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SUMMARY

piRNAs silence foreign genes, such as transposons, to preserve genome integrity, but also target
endogenous mRNASs by mechanisms that are poorly understood. C. elegans piRNAs interact with
both transposon and non-transposon mRNAS to initiate sustained silencing via the RNAI pathway.
To assess the dysregulation of gene silencing caused by lack of piRNAs, we restored RNA
silencing in RNAi-defective animals in the presence or absence of piRNAs. In the absence of
piRNAs and a cellular memory of piRNA activity, essential and conserved genes are misrouted
into the RNAI pathway to produce siRNAs that bind the nuclear Argonaute HRDE-1, resulting in
dramatic defects in germ cell proliferation and function such that the animals are sterile.
Inactivation of RNAI suppresses sterility, indicating that aberrant sSiRNAs produced in the absence
of piRNAs target essential genes for silencing. Thus, by reanimating RNAi we uncovered a role
for piRNAs in protecting essential genes from RNA silencing.

INTRODUCTION

Piwi and its orthologs, the effector proteins that bind piRNAs, constitute a subclass of
Argonautes with essential roles in the proliferation and continuity of the germline (Luteijn
and Ketting, 2013). C. elegans bearing mutations in the piwi ortholog prg-1 are relatively
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healthy and both males and hermaphrodites are fertile under normal growth conditions
(Batista et al., 2008; Das et al., 2008; Simon et al., 2014; Wang and Reinke, 2008). prg-1 is
required for the initiation but not for the maintenance of transgenerational silencing of
certain transgenes via a nuclear RNA silencing pathway involving HRDE-1 (Ashe et al.,
2012; Bagijn et al., 2012; Buckley et al., 2012; Lee et al., 2012; Luteijn et al., 2012;
Shirayama et al., 2012). HRDE-1 is one of a set of more than a dozen WAGO clade
Argonautes, a subfamily that is highly diversified and unique to nematodes, that bind 22-nt
SiIRNAs (WAGO class 22G-RNAs) produced through the secondary siRNA amplification
branch of an RNA silencing pathway involving the mutator class genes, including mut-16,
mut-14, and smut-1 (hereafter referred to as RNAI).

It is possible that the defects in germline development and fertility observed in other animals
bearing mutations in piwi, are not manifested under normal growth conditions in C. elegans
prg-1 mutants due to a transgenerational memory of WAGO class 22G-RNA production and
RNA silencing (Ashe et al., 2012; Luteijn et al., 2012; Shirayama et al., 2012). This
transgenerational memory continues in the absence of piRNAs for multiple generations, but
is eventually lost unless an episode of starvation or low insulin-like signaling, which, in a
manner not yet fully understood, allows the continued perdurance of normal RNAI without
piRNAs (Simon et al., 2014). The eventual sterility of piRNA-deficient animals suggests
that in the absence of piRNAs, siRNAs responsive to piRNAs become dysregulated to
endogenous mMRNA targets leading to defects in germline function. Here, we explore the
aberrant sSiRNA responses that cause sterility in the absence of piRNAs.

piRNAs and transgenerational RNAi are necessary for fertility

To identify endogenous roles for piRNAs that may normally be masked by endogenous
transgenerational RNAI, we developed a genetics-based approach to reset the cellular
memory of RNA silencing. We crossed two strains bearing distinct homozygous recessive
loss-of-function mutations (a mut-14—/— smut-1—/— double mutant and a mut-16—/—
mutant) that each cause severe defects in endogenous RNAI and the loss of associated
SiRNAs, as well as insensitivity to exogenous dsRNA, in order to reanimate RNA. in the
heterozygous F1 progeny (mut-16+/—; mut-14+/— smut-1+/=) (Phillips et al., 2014; Zhang
et al., 2011). Both of the parental strains are relatively healthy except when grown at
elevated temperatures. In parallel, we performed the same cross but with either or both
parents also containing a mutation in prg-1, strains which are also relatively healthy despite
lacking both piRNAs and WAGO class 22G-RNAs, in order to reset RNAI in the absence of
piRNAs (Figure 1A). Thus, by first erasing all memory of piRNAs and RNAI and then
restoring the RNAI pathway in the absence of piRNAs and an siRNA-based memory of
piRNA function, we were able to assess the roles of piRNAS in transgenerational RNA
silencing.

When both parents were homozygous mutant for prg-1, and thus lacked piRNAS, ~99% of
the F1 progeny (prg-1—/— mut-16+/—; mut-14+/— smut-1+/=) in which the RNAI pathway
was reactivated were sterile (Figure 1B). In contrast, only ~29% of F1 progeny (prg-1+/+
mut-16+/—; mut-14+/— smut-1+/=) in which RNAi was reactivated were sterile when both
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parents were homozygous wild type for prg-1, and thus contained piRNAs (Figure 1B).
Although rare, fertile F1 animals in which RNAI had been reset in the absence of piRNAs,
produced F2 progeny that were either sterile or were homozygous mutant for mut-14 and
smut-1, or mut-16, and were therefore RNAi-defective (Figure S1A).

To confirm that a background mutation in one of the strains is not responsible for the
sterility caused by resetting RNA. in the absence of piRNAs, we again crossed prg-1—/—;
mut-14—/— smut-1—/— males to prg-1—/— mut-16—/— hermaphrodites. However, to prevent
efficient restoration of RNA silencing in the F1 progeny, we treated the PO and F1 animals
with mut-16 RNAI (Figure 1C). Because both parental strains are RNAi-defective, the RNAI
treatment presumably takes effect in the F1 progeny after the paternal wild type mut-16 gene
is expressed, which likely occurs during embryogenesis. Nearly 100% of F1 animals were
fertile when treated with mut-16 RNAI, whereas ~100% of F1 animals treated with a mock
RNAI control were sterile (Figure 1C). To prevent sterility, mut-16 RNAI treatment was
only required in the PO parental generation, indicating that double-stranded mut-16 RNA
and/or the primary siRNAs derived from it that mediate mut-16 inactivation are deposited in
the embryos, which contain a full complement of RNAI factors (Figure 1C). In contrast, F1
animals treated with mut-16 RNAI as L1 larvae while resetting RNAI in the absence of
piRNAs were sterile (Figure 1C). These results indicate that reactivating RNAI at an early
stage in germline development, prior to germ cell proliferation, which begins during the mid
L1 larval stage, causes sterility in the absence of piRNASs or piRNA-dependent siRNAs.

To determine if the sterility caused by resetting RNAI in the absence of piRNAs is
correlated with the severity of WAGO class 22G-RNA depletion prior to restoring RNAI,
we crossed homozygous mutant mut-14 smut-1 animals to RNAi-defective animals with
either a very severe (mut-16—/=), moderately severe (mut-7—/=), or intermediate (mut-15—/
—) loss of WAGO class 22G-RNAs in the absence of piRNAs (prg-1—/-) (Phillips et al.,
2014). Similar to control crosses between prg-1—/—; mut-14—/— smut-1—/— and prg-1—/—
mut-16—/—, nearly 100% of the F1 progeny of crosses between prg-1—/—; mut-14—/—
smut-1—/— and prg-1—/—; mut-7—/— were sterile (Figure S1B). In contrast, only ~23% of
the F1 progeny from crosses between prg-1—/—; mut-14—/— smut-1—/— and prg-1—/—;
mut-15—/— were sterile (Figure S1B). Thus, a near complete lack of WAGO class 22G-
RNAs in the parental strains is necessary in order for restoring RNAI in the absence of
piRNAS to cause sterility.

Maternal piRNAs are required for fertility after reanimating endogenous RNAI

To test whether a maternal or paternal contribution of piRNAs is required for fertility after
resetting RNAI, we again crossed the mut-14—/— smut-1—/— double mutant to the mut-16—/
— mutant but with only one parent containing a mutation in prg-1. If the hermaphrodite was
mutant for prg-1 and the male was wild type for prg-1, ~95% of animals were sterile.
Whereas if the male was mutant for prg-1 and the hermaphrodite was wild type for prg-1,
only ~30% of the F1 progeny were sterile despite the progeny of the two distinct crosses
having the same genotype (prg-1+/— mut-16+/—; mut-14+/— smut-1+/=) (Figure 1B). Thus,
a maternal contribution of piRNAs is required for fertility after resetting RNAI.
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Both maternal and paternal WAGO class siRNAs provide a cellular memory of piRNA

activity
To determine if paternal sSiRNAs can provide the cellular memory of piRNAs necessary for
fertility, we crossed an RNAi-competent male (wild type) to an RNAi-defective
hermaphrodite (mut-16—/— or prg-1—/— mut-16—/-). Nearly 100% of the F1 progeny were
fertile regardless of whether the hermaphrodite was wild type or mutant for prg-1, indicating
that paternally deposited WAGO class 22G-RNAs are sufficient for F1 fertility (Figure 1D).
These paternally-deposited siRNAs are not dependent on alg-3 and alg-4, Argonautes that
function during spermatogenesis to affect a transgenerational memory of germline gene
expression (Figure S1C) (Conine et al., 2013). We then tested if maternal sSiRNAs could also
prevent sterility by crossing an RNAi-defective male (mut-16—/— or prg-1—/— mut-16—/-)
to an RNAi-competent hermaphrodite (prg-1—/-). prg-1 mutant hermaphrodites were used
instead of wild type hermaphrodites because piRNAs deposited in the F1 progeny via the
hermaphrodite are themselves sufficient to rescue fertility (Figure 1B). Approximately 100%
of the F1 progeny from mut-16—/— males crossed to prg-1—/— hermaphrodites and 86% of
the F1 progeny from prg-1—/— mut-16—/— males crossed to prg-1—/— hermaphrodites,
which each received only a maternal complement of WAGO class 22G-RNAs, were also
fertile (Figure 1E). Thus, a maternal contribution of WAGO class 22G-RNAs is also
sufficient to promote fertility in animals receiving a new complement of RNAI factors.

Continuity of the germline is dependent on piRNAs and transgenerational RNAI

Animals in which RNAI was reset in the absence of piRNAs displayed dramatic defects in
germline proliferation and progression through meiosis, whereas the germlines of animals in
which RNAI was reset in the presence of piRNAs developed normally (Figures 2A and 2B).
Many animals in which RNAI was reset in the absence of piRNAs had germlines with few
or no meiotic nuclei, as indicated by chromosome morphology and localization of the
synaptonemal complex component HTP-3 (Figure 2A and 2B) (MacQueen et al., 2005).
Germ cells that did enter meiosis rarely reached the pachytene stage (Figure 2A). In more
severe cases, entire regions of the germline contained only somatic sheath cells, suggesting
either a defect in germ cell proliferation or increased levels of germ cell apoptosis (Figure
2B). It is possible that germ cell apoptosis ensues as a result of increased DNA damage, as
has been observed after inactivating piwi in other species (Carmell et al., 2007; Kuramochi-
Miyagawa et al., 2004). Thus, we tested whether RNAi knockdown of key components of
the DNA damage-checkpoint and apoptosis pathways could rescue the sterility caused by
resetting RNAI in the absence of piRNAs. None of ten gene inactivations in the DNA
damage and apoptosis pathways suppressed sterility after resetting RNAI in the absence of
piRNAs (Figure S1D). These results indicate that, rather then protecting against DNA
damage-induced apoptosis, piRNAs and piRNA-triggered transgenerational RNAI are
required for the proliferation and progression of the C. elegans germline.

P granules, sites of RNA processing that lie adjacent to nuclear pores on the cytoplasmic
face of the nuclear envelope of germ cells, contain several factors in the piRNA and siRNA
pathways, including Piwi/PRG-1 and the gene-licensing Argonaute CSR-1 (Batista et al.,
2008; Claycomb et al., 2009; Conine et al., 2010; Gu et al., 2009; Seth et al., 2013; Wang
and Reinke, 2008; Wedeles et al., 2013). After resetting RNAI in the presence of piRNAs,
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the P granule component PGL-1 localized normally to the nuclear periphery of germ cells
(Figure 2C). In contrast, in animals in which RNAI was reset in the absence of piRNAsS,
PGL-1 often failed to localize to the nuclear periphery and was instead distributed diffusely
or in cytoplasmic aggregates, indicating that piRNAs or piRNA-dependent SIRNAs are
required for normal P granule assembly and integrity (Figure 2C).

Genome-wide analysis of sSiRNAs after reanimating endogenous RNA.I

To determine if SiRNA production is affected by reintroducing the RNAi machinery, we
sequenced small RNAs from animals in which RNAIi was reset in the presence or absence of
piRNAs. In addition to WAGO class 22G-RNAs, C. elegans contains a distinct class of
endogenous 22-nt long germline siRNAs that are not dependent on mutator class genes,
such as mut-16, mut-14, and smut-1, and bind to the Argonaute CSR-1 (Claycomb et al.,
2009; Gu et al., 2009; Phillips et al., 2014; Zhang et al., 2011). CSR-1 class 22G-RNAs
license many C. elegans genes for expression in the germline to protect by a not yet
understood mechanism their transcripts from piRNAs and RNAI (Conine et al., 2013; Seth
et al., 2013; Wedeles et al., 2013). Resetting RNAI in the absence of piRNASs caused an
~85% reduction in WAGO class 22G-RNA levels, relative to control crosses between wild
type animals (Figure S2A). We also observed an ~79% reduction in CSR-1 class 22G-RNAs
levels after resetting RNA. in the absence of piRNAs (Figure S2A).

Germline-less mutants are depleted of 22G-RNAs (Gu et al., 2009) and therefore the loss of
both CSR-1 and WAGO class siRNAs is likely due, at least in part, to the diminished
germlines caused by restoring RNAI in the absence of piRNAs (Figure 2). To control for the
number of germ cells in each strain, we normalized siRNA levels to the germline-derived
miRNA miR-35 (Figure S2A) (Wu et al., 2010). After normalizing to miR-35 levels, the
majority of WAGO targets were depleted of siRNAs in the progeny of a control cross
between prg-1 mutants relative to a cross between wild type animals, consistent with a
requirement for piRNAs in directing mRNAs into the RNAI pathway (Figure 3A) (Bagijn et
al., 2012; Lee et al., 2012). In animals in which we reset RNAI in the presence of piRNAs,
siRNA production from WAGO targets returned to near normal, although most targets
yielded slightly lower levels of siRNAs, possibly because siRNA production takes more
than one generation to reach to its full capacity after resetting RNAI (Figure 3B). In animals
in which we reset RNAI in the absence of piRNAs, the vast majority of WAGO targets
yielded reduced levels of siRNAs, however, the reduction in sSiRNA levels was not as severe
as what was observed in the progeny of the control cross between prg-1 mutants (Figures 3A
and 3C).

After resetting RNAI in the presence of piRNAs, transposon siRNA levels returned to near
wild-type levels (Figure S2B and Table S1). In animals in which RNAI was reset in the
absence of piRNAs, many transposons yielded reduced levels of sSiRNAs but many were
unaffected or yielded elevated levels of SiRNAs (Figure S2C and Table S1). Only 20 of the
93 transposon families analyzed were depleted of siRNAs by >3 fold after correcting for the
number of germ cells by normalization to miR-35, the majority of which were also depleted
of siRNAs in the progeny of the control cross between prg-1 mutants (Figures S2C and
S2D; Table S1). It is possible that defects in transposon silencing contribute to the sterility
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that we observe after resetting RNAI in the absence of piRNAs. However, that we do not
observe gross defects in transposon siRNA production and that RNAI knockdown of genes
in the DNA damage and apoptosis pathways does not improve fertility (Figure S1D),
suggests that transposon desilencing is not the primary cause of sterility.

siRNA production from CSR-1 targets was largely unaffected in progeny from the prg-1
control cross and in animals in which RNAI was reset in the presence of piRNAs, after
correcting for the number of germ cells by miR-35 normalization (Figures 3A and 3B). In
animals in which RNAI was reset in the absence of piRNAs, CSR-1 targets were moderately
affected, with some displaying elevated levels of siRNAs and others displaying reduced
levels (Figure 3C). Together these results suggest that resetting RNAI in the absence of
piRNA:s alters the balance of CSR-1 and WAGO class siRNAs.

HRDE-1 and the nuclear RNAi pathway induce sterility in the absence of piRNA function

HRDE-1 is one of several WAGO Argonautes that bind RNAi-associated 22G-RNAs in the
germline. Unlike other WAGO Argonautes, HRDE-1 localizes to the nucleus to affect
transcriptional gene silencing and transgenerational RNAI (Ashe et al., 2012; Buckley et al.,
2012; Luteijn et al., 2012; Shirayama et al., 2012). Because our results show that piRNA-
triggered heritable RNA silencing is necessary for fertility, we tested whether hrde-1
knockdown would suppress the sterility caused by resetting RNA. in the absence of
piRNAs. Inactivation of hrde-1 while resetting RNAI in the absence of piRNAs rescued
fertility by ~52% (Figures 4A and S1D). This suggests that HRDE-1 acts in the genetic
pathway that causes sterility in the absence of piRNAs and piRNA-triggered
transgenerational RNA silencing.

HRDE-1 binds siRNAs from CSR-1 targets in the absence of piRNA function

Disruption of the RNAI pathway, the piRNA pathway, or both pathways simultaneously
does not cause sterility under standard C. elegans growth conditions. We hypothesized that
the sterility that ensues when RNAI is reset in the absence of piRNAs is due to misdirection
of mMRNAs derived from endogenous essential genes, which are not normally subjected to
RNA silencing, into the RNAI pathway. The majority, if not all, core cellular and therefore
essential germline genes produce siRNAs that normally bind to CSR-1 to license gene
expression and do not bind to WAGOs, such as HRDE-1, which would instead mediate
silencing of these mMRNAs (Claycomb et al., 2009). Despite different genetic requirements,
CSR-1 class 22G-RNAs cannot be distinguished on the basis of SiIRNA sequence alone from
WAGO class 22G-RNAs. Therefore it was not possible to distinguish gene-licensing
siRNAs from gene-silencing siRNAs using the small RNA sequencing datasets from
animals in which we reset RNAI in the presence or absence of piRNAs. However, if our
hypothesis that essential genes are misrouted into the RNA silencing pathway is correct,
genes that are normally targeted by CSR-1 but not by the RNAI pathway should now
produce siRNAs via the RNAI pathway that associate with HRDE-1. To test this, we
sequenced small RNAs bound to FLAG::HRDE-1 after resetting RNAI in the presence or
absence of piRNAs (Figures 4B and S3A). In addition to crosses in which we reset RNAI
using PO male and hermaphrodite combinations that were either both wild type or both
homozygous mutant for prg-1, we set up a third cross in which the male was homozygous
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mutant for prg-1 and the hermaphrodite was homozygous wild type for prg-1 (male prg-1—/
—; FLAG::hrde-1+/+; mut-14—/— smut-1—/— crossed to hermaphrodite mut-16—/—) (Figure
4B). This allowed us to select F2 animals in which RNAI was reset in the presence of
piRNAs that had the same F2 genotype as animals in which RNAi was reset in the absence
of piRNAs (prg-1—/—; FLAG::hrde-1+/+) (Figure 4B). To prevent sterility in animals in
which RNAI was reset in the absence of piRNAs, we treated the PO animals and their
progeny with mut-16 RNA. to inhibit reestablishment of the RNAI pathway while we set up
the cross, selected for specific genotypes, and expanded populations for protein-RNA
immunoprecipitation (IP) experiments. These animals were then removed from mut-16
RNA. for multiple generations prior to FLAG::HRDE-1 IP, during which time they showed
increased levels of sterility indicative of loss of mut-16 knockdown and reestablishment of
RNA..

FLAG::HRDE-1 IPs from animals in which RNAI was reset in the presence of piRNAs,
regardless of whether they were wild type or mutant for prg-1, were enriched for SiRNAs
produced from the majority of WAGO targets and depleted for siRNAs normally produced
from CSR-1 targets (Figures 4C and 4D; Table S2, tabs 1 and 2). In contrast,
FLAG::HRDE-1 bound small RNAs from animals in which RNAI was reset in the absence
of piRNAs were enriched for siRNAs produced from the majority of both WAGO and
CSR-1 targets (Figure 4E and Table S2, tab 3). Total CSR-1 class 22G-RNA levels were
slightly depleted in FLAG::HRDE-1 IPs, relative to the input, from animals in which RNA.
was reset in the presence of piRNAs, but enriched ~5 fold in the FLAG::HRDE-1 IP from
animals in which RNAI was reset in the absence of piRNAs (Figure 4F). WAGO class 22G-
RNAs were enriched in FLAG::HRDE-1 IPs regardless of whether RNAIi was reset in the
presence or absence of piRNAs (Figure 4F).

Animals in which RNAI was reset in the absence of piRNAs had similar levels of CSR-1
class 22G-RNAs and reduced levels of WAGO class 22G-RNAs in the input fractions
relative to animals in which RNAI was reset in the presence of piRNAs (Figure 4G).
Because mut-16 was inactivated while resetting RNAI in the absence of piRNAs in order to
prevent sterility, populations from subsequent generations (F5+) used in these experiments
contained a mixture of fertile and sterile animals due to the transgenerational persistence of
exogenous RNAI and thus failure to completely restore RNA silencing. These animals did
not display the dramatic loss of siRNAs from CSR-1 targets that we observed after resetting
RNAI in the absence of piRNAs without mut-16 inactivation, possibly because their
germlines tended to be healthier due to incomplete reactivation of RNAi (Figures 4G and
S2A).

The majority of small RNAs bound by FLAG::HRDE-1 after resetting RNAI in the presence
of piRNAs were WAGO class 22G-RNAs (Figure 4G). In contrast, after RNAI was reset in
the absence of piRNAs, siRNAs from CSR-1 targets outnumbered siRNAs from WAGO
targets in the FLAG::HRDE-1 IP by greater than 2 fold (Figure 4G). After resetting RNAI in
the absence of piRNAs, FLAG::HRDE-1 continued to localize properly to the nucleus,
suggesting that it maintained its normal function in transcriptional gene silencing (Figure
S3B). Together these results indicate that CSR-1 targets are misrouted into the RNAI
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pathway to produce siRNAs that bind HRDE-1 to affect nuclear RNA silencing in the
absence of piRNAs and a memory of piRNA activity.

Essential and conserved genes are targeted for RNAi in the absence of piRNA function

There are approximately 1,200 gene inactivations, about 6% of all genes, that cause sterility
in C. elegans (Wormbase release WS220), the majority of which are CSR-1 targets (Figure
S3C). Of these ~1,200 genes essential for fertility, ~67% produced siRNAs enriched in the
FLAG::HRDE-1 IP after resetting RNA. in the absence of piRNAs (Figure 4H). In contrast,
only ~5% produced siRNAs enriched in FLAG::HRDE-1 IPs after resetting RNA. in the
presence of piRNAs (Figure 4H). Approximately 62% of the 7,663 C. elegans genes that
have a likely ortholog in humans (Shaye and Greenwald, 2011), many of which are also
CSR-1 targets (Figure S3C), produced siRNAs enriched in the FLAG::HRDE-1 IP from
animals in which RNAI was reset in the absence of piRNAs (Figure 4H). This is twice the
representation of these genes that we observed in FLAG::HRDE-1 IPs after resetting RNAI
in the presence of piRNAs (Figure 4H).

To determine if essential and conserved genes are downregulated after resetting RNAI in the
absence of piRNAs, we did quantitative PCR on pools of animals in which RNAi was reset
in the presence or absence of piRNAs. In animals in which RNAI was reset in the absence of
piRNAS, we observed a substantial reduction in the abundance of each of the six CSR-1
targets analyzed, each of which is essential and/or conserved, relative to animals in which
RNAI was reset in the presence of piRNAs (Figure S3D). In contrast, the piRNA target
bath-20 was upregulated after resetting RNAI in the absence of piRNAs (Figure S3D).
Every germline gene that we examined is targeted by either WAGO or CSR-1 and thus in
our gPCR assay we were unable to control for the reduced number of germ cells caused by
resetting RNA. in the absence of piRNAs. Therefore it is possible that the substantial
reduction in CSR-1 target mMRNA levels that we observe might also reflect the loss of germ
cells in these animals.

Several lines of evidence suggest that essential genes are subjected to RNA silencing after
RNA. is reestablished in the absence of piRNAs: 1) Sterility and germline proliferation
defects point to reduced levels or impaired function of essential genes; 2) Sterility is rescued
by inactivating genes involved in RNA silencing at both the sSiRNA production step (mutator
class genes) and the effector step (hrde-1); and 3) siRNAs from essential genes bind to
HRDE-1 which indicates that these genes are routed into the RNAi pathway.

CSR-1 binds siRNAs from WAGO targets in the absence of piRNA function

Misrouting of CSR-1 targets into the RNAI pathway could result from reduced competition
between CSR-1 and the RNA silencing Argonautes, such as PRG-1 and HRDE-1. In wild
type animals, CSR-1 localizes to P granules at the nuclear periphery (Claycomb et al.,
2009), however, after RNAI was reset in the absence of piRNAs, CSR-1 was diffusely
cytoplasmic or formed cytoplasmic aggregates, although CSR-1 foci also still formed at the
nuclear periphery of some germ cells (Figure S3E). We examined small RNAs bound to
CSR-1 after resetting RNAI in the absence of piRNAs by subjecting GFP::CSR-1-associated
small RNAs to high-throughput sequencing (Figure S3F). As in the FLAG::HRDE-1 IP
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from animals in which RNAI was reset in the absence of piRNAs, mut-16 was inactivated by
RNA.I to prevent efficient reestablishment of RNA silencing and subsequent sterility during
the cross and while expanding populations for IP (Figure S3F). GFP::CSR-1 IP was
enriched for siRNAs produced from the vast majority of both CSR-1 and WAGO targets
(Figure S3G). Of fifty-three genes containing high-confidence piRNA target sites (Bagijn et
al., 2012), all but one had elevated levels of sSiRNAs, and in total these piRNA targets
produced siRNAs that were enriched nearly 6 fold in the GFP::CSR-1 IP, relative to the cell
lysate (Figure S3H and Table S2, tab 4). In contrast, sSiRNAs produced from a distinct
RNAi-related pathway involving the Argonaute ERGO-1, which are abundant in oocytes
and somatic cells, were not substantially enriched, and miRNAs were strongly depleted
(Figure S3H).

As with the FLAG::HRDE-1 IP in which RNAI was reset in the absence of piRNAs,
GFP::CSR-1 was immunoprecipitated from a mixed population of animals in which there
was variable reactivation of RNAI due to the persistence of mut-16 RNAI. Thus, it is
possible that the enrichment we observed in siRNAs produced from CSR-1 targets in the
GFP::CSR-1 IP was an artifact caused by incomplete reactivation of RNAI in some animals.
Nonetheless, the enrichment of sSiRNAs from CSR-1 targets in the FLAG::HRDE-1 IP and
the enrichment of siRNAs from WAGO targets in the GFP::CSR-1 IP after resetting RNAI
in the absence of piRNAs points to a defect in mMRNA sorting between the CSR-1 and
WAGO pathways. Thus, we conclude that in the absence of piRNAs to guide RNAI, the
cellular machinery can no longer distinguish beneficial and harmful genes, ultimately
leading to missorting of MRNASs between gene licensing and gene silencing pathways
(Figure 4l).

DISCUSSION

It is possible that the mortal germline phenotype of prg-1 mutants following multiple
generations without starvation is a consequence of two distinct events that occur as the
memory of piRNA activity is slowly lost over time: 1) Upregulation of transposons and
repetitive elements, as proposed by Simon et al (Simon et al., 2014), possibly due to
misrouting into the CSR-1 pathway for gene licensing; and 2) Downregulation of essential
genes due to misrouting into the RNAI pathway for gene silencing. Misrouting of essential
genes into the RNAI pathway is somewhat stochastic, which may explain why we observe a
range of germline defects after resetting RNAI in the absence of piRNAs (de Albuquerque et
al., 2015, this issue). Despite mechanistic differences between piRNA pathways in C.
elegans and other animals, our results suggest that they ultimately serve a similar essential
function in preserving germ cells from one generation to the next.

EXPERIMENTAL PROCEDURES

C. elegans strains were cultured at 20°C. A list of strains used in the study is available in
Supplemental Information. Fertility of the progeny from genetic crosses was determined by
the presence of embryos in the uterus in adult animals two days after the L4 stage.
Germlines were dissected, fixed in methanol, and immunostained with HTP-3 (MacQueen et
al., 2005), PGL-1 (Strome and Wood, 1983), GFP (Life Technologies, A11122), or FLAG
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(Sigma, F1804) antibodies as described (Phillips et al., 2009). FLAG::HRDE-1,
GFP::CSR-1, and associated small RNAs were captured from adult animals 68 h post L1
synchronization by co-immunoprecipitation with FLAG (Sigma, F1804) or GFP (Life
Technologies, A11120) antibodies, followed by Protein A Agarose beads (Roche,
11134515001). Western blot assays were done using FLAG (Sigma, F1804) or GFP (Pierce,
MAB5-15256-HRP) antibodies. Total RNA from cell lysates or that copurified with
FLAG::HRDE-1 or GFP::CSR-1 was extracted using Trizol (Life Technologies) and
chloroform and precipitated in isopropanol. 18-30 nt RNAs were size selected on denaturing
17% polyacrylamide gels and small RNA libraries were prepared as described (Montgomery
et al., 2012). High-throughput sequencing was done using an Illumina HiSeq 2000.
Sequences were parsed from adapters and mapped to the C. elegans genome, WS230, using
CASHX v. 2.3 (Fahlgren et al., 2009). Data analysis was done using R, Excel, and custom
Perl scripts. Full methods are available in Supplemental Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

Special thanks to Ulandt Kim for assistance with Illumina sequencing. Strains were provided by the CGC (NIH P40
0D010440), Shohei Mitani, and Craig Mello. HTP-3 antibody was provided by Abby Dernburg. This work was
supported by the National Institutes of Health (GM044619 to G.R. and CA177897 to C.M.P.), Colorado State
University (T.A.M.), the University of Southern California (C.M.P.), the Massachusetts General Hospital Executive
Committee of Research (C.M.P. and T.A.M.), the Damon Runyon Cancer Research Foundation (DRG 1988-08 to
C.M.P. and DRG 2029-09 to T.A.M.), and the Boettcher Foundation (T.A.M.).

REFERENCES

Ashe A, Sapetschnig A, Weick E-M, Mitchell J, Bagijn MP, Cording AC, Doebley A-L, Goldstein
LD, Lehrbach NJ, Le Pen J, et al. piRNAs Can Trigger a Multigenerational Epigenetic Memory in
the Germline of C. elegans. Cell. 2012; 150:88-99. [PubMed: 22738725]

Bagijn MP, Goldstein LD, Sapetschnig A, Weick E-M, Bouasker S, Lehrbach NJ, Simard MJ, Miska
EA. Function, Targets, and Evolution of Caenorhabditis elegans piRNAs. Science. 2012; 337:574—
578. [PubMed: 22700655]

Batista PJ, Ruby JG, Claycomb JM, Chiang R, Fahlgren N, Kasschau KD, Chaves DA, Gu W, Vasale
JJ, Duan S, et al. PRG-1 and 21U-RNA:s interact to form the piRNA complex required for fertility
in C. elegans. Mol Cell. 2008; 31:67-78. [PubMed: 18571452]

Buckley BA, Burkhart KB, Gu SG, Spracklin G, Kershner A, Fritz H, Kimble J, Fire A, Kennedy S. A
nuclear Argonaute promotes multigenerational epigenetic inheritance and germline immortality.
Nature. 2012; 489:447-451. [PubMed: 22810588]

Carmell MA, Girard A, van de Kant HJG, Bourc’his D, Bestor TH, de Rooij DG, Hannon GJ. MIWI2
is essential for spermatogenesis and repression of transposons in the mouse male germline. Dev
Cell. 2007; 12:503-514. [PubMed: 17395546]

Claycomb JM, Batista PJ, Pang KM, Gu W, Vasale JJ, van Wolfswinkel JC, Chaves DA, Shirayama
M, Mitani S, Ketting RF, et al. The Argonaute CSR-1 and its 22G-RNA cofactors are required for
holocentric chromosome segregation. Cell. 2009; 139:123-134. [PubMed: 19804758]

Conine CC, Batista PJ, Gu W, Claycomb JM, Chaves DA, Shirayama M, Mello CC. Argonautes
ALG-3 and ALG-4 are required for spermatogenesis-specific 26G-RNAs and thermotolerant sperm
in Caenorhabditis elegans. Proc Natl Acad Sci USA. 2010; 107:3588-3593. [PubMed: 20133686]

Dev Cell. Author manuscript; available in PMC 2016 August 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Phillips et al.

Page 11

Conine CC, Moresco JJ, Gu W, Shirayama M, Conte D, Yates JR, Mello CC. Argonautes Promote
Male Fertility and Provide a Paternal Memory of Germline Gene Expression in C. elegans. Cell.
2013; 155:1532-1544. [PubMed: 24360276]

Das PP, Bagijn MP, Goldstein LD, Woolford JR, Lehrbach NJ, Sapetschnig A, Buhecha HR, Gilchrist
MJ, Howe KL, Stark R, et al. Piwi and piRNAs act upstream of an endogenous SiRNA pathway to
suppress Tc3 transposon mobility in the Caenorhabditis elegans germline. Mol Cell. 2008; 31:79—
90. [PubMed: 18571451]

Fahlgren N, Sullivan CM, Kasschau KD, Chapman EJ, Cumbie JS, Montgomery TA, Gilbert SD,
Dasenko M, Backman TWH, Givan SA, et al. Computational and analytical framework for small
RNA profiling by high-throughput sequencing. RNA. 2009; 15:992-1002. [PubMed: 19307293]

Gu W, Shirayama M, Conte D, Vasale J, Batista PJ, Claycomb JM, Moresco JJ, Youngman EM, Keys
J, Stoltz MJ, et al. Distinct argonaute-mediated 22G-RNA pathways direct genome surveillance in
the C. elegans germline. Mol Cell. 2009; 36:231-244. [PubMed: 19800275]

Kuramochi-Miyagawa S, Kimura T, ljiri TW, Isobe T, Asada N, Fujita Y, Ikawa M, Iwai N, Okabe M,
Deng W, et al. Mili, a mammalian member of piwi family gene, is essential for spermatogenesis.
Development. 2004; 131:839-849. [PubMed: 14736746]

Lee H-C, Gu W, Shirayama M, Youngman E, Conte D, Mello CC. C. elegans piRNAs Mediate the
Genome-wide Surveillance of Germline Transcripts. Cell. 2012; 150:78-87. [PubMed: 22738724]

Luteijn MJ, Ketting RF. PIWI-interacting RNAs: from generation to transgenerational epigenetics. Nat
Rev Genet. 2013; 14:523-534. [PubMed: 23797853]

Luteijn MJ, van Bergeijk P, Kaaij LJT, Almeida MV, Roovers EF, Berezikov E, Ketting RF.
Extremely stable Piwi-induced gene silencing in Caenorhabditis elegans. Embo J. 2012; 31:3422—
3430. [PubMed: 22850670]

MacQueen AJ, Phillips CM, Bhalla N, Weiser P, Villeneuve AM, Dernburg AF. Chromosome sites
play dual roles to establish homologous synapsis during meiosis in C. elegans. Cell. 2005;
123:1037-1050. [PubMed: 16360034]

Montgomery TA, Rim Y-S, Zhang C, Dowen RH, Phillips CM, Fischer SEJ, Ruvkun G. PIWI
Associated siRNAs and piRNAs Specifically Require the Caenorhabditis elegans HEN1 Ortholog
henn-1. PLoS Genet. 2012; 8:1002616. [PubMed: 22536158]

Phillips CM, McDonald KL, Dernburg AF. Cytological analysis of meiosis in Caenorhabditis elegans.
Methods Mol. Biol. 2009; 558:171-195. [PubMed: 19685325]

Phillips CM, Montgomery BE, Breen PC, Roovers EF, Rim Y-S, Ohsumi TK, Newman MA, van
Wolfswinkel JC, Ketting RF, Ruvkun G, et al. MUT-14 and SMUT-1 DEAD Box RNA Helicases
Have Overlapping Roles in Germline RNAi and Endogenous siRNA Formation. Curr Biol. 2014;
24:839-844. [PubMed: 24684932]

Seth M, Shirayama M, Gu W, Ishidate T, Conte D, Mello CC. The C. elegans CSR-1 argonaute
pathway counteracts epigenetic silencing to promote germline gene expression. Dev Cell. 2013;
27:656-663. [PubMed: 24360782]

Shaye DD, Greenwald I. OrthoList: a compendium of C. elegans genes with human orthologs. PLoS
ONE. 2011; 6:e20085. [PubMed: 21647448]

Shirayama M, Seth M, Lee H-C, Gu W, Ishidate T, Conte D, Mello CC. piRNAs Initiate an Epigenetic
Memory of Nonself RNA in the C. elegans Germline. Cell. 2012; 150:65-77. [PubMed:
22738726]

Simon M, Sarkies P, Ikegami K, Doebley A-L, Goldstein LD, Mitchell J, Sakaguchi A, Miska EA,
Ahmed S. Reduced Insulin/IGF-1 Signaling Restores Germ Cell Immortality to Caenorhabditis
elegans Piwi Mutants. Cell Rep. 2014; 7:762-773. [PubMed: 24767993]

Strome S, Wood WB. Generation of asymmetry and segregation of germ-line granules in early C.
elegans embryos. Cell. 1983; 35:15-25. [PubMed: 6684994]

Wang G, Reinke V. A C. elegans Piwi, PRG-1, regulates 21U-RNAs during spermatogenesis. Curr
Biol. 2008; 18:861-867. [PubMed: 18501605]

Wedeles CJ, Wu MZ, Claycomb JM. Protection of germline gene expression by the C. elegans
Argonaute CSR-1. Dev Cell. 2013; 27:664-671. [PubMed: 24360783]

Dev Cell. Author manuscript; available in PMC 2016 August 24.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Phillips et al. Page 12

Wu E, Thivierge C, Flamand M, Mathonnet G, Vashisht AA, Wohlschlegel JA, Fabian MR,
Sonenberg N, Duchaine TF. Pervasive and cooperative deadenylation of 3’'UTRs by embryonic
microRNA families. Mol Cell. 2010; 40:558-570. [PubMed: 21095586]

Zhang C, Montgomery TA, Gabel HW, Fischer SEJ, Phillips CM, Fahlgren N, Sullivan CM,
Carrington JC, Ruvkun G. mut-16 and other mutator class genes modulate 22G and 26G siRNA
pathways in Caenorhabditis elegans. Proc Natl Acad Sci USA. 2011; 108:1201-1208. [PubMed:
21245313]

Dev Cell. Author manuscript; available in PMC 2016 August 24.



1duosnuepy soyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuep Joyiny

Phillips et al.

Dev Cell. Author manuscript; available in PMC 2016 August 24.

Page 13




1duosnuey Joyiny

1duosnuely Joyiny

Phillips et al. Page 14

A i. Resetendogenous RNAi B mut-14-/- smut-1-/- &* C prg-1-/~; mut-14-/- smut-1-/- &* D wild type & E mut-16-/- &
i ; X X X X
in the presence of piRNAs mut-16-/- prg-1-/- mut-16-/- mut-16-/- prg-1-/-
N\ T N\~
X 100 100 , 100 100 A
mut-14-/- smut-1-/- mut-16-/ =% EFem'e =90 x E;em'le soH H -E Fertle  —goH -E il
i pi i pi < Sterile = terle < Sterile = Sterile
REAI piRNAs l REAi piRNAs = 80 = 80 | el H | =soH H |
D D ) Q
N~ 870 g H g7OH H g H
mut-16+/-; mut-14+/- smut-1+/- S 60 S 6o a Sl H | SeH H |
RNAi piRNAs e L% i Lol L S sl H L
ii. Resetendogenous RNAi £ £ 4 | Nl A £ ol L
in the absense of piRNAs % 40 73 0 ﬁ 40 i 0
NAE x NAY g 30 30 H S30H H S30H H
2 2 H 2904 H L 2204 H +
IG-1-/-; Mut-14-/- Smut-1-/-  prg-1-/- mut-16-/- B 2 5 < ki o 3 2
R pikRs | RO pigRRs & 10 ® 10 H & H L 3 10 :l
= U 0 0—
A Male ++ - - 4+ NI PN L
prg-1-/- mu(—16+/-: mgt—14+/— smut-1+/- Hermaphrodite +/+ - +/+ - R prg-1 genotype in prg-1 genotype in
RNAi pikKAs prg-1genotype in PO parents mut-16 RNAi treatment PO hermphrodite PO male

Figure 1.
Resetting endogenous RNAI in the absence of piRNAs causes sterility. (A) Schematic

illustrating a mating-based approach used to reset endogenous RNAI. (B) The proportions of
fertile and sterile animals after resetting RNA. in the presence or absence of piwi/prg-1 and
associated piRNAs. (C) The proportions of fertile and sterile animals after resetting RNAI in
the absence of piRNAs while treating with mut-16 RNAI to prevent reactivation of the
RNAI pathway. PO-F1, RNAI treatment began at the PO L4 larval stage and continued
through the F1 generation. PO, RNAI treatment began at the PO L4 larval stage and the F1
eggs were transferred off of RNAI. F1, RNAI treatment began at the F1 L1 larval stage. (D)
The proportions of fertile and sterile F1 animals after crossing wild type males to mut-16—/—
or prg-1—/— mut-16—/— hermaphrodites. (E) The proportions of fertile and sterile F1
animals after crossing mut-16—/— or prg-1—/— mut-16—/— males to prg-1—/—
hermaphrodites. See also Figure S1.

1duosnue Joyiny

1duosnuey Joyiny

Dev Cell. Author manuscript; available in PMC 2016 August 24.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Phillips et al. Page 15

A Endogenous RNAi reset in the presence of piRNAs Endogenous RNAi reset in the absence of piRNAs
mut—14/—smut—1/ d x mut-16-/- " prg-1-/~ mut-14-/- smut-1-/- 5 x prg-1-/- mut—16/ Q"

Mitotic zone  Leptotene/ Pachytene Mitotic zone Leptotene/ Few
zygotene zygotene  pachytene
B Endogenous RNAi reset in the C Endogenous RNAi reset in the presence of piRNAs
absence of piRNAs mut-14-/- smut-1-/- 5 x mut-16-/-§"

prg-1-/-; mut-14/ smut-1-/- 5
prg 1-/- MUt-16:/- q‘

Endogenous RNAI reset in the absence of piRNAs
prg-1-/-; mut-14-/- smut-1-/-3* x  prg-1-/- mut-16-/-¢"
DAPI

Figure 2.
Resetting endogenous RNA. in the absence of piRNAs disrupts germline development. (A-

B) Germlines from adult animals showing modest (A) or severe (B) defects in germline
proliferation and progression after RNAi was reset in the absence of piRNAs. Animals were
dissected and immunostained for the synaptonemal complex component HTP-3, indicative
of meiotic entry. DNA was stained with DAPI. Scale bars represent 20 um. (C) Localization
of the P granule component PGL-1 after resetting RNAI in the presence or absence of
piRNAs. Scale bars represent 5 um. All images are projections of 3D images following
deconvolution.
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WAGO and CSR-1 class siRNAs
After resetting endogenous RNAI in the
absence of piRNAs
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miR-35-normalized siRNA reads in F1 progeny
(cross: wild type x wild type)

High-throughput sequencing of small RNAs after resetting endogenous RNAI. (A-C) Each
CSR-1 and WAGO target is represented as the number of miR-35 normalized siRNA reads
(reads per 10,000 miR-35 reads) to account for differences in the numbers of germ cells
between strains. (A) siRNA levels in the F1 progeny of prg-1 males crossed to prg-1
hermaphrodites (y-axis) and in the F1 progeny of a control cross between wild type animals
(x-axis). (B) siRNA levels in the F1 progeny of animals in which RNAi was reset in the
presence of piRNAs (y-axis) and in the F1 progeny of a control cross between wild type
animals (x-axis). (C) siRNA levels in the F1 progeny of animals in which RNAi was reset in
the absence of piRNAs (y-axis) and in the F1 progeny of a control cross between wild type
animals (x-axis). See also Figure S2 and Table S1.
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The nuclear Argonaute HRDE-1 binds siRNAs from essential genes after resetting
endogenous RNA. in the absence of piRNAs. (A) The proportions of fertile and sterile
animals after resetting RNAI in the absence of piRNAs while treating with hrde-1 RNAi or a
mock RNAI control. Animals were treated with RNAI starting at the PO L4 larval stage and
continuing through the F1 generation. (B) Schematic illustrating the approach used to reset
endogenous RNAI and then immunoprecipitate (IP) FLAG::HRDE-1 and sequence the
associated small RNAs. Animals of the indicated genotype were selected for

Dev Cell. Author manuscript; availabl

e in PMC 2016 August 24.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Phillips et al.

Page 18

FLAG::HRDE-1 IP and small RNA sequencing. Animals in which RNAI was reset in the
absence of piRNAs were treated with mut-16 RNAI to prevent efficient reactivation of
RNAI while they were genotyped and expanded. The western blots display FLAG::HRDE-1
protein in the input (in) and IP. (C-E) Each CSR-1 and WAGO target is represented as the
number of normalized siRNA reads in FLAG::HRDE-1 input (x-axis) and IP (y-axis)
fractions after resetting RNA. in the presence (C and D) or absence (E) of piRNAs. (F)
Enrichment or depletion of CSR-1 and WAGO class 22G-RNAs in FLAG::HRDE-1 IPs
relative to the corresponding input fractions after resetting RNAI. (G) The pie charts display
the proportions of total small RNA reads in FLAG::HRDE-1 input and IP fractions after
resetting RNAI. (H) The proportions of conserved genes and genes required for fertility that
produced siRNAs enriched by >2 fold in FLAG::HRDE-1 IPs relative to input fractions after
resetting RNAI. (1) Model depicting the role of Piwi/PRG-1 in directing the proper mMRNAs
into the RNAI pathway. See also Figure S3 and Table S2.
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