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While it has been appreciated for decades that prophase-arrested oocytes are transcription-
ally silenced on a global level, the molecular pathways that promote silencing have remained
elusive. Previous work in C. elegans has shown that both topoisomerase Il (TOP-2) and con-
densin Il collaborate with the H3K9me heterochromatin pathway to silence gene expression
in the germline during L1 starvation, and that the PIE-1 protein silences the genome in the P-
@ opeN AcCESS lineage of early embryos. Here, we show that all three of these silencing systems, TOP-2/con-
Citation: Belew MD, Chien E, Michael WM (2023) densin Il, H3K9me, and PIE-1, are required for transcriptional repression in oocytes. We find
Characterization of factors that underlie that H3K9me3 marks increase dramatically on chromatin during silencing, and that silencing
transcriptional silencing in C. elegans oocytes. is under cell cycle control. We also find that PIE-1 localizes to the nucleolus just prior to silenc-

PLoS Genet 19(7): e1010831. https://doi.org/
10.1371/journal.pgen.1010831 ing, and that nucleolar dissolution during silencing is dependent on TOP-2/condensin II. Our

Editor: Sarah Swygert, Colorado State Universiy, data identify both the molecular components and the trigger for genome silencing in oocytes

UNITED STATES and establish a link between PIE-1 nucleolar residency and its ability to repress transcription.
Received: April 27, 2023

Accepted: June 15, 2023

Author summary
Published: July 21, 2023

In most animals, oogenesis involves a genome-wide repression of transcription as oocytes

Copyright: © 2023 Belew et al. This is an open . T " 8 g Srces 8
g P approach maturation and fertilization. While transcriptional repression in fully grown

access article distributed under the terms of the

Creative Commons Attribution License, which oocytes was first documented in the early 1960s, the molecular players that promote
permits unrestricted use, distribution, and genome silencing had yet to be identified. Here, we study the round worm C. elegans and
reproduction in any medium, provided the original we find that three previously defined genome silencing systems are all operational in pre-
author and source are credited. maturation oocytes and are all required for silencing. The first system, topoisomerase I
Data Availability Statement: Al relevant data are acting together with the condensin IT complex, promotes a hyper compaction of oocyte
within the manuscript and its Supporting chromatin, which likely explains its role in genome silencing. The second, components of

information files. a system that modifies chromatin to produce heterochromatin, also drives compaction of

Funding: This work was funded by a grant from the the oocyte chromatin. Interestingly, the third system—the PIE-1 protein—is required for
National Institutes of Health (R01GM127477) to W. silencing but not for chromatin compaction. Our data show that while chromatin com-
M.M. The funder provided salary support for M.D. paction is required for genome silencing in oocytes, it is not sufficient. Our studies open

B., E.C., and W.M.M.The funder had no role in RS g g "
. . o the door to more mechanistic analysis of how these pathways can silence gene expression
study design, data collection and analysis, decision
on a global level.

to publish, or preparation of the manuscript.

Competing interests: The authors declare no
competing interests.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010831  July 21, 2023 1/26


https://orcid.org/0000-0002-0052-6251
https://orcid.org/0000-0002-8535-5796
https://doi.org/10.1371/journal.pgen.1010831
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010831&domain=pdf&date_stamp=2023-08-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010831&domain=pdf&date_stamp=2023-08-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010831&domain=pdf&date_stamp=2023-08-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010831&domain=pdf&date_stamp=2023-08-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010831&domain=pdf&date_stamp=2023-08-02
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pgen.1010831&domain=pdf&date_stamp=2023-08-02
https://doi.org/10.1371/journal.pgen.1010831
https://doi.org/10.1371/journal.pgen.1010831
http://creativecommons.org/licenses/by/4.0/

PLOS GENETICS

Genome silencing during oogenesis

Introduction

Cells can control gene expression at many levels, including individual loci, groups of genes
that perform a common function, or at the level of the entire genome. Whole-genome control
of transcription occurs in many different contexts. For example, cells undergoing quiescence
silence their genomes [1,2], as do all proliferating cells as they prepare for mitosis [3-5]. In
addition, during germline development, many animals silence the genome in germline pro-
genitor cells until they have been specified as germline [6,7]. Furthermore, a common feature
of gametogenesis is a genome silencing event as gametes complete meiotic prophase [8,9]. The
genome can also be globally activated, and examples of this are also found in early develop-
ment, where many organisms undergo a zygotic genome activation event as embryos transi-
tion from maternal to zygotic control of embryogenesis [10].

While the concept of whole-genome activation and silencing has been appreciated for a
long time, it is only recently that the molecular mechanisms in play have begun to be eluci-
dated. One particularly useful model system for the study of whole-genome control of tran-
scription has been the roundworm C. elegans. Remarkably, during germline development in
the worm, the genome is silenced and then reactivated on at least four distinct occasions. Dur-
ing early embryogenesis, in one- and two-cell embryos, transcription is globally repressed via
binding of the OMA-1 and OMA-2 proteins to the basal transcription factor TAF-4, as this
sequesters TAF-4 in the cytoplasm [11]. At the four-cell stage somatic genomes are activated.
However, in germline precursor cells, the so-called P-lineage, transcription remains globally
silenced [12,13]. Silencing in the P-lineage is controlled by PIE-1, a zinc-finger containing pro-
tein whose mechanism of action during silencing is not yet fully understood. Upon germline
specification, PIE-1 is degraded and germline genome activation occurs in the Z2 and Z3 pri-
mordial germ cells (PGCs) [14]. PGCs remain transcriptionally active through hatching of the
embryo into an L1 larva. Recent work from our group has shown that if embryos hatch in an
environment lacking nutrients, then the PGC genome is silenced once again [15]. Starvation-
induced genome silencing is triggered by the energy sensing kinase AMPK and requires the
TOP-2/condensin II chromatin compaction pathway as well as components of the H3K9me/
heterochromatin pathway [15]. In this system, TOP-2/condensin II promotes H3K9me2 and
-me3 deposition on germline chromatin, and thus we named this pathway the Global Chroma-
tin Compaction (GCC) to reflect the linear organization of the system components. We have
also previously shown that when starved L1s are fed, then the germline genome is reactivated.
This requires the induction of DNA double-strand breaks that serve to promote chromatin
decompaction [16,17]. Germline chromatin remains transcriptionally active through the
remainder of development and, in hermaphrodites, through oogenesis until the genome is
silenced once again at the end of meiotic prophase [18,19]. Thus, in the nematode germline,
there are four genome silencing events—in early embryos by OMA-1/2, in the P-lineage by
PIE-1, in starved L1s by the GCC pathway, and in oocytes via an unknown mechanism.

The global repression of transcription during late oogenesis is not unique to C. elegans. In
Drosophila melanogaster, oocytes are developmentally arrested at prophase I and repress
transcription between the fifth and eighth stages of oogenesis, just before their re-entry into
meiosis [20]. Similarly, in mice, primary follicles that contain prophase I arrested oocytes
have been shown to repress transcription just before the resumption of meiosis [21,8,9]. This
repression persists throughout fertilization until minor ZGA occurs at first cleavage [22,23].
The conservation of this theme across organisms of different complexity suggests that global
transcriptional repression in oocytes is an important feature of the oocyte-to-embryo transi-
tion. Despite this conservation, however, the molecular pathway(s) responsible for repres-
sion are still unknown.
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In this study, we address the problem of how oocytes in C. elegans shut down transcription

as a function of completing meiotic prophase. The nematode is an ideal system to address this
important question, as the events leading up to oocyte maturation and fertilization are well
described. During germline development in hermaphrodites, animals first produce sperm and
then switch to making oocytes [24]. Oocytes are produced in an assembly-line like process,
where cells exit pachytene and then progress through the remainder of meiotic prophase
within the proximal portion of the tube-shaped gonad [25]. Within the proximal gonad,
oocytes can be clearly identified by their position relative to the spermatheca—the oocyte clos-
est is named -1, and the next most proximal oocyte -2, et cetera. Previous work has shown that
-4 and -3 oocytes are transcriptionally active, and then the genome is silenced at the -2 position
(see Fig 1A) [19]. Other work has shown that, just prior to genome silencing, the condensin II
complex is recruited to chromatin, where it helps to compact chromatin during the formation
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Fig 1. Timing and CDK-9 dependence of the phosphorylation of RNAPIISer2 in C. elegans proximal oocytes. A.
Schematic summarizing transcriptional activity and chromatin compaction in the four most proximal oocytes. See
Introduction for details. B. N2s were treated with either control or cdk-9 RNAI. Dissected gonads from these animals
were fixed and stained for DNA (blue) and RNAPIIpSer2 (red). Depletion of CDK-9 results in the loss of
RNAPIIpSer2 signal in proximal oocytes. Scale bar represents a length of 2 um. C. Pachytene nuclei from the same
animals in (B) were fixed and stained for DNA (blue) and RNAPIIpSer2 (red). Unlike proximal oocytes cdk-9 RNAi
does not alter RNAPIIpSer2 signal in pachytene nuclei. Scale bar represents a length of 2 um.

https://doi.org/10.1371/journal.pgen.1010831.9001
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of bivalents, a unique chromosome structure that enables the subsequent meiotic divisions
(see Fig 1A) [26]. By the -2 position, bivalents have formed and the genome is silenced. At the
-1 position the oocyte receives a signal from sperm to initiate maturation, and the cells then
enter meiotic M-phase (Fig 1A) [27]. Here, we show that genome silencing in oocytes is orga-
nized by cyclin-dependent kinase 1 (CDK-1 in C. elegans) and requires the known silencers
TOP-2/condensin II, the H3K9me/heterochromatin pathway, and PIE-1. Loss of any one of
these components results in aberrant RNA polymerase II (RNAPII) activity at the -2 position.
Interestingly, we also report that in oocytes distal to the -2 position, PIE-1 is mainly localized
in the nucleolus, and that at the -2 position the nucleolus dissolves in a TOP-2/condensin I1
dependent manner. Our data identify the molecular components for the oocyte genome silenc-
ing system and suggest a model where the nucleolar residency of PIE-1 prevents it from block-
ing RNAPII activity until the nucleolus dissolves at the -2 position.

Results
RNAPIIpSer2 is dependent on CDK-9 in proximal oocytes

The goal of this study was to analyze genome silencing during oogenesis in C. elegans. To mon-
itor transcription, we used an antibody that recognizes the active and elongating form of RNA-
PII. This reagent is a rabbit polyclonal antibody termed ab5095, purchased from Abcam
(Waltham, MA), and it detects a phospho-epitope on the second serine within the carboxy-ter-
minal repeat domain (CTD) of RNAPII (RNAPIIpSer2) [28]. In previous work we had vali-
dated ab5095 for use in C. elegans via the demonstration that reactivity depends on the
presence of both RNAPII and phosphate, and that ab5095 accurately labels transcriptionally
active nuclei in worm embryos and in the PGCs of L1 larvae [15]. For the current study, we
used it to examine the transcriptional status of oocytes obtained from gonads dissected from
adult hermaphrodites. Prior work that examined proximal oocytes has shown that RNAPIIp-
Ser2 signals decreased starting with the fourth most proximal oocyte (termed -4) and became
undetectable through the two most proximal oocytes (-2 and -1) [19]. We, therefore, focused
our analysis on the four most proximal oocytes and found that RNAPIIpSer2 signal was
detected invariably on the chromatin of oocytes at the -4 position (Fig 1B, control RNAi
panel). However, as we examined the three most proximal oocytes, we observed several differ-
ent patterns for the RNAPIIpSer2 signal: (1) signal exclusively on chromatin, (2) no signal at
all, (3) signal present both on and off chromatin, and (4) a nucleoplasmic RNAPIIpSer2 signal
that mostly excludes chromatin (Figs 1B and S1). It thus appears that while in some oocytes
RNAPIIpSer2 signal completely disappeared, in others, it was merely removed from the chro-
matin and was present in the nucleoplasm. This form of nucleoplasmic signal has also been
observed in human cells as they approach mitosis and is explained by RNAPII coming off the
chromatin while maintaining CTD phosphorylations [29].

In mammals, the kinase that phosphorylates serine 2 within the RNAPII CTD is P-TEFb,
which is composed of the CDK9 kinase and cyclins T1 or T2 [30]. To determine if the corre-
sponding kinase in C. elegans, CDK-9, plays a similar role in proximal oocytes, we used RNAi
to deplete the protein and we then stained for RNAPIIpSer2. As shown in Figs 1B and S1,
exposure to cdk-9 RNAI caused a reduction in all three forms of RNAPIIpSer2 signal (on chro-
matin, off chromatin, and both on and off chromatin). This shows that the off-chromatin sig-
nals are due to CDK-9 phosphorylated RNAPII that had been displaced from chromatin but
not yet dephosphorylated. For the remainder of this study, we only considered nuclei with
RNAPIIpSer2 on chromatin as being transcriptionally active, and the off-chromatin signals
were ignored. Interestingly, we also noticed that in more distal regions of the gonad, for exam-
ple the pachytene region, RNAPIIpSer2 signal was unchanged by cdk-9 RNAI (Fig 1C). This is
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consistent with previous work showing that CDK-12 is the major RNAPIIpSer2 kinase in the
mitotic and pachytene regions of the gonad [31]. It thus appears that there is a handoff, from
CDK-12 to CDK-9, for generating RNAPIIpSer2 during oogenesis in C. elegans.

The TOP-2/condensin II axis controls genome silencing during meiotic
prophase

Our data, together with previous findings [19], show that genome silencing initiates at the -3
position and is largely complete by the -2 position. As detailed above, there are four genome
silencing systems that have been identified thus far in C. elegans: the TOP-2/condensin II axis
(in starved L1 PGCs) [15], the H3K9me pathway (in starved L1 PGCs) [15]; the OMA-1/2 pro-
teins (in one- and two-cell embryos) [11], and the PIE-1 protein (in the P2, P3, and P4 embry-
onic blastomeres) [12,13]. Which, if any, of these systems might also be used for genome
silencing in oocytes? We know that OMA-1/2 are dispensable for oocyte silencing, as previous
work had directly examined this possibility [11]. Thus, we turned our attention to the remain-
ing three systems and focused initially on TOP-2/condensin II. To do so we examined RNA-
PIIpSer2 in oocytes from animals exposed to either top-2, capg-2 (which encodes a protein
specific for the condensin IT complex), or double fop-2/capg-2 RNAI. All three of these treat-
ments impacted the RNAPIIpSer2 pattern in a similar manner: signal now persisted in -2
oocytes, indicating that genome silencing had failed (Fig 2A and 2B). To quantify these data,
we measured RNAPIIpSer2 signal intensity present on chromatin within individual oocytes.
We normalized these values against signal intensities present in the pachytene region, an irrel-
evant tissue, in order to account for potential differences in antibody penetration across the
different sample sets (see Methods for a more detailed explanation). As shown in Fig 2B, in the
control samples, there was a significant difference in RNAPIIpSer2 signal intensity between
the -3 and -2 positions, reflecting the genome silencing that occurs in -2 oocytes under normal
conditions. Also shown in Fig 2B is the difference in RNAPIIpSer2 signal intensity between -2
oocytes from control samples, relative to the samples where TOP-2 and/or CAPG-2 had been
depleted. Loss of TOP-2/CAPG-2 caused a significant increase in RNAPIIpSer2 signal at the
-2 position. Based on these data, we conclude that loss of TOP-2 and/or CAPG-2 impacts
genome silencing in -2 oocytes. Since genome silencing normally occurs in late prophase, one
possibility is that loss of TOP-2/CAPG-2 somehow delays progression through diakinesis, and
thus the persistence of RNAPII transcription in -2 oocytes of top-2/capg-2 depleted samples is
an indirect consequence of defects in prophase timing. This is not the case, however, as when
we stained for the prophase marker phospho-serine 10 of histone H3 (H3pS10) [32] we saw no
difference in the timing of H3pS10 deposition (S2 Fig). We note that H3pS10 signal intensity
was seemingly increased after top-2/capg-2 RNAi, however in the absence of an independent
source of H3pS10 signal that can be used to normalize signal intensity across different sample
sets it is impossible to know if this is a physiological effect or an artifact of differential antibody
penetration. Nonetheless, it is clear that depletion of TOP-2/CAPG-2 does not delay prophase
timing.

CDK-1 acts upstream of TOP-2/condensin II to trigger genome silencing

Our data identify a role for TOP-2 and condensin II in the silencing of transcription as oocytes
prepare for maturation and the meiotic divisions. Silencing initiates at the -3 position and is
complete by -2, and this is also when condensin II is recruited to oocyte chromatin [26]. Previ-
ous work has also shown that condensin II activity is dependent on phosphorylation by CDK1
[33], and thus it stands to reason that CDK-1 may also play a role in genome silencing, through
regulation of condensin II. To test this hypothesis, we used RNAi to reduce CDK-1 activity in

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010831  July 21, 2023 5/26


https://doi.org/10.1371/journal.pgen.1010831

PLOS GENETICS

Genome silencing during oogenesis

Pachytene

Pachytene

pSer2 pSer2

3 2 1
DNA ...

capg-2 RNAi

-3 -2 -1
. ... .
DNA ... .

DNA

Pachytene

pSer2

DNA

top-2 RNAI top-2/capg-2 RNAi
o
[
Z
= 5
c
D = o
> S 44 ) o
5 8
T
-G %
58 3 .
o o
s 2 [ 1 o
< 5 27 D e * °
w O = | ” © *¥ —_
%o o o » *k — | ¥ ° -
= == . | "
g — B |
: s BEE rap
s i
) o .. . ] .
0+ . == S [
T T T T T T T T T T T T
control top-2 capg-2 top-2 control top-2 capg-2 top-2 control top-2 capg-2 top-2
RNAi RNAi RNAi /capg-2 RNAi RNAi RNAi /capg-2 RNAi RNAi RNAi /capg-2
RNAi RNAi RNAi
-3 oocyte -2 oocyte -1 oocyte

Fig 2. Aberrant RNAPIIpSer2 signal is observed in proximal oocytes when TOP-2 and condensin II are depleted.
A. N2 animals were treated with control, top-2, capg-2, or top-2/capg-2 double RNAi. Gonads were dissected from
these animals and were fixed and stained for DNA (blue) and RNAPIIpSer2 (red). Each panel series (-3, -2, -1, and
pachytene) represent nuclei from the same gonad. Individual depletion of TOP-2, CAPG-2, and their co-depletion
results in persistent RNAPIIpSer2 signal on the chromatin of -3 and -2 oocytes. Scale bar represents a length of 2 um.
B. Quantification of data presented in (A). RNAPIIpSer2 signal was measured using Image]. The average ratio of
normalized raw integrated density is plotted on the y-axis. Between 10 and 22 gonads were analyzed per condition and
data were collected across multiple independently performed replicates. For control RNAi 22 gonads across 5
replicates were analyzed, for top-2 RNAIi 15 gonads were analyzed across 2 replicates, for capg-2 RNAI it was 20 gonads
across 2 replicates and for top-2/capg-2 RNAi it was 10 gonads across a single replicate. Significance was measured
using student’s t-test or Wilcoxon Rank Sum test. **p<0.01; *p<0.05. In control animals, the ratio of signal density
decreases significantly between -3 and -2 oocyte positions. Loss of TOP-2 or CAPG-2 results in persistent
RNAPIIpSer2 signal in -2 oocytes. Co-depletion of TOP-2 and CAPG-2 produces a stronger phenotype, with
persistent RNAPIIpSer2 signal in -3 and -2 oocytes.

https://doi.org/10.1371/journal.pgen.1010831.9002

proximal oocytes and we assessed the impact on transcriptional activity. As shown in Fig 3A
and 3B, cdk-1 RNAI triggered a significant increase in RNAPIIpSer2 signal intensity in -3, -2,
and -1 oocytes, showing that CDK-1 does indeed control genome silencing. To pursue this fur-
ther, we next asked the opposite question—how does elevating CDK-1 activity impact genome
silencing? For this we targeted the CDK-1 inhibitory kinase WEE-1.3 for depletion, as previous
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https://doi.org/10.1371/journal.pgen.1010831.9g003

work has shown that WEE-1.3 negatively regulates CDK-1 in nematode oocytes and, further,
that CDK-1 is the sole target of WEE-1.3 [34]. Treatment with wee-1.3 RNAi resulted in a
decrease in RNAPIIpSer2 signal intensity across all oocytes spanning the -6 to -2 positions,
showing that genome silencing was happening much earlier than in the control condition (Fig
4A and 4B). These data posed an important question: is the precocious silencing observed
after wee-1.3 RNAi also dependent on TOP-2/condensin II? To address this, we co-depleted
WEE-1.3 and CAPG-2, and we found that transcriptional activity was now restored to proxi-
mal oocytes (Fig 4A and 4B). Thus, co-depletion with CAPG-2 reverses the effects of WEE-1.3
depletion alone, and this shows that condensin II is required for the precocious silencing
observed when CDK-1 levels are increased via depletion of WEE-1.3. Based on these data, we
conclude that CDK-1 acts upstream of TOP-2/condensin II, in a positive manner, to promote
genome silencing. Furthermore, our data suggest that the CDK-1 can activate condensin II for
genome compaction and silencing at an activity state below that needed to trigger nuclear
envelope breakdown (NEB) and entry into meiotic M-phase. This, in turn, suggests that CDK-
1 activity rises gradually in the proximal gonad, as opposed to an abrupt activation in -1
oocytes. This would be consistent with previous work in HeLa cells as well as frog egg extracts
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Fig 4. Hyperactivation of CDK by the depletion of WEE-1.3 causes unscheduled transcriptional silencing. A. N2
animals were treated with either control, wee-1.3, or wee-1.3/capg-2 double RNAi. Gonads were dissected from these
animals and were fixed and stained for DNA (blue) and RNAPIIpSer2 (red). Depletion of WEE-1.3 results in the loss
of on-chromatin RNAPIIpSer2 signals in the more distal (-6 to -4 position) oocytes. Co-depletion using wee-1.3/capg-2
RNAI reverses the loss of RNAPIIpSer2 signal. Scale bars represent a length of 2 pm. B. Quantification of data
presented in (A). RNAPIIpSer2 signal was measured using Image]J. The average ratio of normalized raw integrated
density is plotted on the y-axis. 20 samples were analyzed for each RNAi treatment over 2 independently performed
replicates. Significance was measured using student’s t-test or Wilcoxon Rank Sum test. **p<0.01; *p<0.05. Depletion
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CAPG-2 resulted in restored RNAPIIpSer2 signal in -6 to -3 oocyte positions.

https://doi.org/10.1371/journal.pgen.1010831.9004

showing that CDK-1-cyclin B activity rises gradually during interphase and prophase [35,36].
To gain additional evidence for a gradual acquisition of the M-phase state in proximal oocytes
we stained them with MPM-2, an antibody that recognizes mitotic phosphoproteins [37]. As
shown in S3A Fig, MPM-2 antigens are present at low levels in -5 oocytes and they gradually
accumulate as we move proximally in the gonad, such that -1 oocytes show a high level of
MPM-2 reactivity and -3 and -2 oocytes a more intermediate level. These data are consistent
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with the idea that CDK-1 activity gradually increases, and that levels of CDK-1 that are profi-
cient to trigger genome compaction and silencing in -3/-2 oocytes are not yet sufficient for
NEB and entry into meiotic M-phase.

The presence of RNAPIIpSer2 signal at -1 oocytes after cdk-1 RNAi but not after top-2/
capg-2 RNAI also raises the idea that there is an additional transcriptional repression mecha-
nism in play when CDK-1 activity levels are high enough to trigger meiotic M-phase entry and
NEB. To test this idea, we performed phase-contrast microscopy to assess nuclear envelope
integrity of -1 oocytes in cdk-1 RNAi treated samples. We saw that more cdk-1 RNAi samples
had intact nuclear envelopes than control RNAi treated samples (S3B Fig) establishing a corre-
lation between silencing at -1 oocytes and NEB. When we performed a similar analysis on wee-
1.3 RNAIi oocytes (that precociously silence their genome in a top-2/condensin II dependent
manner) we did not see a change in the number of samples with intact nuclear membrane rela-
tive to control RNAi animals (S3C Fig). These data show that the silencing at -1 is tied to NEB
progression while the TOP-2/condensin II dependent silencing is not and suggest the existence
of an additional silencing mechanism at -1 oocytes that is distinct from the silencing mecha-
nism discussed so far in this manuscript.

H3K9me3 marks accumulate on oocyte chromatin during genome silencing

We next examined a role for the H3K9me pathway in oocyte genome silencing. Our previous
work showed that the Z2/Z3 PGCs accumulate H3K9me marks to a significant extent, relative
to neighboring somatic cells, as they prepare for silencing [15]. To see if this also occurs on
oocyte chromatin we used an antibody, termed ab176916 and purchased from Abcam (Wal-
tham, MA), that recognizes the tri-methylated form of lysine 9 on histone H3. We have previ-
ously validated this antibody with the demonstration that reactivity is lost in Z2/Z3 of L1
larvae in a strain lacking SET-25, the major H3K9me3 methyltransferase in C. elegans [15]. We
limited the current analysis to H3K9me3 because available antibodies against H3K9me2 do
not recognize their target when the neighboring serine 10 is phosphorylated [38], and we have
seen in S2 Fig that H3pS10 is prominent in proximal oocytes. As shown in Fig 5A, H3K9me3
first appears in -5 oocytes, and then gradually accumulates such that by the -2 and -1 positions
the H3K9me3 and DNA signals overlap extensively. To examine the reproducibility of this pat-
tern we quantified H3K9me3 signal intensity across 11 gonads and then compared the values
obtained for the -5 to -2 positions to the value obtained for -1 position within a given gonad.
As shown in Fig 5B, the pattern of gradual accumulation of H3K9me3 marks as oocytes
moved from distal to proximal was indeed highly reproducible. In C. elegans, H3K9me3 is pro-
duced primarily by the SET-25 methyltransferase [39]. Indeed, when H3K9me3 was examined
in set-25 mutants and compared to wild type samples, we observed that the H3K9me3 signals
were attenuated (Fig 5A). Fig 5C shows additional examples of -1 and -2 oocytes for wild type
and set-25 mutants at higher magnification, highlighting the differences in H3K9me3 signal
intensity. No such attenuation was observed when met-2 mutants were compared to wild type
(Fig 5A), consistent with the MET-2 methyltransferase primarily responsible for producing
H3K9mel and me2 [39]. Our findings are also consistent with those of Bessler et al, 2010, who
observed that H3K9me3 levels in the pachytene region of the gonad do not change in met-2
mutants, relative to wild type [40]. We conclude that H3K9me3 marks accumulate dramati-
cally on chromatin at the time that oocytes are silencing their genomes.

The accumulation of H3K9me3 in the oocytes was reminiscent of the H3K9me spreading
we saw during L1 starvation which is dependent on TOP-2 and condensin II [15]. Given this,
we wished to know if TOP-2 and condensin II also facilitated the spreading of H3K9me3 in
maturing oocytes by staining gonads from top-2/capg-2 RNAI treated samples for H3K9me3.
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Fig 5. H3K9me3 signals significantly increase as oocytes become more proximal. A. Wild-type, met-2 mutant, and
set-25 mutant gonads were dissected, fixed, and stained for DNA (blue) and H3K9me3 (red). In N2s, an increase in
H3K9me3 signal is observed at the -3 to -1 positions in comparison to more distal oocytes and pachytene nuclei from
the same animal. Loss of MET-2 does not affect the H3K9me3 accumulation pattern. Depletion of SET-25 results in
loss of H3K9me3 signal in proximal oocytes. Scale bar represents a length of 2 pm. B. Quantification of data for wild
type samples in (A). H3K9me3 signals for each oocyte in -5 to -2 positions relative to the most proximal oocyte are
presented. 20 samples were analyzed over 2 independent replicates. H3K9me3 signal accumulates on chromatin in the
more proximal oocyte positions. C. Additional examples of -2 and -1 oocytes stained as in part (A). Either wild type
(N2) or set-25 mutant oocytes are shown. Note that the set-25 samples have only trace amounts of H3K9me3 on the
chromatin, relative to the wild-type sample.

https://doi.org/10.1371/journal.pgen.1010831.g005

We saw that there was no difference in H3K9me3 signal between control and top-2/capg-2
RNAI treated samples (S4A and S4B Fig). Therefore, unlike in starved L1s, the accumulation
of H3K9me3 in maturing oocytes does not require TOP-2 and condensin II.

Both the SET-25 and MET-2 methyltransferases are required for genome
silencing in oocytes

Having observed SET-25 dependent accumulation of H3K9me3 marks in proximal oocytes
we next asked if SET-25 plays a role in genome silencing. Staining of set-25 mutants for
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Fig 6. The H3K9 methyltransferases MET-2 and SET-25 are required for transcriptional repression in proximal
oocytes. A. Gonads from wild-type, met-2 mutant, and set-25 mutant animals were dissected, fixed, and stained for
DNA (blue) and RNAPIIpSer2 (red). Mutations of either met-2 or set-25 results in persistent RNAPIIpSer2 signal on
chromatin, compared to wild-type animals. Scale bar represents a length of 2 um. B. Quantification of data presented
in (A). RNAPIIpSer2 signal was measured using Image]. The average ratio of normalized raw integrated density is
plotted on the y-axis. 10 to 20 samples were analyzed for each condition over 2 independent replicates. 15 wild-type
samples were analyzed while 10 met-2 mutant and 20 set-25 mutants were analyzed. Significance was measured using
student’s t-test or Wilcoxon Rank Sum test. **p<0.01; *p<0.05. Loss of MET-2 resulted in a significant persistence of
RNAPIIpSer2 signal on chromatin in -2 and -1 oocytes. Loss of SET-25 led to a significant persistence of RNAPIIpSer2
signal on chromatin in -2 oocytes.

https://doi.org/10.1371/journal.pgen.1010831.9006

RNAPIIpSer2 revealed that -2 oocytes contained significantly more RNAPIIpSer2 signal
than did the control samples (Fig 6A and 6B), showing that silencing was attenuated. Inter-
estingly, we also observed a silencing defect in met-2 mutants (Fig 6A and 6B). Thus, not
only do H3K9me marks accumulate during silencing, but the enzymes responsible for cata-
lyzing these modifications are also important for genome silencing. We conclude that the
H3K9me pathway globally silences transcription in developing oocytes, as it does in the
PGCs of starved L1s.
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Genome silencing is coupled to chromatin compaction in oocytes

Previous work has shown that condensin II loads on to oocyte chromosomes at the -3 position
and is required for the intense chromatin compaction that occurs as bivalents are formed [26].
In starved L1s, genome silencing is coupled to chromatin compaction [15], and thus it was
important to monitor compaction in the oocyte system. For this we turned to a previously uti-
lized strain that carries a transgene encoding mCherry-tagged histone H2B, which marks chro-
matin [15,17]. Living hermaphrodites were immobilized and oocyte chromatin was imaged
using confocal microscopy. We compared control samples to those that been exposed to top-2/
capg-2 RNAi, and we looked at -2 oocytes, which is where genome silencing is occurring. As
described in the Methods and S5 Fig, we measured the volume of the chromatin masses and
found that depletion of TOP-2/CAPG-2 caused a significant increase in volume, consistent
with a defect in compaction, and similar observations were made after set-25 or met-2 RNAi
(Figs 7 and S5). Thus, as is the case in the PGCs of starved L1s, chromatin compaction in
oocytes is driven by actions of the TOP-2/condensin II axis and components of the H3K9me
pathway. We note that the effects observed here for bivalent compaction after top-2/capg-2
RNAI are less extreme than those reported by Chan and colleagues, and this is likely due to dif-
ferences in how condensin II was inactivated [26]. In our experiments, we use a feeding RNAi
treatment that targets capg-2. By contrast, Chan and colleagues combined RNAi with a tem-
perature-sensitive allele, both targeting the hcp-6 subunit of condensin II, thereby using two
forms of condensin II inactivation in the same experiment. As detailed by Chan and col-
leagues, the effect on bivalent compaction of the temperature-sensitive hcp-6 (hcp-6") allele
alone, without RNAI, is rather modest.
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Fig 7. TOP-2, condensin II and the H3K9 methyltransferases MET-2 and SET-25 are all required for proper bivalent compaction. Living proximal
oocytes, treated with control, top-2/capg-2, met-2, or set-25 RNAi, were imaged for chromatin compaction using a strain harboring mCherry-tagged histone
H2B. Bivalent volume in the -2 oocyte was measured using Image]J. The average bivalent volume is plotted on the y-axis. 5 oocyte nuclei (with an average of 4
bivalents per nucleus) were analyzed for each RNAI treatment. Significance was measured using student’s t-test or Wilcoxon Rank Sum test. **p<0.01;
*p<0.05. Exposure to top-2/capg-2, met-2 or set-25 RNAIi treatments results in significantly larger bivalents.

https://doi.org/10.1371/journal.pgen.1010831.9007
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PIE-1 is required for genome silencing during meiotic prophase in oocytes
and localizes to the nucleolus prior to silencing

In a final set of experiments, we examined a requirement for PIE-1 in oocyte silencing, as
recent work has shown that PIE-1 is present in the adult gonad [41]. Fig 8A shows that RNAi
against pie-1 causes a persistence of transcription in the -2 position, and quantification shows
that RNAPIIpSer2 signal intensity is significantly higher in both -3 and -2 oocytes after pie-1
RNAj, relative to the control samples (Fig 8B). Interestingly, PIE-1 depletion had no effect on
bivalent compaction (Fig 8C). Thus, like TOP-2/condensin IT and the H3K9me pathway, PIE-
1 is required to repress transcription in -3/-2 oocytes, but unlike these factors its mechanism of
action is distinct from chromatin compaction.

To pursue these findings, we next analyzed PIE-1 localization in oocytes, using a strain
where GFP had been inserted at the endogenous pie-1 locus [41]. A typical localization pattern
is shown in Fig 9A, where we see that PIE-1::GFP is mostly localized to the nucleus. Further-
more, within the -5 to -3 range of oocytes, it is clear that PIE-1::GFP accumulated within the
nucleolus (Fig 9A and 9B), which can be easily observed using phase-contrast microscopy (Fig
9B). Previous work has shown that as oocytes prepare for maturation the nucleolus is lost,
likely reflecting a shutdown of RNA polymerase I (RNAPI) transcription [42]. This explains
why PIE-1::GFP is no longer predominantly localized to the nucleolus in -2 oocytes, as the
nucleolus is undergoing dissolution (Fig 9A and 9B). Previous work in budding yeast has
shown that condensin is required to remodel rDNA chromatin in preparation for cell division
[43]. Given this, we wondered if TOP-2/condensin II is required for nucleolar dissolution in
proximal oocytes. To address this, we used phase-contrast microscopy to image nucleoli, and
we simply measured their area in control and top-2/capg-2 (RNAi) samples. As shown in Fig
9C and 9D, for control samples, we observed a significant decrease in nucleolar size in -2
oocytes, relative to -3 oocytes. This is consistent with the nucleolus undergoing dissolution in
-2 oocytes. When nucleoli were assessed in samples depleted of TOP-2/CAPG-2, we saw that
nucleolar size was significantly increased at both the -3 and -2 positions, relative to controls
(Fig 9C and 9D). Thus, the TOP-2/condensin II axis promotes nucleolar dissolution in proxi-
mal oocytes. We also imaged PIE-1::GFP in samples depleted of TOP-2/condensin II and
observed, as expected, that PIE-1 was localized to the -2 nucleoli that had resisted dissolution
(Fig 9E). These data show that the TOP-2/condensin II axis controls PIE-1::GFP localization,
and this likely occurs via TOP-2/condensin IT’s ability to promote nucleolar dissolution. As
detailed below in the Discussion, these findings suggest a model for how TOP-2/condensin II
and PIE-1 work together to promote genome silencing in proximal oocytes.

Discussion

The goal of this study was to define the molecular components for genome silencing in C. ele-
gans oocytes. To monitor transcription, we relied on RNAPIIpSer2 staining, as we and others
have done extensively in the past [11,15,19,44,45]. One concern with this antibody-based
approach is that chromatin compaction in -2 oocytes may prevent access of the antibody to its
target on chromatin, rendering false-negative data. This is clearly not the case, however, as
when we depleted PIE-1 we observed strong RNAPIIpSer2 signals on chromatin in -2 oocytes,
even though compaction occurs normally under this condition (Fig 8). Thus, we consider
RNAPIIpSer2 staining to be an accurate and legitimate method to assess the transcriptional
status of oocytes in the worm.

Under normal conditions, we found that RNAPIIpSer2 signal intensity drops significantly
in -2 oocytes relative to the -3 position, and that signals are often undetectable at -2 (Fig 2).
This is consistent with previous work [19], and thus we conclude that genome silencing likely
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initiates at -3 and is largely complete by -2. At the -2 position, all oocytes have intact nuclear
envelopes, and thus these cells have yet to enter meiotic M-phase. This is important as previous
work has shown that transcription is repressed during M-phase [46-48], although more recent
work has shown that the block is not absolute as a low-level of transcription can be detected in
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Fig 8. PIE-1 is required for transcriptional repression in proximal oocytes. A. N2 animals were treated with either
control or pie-1 RNAi. Gonads were dissected from these animals and were fixed and stained for DNA (blue) and
RNAPIIpSer2 (red). Depletion of PIE-1 results in persisting RNAPIIpSer2 signal in proximal oocytes. B.
Quantification of data presented in (A). RNAPIIpSer2 signal was measured using Image]. The average ratio of
normalized raw integrated density is plotted on the y-axis. 20 samples were analyzed for each RNAi treatment over 2
independent replicates. Significance was measured using student’s t-test or Wilcoxon Rank Sum test. **p<0.01;
*p<0.05. Oocytes from the pie-1 RNAI treatment had significantly increased RNAPIIpSer2 signal at the -3 and -2
positions compared to control RNAi. C. Living proximal oocytes treated with control or pie-1 RNAi were imaged for
chromatin compaction using a strain harboring mCherry-tagged histone H2B. Bivalent volume in the -2 oocyte was
measured using Image]. The average bivalent volume is plotted on the y-axis. 5 oocyte nuclei (with an average of 4
bivalents per nucleus) were analyzed for each RNAI treatment. Significance was measured using student’s t-test or
Wilcoxon Rank Sum test. Exposure to pie-1 RNAi treatment did not affect bivalent volume.

https://doi.org/10.1371/journal.pgen.1010831.9008
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Fig 9. PIE-1 is sequestered in the nucleolus prior to silencing. A. The normal localization pattern of PIE-1::GFP in
oocytes of live WM330 worms. From the -5 to -3 oocyte positions, PIE-1::GFP is sequestered within the nucleolus.
Oocyte position is numbered. Scale bar represents a length of 10 um. B. A wild-type localization pattern of PIE-1::GFP
at the -3 oocyte position. PIE-1::GFP appears within the nucleolus. Nucleolus is indicated by the white circle. Scale bar
represents a length of 10 um. C. WM330 animals were treated with control or top-2/capg-2 double RNAI. Live adults
were imaged at the -3 and -2 oocyte positions. Scale bar represents a length of 5 um. D. Quantification of data
presented in (C). Nucleolar size was measured using Image] and is plotted on the y-axis. Significance was measured
using student’s t-test. **p<0.01; *p<0.05. Exposure to fop-2/capg-2 treatment results in significantly larger nucleoli. E.
Live adults were imaged for PIE-1::GFP after treatment with control or top-2/capg-2 double RNAi. Loss of top-2/capg-2
results in PIE-1::GFP remaining sequestered in the nucleolus at the -2 oocyte position. Scale bar represents a length of
5 um.

https://doi.org/10.1371/journal.pgen.1010831.9009

mitotic cells [49]. Nonetheless, it is clear that M-phase is incompatible with active transcrip-
tion, and thus it is important to distinguish the genome silencing we observe in -2 oocytes
from the repression of transcription that likely occurs during meiotic M-phase in -1 oocytes.
Our data support this distinction in multiple ways. First, depletion of the genome silencing fac-
tors TOP-2, CAPG-2, MET-2, SET-25, and PIE-1 all yield a common phenotype—a persis-
tence of RNAPIIpSer2 signal in -2 oocytes, and loss of the signal in -1 oocytes (Figs 2, 6, and
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8). Thus, if loss of active transcription in -2 oocytes occurs mechanistically the same as in -1
oocytes, then we should see a persistence of signal in the -1 position also, and we clearly do
not. Second, depletion of CDK-1 results in persistence of RNAPIIpSer2 signals in -2 and -1
oocytes (Fig 3). After exposure to cdk-1 RNAi, -1 oocytes largely retain the nuclear envelope
(S3B Fig), consistent with a failure to enter meiotic M-phase. This shows that it is not simply
occupancy of the -1 position that represses transcription; rather, it is M-phase entry that does
so. The finding that transcription is largely repressed during M-phase was made in the early
1960s however the mechanistic basis is still unknown. A previous study examined hsp70 gene
expression during mitosis and found that three of the four transcription factors (TFs) needed
for hsp70 activation were physically displaced from chromatin at mitosis [50], however how
this displacement occurs was not described. It may be that the TFs are physically displaced by
chromosome compaction, or it may be that modification of the TFs prevents them from bind-
ing DNA. Our data shed light on this as we show that M-phase repression of RNAPIIpSer2 sig-
nals is independent of chromosome compaction. We found that loss of PIE-1 allows
compaction, but not RNAPIIpSer2 repression, in -2 oocytes (Fig 8). In these same samples, at
the -1 position, PIE-1 is no longer needed to suppress RNAPIIpSer2 as an additional mecha-
nism gets activated. Because there is no further compaction happening at the -1 position [26],
this additional mechanism is independent of compaction. Indeed, previous work on virus-
infected human cells has shown that M-phase transcriptional repression occurs on nucleo-
some-free and uncompacted DNA [51], which is consistent with our data that the M-phase
mechanism is distinct from compaction. In summary, we believe that the PIE-1 data demon-
strate two independent mechanisms for repression at -2 relative to -1. At -2, chromatin com-
paction is necessary, but not sufficient, for repression. At -1, repression occurs on previously
compacted chromatin, and thus is mechanistically distinct from what is happening at -2.
Taken together, these data show that genome silencing precedes entry into meiotic M-phase.
Why has the worm evolved a system to block transcription at -2 when it is going to happen
anyway at -1? We propose that active transcription may hamper the chromosomal remodeling
that occurs at -2, and thus that genome silencing at -2 has evolved to allow proper bivalent
formation.

Taking a candidate approach, we found that multiple genome silencing pathways are opera-
tional in -2 oocytes, as loss of the TOP-2/condensin II axis, the H3K9me pathway, and PIE-1
all impact silencing. We also found that silencing is under cell cycle control, as reducing CDK-
1 activity prevents silencing in -2 oocytes and increasing CDK-1 activity promotes precocious
silencing in oocytes distal to -2 (Figs 3 and 4). Furthermore, we obtained evidence that oocytes
gradually approach the M-phase state, as MPM-2 antigens accumulate gradually in the proxi-
mal gonad, and not abruptly at the -1 position as one might expect if CDK-1 is abruptly acti-
vated in -1 oocytes (S3A Fig). Taken together, these data paint a picture where CDK-1 activity
increases gradually as a function of oocyte position in the proximal gonad, and that it is the -2
position where CDK-1 activity crosses a threshold sufficient to trigger silencing, but not yet
sufficient to trigger entry into meiotic M-phase. Thus, we propose that the timing of genome
silencing is controlled by a CDK-1 activity gradient spanning the proximal gonad (Fig 10A).

Our previous work had identified a linear pathway, termed GCC, that silences germline
transcription during L1 starvation [15]. For GCC, TOP-2/condensin II acts upstream of the
MET-2 and SET-25 methyltransferases to promote H3K9me2 and -me3 deposition on chro-
matin [15]. Interestingly, while TOP-2/condensin II and SET-25/MET-2 are all required for
silencing in oocytes, they are not organized into a linear pathway as we found that H3K9me3
deposition in oocytes does not require TOP-2/condensin II (S4A and S4B Fig). H3K9me3
deposition is increased as oocytes approach the -1 position (Fig 5), and this is similar to what
happens in late embryos, where deposition is dramatically increased in Z2/Z3, relative to their
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Fig 10. Models for how genome silencing occurs in proximal oocytes. A. A CDK-1 activity gradient allows for genome silencing at
the -2 position to occur prior to entry into meiotic M-phase at the -1 position. B. A proposed pathway whereby CDK-1 promotes
TOP-2/condensin II mediated compaction of rDNA, and this in turn promotes nucleolar dissolution and relocalization of PIE-1 to
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https://doi.org/10.1371/journal.pgen.1010831.g010

somatic counterparts [15]. How this increase is regulated, and whether it occurs via spreading
of preexisting marks or via de novo deposition are fascinating questions for future research. As
mentioned above, we were unable to track H3K9me2 marks, but it is interesting to note that
loss of met-2, which is responsible for H3K9me2 deposition, has a stronger effect on silencing
than does loss of set-25, which is responsible for H3K9me3 (Fig 6). It thus appears that both
H3K9me2 and -me3 play a role in genome silencing, and another important route for future
research will be to determine which of the H3K9me readers is involved and how they are act-
ing mechanistically to promote silencing. We note that in mice, it has been appreciated for
some time that oocytes undergo chromatin compaction concurrent with transcriptional
repression [8,52-54]. Interestingly, very recent work has shown that a histone H3.3 chaperone
complex, comprised of the Hira and Cabin1 proteins, promotes H3K9me3 deposition in chro-
matin, chromatin compaction, and genome silencing in mouse oocytes [55]. These data are
consistent with our findings and suggest that a conserved feature of genome silencing is the
H3K9me-mediated compaction of chromatin on a global scale. It will be of interest to deter-
mine if TOP-2 and/or condensin II are also required for genome silencing in murine oocytes.

Our work also describes a novel function for PIE-1 in oocyte genome silencing. PIE-1 has
been well studied in its role of blocking transcription in the P-lineage of early embryos,
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however how it does so is still a mystery. Early work suggested a model where PIE-1 binds to
and sequesters cyclin T, a subunit of the CDK9 kinase that phosphorylates RNAPII on serine 2
within the CTD [56]. More recent work, however, has shown that PIE-1 mutants that fail to
bind cyclin T still block transcription in the P-lineage [57] and, furthermore, that the RNA-
PIIpSer2 mark itself is dispensable for embryogenesis [45]. Thus, it may be that, in the embryo,
PIE-1 acts by interfering with RNAPII serine 5 phosphorylation [57], via an unknown mecha-
nism. If so, this begs the question of why has PIE-1 evolved the ability to specifically interact
with cyclin T? One plausible answer is that PIE-1 targets cyclin T to block transcription in
oocytes. Interestingly, we have shown here that CDK-9, presumably acting with cyclin T, is the
relevant serine 2 kinase in proximal oocytes, unlike the remainder of the gonad where CDK-
12 is the relevant kinase [31]. This finding makes it intriguing to speculate that the switch from
CDK-12 to CDK-9 occurs so that RNAPIIpSer2 can be regulated by PIE-1 in proximal oocytes.
Sorting out how PIE-1 is blocking transcription in oocytes is another important avenue for
future research.

Lastly, another important research question raised by our study is how is PIE-1 regulated in
the proximal gonad? We have shown that PIE-1-GFP is present in the nuclei of -5, -4, and -3
oocytes, yet these cells are transcriptionally active (Figs 1B and 9A). Importantly, in oocytes dis-
tal to -2, PIE-1-GFP is localized predominantly in nucleoli (Fig 9). This might explain why these
nuclei are competent for transcription despite the presence of PIE-1, if nucleolar residency pre-
vents PIE-1 from accessing its target(s) for transcriptional repression. Previous work has shown
that the nucleolus dissolves at the -2 position [42]. We have observed this as well and, further-
more, we have shown that dissolution requires TOP-2/condensin II (Fig 9). How might the vari-
ous components required for genome silencing in oocytes fit together mechanistically? Our data
support the model shown in Fig 10B. We propose that once CDK-1 activity passes a threshold
then TOP-2/condensin II is activated and recruited to chromatin, and this has two conse-
quences. One, chromatin compaction commences and this represses transcription, likely via
occlusion of RNAPII and various transcription factors from promoters on the compacted chro-
matin. Two, as the rDNA is compacted, RNAPI synthesis is blocked and the nucleolus dissolves,
thereby liberating PIE-1 to block transcription via an unknown mechanism. Lastly, independent
of TOP-2/condensin II, the methyltransferases targeting H3K9 are stimulated and H3K9me
deposition is hyper-activated, leading to chromatin compaction and genome silencing. While
this model is consistent with our data, there is clearly much more work needed to establish its
accuracy. Future experiments will address the role of PIE-1 nucleolar residency in its regulation
as well as the mechanism by which the SET-25 and MET-2 methyltransferases are activated and
how H3K9me marks accumulate so dramatically on oocyte chromatin.

Materials and methods

C. elegans strains

N2 (wild-type), WMM1 ([pie-1:gfp::pgl-1 + unc-119(+)]; [(pAA64)pie-1p::mCherry::his-58
+unc-119(+)] IV), MT13293(met-2(n4256) III), MT17463 (set-25(n5021) III) and WM330
(pie-1(ne4301[pie-1::GFP]) III) strains were used in this study. Worms were maintained on
60mm plates containing nematode growth media (NGM) seeded with the E. coli strain OP50

or HT115. Worms were grown at 20°C and propagated through egg preparation (bleaching)
every 72 hours.

Bacterial strains

OP50 bacteria served as the primary food source. It was grown in LB media containing 100 pg/
ml streptomycin by shaking at 37°C overnight. 500 pl of the culture was seeded on Petri-dishes
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containing NGM + streptomycin. HT115 bacteria grown in LB media containing 100 pg/ml
carbenicillin and 12.5 pg/ml tetracycline and seeded on NGM + carbenicillin + tetracycline
plates were also used as a source of food. Our RNAi strains were obtained from the Ahringer
library and verified by Sanger sequencing. Bacteria containing dsSRNA were streaked on LB-
agar plates containing 100 pg/ml carbenicillin and 12.5 pg/ml tetracycline and incubated at
37°C overnight. Single colonies were then picked and grown in 25 ml LB cultures with 100 pg/
ml carbenicillin and 12.5 pg/ml tetracycline. 500 pl of this culture was seeded on 60-mm Petri
dishes containing 5mM IPTG.

Egg preparation

Bleach solution containing 3.675 ml H,O, 1.2 NaOCl, and 0.125 ml 10N NaOH was prepared.
Adult worms were washed from plates with 5 ml of M9 minimal medium (22mM KH,PO,,
22mM Na,HPO,, 85mM NaCl, and 2mM MgSO,). Worms were centrifuged at 1.9 KRPM for
1 minute and the excess medium was removed, then the bleach solution was added. Eggs were
extracted by vortexing for 30 seconds and shaking for 1 minute. This was done a total of 3
times and worms were vortexed one last time. Then the eggs were spun down at 1900 rpm for
1 minute and excess bleach solution was removed, and the eggs were washed 3 times with M9
minimal medium.

RNAI treatment

RNAI containing NGM plates were prepared as described in the “Bacterial strains” section.
For double RNAI treatments, RNAi cultures were mixed at a 1:1 ratio by volume. HT115 cells
transformed with an empty pL4440 vector was used as a negative control. RNAi conditions
used in this study and tests for their efficacy is described below:

cdk-9 RNAi. L1 worms were plated on HT115 food plates for the first 48 hours and were
then moved to plates containing cdk-9 RNAi for the remaining 24 hours. Embryonic lethality
in the range of 80%—85% was observed.

top-2 RNAi. L1 worms were plated on HT115 food plates for the first 24 hours and were
then moved to plates seeded with fop-2 RNAi for the remaining 48 hours. Embryonic lethality
was observed at >90%.

capg-2 RNAi. Worms were grown on HT115 food plates for the first 24 hours and were
moved to plates containing capg-2 RNAi for the remaining 48 hours. An embryonic lethality
of 80%-100% was seen with this RNAi treatment.

top-2/capg-2 double RNAi. Worms were grown on HT115 food plates for the first 24
hours and were transferred to top-2/capg-2 double RNAi plates for the next 48 hours. Embry-
onic lethality ranged from 90%-100% for this RNAi treatment.

cdk-1 RNAi. Worms were grown on HT115 food plates for the first 24 hours and were
transferred to cdk-1 RNAi plates for the next 48 hours. Embryonic lethality ranged from 97%-
100% for this RNAi treatment.

wee-1.3 RNAi. Worms were grown on plates containing wee-1.3 RNAi for the entirety of
their life cycle. An embryonic lethality of approximately 40% was observed. Additionally, a sig-
nificant reduction in brood size, and the coalescence of bivalents into one chromatin mass in
proximal oocytes of some samples, were observed for wee-1.3 RNAi worms, as previously
reported [34].

wee-1.3/capg-2 double RNAi. Worms were grown on plates containing wee-1.3 RNAi for
24 hours then were moved to plates containing wee-1.3/capg-2 RNAi where they remained for
the rest of their life cycle. An embryonic lethality of approximately80%, and the coalescence of
bivalents in proximal oocytes of some samples were observed.
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met-2 RNAi. Worms were grown on plates containing met-2 RNAI for the entirety of
their life cycle. Some of the adult worms were bleached and an L1 chromatin compaction assay
was performed on the resulting larvae to test RNAI efficacy. See Belew et al., 2021, for details
on the L1 compaction assay.

set-25 RNAi. Worms were grown on plates containing set-25 RNAI for the entirety of
their life cycle. RNAi efficacy was tested via the same method as for met-2 RNAI.

pie-1 RNAi. Worms were grown on pie-1 RNAI plates for the entirety of their life cycle.
An embryonic lethality of 100% was observed for this RNAI.

Antibodies and dilutions

RNAPIIpSer2: Rabbit antibody from Abcam (ab5095, Waltham, Massachusetts) was used at a
dilution of 1:100. H3pSer10: Rabbit antibody from Rockland Immunochemicals (600-401-174,
Pottstown, Pennsylvania) was used at a dilution of 1:500. H3K9me3: Rabbit antibody from
Abcam (ab176916, Waltham, Massachusetts) was used at a dilution of 1:1000. MPM-2: Mouse
antibody (isotype—IgG1) from Sigma-Aldrich (05-368, St. Louis, Missouri) was used at a dilu-
tion of 1:500. Secondary antibodies: Alexa Fluor conjugated secondary antibodies from Invi-
trogen (Thermo Fisher Scientific, Waltham, Massachusetts) were used at a dilution of 1:200.

Immunofluorescence staining

Adult worms were first washed off plates with 10 ml of M9 minimal medium and rinsed 3
more times. Then, they were centrifuged at 1.9 KRPM and the excess medium was removed.
20 ul of media containing about 50 worms were spotted on a coverslip and 3 pl of anesthetic
(20mM Sodium Azide and 0.8M Tetramisole hydrochloride) was added to immobilize them.
Worms were dissected using 25Gx5/8 needles (Sigma Aldrich, St. Louis, Missouri). To release
gonads, adult worms were cut twice, once right below their pharyngeal bulb and once near the
tail. The coverslip was then mounted onto poly-L-lysine covered slides and let rest for 5 min-
utes. Slides were put on dry ice for 30 minutes. Samples were then freeze-cracked by flicking
the coverslips off for permeabilization.

For RNAPIIpSer2, H3pSer10 and MPM-2 antibody staining experiments, once samples
were permeabilized, slides were put in cold 100% methanol (-20°C) for 2 minutes and then
fixing solution (0.08M HEPES pH 6.9, 1.6mM MgSOy, 0.8mM EGTA, 3.7% formaldehyde,
1X phosphate-buffered saline) for another 30 minutes. After fixing, slides were washed
three times with TBS-T (TBS with 0.1% Tween-20) and were blocked for 30 minutes with
TNB (containing 100mM Tris-HCI, 200 mM NaCl, and 1% BSA). Primary antibodies were
then applied at the dilutions described above in TNB and slides were incubated at 4°C
overnight.

For H3K9me3 staining experiments, permeabilized samples were put in cold 100% metha-
nol (-20°C) for 10 seconds and then fixing solution (0.08M HEPES pH 6.9, 1.6mM MgSO,,
0.8mM EGTA, 3.7% formaldehyde, 1X phosphate-buffered saline) for 10 minutes. After fixing,
slides were washed three times with TBS-T (TBS with 0.1% Tween-20) and were blocked for 2
hours with TNB (containing 100mM Tris-HCI, 200 mM NaCl, and 1% BSA) supplemented
with 10% normal goat serum. Primary antibodies were then applied at the dilutions described
above in TNB supplemented with 10% goat serum and slides were incubated at 4°C overnight.

On the next day, the slides were washed 3 times with TBS and slides were incubated with
secondary antibodies and Hoechst 33342 dye for 2 hours at room temperature. Slides were
washed 3 times with TBS, mounting medium (50% glycerol in PBS), and coverslips were
applied and sealed with Cytoseal XYL (Thermo Fisher Scientific, Waltham Massachusetts).
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Live animal imaging

Adult N2, WMM1 and EGW83 worms were collected off plates and were washed 3 times with
10 ml M9 minimal medium. After the last wash, worms were spun down at 1.9 KRPM and
excess medium was removed. 0.3% agarose pads were made on slides, and a 10 pl aliquot of
adult worms was mounted. 4 ul of anesthetic (20mM Sodium Azide and 0.8M Tetramisole
hydrochloride) was added to stop the worms from moving. A coverslip was gently applied,
and the slides were imaged.

Immunofluorescent imaging

All slides were imaged using an Olympus Fluoview FV1000 confocal microscope using Fluo-
view Viewer software at a magnification of 600x (60x objective and 10x eyepiece magnifica-
tions). Laser intensity was controlled for experiments to achieve consistency among samples.

Quantification of data

RNAPIIpSer2 signal quantification. For each oocyte nucleus, two images were taken:
one of the Hoechst-stained DNA and one of the RNAPIIpSer2 signal. Images were analyzed
using Image]. An outline was drawn using the polygon selection tool around the Hoechst-
stained area to mark the space occupied by DNA. The region of interest was copied and pasted
to the RNAPIIpSer2 signal image and the raw integrated density (the sum of the values of the
pixels in the selection) was measured. The raw integrated density was then normalized by the
area to get a measure we called “signal density”. To account for possible variability in signal
intensity due to different degrees of antibody penetration from sample to sample, each oocyte’s
signal density was normalized to an average signal density from 5 pachytene nuclei found in
the same image. The final normalized signal densities for the oocytes are presented. For each
condition, were collected from two independently performed experimental replicates and the
data were then pooled for statistical analysis and presentation.

H3K9me3 signal quantification. Signal densities for each oocyte were calculated simi-
larly to what is described above in the RNAPIIpSer2 signal quantification. For data on Fig 5,
H3K9me3 signal of each oocyte in the -2 to -5 positions was normalized to the most proximal
(-1) oocyte and the ratios are presented as percentages. For data presented in S4 Fig signal den-
sities of control and top-2/capg-2 RNAi samples were shown side by side for comparison.

H3pSer10 signal quantification. Signal densities for each oocyte were calculated similarly
to what is described above in the RNAPIIpSer2 signal quantification. Signal densities were not
normalized to pachytene nuclei since pachytene nuclei either did not harbor any signal. (for
H3pSer10 staining) or the signals were affected by our RNAI treatments (for H3K9me3 stain-
ing) which precluded us from using them for unbiased normalization.

Bivalent volume quantification. Z-stacks of oocyte nuclei were acquired. For each condi-
tion, 5 nuclei were analyzed and every bivalent within those nuclei that were visually distin-
guishable from one another was included in our analysis. On average 4 bivalents per nucleus
were analyzed using ImageJ. The scale was set to 69nm per pixel. To measure the volume of a
bivalent, a polygon was tightly drawn around it on each stack the bivalent appears in. The
areas of these polygons were measured and summed up. Finally, the sum was multiplied by the
distance between each stack to calculate an approximation of the bivalent’s volume. Averages
of the volumes of all bivalents analyzed were presented.

Nucleolar size measurement. Images were captured of focal planes corresponding to the
maximum diameter of the nucleolus in living oocytes for each oocyte position. Diameters
were measured using ImageJ and then converted to area.
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Statistical analysis

Prior to performing any statistical test, data was tested whether it was parametric or not. To do
s0, the Shapiro-Wilk test was used to test for normal distribution and F-test was used to test
for variance homogeneity of the datasets we were comparing. Data were then analyzed using a
student’s t-test or Wilcoxon Rank Sum test depending on whether the datasets fulfill the
requirements for a parametric test or not. Differences between any two datasets were consid-
ered statistically significant if a P-value of <0.05 was obtained.

Supporting information

S1 Fig. All patterns of RNAPIIpSer2 signal in C. elegans proximal oocytes are dependent
on CDK-9. A. The different patterns of RNAPIIpSer2 (red) signal on and/or off DNA (blue)
observed in N2s treated either control or cdk-9 RNAi. Depletion of CDK-9 results in the
loss of RNAPIIpSer2 signal in proximal oocytes regardless of RNAPIIpSer2 signal localiza-
tion. Scale bar represents a length of 2 um. B. Visualization of data presented in (A). N2s
treated with cdk-9 RNAi showed reduced RNAPIIpSer2 signal in all forms. The number of
samples analyzed over 2 independent replicates is presented below the charts for each oocyte
position.

(TIFF)

$2 Fig. TOP-2 and condensin II mediated transcriptional repression in oocytes is indepen-
dent of cell-cycle timing. A. N2 animals were treated with control or top-2/capg-2 double
RNAi. Gonads from young adults were dissected, fixed, and stained for DNA (blue) and
H3pSer10 (green). Exposure to top-2/capg-2 RNAi does not affect the timing of H3pSer10.
Scale bar represents a length of 2 pum. B. Quantification of data presented in (A). 11 control
RNAi and 10 top-2/capg-2 RNAi samples were analyzed for each RNAI treatment. There was
no significant difference in H3pSer10 signal after TOP-2 and CAPG-2 co-depletion. Signal
density was not normalized.

(TIFF)

S3 Fig. CDK-1 levels gradually increase as oocytes become more proximal and are required
for NEB at -1 oocytes. A. N2 gonads were dissected, fixed, and stained for DNA (blue) and
MPM-2 (white). An increase in MPM-2 signal is observed at the proximal oocyte positions in
comparison to more distal oocytes. Scale bar represents a length of 2 um. B. N2 samples were
treated with either control or cdk-1 RNAi. Nuclear membrane of -1 oocytes were evaluated
using live phase-contrast microscopy. 20 samples were analyzed over two replicates and quan-
tifications are presented below each representative image. cdk-1 RNAi resulted in a higher
number of samples with intact nuclear envelope when compared to control RNAi treatment.
C. N2 samples were treated with either control or wee-1.3 RNAi. Nuclear envelope integrity
was evaluated like in (B) for oocytes in -1 to -6 positions. 5 gonads were analyzed for each
treatment and the quantifications are presented below each representative image. Treatment
with wee-1.3 RNAI did not alter the progression of NEB in proximal oocytes.

(TIFF)

$4 Fig. Depletion of TOP-2 and condensin II does not alter H3K9me3 deposition in proxi-
mal gonads. A. Gonads from N2 adults treated with either control or top-2/capg-2 RNAi were
dissected, fixed, and stained for DNA (blue) and H3K9me3 (red). Treatment with top-2/capg-
2 RNAI did not alter the deposition of H3K9me3 in proximal gonads. Scale bar represents a
length of 2 um. B. Quantification of signal density for the data presented in (A). 10 samples
were analyzed for each treatment. H3K9me3 signal remained the same when top-2/capg-2
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RNAI| treated samples were compared with those treated with control RNAi.
(TIFF)

S5 Fig. Representative images for bivalent volume measurements. Z-stacks were taken from
living oocytes at the -2 position in animals treated with control, top-2/capg-2, met-2, set-25,
and pie-1 RNAI. Shown here are representative images of a bivalent volume measurement
from each RNAi treatment. See Methods for details on bivalent volume measurement. Scale
bar represents a length of 2 pm.

(TIFF)

S1 Table. Raw data that underlie all graphs presented in this study.
(XLSX)
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