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SUMMARY

C. elegans 21U-RNAs are equivalent to the piRNAs
discovered in other metazoans and have important
roles in gametogenesis and transposon control.
The biogenesis and molecular function of 21U-
RNAs and piRNAs are poorly understood. Here, we
demonstrate that transcription of each 21U-RNA is
regulated separately through a conserved upstream
DNA motif. We use genomic analysis to show that
this motif is associated with low nucleosome occu-
pancy, a characteristic of many promoters that drive
expression of protein-coding genes, and that RNA
polymerase II is localized to this nucleosome-
depleted region. We establish that the most con-
served 8-mer sequence in the upstream region of
21U-RNAs, CTGTTTCA, is absolutely required for
their individual expression. Furthermore, we demon-
strate that the 8-mer is specifically recognized by
Forkhead family (FKH) transcription factors and that
21U-RNA expression is diminished in several FKH
mutants. Our results suggest that thousands of small
noncoding transcription units are regulated by FKH
proteins.

INTRODUCTION

There are multiple endogenous RNA interference (RNAi) path-

ways in C. elegans (Fischer, 2010). The three major ones involve

different types of short RNAs discovered in the nematode: mi-

croRNAs (Lau et al., 2001; Lee and Ambros, 2001), endoge-

nous-siRNAs (endo-siRNAs) (Ambros et al., 2003), and

21U-RNAs (Ruby et al., 2006). 21U-RNAs are 21 nt long RNAs

bearing a 50 terminal uridine residue. Thousands of 21U-RNAs

are produced from two regions on chromosome IV spanning

several megabases (Ruby et al., 2006) (Figures 1 and S1), and

they map to introns of protein-coding genes as well as intergenic

regions (Ruby et al., 2006). A specific 34 nt sequence motif with

the 8-mer core sequence CTGTTTCA is located approximately
734 Molecular Cell 47, 734–745, September 14, 2012 ª2012 Elsevier
20 nt upstream of each 21U-RNA sequence (Ruby et al., 2006).

Interestingly, this motif is conserved in C. briggsae and

C. remanei, but the sequences of the 21U-RNAs are not (Ruby

et al., 2006; de Wit et al., 2009). 21U-RNAs generally do not

correspond to repetitive elements, and their sequence

complexity is similar to that of the C. elegans genome (Ruby

et al., 2006).

21U-RNAs are similar to the Piwi-interacting RNAs (piRNAs)

found in other animals (Lau, 2010). First, both 21U-RNAs and

piRNAs are produced from large continuous regions of chromo-

somes, although no conserved motifs have been identified with

piRNAs. Second, both types of short RNAs interact with the

PIWI subfamily of Argonaute family proteins (Batista et al.,

2008; Das et al., 2008; Wang and Reinke, 2008). 21U-RNAs exist

in a complex with the PRG-1 protein (Batista et al., 2008; Wang

and Reinke, 2008), which is localized to the P granules that

specify the germline (Batista et al., 2008; Wang and Reinke,

2008). This complex is produced in the germline and is mater-

nally contributed to the embryos and possibly early larvae

(Batista et al., 2008; Das et al., 2008; Wang and Reinke, 2008).

In prg-1 mutant worms, the level of 21U-RNAs is greatly

reduced, and the mutants are sterile at elevated temperatures

(Batista et al., 2008; Das et al., 2008; Wang and Reinke, 2008).

Interestingly, while hundreds of closely located piRNAs in

other animals are collinear andmatch the sameDNA strand (Ara-

vin et al., 2007), neighboring 21U-RNAs in C. elegans are often

separated by only a few base pairs and come from different

DNA strands (Ruby et al., 2006). This lack of collinearity and

the presence of a conserved upstreammotif alongwith a putative

TATA box suggest that 21U-RNAs may represent independent

transcription units, as was proposed by Ruby and colleagues

at the time of 21U-RNA discovery (Ruby et al., 2006).

Here, we demonstrate that the conserved upstream sequence

serves as a promoter for individual 21U-RNAs, as it contains

a DNA motif recognized by Forkhead transcription factors im-

bedded in poly(dA:dT) sequences that repel nucleosomes. We

show that the Forkhead-binding DNAmotif is absolutely required

for 21U-RNA expression and that several proteins of this

family contribute to 21U-RNA biogenesis. Consistent with these

results, we find that RNA polymerase II is enriched at 21U-RNA

loci in the germline and initiates transcription of nascent 21U-

RNA at the�2 position relative to the first U in mature 21U-RNA.
Inc.
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Figure 1. 21U-RNA-Rich Loci on Chromo-

some IV Are Depleted of Nucleosomes

(A) Abundance of 21U-RNAs (Batista et al., 2008)

(bars) (left y axis) at the indicated regions of chro-

mosome IV and correlation plots (lines, right y axis)

between 21U-RNA loci and histone H3 enrichment

peaks obtained by ChIP-chip (green), germline-

specific histone H2B::GFP ChIP-chip enrichment

peaks (dark yellow), nucleosome-protected re-

gions in micrococcal nuclease digest of chromatin

(Valouev et al., 2008) (blue), and predicted nucle-

osome occupancy based on underlying DNA

sequence (black); see also Figure S1.

(B) Correlation plots (lines, right y axis) between

21U-RNA loci and histone H3 enrichment peaks

obtained by ChIP-chip performed on young adult

animals with germline (green), lacking germline—

glp-4(bn2)—(orange) or lacking 21U-RNAs—

prg-1(tm872)—(purple). (All panels) All the corre-

lations in 21U-RNA-rich regions are statistically

significant (p < 0.05).
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RESULTS

Nucleosome-Depleted Regions Characteristic
of Promoters Exist Upstream of Each 21U-RNA
The promoters of protein-coding genes often contain Nucleo-

some-Depleted Regions (NDR), which in many cases are due

to the underlying DNA sequences (Vinces et al., 2009; Khoueiry

et al., 2010). DNA sequences are known to have intrinsic proper-

ties that either favor or hinder interactions with nucleosomes

(Kunkel and Martinson, 1981; Lowary and Widom, 1998).

Although the extent to which these intrinsic properties affect

nucleosome positioning in vivo is still a matter of debate, it is

clear that in many cases underlying DNA sequences do play

a role (Vinces et al., 2009; Khoueiry et al., 2010). For example,

poly(dA:dT) sequences are known to repel nucleosomes and

are often found in nucleosome-free regions of promoters (Struhl,

1985; Rando and Chang, 2009; Arya et al., 2010). If nucleosome-

depleted regions exist upstream of each 21U-RNA, this may

indicate their independent transcriptional regulation. Indeed,

we observed that in the conserved 34 nt upstream motif, there

is a prominent poly(dA:dT) stretch (Ruby et al., 2006) that is likely

to repel nucleosomes (Figure 7).

To establish a relationship between nucleosome occupancy

and 21U-RNA sequences, we performed ChIP-chip experiments

looking at the distribution of histone H3 across the two 21U-

RNA-rich regions of chromosome IV. These experiments re-

vealed a decreased number of histone H3 peaks in the areas

producing 21U-RNAs (Figure S1). To describe this observation

quantitatively, we analyzed the correlation between H3 enrich-

ment peaks and 21U-RNA density on chromosome IV (Figure 1).

The H3 enrichment peaks and 21U-RNA locations were binned,

and a correlation coefficient was calculated between the total

number of H3 peaks and 21U-RNAs in each bin. This analysis

revealed that H3 enrichment was negatively correlated with the
Molecu
presence of 21U-RNAs (Figure 1A). We also observed a similar

anticorrelation between ChIP-chip peaks and 21U-RNA loca-

tions when we examined H2B::GFP expressed in the germline

(Figure 1A) or endogenous H3 expressed in glp-4mutant worms

that do not have germline tissue (Figure 1B), and similar results

were obtained in prg-1 mutant worms deficient in 21U-RNA

accumulation (Figure 1B). Tomake sure that the low nucleosome

occupancy found in 21U-RNA-rich regions was not due to an

experimental artifact of the employed ChIP-chip technique, we

analyzed additional nucleosome occupancy data obtained by

micrococcal nuclease digestion and deep sequencing of the

protected fragments (Valouev et al., 2008). This analysis also

revealed a similar anticorrelation between nucleosome occu-

pancy and 21U-RNA-rich regions (Figure 1A). Taken together,

these results suggest that the DNA sequences located at

21U-RNA-rich regions may play a role in maintaining these chro-

mosomal loci in a nucleosome-depleted state through a mecha-

nism that is independent of transcriptional activity. Consistently,

a theoretical model of nucleosome occupancy predicted for the

C. elegans genome (Kaplan et al., 2009), which relies heavily on

the nucleosome-repelling properties of poly(dA:dT), showed

an anticorrelation between predicted nucleosome locations

and 21U-RNA-rich regions similar to that found experimentally

(Figure 1A).

To more precisely define the nucleosome occupancy around

21U-RNAs, we performed metagene analysis using published

nucleosome occupancy data (Valouev et al., 2008) (Figure 2A).

This analysis demonstrated that there are NDRs corresponding

to the 34 nt sequence motif found upstream of individual

21U-RNAs, which is reminiscent of the NDRs found at the

promoters of protein-coding genes in yeast (Mavrich et al.,

2008; Shivaswamy et al., 2008) and C. elegans (Valouev et al.,

2008; Ercan et al., 2010; Ooi et al., 2010). The A+T content of

DNA sequences upstream of 21U-RNAs is high (Figure 2B),
lar Cell 47, 734–745, September 14, 2012 ª2012 Elsevier Inc. 735
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Figure 2. Nucleosome-Depleted Regions

Exist Upstream of Individual 21U-RNA Loci

(A) Nucleosome occupancy per base pair aver-

aged across all 21U-RNA loci and shown 100

nucleotides (top) or 500 nucleotides (bottom)

upstream and downstream of the first U in

21U-RNA. The position of 21U-RNA (+1 to 21) on

the x axis is indicated in red; position of the

conserved upstream motif (�59 to �25) is indi-

cated in orange.

(B) Average A+T content plots corresponding to

regions shown in (A).
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suggesting that poly(dA:dT) tracks present in the 34 nt sequence

motif contribute to the observed signature.

RNA Polymerase II Is Localized to the NDRs Upstream
of 21U-RNAs
The above analysis suggests that the upstream motif may func-

tion as a nucleosome-free promoter element to direct the tran-

scription of individual 21U-RNAs. To test this, we analyzed the

in vivo localization of RNA polymerase II (Pol II) across 21U-

RNA loci using Pol II ChIP-seq data sets available from the mod-

ENCODEproject. As shown inFigure 3A,Pol II peakswere indeed

evident at the putative promoter corresponding to the NDR and

the 21U-RNA upstream motif. Since NDRs upstream of 21U-

RNAs are present both in the soma and in the germline, but

21U-RNAs are enriched in the latter, it is possible that transcrip-

tional machinery is recruited to the NDRs upstream of each 21U-
736 Molecular Cell 47, 734–745, September 14, 2012 ª2012 Elsevier Inc.
RNAmostly in the germline tissue. To test

for specific recruitment of Pol II to the

21U-RNA loci in the germline, we per-

formed ChIP-qPCR experiments using

a well-established Pol II antibody (Baugh

et al., 2009) in wild-type adult worms

and glp-4 mutant worms that lack germ-

line tissue. Indeed, wewere able to detect

a lowbut significant Pol II enrichment over

the IgG control at both tested 21U-RNA

loci in wild-type worms but not in glp-4

mutant worms (Figure 3B). Similar results

were obtained analyzing the Pol II enrich-

ment over a germline-specific protein-

coding gene (Figure S2). These results

strongly indicate that Pol II is recruited to

21U-RNA promoters in the germline.

The Core 8-mer CTGTTTCA
Upstream Sequence Is Required
for Individual 21U-RNA Expression
If the upstream motif of 21U-RNAs is

functionally required for their transcrip-

tion, then a deletion in the core con-

sensus sequence upstream of a partic-

ular 21U-RNA should compromise its

expression. To address this question,

we created an in vivo model where we
could manipulate the consensus upstream 21U-RNA sequence.

For this purpose, we used the natural C. elegans isolate strain

JU258, which differs from the standard N2 Bristol strain by the

existence of a number of characterized DNA deletions, some

of which are located on chomosome IV in the 21U-RNA-rich

regions (Figure 4A). We indeed found that JU258 worms lack

specific 21U-RNAs normally present in N2 (Figure 4B), and

when we complemented the niDf199 �4 kb deletion present in

JU258 with a 35 kb fosmid containing this region (Figure 4A)

we were able to restore the expression of the missing

21U-RNAs, as measured by RT-qPCR (Figure 4B).

We confirmed that the expression profile of 21U-RNAs

produced from the fosmid was identical to published results,

with more 21U-RNAs present in L4 and adult (Figure S3A) and

with a dependence on prg-1 for their expression (Batista et al.,

2008; Das et al., 2008; Wang and Reinke, 2008) (Figure S3B).
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Figure 3. RNA Polymerase II Is Localized to the Nucleosome-Depleted Regions Upstream of 21U-RNA-Producing Loci

(A) Nucleosome occupancy per base pair averaged across all 21U-RNA loci and shown 500 nucleotides upstream and downstream of the first U in 21U-RNA is

shown in blue and the Pol II occupancy per base pair averaged across all 21U-RNA loci is shown in red.

(B) ChIP-qPCRwith 8WG16 anti-Pol II antibody shows a significant Pol II enrichment over 21U-3016 and 21U-11909 loci in wild-type adult worms, but not in glp-4

mutant worms lacking a germline compared to the IgG control; see Figure S2 for additional control genes. Error bars represent SD from the mean from three

independent experiments.
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We then used this transgenic in vivo model to evaluate the

requirement of the upstream consensus motif for 21U-RNA

production. The core 8-mer CTGTTTCA sequence is the most

conserved within the 21U-RNA motif (Ruby et al., 2006), and it

has been demonstrated that the abundance of individual 21U-

RNAs correlates positively with the ‘‘consensus score’’ of their

8-mers (Batista et al., 2008). We therefore generated transgenic

worms using a fosmid with a deletion of the 8-mer motif next to

21U-3372. Strikingly, the expression of this 21U-RNA was

completely lost in the transgenic animals, but the neighboring

21U-RNAs located within 1.2 kb of 21U-3372 were produced

at normal levels (Figure 4C). The loss of 21U-3372 expression

correlated with an increase in nucleosome occupancy at its

modified promoter (Figure 4D). This experiment demonstrates

the requirement of the consensus 8-mer sequence for 21U-

3372 expression and suggests that each 21U-RNA could be ex-

pressed as an independent transcriptional unit.

The 50 End of a Nascent 21U-RNAMaps TwoNucleotides
Upstream of the First Uridine in 21U-RNA
Multiple lines of evidence described above strongly suggest that

the conserved upstream element may serve as a promoter for
Molecu
nascent 21U-RNA transcripts. Consistently, we were not able to

detect transcription through the 21U-RNA upstream region by

50 RACE when we used a downstream RT primer antisense to

the mature 21U-RNA (Figure S4). These negative results suggest

that the 50 end of the nascent 21U-RNA transcript is located very

close to the 50 end of themature 21U-RNA.We repeated 50 RACE
experiments with RT primers downstream of the mature 21U-

RNA sequence, which revealed that the nascent 21U-RNA tran-

script is two nucleotides longer than the mature 21U-RNA at the

50 end (Figure 5A). These results are consistent with genome-

wide deep sequencing of capped transcripts, which identified

21U-RNA transcription start sites globally (W. Gu and C. Mello,

personal communication). Importantly, the 21U-RNA precursor

transcript was enriched in the germline (Figure 5B), indicating

that 21U-RNA genes are transcribed in germline tissue, which is

consistent with the Pol II ChIP data shown in Figure 3B.

Forkhead Transcription Factors Recognize the
CTGTTTCADNAMotif, Localize to 21U-RNA Loci In Vivo,
and Promote 21U-RNA Expression
Mapping the 50 end of the nascent 21U-RNA transcript just

upstream of the first U, not including the upstream consensus
lar Cell 47, 734–745, September 14, 2012 ª2012 Elsevier Inc. 737
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Figure 4. The CTGTTTCA 8-mer Sequence Upstream 21U-3372 Is Required for Its Expression

(A) Schematic of a 5 kb region on chromosome IV indicating: positions of 21U-RNAs (vertical bars with arrows showing direction of their expression), deletion

niDf199 present in the JU258 strain, and fosmidWRM0611aH08 used for complementation of the deletion. Expression of 21U-RNAs colored in red and green has

been detected by RT-qPCR (B and C); the CTGTTTCA motif upstream of 21U-3372 (red) has been deleted in (C). Additional annotated 21U-RNAs overlapping

with those shown in (A) are omitted for clarity.

(B and C) Quantification of 21U-RNA expression levels by RT-qPCR in the wild-type N2 strain (blue), the JU258 strain with niDf199 (red), the transgenic strain

carrying a fosmid covering the region deleted in JU258 (green), and the transgenic strain containing the fosmid with a deletion of the 8 nt conserved motif next to

21UR-3372 (orange). RNA was extracted from adult worms. Expression levels shown are relative to the N2 strain. miR-52 expression was used as an internal

control. Error bars represent SD from the mean from three independent experiments. See Figure S3 for additional control experiments.

(D) qPCR on MNase-digested chromatin of the transgenic strain carrying a fosmid covering the region deleted in JU258 (green) and the transgenic strain

containing the fosmid with a deletion of the 8 nt conserved motif next to 21UR-3372 (orange). The schematic indicates primers used to detect the upstream or

downstream regions of 21U-3372 and 21U-11909. Error bars represent SD from themean from two independent experiments. See Figure S3 for MNase-digested

chromatin preparations.
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motif, further solidified the possibility that the 8-mer motif could

serve as a transcription factor binding site. Consistently, we find

that C. elegans nuclear extracts contain factors that are able to
738 Molecular Cell 47, 734–745, September 14, 2012 ª2012 Elsevier
specifically recognize the CTGTTTCA DNA motif, as shown by

electrophoretic mobility gel shift assays (EMSA) using a dsDNA

probe containing the 8-mer motif (Figure 5C). The binding was
Inc.
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Figure 5. Transcription of the Precursor for

21U-3372 Starts 2 bp Upstream of the First

T while the CTGTTTCA Upstream Sequence

Represents a DNA Motif Bound by Nuclear

Proteins.

(A) Left panel: Schematic representation of a 21U-

3372 locus showing the position of the RT primer

used for the detection of a precursor transcript and

the transcription start site 2 bp upstream of the

21U-RNA sequence. Right panel: Results of a 50

RACE experiment showing the detection of a band

corresponding to a 21U-RNA precursor on an

agarose gel. * indicates nonspecific amplification.

The sequence of 21U-3372 (red) and its precursor

are shown. See Figure S4 for additional 50 RACE
experiments that suggest a lack of transcription

through the upstream motif.

(B) Quantification by RT-qPCR of the level of 21U-

3372 precursor expression in young adult animals

with germline (WT) and lacking germline, glp-4 (no

germline). Error bars represent SD from the mean

from two independent experiments.

(C) Electrophoretic mobility gel shift assay (EMSA)

with nuclear protein extract from wild-type adult

worms and a 26 bp dsDNA biotinylated oligonu-

cleotide probe surrounding the 8-mer CTGTTTCA

motif upstream of 21U-3372. The specificity of the

binding was determined by incubating the reaction

with 2003 excess of nonbiotinylated 26 bp probe

as a specific competitor or with 2003 non-

biotinylated 26 bp probe with a mutated 8-mer

motif (CGCCCGCA). Western blots on the right

using anti-histone H3 and anti-actin antibodies

show the nuclear (NUCL) and cytoplasmic (CYT)

protein fractions prepared for EMSA. As expected,

histone H3 is enriched in the nuclear fraction and

actin in the cytoplasmic fraction. See Figure S5 for

additional EMSA control experiments.
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specific to the 8-mer motif since it could be competed with an

excess of nonbiotinylated dsDNA oligonucleotide (see Experi-

mental Procedures), but not with a dsDNA oligonucleotide

mutated in the conserved CTGTTTCA motif (CGCCCGCA).

Also, no gel shift was observed with the mutated probe in inde-

pendent experiments (Figure S5A). Together, our results suggest

that the core CTGTTTCA sequence upstream of each 21U-RNA

could serve as a binding site for a germline-enriched transcrip-

tion factor that would allow Pol II-mediated transcription of

21U-RNAs instead of being involved in the processing of a puta-

tive 21U-RNA precursor transcript.

TheCTGTTTCAsequence in the 21U-RNAmotif bears a strong

resemblance to the consensus binding site, TTGTTTAC, for the

conserved DAF-16/FOXO family of transcription factors (Calnan

andBrunet, 2008). Notably, the TGTTT sequence common to the

21U-RNA motif and the FOXO binding site is essential for DNA

recognition by the FOXO proteins according to structural studies

(Obsil and Obsilova, 2011). We analyzed 21U-RNA accumulation
Molecular Cell 47, 734–745, Se
in a daf-16 null mutant but did not find any

significant change in 21U-RNA accumu-

lation compared to wild-type worms (Fig-

ure S6B). Since there are 15 Forkhead
(FKH) transcription factors in C. elegans (Hope et al., 2003), we

considered the possibility that one or more of them could have

an affinity to the 8-mer motif in the germline and regulate

21U-RNA transcription. We examined the transcript levels of all

15 FKH factors in wild-type and glp-4 mutant adults to identify

proteins with preferential germline expression, and we selected

eleven candidates that showed significant depletion in

glp-4(�/�) (Figure S6A).

Next, we analyzed 21U-RNA levels in available mutants for

some of these genes and used RNAi treatment for others. We

found a significant decrease in the 21U-RNA expression in

the unc-130(ev505) null mutant (Figure 6A, left). This reduction

in 21U-RNAs is unlikely to be an indirect consequence of

a germline defect or due to a positive regulation of prg-1 tran-

scription by UNC-130, because the mRNA and the protein

levels of prg-1 do not change in the unc-130 mutant (Figure 6A,

right). Interestingly, unc-130(ev505) exhibits reduced fertility,

particularly at 25�C (Figure S6C), which is a known prg-1
ptember 14, 2012 ª2012 Elsevier Inc. 739
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Figure 6. Germline-Enriched Forkhead Proteins Bind to the CTGTTTCA 8-mer Sequence and Promote 21U-RNA Production

(A and B) Quantification of the expression of 21U-RNAs by RT-qPCR in the unc-130(ev505) mutant (A, left panel) relative to WT, and upon simultaneous inac-

tivation by RNAi of fkh-3, fkh-4, and fkh-5 (B, left panel) in the RNAi-sensitized eri-1 mutant background relative to control RNAi. RNA was extracted from L4

worms (A) or by picking 10 individual adult worms (B). The expression of 21U-RNAs was normalized to miR-52. Error bars represent SD from the mean from at

least three independent experiments, and the number of asterisks indicates the p values as follows: * < 0.05, ** < 0.001, *** < 0.0001. mRNA quantification by
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phenotype (Cox et al., 1998; Batista et al., 2008; Wang and

Reinke, 2008).

21U-RNA levels were also significantly reduced upon simulta-

neous inactivation by RNAi of the closely related genes fkh-3,

fkh-4, and fkh-5 (Figure 6B), a treatment that did not compromise

germline function or prg-1 expression. On the contrary, a

decrease in 21U-RNA levels upon depletion of fkh-1/pha-4 by

RNAi (Figure S6D) is likely due to sterility associated with

a decrease in prg-1 mRNA (Figure S6E). However, these nega-

tive results do not allow us to exclude a possible role for

PHA-4 and some other essential FKH factors, such as FKH-6

and LET-381, in the regulation of 21U-RNA expression. Instead,

viable mutants of FKH proteins not enriched in the germline,

such as lin-31 and fkh-9, did not affect 21U-RNA accumulation

(Figure S6B).

To test whether the Forkhead proteins found to specifically

affect 21U-RNA production were able to bind the 21U-RNA

upstream motif, we expressed the UNC-130, FKH-3, and

FKH-5 proteins in bacteria and performed gel-shift experiments.

Our results indicate that these proteins can specifically recog-

nize the DNA motif present upstream of 21U-RNAs (Figures 6D

and S5B–S5C) and can therefore play a direct and redundant

role in the regulation of 21U-RNA transcription.

Next, we performed ChIP experiments to confirm the binding

of FKH proteins to the 21U-RNA promoters in vivo. The occu-

pancy of Pol II at the 21U-RNA promoters is very low (Figure 3B),

suggesting that initiation of transcription is not very efficient and

that FKHproteinsmay not be abundant in the germline. To obtain

the high levels of FKH expression in the germline required for
RT-qPCR for prg-1 and unc-130 (A, right panel) or prg-1 and fkh-3, fkh-4, and fkh-5 (B, right panel) is show

panels). act-3 mRNA was used as an internal control. Error bars represent SD from the mean from at least tw

levels inWT, unc-130(ev505) and glp-4 (no germline) worms are shown bywestern (A, right panel). Anti-actin w

for 21U-RNA expression quantification in daf-16, lin-31, and fkh-9 mutants or pha-4(RNAi).

(C) ChIP-qPCR detects specific enrichment of UNC-130 at the 21U-RNA loci. ChIP-qPCR was performe

generated by bombardment and expressing UNC-130::GFP from the germline promoter mex-5 (green bars)

expression was used as control (gray bars). The enrichment of UNC-130::GFP at different 21U-RNA loci

chromosomal regions were used as controls: a chromosome IV region located between individual 21U-RNAge

coding sequence of ribosomal RNA (18S). Error bars represent SD from the mean from three biological rep

Similar results were obtained with a MosSCI transgenic UNC-130::GFP line; see Figure S6.

(D) Electrophoretic mobility gel shift assays (EMSA) with immunopurified bacterial recombinant FKH prote

(MBP) and a 26 bp dsDNA biotinylated oligonucleotide probe surrounding the 8-mer CTGTTTCA motif upstre

determined by incubating the reaction with 2003 excess nonbiotinylated 26 bp probe as a specific compet

a mutated 8-mer motif (CGCCCGCA). See Figure S5 for additional EMSA control experiments.
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ChIP, we generated transgenic lines

where UNC-130::GFP was expressed

from a germline-specific promoter, mex-

5. We used both bombardment (Praitis

et al., 2001) and Mos1-mediated Single

Copy transgene Insertion (MosSCI) (Frøk-

jaer-Jensen et al., 2008) techniques for

making transgenic strains and observed
germline expression in several lines (Figure S7A). ChIP experi-

ments with anti-GFP antibody using two transgenic strains de-

tected an enrichment in UNC-130::GFP binding to DNA at

multiple 21U-RNA loci but not at the control loci, including the

chromosome IV region located between individual 21U-RNA

genes, the prg-1 promoter, or the 18S RNA coding region

(Figures 6C, S7B, and S7C). These results confirm the specific

interaction between UNC-130 and 21U-RNA genes in vivo.

DISCUSSION

Here we demonstrate that the DNA motif located upstream of

each 21U-RNA serves as a promoter for its individual transcrip-

tion by RNA polymerase II. We show that this promoter is recog-

nized by Forkhead transcription factors, which implicates this

family of proteins in the regulation of small noncoding RNAs.

Our findings open new directions for further studies of the mech-

anisms governing expression of small 21U-RNA genes and their

biological functions.

21U-RNA Biogenesis
We have accumulated evidence supporting the independent

transcription of individual 21U-RNAs and demonstrated germ-

line-specific enrichment of RNA polymerase II at 21U-RNA loci.

We propose a model for 21U-RNA biogenesis that relies on the

conserved DNA motif present upstream of each 21U-RNA

(Figure 7). In this model, the poly(dA:dT) sequence in the

upstreammotif helps to define a nucleosome-free region in chro-

matin, and the CTGTTTCA sequence allows binding of germline-
n for the experiments presented in (A) and (B) (left

o biological replicates. In addition, PRG-1 protein

estern was used as a loading control. See Figure S6

d using anti-GFP antibodies in transgenic strains

. A transgenic line with no UNC-130::GFP germline

was calculated relative to the control line. Three

nes, the promoter region of the prg-1 gene, and the

licates, and the asterisk indicates p values < 0.05.

ins fused with N-terminal Maltose Binding Protein

am of 21U-3372. The specificity of the binding was

itor or with 2003 nonbiotinylated 26 bp probe with

ptember 14, 2012 ª2012 Elsevier Inc. 741
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enriched FKH transcription factors that promote initiation of Pol

II-directed transcription 2 nt upstream of the mature 21U-RNA

sequence. Since FKH proteins are also expressed in somatic

cells, it is possible that the germline expression of PRG-1,

together with the germline enrichment of specific FKH proteins,

leads to the accumulation of 21U-RNAs only in germline tissue. It

is also possible that 21U-RNAs are expressed in additional

specific cell types, such as neurons, and that this has not been

uncovered due to the high abundance of germline tissue in adult

worms. Moreover, we cannot exclude the possibility that

a competitor present in somatic tissues, e.g., a protein with

affinity to AT-rich DNA sequences, may bind to the 21U-RNA

promoters and prevent their somatic transcription.

We believe that our transgenic system will be very useful for

future studies addressing regulation of 21U-RNA transcription

and the coupling between the transcription and the further modi-

fications and processing of 21U-RNAs. Although mature 21U-

RNAs are 21 nucleotides in length, the nascent transcripts are

likely to be longer, since we have cloned a 21U-RNA precursor

that included at least 38 nucleotides downstream of the 21U-

RNA sequence.

RNA polymerase II transcribes protein-coding mRNA and also

a variety of shorter noncoding RNAs, most notably spliceosomal

U1 and U2 snRNAs (Lykke-Andersen and Jensen, 2007; Egloff

et al., 2008). Regulation of transcription termination of the non-

coding RNAs transcribed by Pol II has been best studied in yeast

and involves the RNA-binding Nrd1p complex that interacts with

Pol II and also recognizes specific RNA sequences (Lykke-An-

dersen and Jensen, 2007). The nuclear exosome trims the 30

ends of these RNAs until it reaches RNA elements protected

by interacting proteins (Vasiljeva and Buratowski, 2006). It is

possible that 21U-RNA transcription and processing are tightly

coupled and that the nascent 21U-RNA transcripts are bound

by PIWI protein PRG-1, protecting the first 21 nucleotides from

nuclear exosome trimming. In the absence of PRG-1, the

nascent 21U-RNA transcripts are likely to be completely

degraded by the nuclear exosome. The involvement of a

nuclease responsible for 30 end generation ofDrosophila piRNAs

has been proposed (Brennecke et al., 2007; Gunawardane et al.,

2007), and, most recently, a 30 to 50 exonuclease activity has

been implicated in piRNA biogenesis in a silkworm cell-free

system (Kawaoka et al., 2011). The trimming of the 30 end has

also been demonstrated in the biogenesis of primary siRNAs in

S. pombe (Halic and Moazed, 2010). It would be very interesting

to investigate a coupling between transcriptional regulation and

30 end trimming in the biogenesis of 21U-RNAs.

21U-RNA Function
The best known function of piRNAs in Drosophila and mammals

is control of repetitive elements (Siomi et al., 2011). Although

some germline defects in piRNA-related mutants in Drosophila

are secondary to mobilization of transposons (Klattenhoff and

Theurkauf, 2008), the fact that less than 50% of vertebrate piR-

NAs map to repetitive regions (Lau, 2010) suggests that piRNAs

may affect gametogenesis by other, yet undiscovered, means.

There are few examples of 21U-RNAs initiating the silencing of

transposons inC. elegans (Das et al., 2008), since thewell-devel-

oped system of endogenous siRNAs interacting with worm-
742 Molecular Cell 47, 734–745, September 14, 2012 ª2012 Elsevier
specific Argonautes (WAGO) is largely dedicated to genome

surveillance in the nematode (Gu et al., 2009). Therefore,

C. elegans 21U-RNAs represent a good model for addressing

the role of piRNAs in fertility and beyond.

The PIWI-subfamily Argonaute protein PRG-1 was the first

factor associated with 21U-RNA function. In addition, the

worm ortholog of methyltransferase HEN1 required for methyla-

tion of C. elegans 21U-RNAs has been described recently (Billi

et al., 2012; Montgomery et al., 2012). Now, we implicate

several Forkhead proteins in 21U-RNA biogenesis, and it would

be interesting to further investigate how they affect germline

function. Specifically, we would be interested in finding similari-

ties in phenotypes and gene expression changes between the

prg-1 mutant and available unc-130 mutant or fkh-5(RNAi)

worms.

One exciting direction for future work is the possibility of 21U-

RNA function in the nervous system. Recent studies have re-

ported expression of piRNAs in many tissues, including neurons

(Lee et al., 2011; Yan et al., 2011). A limited set of piRNAs was

shown to be expressed in the mouse hippocampus (Lee et al.,

2011), and piRNAs have recently been discovered in the nervous

system of Aplysia (Rajasethupathy et al., 2012). The involvement

of UNC-130 in 21U-RNA regulation provides a possible link to

the neuronal function of 21U-RNA. We found that unc-130 is

expressed in the germline, but this Forkhead protein has been

previously implicated in the development of chemosensory

neurons (Sarafi-Reinach and Sengupta, 2000) and axon guid-

ance (Nash et al., 2000). Some targets of UNC-130 have been

identified, but the mutant phenotype cannot be fully explained

by the regulation of the known targets. It is especially intriguing

that all known alleles of unc-130, even the nulls, display temper-

ature sensitivity in that the defects aremore pronounced at 25�C.
Temperature sensitivity is also a key feature of prg-1 mutants in

C. elegans, and we have shown that unc-130(ev505) partially

phenocopies the temperature sensitive reduction in brood size

characteristic of the prg-1 mutant. Therefore, it would be very

interesting to investigate whether prg-1 mutant worms display

unc-130-specific neuronal phenotypes.

In conclusion, our work provides a foundation for a number of

research directions aimed at (1) understanding the coupling

between 21U-RNA transcription and biogenesis, and (2) eluci-

dating the roles of 21U-RNAs in the germline and nervous

system. Since the biological role of C. elegans piRNAs

(21U-RNAs) in fertility and potentially in direct gene expression

regulation is more clearly separated from transposon control

compared to other animals, future research about 21U-RNAs

is likely to shed light on piRNA biology.

EXPERIMENTAL PROCEDURES

C. elegans Strains

Strains were maintained at 20�C unless otherwise noted, using standard

methods (Brenner, 1974). Bristol N2 was the wild-type strain used. All other

strains used in this study are listed in the Supplemental Experimental

Procedures.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation was performed as described in the Supple-

mental Experimental Procedures.
Inc.
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Preparation of DNA Samples and ChIP-Chip

Preparation of DNA samples for ChIP-chip analysis is described in the Supple-

mental Experimental Procedures.

ChIP-Chip Data Processing

We used data normalized by NimbleGen to perform the correlation analysis

shown in Figure 1. We have also used raw data to generate similar correlation

results. Raw data were median normalized for each channel.

Nucleosome Occupancy Data

Published (Valouev et al., 2008) nucleosome occupancy data was

downloaded from UCSC (http://hgdownload.cse.ucsc.edu/goldenPath/ce4/

database/nucleosomeStringency.txt.gz and http://hgdownload.cse.ucsc.edu/

goldenPath/ce4/nucleosome/nucleosomeAdjustedCoverage.wigAscii.gz). The

data from chromosome IV was used for the correlation analysis described in

the Supplemental Experimental Procedures.

Data Processing of Predicted Nucleosome Occupancy Data

The raw data was downloaded from the Segal lab website (http://genie.

weizmann.ac.il/software/data/ce4_avg_occ.txt.gz), and was converted to

chromosome format by running the perl script, nucleo08_chv2chr.pl, pro-

vided by the Segal lab. The data from chromosome IV was used for

the correlation analysis described in the Supplemental Experimental

Procedures.

Metagene Analysis of Nucleosome Occupancy, Pol II Occupancy,

and Sequence Composition around 21U-RNAs

The metagene analyses were performed as described in the Supplemental

Experimental Procedures.

RNA Extraction

Synchronous populations of animals were grown at 20�C on NGM plates

seeded with OP50 E. coli at a density of approximately 100,000 animals

per 15 cm Petri dish and harvested at L4-Young Adult stage. The har-

vested animals were washed three times with M9 buffer and the pellet

was frozen in dry ice with TRI Reagent (MRC, Inc.). After five repetitions

of freeze and thaw, total RNA was isolated according to the TRI Reagent

protocol. Ten micrograms of RNA was treated with 2 U of Turbo DNase

(Ambion) at 37�C for 1 hr followed by phenol-extraction and isopropanol-

precipitation.

Quantitative RT-PCR

Short RNA RT-PCR was carried out as described previously (Chen et al.,

2005; Das et al., 2008), except that 500 ng of total RNA was used for

each reverse transcription reaction in a final volume of 20 ml. One tenth

of RT product was used for qPCR reaction. The sequence of primers for

RT and qPCR reactions was that described by (Das et al., 2008); additional

primer information is available upon request. The reactions were performed

in triplicate.

50 RACE

In order to evaluate putative precursor 21U-RNA transcripts, 50 rapid amplifi-

cation of cDNA ends (RACE) was done using the Ambion First Choice RLM

RACE kit according to the manufacturer’s instructions. The 50 RACE was per-

formed using 20 mg of total RNA from adult C. elegans that was treated with

DNase (Ambion) and enriched for mRNA using the Terminator 50-Phosphate-
Dependent Exonuclease (EpiBio).

Recombinant Fosmid Construction

The WRM0611aH08 fosmid containing the niDf199 locus was obtained from

C. elegans fosmid library generated by C. elegans Reverse Genetics Core

Facility, Vancouver, BC, Canada. (http://www.geneservice.co.uk/products/

clones/Celegans_Fos.jsp).

We generated a derivative fosmid construct lacking the 8-mer motif

upstream of 21U-3372 by a fosmid recombineering method described by

Dolphin and Hope (2006).
Molecu
RNAi Experiments

We used RNAi-sensitized eri-1 mutant genetic background (Kennedy et al.,

2004) for all RNAi experiments. We put L1 larvae on plates seeded with

bacteria producing dsRNA of interest and picked ten adult worms from each

RNAi-treated plate, washed the worms with M9, and put them in TRI Reagent

(MRC, Inc.). After five repetitions of freeze and thaw, total RNA was isolated

according to the TRI Reagent protocol, except than the final isopropanol-

precipitated RNA pellets were resuspended in 10 ml of water and used directly

for RT reaction as described above.

Protein Expression and Purification

We cloned the cDNAs of unc-130, fkh-3, and fkh-5 in the multicloning site of

the expression vector pMAL-p2X Vector (New England BioLabs), which

encodes maltose-binding protein (MBP), to create MBP fusion proteins. We

used the BL21 Competent E. coli cells (Invitrogen) to express the recombinant

MBP proteins following the manufacturer’s instructions.

Nuclear Protein Extraction

We prepared nuclear and cytoplasmic protein extracts as described by (Chen

et al., 2000), except that we resuspended the nuclear pellet in 50 mM Tris-HCl

(pH7.5), 400 mM KCl, and 10 mM MgCl2 in order to extract the proteins from

the pellet.

Electrophoretic Mobility Shift Assay

We performed the electrophoretic mobility shift assay (EMSA) using bio-

tinylated dsDNA oligonucleotide probes (synthesized by IDT) and the Light-

Shift Chemiluminescent EMSA Kit (Thermo Scientific, 20148) following the

manufacturer’s instructions. We used between 0.2 and 0.5 mg of recombinant

protein or 20 mg of nuclear extract for each binding reaction.

Western Blotting

Western blotting was performed as described in Mansisidor et al. (2011) using

anti-actin (Millipore, MAB1501R), anti-H3 (Millipore, 05-928), anti-mouse IgG

HRP labeled (PerkinElmer), anti-rabbit IgG HRP labeled (PerkinElmer) anti-

bodies, and anti-PRG-1 antibody (Batista et al., 2008) (a gift from the Mello

lab).

Fertility Assay

Gravid adults were grown at 20�C or 25�C for two generations. Their synchro-

nized L1 progeny were single-picked and grown to adulthood at either 20�C or

25�C, respectively. Animals were transferred to fresh plates daily during the

period of egg laying, and their progeny was counted as larvae.

ACCESSION NUMBERS

GEO accession number for histone H3 and histone H2B ChIP-chip data sets is

GSE38253.
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Supplemental Information includes seven figures, Supplemental Experimental

Procedures, and Supplemental References and can be found with this article

online at http://dx.doi.org/10.1016/j.molcel.2012.06.021.

ACKNOWLEDGMENTS

We thank P. Sharp for advice, support of the early stages of this work, and

comments on the manuscript; T. Maniatis and E. Greene for comments on

the manuscript; W. Gu and C. Mello for communicating results before publica-

tion; L. Neal and P. Batista for performing preliminary experiments not included

in the manuscript; B. Tursun and L. Cochella for technical advice; O. Rando

for bioinformatic advice; R. Ruiz and S. Nicholis for technical assistance;

I. Greenwald for equipment; J. Culotti for providing unc-130 mutant strains;

O. Hobert for reagents; and C. Burge, G. Ruby, M. Gallio, and members of

the Sharp and Grishok labs for discussions. Some of the strains used in this

study were provided by the Caenorhabditis Genetics Center, which is
lar Cell 47, 734–745, September 14, 2012 ª2012 Elsevier Inc. 743

http://hgdownload.cse.ucsc.edu/goldenPath/ce4/database/nucleosomeStringency.txt.gz
http://hgdownload.cse.ucsc.edu/goldenPath/ce4/database/nucleosomeStringency.txt.gz
http://hgdownload.cse.ucsc.edu/goldenPath/ce4/nucleosome/nucleosomeAdjustedCoverage.wigAscii.gz
http://hgdownload.cse.ucsc.edu/goldenPath/ce4/nucleosome/nucleosomeAdjustedCoverage.wigAscii.gz
http://genie.weizmann.ac.il/software/data/ce4_avg_occ.txt.gz
http://genie.weizmann.ac.il/software/data/ce4_avg_occ.txt.gz
http://www.geneservice.co.uk/products/clones/Celegans_Fos.jsp
http://www.geneservice.co.uk/products/clones/Celegans_Fos.jsp
http://dx.doi.org/10.1016/j.molcel.2012.06.021


Molecular Cell

Small 21U-RNA Genes Contain Promoters Bound by FKH
supported by the National Institutes of Health–National Center for Research

Resources. This work was supported by 3260-07 Special Fellow Award from

The Leukemia and Lymphoma Society, The Arnold and Mabel Beckman

Foundation Young Investigator Award, and NIH Director’s New Innovator

Award (1 DP2 OD006412-01) to A.G.; United States Public Health Service

grant P01-CA42063 from the National Cancer Institute to Phillip A. Sharp;

and partially by MIT Cancer Center Support (core) grant P30-CA14051 from

the National Cancer Institute.

Received: December 27, 2011

Revised: May 9, 2012

Accepted: June 1, 2012

Published online: July 19, 2012

REFERENCES

Ambros, V., Lee, R.C., Lavanway, A., Williams, P.T., and Jewell, D. (2003).

MicroRNAs and other tiny endogenous RNAs in C. elegans. Curr. Biol. 13,

807–818.

Aravin, A.A., Hannon, G.J., and Brennecke, J. (2007). The Piwi-piRNA pathway

provides an adaptive defense in the transposon arms race. Science 318,

761–764.

Arya, G., Maitra, A., and Grigoryev, S.A. (2010). A structural perspective on the

where, how, why, and what of nucleosome positioning. J. Biomol. Struct. Dyn.

27, 803–820.

Batista, P.J., Ruby, J.G., Claycomb, J.M., Chiang, R., Fahlgren, N., Kasschau,

K.D., Chaves, D.A., Gu, W., Vasale, J.J., Duan, S., et al. (2008). PRG-1 and

21U-RNAs interact to form the piRNA complex required for fertility in

C. elegans. Mol. Cell 31, 67–78.

Baugh, L.R., Demodena, J., and Sternberg, P.W. (2009). RNA Pol II accumu-

lates at promoters of growth genes during developmental arrest. Science

324, 92–94.

Billi, A.C., Alessi, A.F., Khivansara, V., Han, T., Freeberg, M., Mitani, S., and

Kim, J.K. (2012). The Caenorhabditis elegans HEN1 ortholog, HENN-1, meth-

ylates and stabilizes select subclasses of germline small RNAs. PLoSGenet. 8,

e1002617.

Brennecke, J., Aravin, A.A., Stark, A., Dus, M., Kellis, M., Sachidanandam, R.,

and Hannon, G.J. (2007). Discrete small RNA-generating loci as master regu-

lators of transposon activity in Drosophila. Cell 128, 1089–1103.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77,

71–94.

Calnan, D.R., and Brunet, A. (2008). The FoxO code. Oncogene 27,

2276–2288.

Chen, F., Hersh, B.M., Conradt, B., Zhou, Z., Riemer, D., Gruenbaum, Y., and

Horvitz, H.R. (2000). Translocation of C. elegans CED-4 to nuclear membranes

during programmed cell death. Science 287, 1485–1489.

Chen, C., Ridzon, D.A., Broomer, A.J., Zhou, Z., Lee, D.H., Nguyen, J.T.,

Barbisin, M., Xu, N.L., Mahuvakar, V.R., Andersen, M.R., et al. (2005). Real-

time quantification of microRNAs by stem-loop RT-PCR. Nucleic Acids Res.

33, e179.

Cox, D.N., Chao, A., Baker, J., Chang, L., Qiao, D., and Lin, H. (1998). A novel

class of evolutionarily conserved genes defined by piwi are essential for stem

cell self-renewal. Genes Dev. 12, 3715–3727.

Das, P.P., Bagijn, M.P., Goldstein, L.D., Woolford, J.R., Lehrbach, N.J.,

Sapetschnig, A., Buhecha, H.R., Gilchrist, M.J., Howe, K.L., Stark, R., et al.

(2008). Piwi and piRNAs act upstream of an endogenous siRNA pathway to

suppress Tc3 transposon mobility in the Caenorhabditis elegans germline.

Mol. Cell 31, 79–90.

de Wit, E., Linsen, S.E., Cuppen, E., and Berezikov, E. (2009). Repertoire and

evolution of miRNA genes in four divergent nematode species. Genome Res.

19, 2064–2074.

Dolphin, C.T., and Hope, I.A. (2006). Caenorhabditis elegans reporter fusion

genes generated by seamless modification of large genomic DNA clones.

Nucleic Acids Res. 34, e72.
744 Molecular Cell 47, 734–745, September 14, 2012 ª2012 Elsevier
Egloff, S., O’Reilly, D., and Murphy, S. (2008). Expression of human snRNA

genes from beginning to end. Biochem. Soc. Trans. 36, 590–594.

Ercan, S., Lubling, Y., Segal, E., and Lieb, J.D. (2010). High nucleosome occu-

pancy is encoded at X-linked gene promoters in C. elegans. Genome Res..

Fischer, S.E. (2010). Small RNA-mediated gene silencing pathways in C. ele-

gans. Int. J. Biochem. Cell Biol. 42, 1306–1315.

Frøkjaer-Jensen, C., Davis, M.W., Hopkins, C.E., Newman, B.J., Thummel,

J.M., Olesen, S.P., Grunnet, M., and Jorgensen, E.M. (2008). Single-copy

insertion of transgenes in Caenorhabditis elegans. Nat. Genet. 40, 1375–1383.

Gu,W., Shirayama,M., Conte, D., Jr., Vasale, J., Batista, P.J., Claycomb, J.M.,

Moresco, J.J., Youngman, E.M., Keys, J., Stoltz, M.J., et al. (2009). Distinct ar-

gonaute-mediated 22G-RNApathways direct genome surveillance in theC. el-

egans germline. Mol. Cell 36, 231–244.

Gunawardane, L.S., Saito, K., Nishida, K.M., Miyoshi, K., Kawamura, Y.,

Nagami, T., Siomi, H., and Siomi, M.C. (2007). A slicer-mediated mechanism

for repeat-associated siRNA 50 end formation in Drosophila. Science 315,

1587–1590.

Halic, M., andMoazed, D. (2010). Dicer-independent primal RNAs trigger RNAi

and heterochromatin formation. Cell 140, 504–516.

Hope, I.A., Mounsey, A., Bauer, P., and Aslam, S. (2003). The forkhead gene

family of Caenorhabditis elegans. Gene 304, 43–55.

Kaplan, N., Moore, I.K., Fondufe-Mittendorf, Y., Gossett, A.J., Tillo, D., Field,

Y., LeProust, E.M., Hughes, T.R., Lieb, J.D., Widom, J., and Segal, E. (2009).

The DNA-encoded nucleosome organization of a eukaryotic genome. Nature

458, 362–366.

Kawaoka, S., Izumi, N., Katsuma, S., and Tomari, Y. (2011). 30 end formation of

PIWI-interacting RNAs in vitro. Mol. Cell 43, 1015–1022.

Kennedy, S., Wang, D., and Ruvkun, G. (2004). A conserved siRNA-degrading

RNase negatively regulates RNA interference in C. elegans. Nature 427,

645–649.
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