Figure 5E). This lncRNA forms a long

double strand that was previously described to bind DCR-1

with high affinity in vitro while being resistant to dicing due to

secondary structures at the ends of the long stem (Hellwig and



Bass, 2008). The absence of abundant sRNAs from rncs-1

argues for the absence of efficient dicing, consistent with the

proposed role of rncs-1 as a stable competitor for other Dicer

substrates (Hellwig and Bass, 2008).

The transcript with the largest number of passive DICER1-

binding sites in human is the mRNA encoding DICER1 itself. It

is covered with 39 PAR-CLIP clusters, but like rncs-1 in worm,

these sites do not emit sRNAs (Figure 5F). Another strongly

bound example is a binding site in the 30 UTR of vesicle-associ-

ated membrane protein-associated protein B/C (VAPB) (Fig-

ure 5G). The sites constitute imperfect stem-loop structures,

similar to pre-miRNAs, but with larger bulges and lacking the

distinct 11 nt stem segment that would be required for Drosha

processing.

Passive Sites Can Interfere with Catalytic Dicer Activity
As rncs-1 expression was shown to inhibit the catalytic activity of

DCR-1 via sequestration of DCR-1 (Hellwig and Bass, 2008), we

tested whether this is also possible with human passive sites.

We expressed four mRNA transcripts containing passive hair-

pins of different origin (DICER1, SLC2A1, TARBP2, VAPB) to

high levels (in the range of GAPDH) in HEK293 cells (Figure S5C).

Expression of four out of four passive hairpins reproducibly

reduced the levels of endogenously expressed miRNAs by

20%–30% in comparison to constructs bearing mutations that

disrupt the secondary structure (Figure 5H), suggesting that

these interactions are sufficiently strong to functionally

sequester Dicer protein in vivo. Dicer protein levels were not

affected (Figure S5C). Taken together, our data show that Dicer

stably and reproducibly binds to specific stem-loop structures

inside of intact mRNAs without dicing.

Passive Dicer Targets Are Functionally Linked to RNA
Granules
Mammalian and C. elegans Dicer is essential for the germline

(Knight and Bass, 2001;Murchison et al., 2007). A hallmark of an-

imal germ cells are RNA granules, perinuclear aggregates of

RNA and protein. In C. elegans, Dicer is present in and required

for assembly of these granules (Figure S5D and Beshore et al.,

2011). As Dicer is a large protein with many protein interactors

and passive binding to mRNAs does not involve RNase activity,

we hypothesized that Dicer may additionally play a role in aggre-

gating bound mRNAs to RNA granules. We intersected lists of

genes known to be required for the proper formation of RNA

granules with Dicer targets. To qualify as a passive Dicer target,

we conservatively demand that a gene must not contain a single

Dicer-binding site with sRNA output exceeding background

levels (Experimental Procedures). We find that both human

(p < 0.015 Fisher’s exact test) and worm (p < 0.003 for P bodies,

p < 2.33 10�9 for P granules) passive target transcripts of Dicer

are statistically significantly enriched for genes associated with

granules (Updike et al., 2011) (Figures 5I and 5J). For many of

these genes, it has been demonstrated that both, their mRNAs

and proteins, are localized to granules (Schisa et al., 2001). Of

note, the enrichment of P-body-associated genes among Dicer

targets in HEK293 cells is almost entirely due to passive targets

and becomes even more significant for the most strongly bound

passive targets with most crosslink events. In contrast, active
C

targets are not enriched for granules. The association of passive

Dicer binding with RNA granules suggests a role in mRNA local-

ization. Indeed, our FLAG-tagged DCR-1 protein recapitulates

the granular localization of wild-type DCR-1 in the C. elegans

germline (Figures 5K and S5E and Beshore et al., 2011).

Human passive targets of Dicer are also significantly (p < 2.83

10�5) enriched for 30 UTR targets of Staufen (Ricci et al., 2014),

presumably due to the presence of double-stranded structures

in their common targets. However, whereas Staufen binds to

long stems (Ricci et al., 2014), Dicer binding in HEK293 cells

seems restricted to the tip of the structure and requires contact

to the loop region of hairpins (Figure S6B).

Homologous, Passive Targets in Human and C. elegans

We find 82 genes with homology between human and worm

to be passive Dicer targets in both species. An interesting

example is the 30 UTRof the germline helicaseCGH-1 (Figure 5L):

the human ortholog DDX6 is also bound by DICER1 via its 30

UTR (Figure 5M). Although the comparison of an animal and

a human cell line across �550 Mya of evolution does not

warrant to judge conservation of function, we find the prominent

appearance of ancient genes linked to RNA granules and the

germline intriguing and report passive, homologous targets in

Table S3.

Active and Passive Sites Differ in Secondary Structure
To characterize the differences between active and passive

sites, we grouped Dicer sites by their activity (sRNA output level).

Taking the center of the loop as a point of reference, we

computed average profiles of structure, crosslinking, and other

features as a function of position within the stem loop.

Known miRNAs have a characteristic fold with an unpaired

loop region, flanked by paired bases within the stem of the

pre-miRNA. Importantly, separated by a bulge, the stem extends

for another �11 nt beyond the pre-miRNA boundaries, which al-

lows processing by DROSHA/DGCR8 (Han et al., 2006). This

profile is observed for active sites (Figures 6A and 6B), including

the miRNA candidates identified in our analysis, and is less pro-

nounced for sites with lower activity. Among the active sites,

base-pairing stability correlates with sRNA output, which, how-

ever, appears to be optimal for intermediate folding energies

(Figure S6C). In contrast, base-pairing within passive sites de-

cays steadily to background levels, beyond�15 bp of stem. Fig-

ures S6D–S6G show additional profiles of G/C content and

bulges.

Passive Sites Preferentially Crosslink within the Loop,
Active Sites at the Ends of Precursors
If passive sites are indeed within intact mRNA transcripts, in

contrast to pre-miRNA-like hairpins, no 50 and 30 ends should

be accessible to Dicer. This difference could be reflected by

the frequency of crosslink-induced transitions along the stem-

loop structure because crosslinking requires close spatial prox-

imity (Hafner et al., 2010).

Crosslinks between Dicer and HEK293-expressed miRNAs

peak in three distinct regions: within the loop and at the 50 and
30 ends of the pre-miRNA (Figure 6C). The loop can interact

with the Dicer helicase domain (Taylor et al., 2013), whereas
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the ends are coordinated by the 50 pocket and PAZ domain,

which is required for ‘‘setting the ruler’’ and efficient dicing (Ma-

cRae et al., 2007; Park et al., 2011). This pattern is observed for

all active sites, supporting that active sites are bound as pre-

miRNA-like structures cleaved out of larger transcripts. In

contrast, passive sites lack the peaks at precursor-size distance

(Figure 6C). In C. elegans, the same difference between active

and passive sites at the precursor termini is observed. However,

active sites display much less crosslinking within the loop region

(Figure 6D), consistent with the dispensability of the helicase

domain for miRNA production in C. elegans (Welker et al., 2011).

Passive Sites Are Not Engaged by DGCR8 and Are Not
Cleaved
For humans, we additionally interrogated DGCR8 HITS-CLIP

data (Macias et al., 2012) and 50-monophosphate sequencing

of endonucleolytic RNA cleavage products (Karginov et al.,

2010). Active sites and known miRNAs display prominent shoul-

ders of DGCR8 HITS-CLIP signal, flanking the pre-miRNA and

indicating processing by the Drosha/DGCR8 complex. This

signal is absent from passive sites (Figure 6E). Moreover, binding

of the Dicer-interacting proteins PACT and TARBP2 (Goodarzi

et al., 2014) was only detected for loci with sRNA output (Figures

S6H–S6J). Consistently, only active sites, but not passive sites,

are supported by cleavage products aligning to either the pre-

miRNA itself or the 30 fragments of the primary transcript.

We conclude that the passive Dicer-binding sites observed in

human and nematode represent local stem-loop structures,

which structurally differ from typical miRNAs and are conse-

quently not cleaved by Drosha or Dicer. Rather, they constitute

structural elements within intact transcripts.

Functional Consequences of Dicer Binding and Dicing
To assess the significance and biological consequences of

widespread Dicer binding to mRNAs, we performed Dicer

knockdowns in HEK293 cells and C. elegans, followed by

mRNA sequencing. To limit indirect effects due to reduced

miRNA production, we chose the earliest time point at which

Dicer protein levels were significantly reduced while miRNA

levels were stable. As an additional control, we knocked down

Drosha (Figures S7A and S7C–S7F).
Figure 4. Dicer-Binding Sites in Different RNA Substrates Display a W

(A–F) Dicer binding to noncanonical structural RNA: snoRNA SNORA33, insert sh

mRNA in HEK293 cells. Dark blue: exon/intron structure of bound transcript; ligh

(B) Schematic of the local hairpin search. Binding sites (dark gray) are padded with

is selected and intersected with aligned AGOIP/sRNA reads. Numbers and positio

sRNA processing are shown.

(C) Cumulative frequency of AGOIP read counts for different categories of Dicer

(D) Small RNA production is biased toward the left arm. Histogram of sRNA read c

(bottom). Dicer-bound active hairpins (bright blue and green, respectively) and m

(E) Cumulative frequency of AGOIP read stack fidelity (0 for randomly scattered re

binding sites in HEK293 cells.

(F) Examples of AGO-loaded small RNA sources. Black: AGOIP reads, blue: 50P s

Dashed lines: all reads.

(G) Dicer (blue boxes) and neg. control QKI and ELAVL1 (gray boxes) binding alo

strand (bottom). sRNA output in blue (control) and purple (DICER1 KD with siRN

(H) Barplot with qPCR changes of mitochondrial transcripts upon Dicer KD. Error

Ct, unequal variance, n = 3.

C

In C. elegans, miRNA expression changes during develop-

ment, and Dicer depletion causes pleiotropic effects, including

sterility. Our best attempt to study the impact of Dicer binding

onmRNAs therefore consists of choosing a developmental stage

when Dicer can be significantly depleted (Figures S7B, S7G, and

S7H)while the animals are viable.Weused the fem-1 (hc17) strain

(inducible sterility) to obtain sterile control animals.

As the sequencing-derived log foldchangescorrelatedwellwith

qPCR measurements on independent biological replicates (Fig-

ure S7M), we compared the distribution of changes between

different groups of transcripts. Overall, the observed changes at

early time points are small. However, in both HEK293 cells and

C. elegans, we observed statistically significant effects on Dicer

target transcripts. mRNAs containing active Dicer-binding sites

were significantly stabilized upon Dicer depletion, whereas pas-

sive targetsoverallweremoredestabilized inbothwormsandcells

(see Figure S7N for mRNA decay). The most strongly bound pas-

sive targets, aswell as the homologouspassive targets of DICER1

and DCR-1, show the strongest effects (Figures 7A, S7I, and 7B).

In contrast, Drosha depletion had almost no effect on passive

targets in HEK293 cells (Figures S7J and S7K), ruling out that the

observed regulation stems from global loss of miRNAs. In

C. elegans, where results strongly depended on the develop-

mental stage, Drosha depletion stabilized both passive and

active targets (Figure S7L).

DISCUSSION

The rapid increase of sequencing data has led to the discovery of

many sRNAs that have been linked to Dicer activity. However,

sRNA data capture only the endpoint of a cascade of processing

events on a background of degradation products, and the indi-

rect identification of Dicer binding from sRNA requires assump-

tions about miRNA-like processing. Here, we biochemically

identified thousands of in vivo Dicer-binding sites in a human

cell line and C. elegans.

Although we recovered known miRNAs with high sensitivity,

these account for only a fraction of our data. We identified and

validated many additional miRNAs. Most of these are lowly ex-

pressed and would not have been detected without direct evi-

dence for Dicer binding.
ide Dynamic Range of sRNA Expression and Processing Fidelity

ows structure as in Figure 2A, 30 splice site of DROSHAmRNA, 50 UTR of GLUL

t blue: Dicer-binding site, AGOIP coverage in black.

flanking sequence (light gray) and are foldedwith RNAsubopt. The best hairpin

ns of alignments used to score output, left/right arm asymmetry, and fidelity of

-binding sites in HEK293 cells.

overage asymmetry across all sRNA precursors in human (top) and C. elegans

iRBase annotated human and C. elegans pre-miRNAs (dark gray).

ads, 1 for a single 50 start position for all reads) for different categories of Dicer-

RNA control, purple: 50P sRNA DICER1 KD2. Uniquely aligning reads 18–25 nt.

ng mitochondrial transcripts (middle, blue) from the plus strand (top) or minus

A2). Amplicons for qPCR are marked by rectangles.

bars represent SEM. *p < 5%, **p < 1%, two-sided, two-sample t test on delta
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Furthermore, the intersection of Dicer binding, sRNA

sequencing, and AGOIP allowed us to investigate Dicer interac-

tions with structural RNAs.We found not only unusual patterns of

dicing, but also Dicer-independent, AGO-loaded sRNAs, pre-

sumably generated by other modes of processing or degrada-

tion. As Dicer-bound structural RNAs accumulated upon Dicer

depletion (Figures S3F and S3G), regardless of the fidelity of their

processing, this opens the possibility that, rather than producing

trans-acting miRNAs, Dicer may contribute to or interfere with

the degradation of many structural RNAs. Dicer is required for

germline maintenance and early embryogenesis (Knight and

Bass, 2001; Murchison et al., 2007), and its expression changes

during differentiation. This observation could, in part, explain

why the pool of tRNAs differs between proliferating and differen-

tiated cells (Gingold et al., 2014).

To our surprise, depletion of Dicer, on average, increased the

levels of mature mRNAs hosting active sites, suggesting that

there can be some form of feedback to DROSHA/DGCR8 pro-

cessing. Components of the sRNA pathway are known to

auto- and cross-regulate each other (Bennasser et al., 2011;

Han et al., 2009), and many, including three AGOs, TARBP2,

and DROSHA, are also targeted by DICER1. Indeed, Dicer and

Drosha levels were not independent in perturbation experiments.

However, at the early time point in Figures 7A and 7B, Drosha

levels were unaffected.

Based on studies in nematodes, it has been suggested that

long dsRNA represents the archetypal substrate for Dicer, linked

to its supposed ancient role in defense against dsRNA viruses or

genome-invading elements (Sarkies andMiska, 2013). However,

it appears that binding of human, somatic Dicer requires contact

to the loop region, presumably utilizing the helicase domain, as

we observe prominent crosslinking to hairpin loops. Indeed,

we find almost no long dsRNA binding in HEK293 cells (Figures

S4S, S6A, and S6B), in line with other findings that somatic

mammalian cells lack endo-siRNA biogenesis (Nejepinska

et al., 2012).

Our unbiased look at Dicer-binding sites pictures a continuum

of sRNA expression from diverse substrates and surprisingly en-

compasses a large set of non-diced, passive binding sites that

were previously undetectable. This class of passive binding

sites, predominantly residing in mRNAs, can be stably bound
Figure 5. Most mRNA Sites Are Not Substrates for Dicer Cleavage

(A and B) Pie charts of genomic annotation of passive binding sites for human (A

(C and D) Validation of catalytically passive Dicer targets by RIP RT-PCR. RT-PCR

nine out of ten in C.elegans (D). RT-PCR for abundant GAPDH mRNA served as

transcripts: K02B12.7, NPL4.1 as negative control in C. elegans. RT-PCR reactio

sites. *MEX-3 has low PAR-CLIP coverage, is excluded from the strict consensu

(E) C. elegans highly double-stranded lncRNA rncs-1 is densely bound, but not e

with zoomed region to show crosslinks. Bottom: sense (antisense) aligned distinct

Shades of green for replicates. Thick blue lines: exons, green boxes: consensus

(F and G) Examples of passive Dicer-binding sites in HEK293 cells: DICER1 mRN

reads in black. Top inserts show predicted folding of Dicer-bound hairpins overl

(H) Sponge assay. Barplots with the ratio of miRNA levels in cells expressing pas

**p < 1%, two-sided, two-sample t test, unequal variance, n = 3.

(I and J) Barplots of -log10 p value (one-sided Fisher’s exact test) for target enric

(K) FLAG-tagged DCR-1 expression in C. elegans germline RNP granules. Immu

monoclonal anti-FLAG (green) antibody. Overview and higher-magnification view o

TO-PRO (blue). Scale bar, 10 mm.

(L and M) Passive binding sites in the homologous targets conserved germline h

C

without endonuclease activity. This observation agrees with pre-

vious reports indicating that Dicer is not able to efficiently pro-

cess RNA if no free ends are available (Fukunaga et al.,

2014;Zhang et al., 2002) and explains the resistance of the

lncRNA rncs-1 against dicing (Hellwig and Bass, 2008).

Our data argue that passive sites are not transient interactions

and that they can stabilize expression of their host transcripts.

We note that these effects were strongest for mRNAs that

were most strongly crosslinked or are also passive targets in

the other species.

What could be the function of passive Dicer sites besides

generally stabilizing target RNAs? First, we have shown that

high expression of passive sites can sequester Dicer protein

from other target transcripts and can interfere with its catalytic

activity, analogous to lncRNA rncs-1 in C. elegans. In these ex-

periments, we expressed a few thousand passive sites per

cell. It is not trivial to estimate the total copy number of all passive

sites, but according to our data, a high number of passive sites

may be naturally present. These sites could have a buffering

function and may compete with active sites for Dicer binding.

Second, the proteins encoded by passively bound mRNAs can

immediately interact with Dicer, as they are translated. This

would be a mechanism for efficient buildup of protein com-

plexes. In support of this idea, several mRNAs with passive sites

both in human and worm encode known Dicer interactors

(DRH-1, LIN-41, TARBP2, DHX9). Third, many passively bound

mRNAs encode RNA-granule-associated genes, and we show

that Dicer protein itself is granularly localized in the C. elegans

germline. Taken together with the observation that Dicer is

required for RNP granule formation (Figure S5D and Beshore

et al., 2011), this indicates that passive bindingmay be important

for RNA localization and assembly of RNA-protein complexes.

This finding could explain the diverse although overall weak ef-

fects observed upon DICER1 knockdown in HEK293 cells and

suggests that germ cells, forming prominent RNP structures,

are a more suitable system to investigate this aspect of Dicer

biology. Along the same line, the fem1 strain of C. elegans forms

large and prominent P granules in its arrested oocytes (Schisa

et al., 2001), and the observed changes of passive targets

upon DCR-1 depletion were more pronounced in these animals

than in the wild-type (data not shown). Independently supporting
) and C. elegans (B).

on RNA from Dicer IP validated nine out of ten tested in HEK293 cells (C) and

negative controls for human. Mouse IgG IP and RT-PCR for three abundant

n primed with oligo-dT primer and amplicon set outside of PAR-CLIP-binding

s list, and was included here for comparison.

fficiently cleaved by DCR-1. Top: secondary structure as in Figures 1D and 1E

PAR-CLIP reads are indicated as green lines above (below) the gene structure.

binding sites. sRNA read coverage of rncs-1 locus in black.

A (F), 30 UTR of VAPB mRNA (G). Dicer binding sites: blue boxes. AGOIP sRNA

aid with PAR-CLIP data as in Figures 2A and 2B.

sive hairpins relative to mutated hairpins. Error bars represent SEM. *p < 5%,

hment of human (I) and C. elegans (J) Dicer. Vertical line demarcates p = 5%.

nohistochemistry was performed on extruded gonads from adult worms using

f adult germline are provided (Figure S5E). Cell nuclei were counterstainedwith

elicase-1 (CGH-1, C. elegans) and DEAD box RNA-helicase 6 (DDX6, human).
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Figure 6. Secondary Structure and Dicer Crosslinking as a Function of sRNA Expression

(A and B) Average base-pairing probability at each nucleotide position in fixed windows around the loop center for human DICER1 (A) and C.elegans DCR-1-

binding sites (B). Catalytic activity levels correspond to sRNA read count: highly active >1,000 (>100), active > 10, passive < 10 for human (C. elegans). ELAVL1/

GLD-1 (single-stranded) binding sites as negative, miRBase miRNAs as positive control. Arrows point at the additional 11 nt of stem, characteristic for DROSHA/

DGCR8 substrates.

(C and D) Average occurrence of crosslink mutations at each nucleotide position in fixed windows around the loop for human DICER1 (C) and C. elegans DCR-1

(D) bound hairpins. Activity levels as above. Arrows point at the peaks of crosslinking at the 50 and 30 ends of precursor structures, absent from passive sites.

(legend continued on next page)
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Figure 7. Functional Consequences of Dicer Binding and Dicing

(A and B) Cumulative frequencies of mRNA log2 fold changes for all detected genes (gray), catalytically active (orange/red), and passive targets (blue, most

strongly bound: bright blue), as well as a conserved set of Dicer targets (black) in HEK293 cells (A) and C. elegans (B). Inserts: western blot validation of Dicer

knockdowns. HEK293: active p = 3.95 3 10�4 (n = 753), passive p = 1.586 3 10�2 (n = 2326), top passive p = 2.349 3 10�3 (n = 456), conserved passive p =

4.337% (n = 78), all genes: n = 10,007.C. elegans: any active p = 2.287310�2 (n = 107), active p = 1.233% (n = 20), passive p = 1.695310�16 (n = 804), top passive

p = 7.412 310�9 (n = 165), conserved passive p = 4.269 310�3 (n = 75), all genes: n = 8501. All p values by double-sided Mann-Whitney U.

(C) Model of Dicer-RNA interactions and function.
the idea that passive Dicer bindingmay influencemRNA localiza-

tion, Dicer was recently found to be a shuttling protein (Doyle

et al., 2013), and both human and C. elegans Dicer interact

with nuclear pore complexes (Ando et al., 2011).

In summary, we mapped transcriptome-wide Dicer binding

in human and C. elegans, identified and validated numerous
(E) Average presence of at least one DGCR8 HITS-CLIP (Macias et al., 2012) re

DICER1-bound hairpins. Activity levels as above. Arrows point at the additional

(F) Average presence of at least one endocleaved 50-P bearing sequencing read (

loop for human DICER1-bound hairpins. Activity levels as above. Drosha/DGCR8

at the remaining 30 fragment. Both are absent from passive sites.

C

additional miRNAs, disentangled the contribution of Dicer to

the degradation of many structural RNAs, and unveiled passive

binding of Dicer with possible functions outside of sRNA path-

ways (Figure 7C). Also, the microprocessor components

DGCR8/Pasha and DROSHA have recently been shown to

have miRNA-independent cellular functions (Gromak et al.,
ad for each nucleotide position in fixed windows around the loop for human

shoulders at the base, outside of pre-miRNAs, absent from passive sites.

Karginov et al., 2010) for each nucleotide position in fixed windows around the

processing produces one peak starting at the 50 end of the pre-miRNA and one

ell 159, 1153–1167, November 20, 2014 ª2014 Elsevier Inc. 1165



2013; Macias et al., 2012). Altogether, this indicates that the

versatile functions of these ancient RBPs may have been over-

shadowed by a focus on miRNAs and may need to be carefully

re-examined.

EXPERIMENTAL PROCEDURES

Standardmolecular biology techniques and lists of reagents as well as compu-

tational analyses are described in the Extended Experimental Procedures.

PAR-CLIP and iPAR-CLIP HEK293 Cells

PAR-CLIP on HEK293 cells stably expressing FLAG/HA-DICER1 was per-

formed as described (Hafner et al., 2010). In vivo PAR-CLIP was performed

on DCR-1::FLAG rescue strain (BB92; dcr-1(ok247)III,uuEx18) as described

previously (Jungkamp et al., 2011).

AGO-Associated sRNA Cloning and Sequencing

Immunoprecipitation of FLAG/HA-tagged AGO2/3 cells was performed with

FLAG magnetic beads. RNA was isolated, ligated to 30 and 50 adapters,

reverse transcribed, and PCR amplified and sequenced.

sRNA Sequencing

sRNA sequencing was performed from 5 mg total RNA according to the stan-

dard Illumina sRNA library preparation protocol. For 50 triphosphate sRNA

sequencing, RNA was treated with 50 polyphosphatase before library

preparation.

ACCESSION NUMBERS

Sequencing data have been deposited in the GEO database under GSE55333.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven

figures, and four tables and can be foundwith this article online at http://dx.doi.

org/10.1016/j.cell.2014.10.040.
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