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Department of Biology, Faculty of Medicine, Masaryk University, Kamenice 5, 62500 Brno, Czech Republic

Received June 23, 2022; Revised November 09, 2022; Editorial Decision November 14, 2022; Accepted November 18, 2022

ABSTRACT

Meiotic chromosome segregation relies on pro-
grammed DNA double-strand break induction. These
are in turn repaired by homologous recombina-
tion, generating physical attachments between the
parental chromosomes called crossovers. A sub-
set of breaks yields recombinant outcomes, while
crossover-independent mechanisms repair the ma-
jority of lesions. The balance between different
repair pathways is crucial to ensure genome in-
tegrity. We show that Caenorhabditis elegans BRC-
1/BRCA1-BRD-1/BARD1 and PARG-1/PARG form a
complex in vivo, essential for accurate DNA repair
in the germline. Simultaneous depletion of BRC-1
and PARG-1 causes synthetic lethality due to re-
duced crossover formation and impaired break re-
pair, evidenced by hindered RPA-1 removal and pres-
ence of aberrant chromatin bodies in diakinesis nu-
clei, whose formation depends on spo-11 function.
These factors undergo a similar yet independent
loading in developing oocytes, consistent with op-
erating in different pathways. Abrogation of KU- or
Theta-mediated end joining elicits opposite effects in
brc-1; parg-1 doubles, suggesting a profound impact
in influencing DNA repair pathway choice by BRC-1-
PARG-1. Importantly, lack of PARG-1 catalytic activity
suppresses untimely accumulation of RAD-51 foci in
brc-1 mutants but is only partially required for fertil-
ity. Our data show that BRC-1/BRD-1–PARG-1 joint
function is essential for genome integrity in meiotic
cells by regulating multiple DNA repair pathways.

INTRODUCTION

Genome integrity is constantly challenged by exogenous
sources (e.g. chemicals, radiations), however genotoxic in-
sults can also arise within the cellular environment and af-
fect DNA stability, such as upon oxidative stress or errors

during replication and transcription. Severing of both DNA
strands (double-strand breaks, DSBs) is one of the most
toxic types of DNA damage and if not promptly resolved,
it can result in cell death or chromosome aberrations (dele-
tions, translocations), often linked to cellular transforma-
tion. Importantly, alterations of the genetic material occur-
ring in the germline can give rise to inheritable mutations,
leading to predisposition to cancer and sterility.

During meiosis, DNA replication is followed by two con-
secutive rounds of cell division, producing haploid gametes
that will reconstitute ploidy upon fertilization. Meiotic pro-
gression is characterized by many unique features, all har-
moniously coordinated to ensure equal partitioning of the
genetic material into the daughter cells. The paternal and
maternal chromosomes (homologous chromosomes) un-
dergo active motion at meiosis onset until homology is sat-
isfied (homologous pairing), then their association is stabi-
lized by the synaptonemal complex (SC), in whose context
homologous recombination can take place and ultimately
produce chiasmata (1,2). These are the cytological manifes-
tation of a crossover (CO), whereby a physical exchange of
DNA molecules between the homologs has been achieved.
COs are crucial for the correct segregation of the homolo-
gous chromosomes during the first meiotic division, as they
act as a physical tether that provides the tension required
when the pulling forces exerted by the spindle promote the
migration of each homolog to the opposite poles of the di-
viding cell. Failure in CO establishment results in achias-
matic chromosomes that undergo random segregation in
the daughter cells, thus causing formation of aneuploid ga-
metes.

COs are formed via homologous recombination (HR)
upon the deliberate induction of DSBs triggered by the
topoisomerase-like Spo11 (3), which produces many cuts
onto the DNA in order to ensure that at least one for
each chromosome pair will be converted into a chiasma.
Resolution of the remaining DSBs is channelled into CO-
independent, homology-mediated DNA repair pathways
(non-CO, NCO) thus restoring genome integrity. Meiotic
DSB repair must be strongly regulated in order to preserve
fidelity of the genetic information and therefore it relies on
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conservative DNA repair mechanisms. Error-prone path-
ways such as canonical or alternative end joining are nor-
mally shut down during meiotic progression, however they
can be activated under dysfunctional homologous recombi-
nation (4–7).

The tumour suppressor E3 ubiquitin ligase complex
BRCA1–BARD1 has been shown to play crucial roles dur-
ing HR in mitotic cells and in more recent years its roles
during meiosis have become increasingly more investigated
(8). In Caenorhabditis elegans, BRC-1/BRCA1 and BRD-
1/BARD1 are essential to promote inter-sister repair path-
way of meiotic DSBs, to stabilize the loading of the re-
combinase RAD-51/RecA during meiotic progression and
recent work has highlighted roles in differentially regulat-
ing the recombination rate in oocytes and sperms (8–10).
We have previously shown that the C. elegans ortholog of
mammalian poly(ADP-ribose) glycohydrolase PARG, parg-
1, plays crucial roles in ensuring efficient formation of mei-
otic DSBs as well as promoting their repair via HR dur-
ing meiosis (11). However, the pathway(s) intersected by
PARG-1 function during DSB repair in the germ cells have
remained largely unknown. Here, we show that PARG-1
forms a complex with BRC-1 and BRD-1 in vivo and simul-
taneous depletion of these factors leads to a severe impair-
ment of fertility and weakening of CO homeostasis, most
notably on the X chromosome. SPO-11-dependent DSBs
are formed in brc-1; parg-1 double mutants however their
processing is severely compromised, as indicated by accu-
mulation of RAD-51 foci at late pachytene stage and im-
paired RPA-1 removal. This culminates in the generation
of morphologically aberrant chromosomes in the diakine-
sis nuclei whose formation requires SPO-11 function.

We found that abrogation of canonical or alternative non-
homologous end joining (cNHEJ and aNHEJ, respectively)
causes opposite phenotypes in the brc-1; parg-1 doubles, un-
veiling an essential function for aNHEJ in preserving fer-
tility levels in both brc-1 and brc-1; parg-1 mutants. Fur-
thermore, PARG-1 catalytic activity is responsible for de-
layed RAD-51 loading in brc-1 mutants but only partially
required to prevent synthetic lethality, indicating that load-
ing of PARG-1 along the chromosomes holds more essential
roles in meiotic cells than its enzymatic activity. Our data
show that BRC-1-BRD-1 and PARG-1 establish a func-
tional hub that acts as a switch in DNA repair pathway
choice and therefore their combined function is essential to
maintain genome integrity during gametogenesis.

MATERIALS AND METHODS

Genetics and screenings

C. elegans N2 was used as wild type control. Worms were
grown on NGM plates according to standard procedures
(12) and maintained at 20◦C for all the experiments. A full
list of the strains used in this study is provided as Sup-
plementary Table S1. Viability and male progeny assess-
ment was performed on single worms of the indicated geno-
types, that were transferred onto a fresh plate every 24h.
Dead eggs were scored 24h after the mother had been re-
moved and male progeny was counted three days later.
For assessment of post-embryonic development, the num-
ber of worms in each stage (L1, L2, L3, L4 and adults)

was counted 72h after the mother had been removed and
quantified as percentage over the total number of hatched
eggs.

Immunostaining and image acquisition

Samples were dissected and fixed as in (9) without modifi-
cations, except that incubation of primary antibodies was
carried out overnight at room temperature. Primary anti-
bodies used in cytological analyses were: mouse anti-GFP
1:500 (Roche, #11814460001), mouse anti-HA 1:600 (Biole-
gend, #901513), rabbit anti-HA pre-absorbed against un-
tagged animals 1:100 (Sigma, #H6908), rabbit anti-OLLAS
tag pre-absorbed against untagged animals 1:500 (Gen-
script, #A01658), mouse anti-FLAG pre-absorbed against
untagged animals 1:500 (Sigma, #F1804), rabbit anti-SYP-
1 (11) (1:1000), chicken anti-SYP-1 1:400 (15), rabbit anti-
BRD-1 pre-absorbed against brd-1(dw1) null worms, 1:400
(13), rabbit anti-RAD-51 1:3000 (14), chicken anti-RAD-
51 1:1000 (15), guinea pig anti-HTP-3 1:700 (Y. Kim lab),
rabbit anti-HIM-8 1:500 (Novus Biologicals, # 41980002).
All Alexa Fluor 488 or 647 conjugated secondary antibod-
ies were used at 1:500, while Alexa Fluor conjugated to 594
was used at 1:700 (ThermoFisher).

Slides were imaged with an upright Zeiss AxioIm-
ager.Z2 with a 100x objective, equipped with a Monochro-
matic camera Hamamatsu ORCA Fusion (sCMOS sensor,
2304 × 2304 pixels, 6.5 × 6.5 �m size). Z-stacks were set
at 0.24 �m thickness and images were deconvolved using
Zen Blue with the ‘constrained iteration’ method set at max-
imum strength. Images were further processed in Photo-
shop, where some false colouring was applied (red and green
channels were swapped or the hue was changed for visual
purposes). For images in Figure 3C and Supplementary
Figure S5, samples were acquired with a Delta Vision mi-
croscope with a 100x objective, equipped with an Evolve 512
EMCCD Camera and deconvolved with Softworx.

For quantification of RAD-51 and synapsis, at least three
germ lines of the indicated genotypes were used, which were
divided into seven equal regions from the mitotic tip to the
late pachytene stage. Zone 1 and Zone 2 correspond to the
pre-meiotic region, Zone 3 spans the transition zone, Zone
4 overlaps with early pachytene, Zone 5 includes early-mid
pachytene stage, Zone 6 corresponds to mid-late pachytene
and Zone 7 to late pachytene/diplotene entry. The number
of RAD-51 foci was counted in each nucleus and the aver-
age was plotted in the charts. The nuclei in late pachytene
stage displaying obvious apoptotic features such as chro-
matin over condensation or reduced nucleus diameter (py-
knotic cells) were discarded from the counts.

For SC assessment, nuclei were considered synapsed only
if HTP-3 signal fully overlapped with SYP-1. The number of
the nuclei quantified in each genotype are reported in Sup-
plementary Table S2.

For quantification of OLLAS::RPA-1 foci, nuclei from
diplotene entry to -1 diakinesis were scored and their num-
ber is reported in Supplementary Table S3.

For OLLAS::COSA-1 quantification, only nuclei within
the last seven rows of cells before diplotene entry were
scored and their number is reported in Supplementary Ta-
ble S4.
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For 3xHA::DSB-1 quantification, at least three gonads
for each genotype were used and assessment of DSB-1 stain-
ing was performed by counting the number of positive cell
rows for DSB-1 (a cell row was considered ‘positive’ only
when at least 50% of the nuclei displayed DSB-1 staining)
and then normalized over the total number of cell rows, as
similarly done for pSUN-1S8 or PLK-2 staining (16,17).

Diakinesis chromosome analyses

Worms of the indicated genotypes were selected as L4s and
dissected at the indicated times. Animals were dissected
and fixed as for regular immunostaining protocol. Once the
slides were removed from methanol, they were washed three
times in 1× PBS containing 0.1% Tween and 60 �l of a
2�g/ml solution of 4′,6-diamidino-2-phenylindole (DAPI)
in water was applied to each slide and left for 1 min in
the dark. Samples were washed for 20 min in the dark in
1× PBST and mounted with Vectashield.

For the analysis of the DAPI bodies, only the −1 and −2
diakinesis nuclei were included in the counts. The number of
the nuclei quantified in each genotype are reported in Sup-
plementary Table S4.

Immmunoprecipitation and western blot

Immunoprecipitations were performed by employing nu-
clear protein extracts containing both nuclear soluble and
chromatin-bound fractions produced as in (16) without
modifications, except that Complete protease inhibitor
(Roche) at 1× final concentration was supplemented to
all buffers used for the protein fractionation in addition
to the protease inhibitor solution provided with the pro-
tein extraction kit (Qproteome nuclear protein kit, Qiagen).
Chromatin-bound fraction was produced upon Benzonase
digestion (25 U for 100 �l of nuclear extract) for 1 h at 4◦C.
1 mg of protein extracts was incubated with agarose GFP
traps (Chromotek, #GTA-20) pre-equilibrated with Buffer
D (20 mM HEPES pH 7.9, 150 mM KCl, 20% glycerol,
0.2 mM EDTA, 0.2% Triton X-100 and complete Roche in-
hibitor) and carried out on a rotating wheel over night at
4◦C. 100 �g of protein extracts (10% of the amount used
for the IPs) was run for the inputs. The following day, the
samples were spun down at 7500 rpm for 2 min and super-
natants were discarded. Beads were extensively washed with
Buffer D and then resuspended in 40 �l of 2× Laemmli
buffer before being boiled for 10 min. Eluates were sepa-
rated from the beads by centrifugation at maximum speed
for 2 min and loaded onto a precast 4–20% acrylamide gel
(Bio-Rad), run in Tris-Glycine SDS buffer, and transferred
onto a nitrocellulose membrane at 100 V for 90 min at 4◦C.
Blots were blocked in 5% milk in 1× TBS containing 0.1%
Tween for 1 h at room temperature and primary antibod-
ies were incubated overnight at 4◦C. All secondary anti-
bodies were diluted in 5% milk in 1× TBS containing 0.1%
Tween and allowed to incubate for 2 h at room tempera-
ture. Primary antibodies used for western blot were: mouse
anti-HA 1:1000 (Cell Signaling, #2367), mouse anti-PARG-
1 1:500 (11), chicken anti-GFP 1:5000 (Abcam, #ab13970),
mouse anti-actin 1:1000 (Santa Cruz, #sc-8432), mouse
anti-tubulin 1:2000 (Sigma, #T5168).

Fluorescence In Situ Hybridization

FISH was performed as in (16). Briefly, synchronized young
adults (24 h post-L4) were dissected in 1× EGG buffer
(118 mM NaCl, 48 mM KCl, 2 mM CaCl2, 2 mM MgCl2,
25 mM HEPES, pH 7.3) containing 0.1% tween and fixed
with an equal amount of 7.4% of formaldehyde for 2 min
at room temperature. Coverslips were freeze-cracked in liq-
uid nitrogen and slides were placed in methanol at –20◦C
for at least 5 min. Slides were placed in 50% methanol in
1× SSC for 1 minute at room temperature and then three
washes in 2× SSC with 0.1% tween for 5 min each were
carried out at room temperature. Samples were placed in
70%, 90% and 100% ethanol at room temperature for 3 min
each, after which they were air dried. Probes were applied
in FISH-mix (10% dextran sulphate, 50% formamide, 2×
SSC with 0.1% tween) and hybridization was performed
in a slide thermomixer at 93◦C for 3 min, 72◦C for 2
min and 37◦C overnight. The following day, a 37◦C pre-
warmed solution of 50% formamide in 2× SCC with 0.1%
tween was used to carry two post-hybridization washes of
30 min each at 37◦C and then slides were further washed
in 2× SCC with 0.1% tween three times for 10 min each
at room temperature. Samples were blocked for 30 min
in a solution of 1% BSA in 2× SSC with 0.1% tween at
room temperature and then rhodamine-conjugated anti-
digoxigenin (Roche, #11207750910) or FITC-conjugated
anti-biotin (AbCam, #ab6650) used at a 1:200 and 1:500
dilution respectively, were left to incubate for 3 h at room
temperature in the dark. Slides were washed three times
for 10 min each in 2× SSC with 0.1% tween in the dark
and 60 �l of a 2 �g/ml solution of DAPI was applied
for 2 min. Samples were further washed for 20 min in
2× SSC with 0.1% tween in the dark and then sealed with
Vectashield.

The T17A3 cosmid was used to generate the probe rec-
ognizing the left end of chromosome III. The cosmid clone
was grown in bacteria and purified with the miniprep kit
from Qiagen according to the manufacturer instructions.
The probe annealing to the right end of chromosome V was
produced by amplifying the endogenous 5s rDNA locus by
PCR with primers 5′-TACTTGGATCGGAGACGGCC-
3′ and 5′- CTAACTGGACTCAACGTTGC-3′. Multiple
PCR reactions were pooled and column-purified accord-
ing to manufacturer instructions (Macherey-Nagel). 1 �g of
DNA was labelled by nick-translation with digoxigenin for
chromosome III (Roche, 11745816910) or biotin for chro-
mosome V (Roche 11745824910) according to manufac-
turer instructions and 1.5 �l of each labelled probe was ap-
plied per slide.

CRISPR/Cas9 genome editing

All transgenic lines were generated by CRISPR as in Paix
et al. (18). Briefly, synthetic Ultramers carrying the desired
changes were purchased (IDT) and included in a mix con-
taining tracer RNA and Cas9 protein, the sgRNAs target-
ing the locus of interest and the dpy-10 gene (used as a co-
editing marker). Tubes were incubated at 37◦C for 15 min,
spun down at 14 000 rpm for 2 min and then directly used
for injections. WT worms were microinjected (P0) and F1
L4 animals with a roller phenotype were individually picked
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and then used for PCR analysis to identify the heterozygous
edits. Non-rollers worms from F2 progeny were individu-
ally picked, and PCR were performed to identify the ho-
mozygous animals. All strains generated by CRISPR were
outcrossed to N2 wild type animals at least twice before
use.

RESULTS

PARG-1 interacts with BRC-1 and BRD-1 in vivo

We have recently shown that PARG-1/PARG exerts impor-
tant roles during induction and repair of meiotic DSBs in
C. elegans. PARG-1 removal both exacerbates CO defects in
mutant backgrounds with reduced DSBs and also partially
alleviates chromosome abnormalities observed in diakinesis
nuclei of mutants with impaired HR-mediated repair (11).
These results indicate that PARG-1 can, either directly or
indirectly, not only stimulate DSB formation but also influ-
ence DNA repair pathway choice.

In order to shed light on the repair pathways influenced
by parg-1 function, we decided to investigate its possible
link(s) to other factors known to regulate meiotic DSB
repair. In particular, we sought to assess whether parg-
1 establishes functional interactions with the E3 ubiqui-
tin ligase heterodimer BRC-1-BRD-1 (9,11). BRC-1 and
BRD-1 operate in an obligate heterodimeric complex both
in mammals and nematodes (9,19). We first chose to de-
termine whether there are physical interactions between
these proteins by taking advantage of functionally tagged
lines for these factors that we had previously character-
ized (9,11). Therefore, we constructed the brc-1::HA; parg-
1::GFP and brd-1::HA; parg-1::GFP strains to perform co-
immunoprecipitation experiments.

We observed specific co-immunoprecipitation of both
BRC-1 and BRD-1 with PARG-1::GFP (Figure 1A, Sup-
plementary Figure S1A), indicating that these proteins as-
sociate in vivo. Detection of BRC-1::HA and BRD-1::HA
appeared as multiple bands, which may indicate alterna-
tive isoforms or cleavage and/or partial degradation prod-
ucts generated with this protein extraction/fractionation
method (16).

Given their physical interaction, we next addressed
whether these factors influenced each other´s expression
or whether they were interdependent for loading. Im-
munofluorescence analysis of PARG-1::GFP and BRC-
1::HA/BRD-1::HA (or endogenous BRD-1) showed that
these factors localize similarly during meiotic Prophase I,
gradually switching from a diffuse nuclear localization in
the early stages of meiotic progression to enrichment along
the synapsed chromosomes (9,11) (Figure 1B, Supplemen-
tary Figure S1B-C). Our cytological data indicated that
PARG-1::GFP was normally loaded in brc-1(ddr41) null
mutants (Figure 1C) and conversely, that BRC-1::HA (Fig-
ure 1D) or BRD-1 recruitment (Figure 1E) was not altered
in absence of parg-1. We extended this analysis by perform-
ing Western blot on total worm extracts, which revealed that
the stability of BRC-1::HA and BRD-1::HA is not affected
in the parg-1 mutant and that PARG-1 levels in brc-1 and
brd-1 null mutants were similar to wild type controls (Fig-
ure 1F). Thus, we conclude that while PARG-1 is associated
with BRC-1-BRD-1 in vivo and displays a similar localiza-

tion in developing oocytes, these proteins do not undergo
interdependent chromosome loading.

Contemporaneous removal of parg-1 and brc-1 impairs fertil-
ity levels

Both parg-1 and brc-1 null mutants show nearly normal
hatching rates under physiological growth conditions con-
sistently with prior observation that they are fully profi-
cient in homologous pairing, installation and maintenance
of the synaptonemal complex, and crossover establishment
(9,11,20). Based on their in vivo association, we wondered
whether removal of both brc-1 and parg-1 would elicit syn-
thetic effects during gametogenesis. We generated the brc-
1; parg-1 double mutant strain and observed high levels of
embryonic lethality (Figure 2A) and segregation of male
progeny amongst the survivors (Figure 2B), consistent with
defects in chromosome segregation of autosomes and the
chromosome X, respectively (21). While the global embry-
onic lethality (calculated as the total number of unhatched
eggs/total laid eggs) neared 60%, we noticed that the num-
ber of dead embryos was not distributed evenly during the
laying period, but rather showed a steady increase culminat-
ing in almost complete lethality at the last day of deposition
(day 3, 72h), suggesting detrimental effects of age on fertil-
ity in the brc-1; parg-1 background.

Impairment of different steps during meiotic progression
can result in aberrant chromosome morphology and/or
number in the diakinesis nuclei. Chromosome composition
at this last stage of meiotic prophase I can therefore be used
as a read-out of the events that occurred earlier (22). Absent
or reduced levels of meiotic DSBs leads to the formation of
achiasmatic chromosomes with a regular, ovoid shape (uni-
valents) (23–26). Univalents are similarly formed upon (i)
deficient conversion of the recombination intermediates
into post-recombination products (e.g. msh-4/5 or cosa-
1/CNTD1 mutants) (27–29) or (ii) by lack of/incomplete
synapsis (30,31). On the other hand, dysfunctional DSB re-
pair and deficient end-resection can cause reduced num-
bers of chiasmata which––in most instances––is coupled
with abnormal chromosome morphology, including un-
structured or fragmented DAPI bodies in the diakinesis nu-
clei (7,32–34). Therefore, given the high levels of embryonic
lethality observed in the brc-1; parg-1 double mutants, we
sought to determine if diakinesis nuclei were affected. This
analysis revealed that lack of both brc-1 and parg-1 resulted
in both aberrant chromosome morphologies and changes
in the number of DAPI bodies, with nuclei containing un-
structured chromatin masses, univalent, and/or fragments
as well as seemingly normal bivalents (Figure 2C, D). Con-
sistent with age-dependent worsening of viability in the brc-
1; parg-1 double mutants, we observed that the frequency
of diakinesis nuclei bearing abnormal chromosome figures
was higher in older animals (Supplementary Figure S1D).
Removal of spo-11 suppressed the formation of morpholog-
ically aberrant DAPI-bodies in the diakinesis nuclei of brc-
1; parg-1 doubles (Figure 2C, D) and led to formation of
normally-shaped univalents. This result indicates that mei-
otic DSBs are formed but not properly repaired in the brc-1;
parg-1 double mutants due to either defective DNA repair
or pathways usage or as a consequence of perturbed end
resection.
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Figure 1. PARG-1 and BRC-1/BRD-1 interact in vivo. (A) Immunoprecipitation of PARG-1::GFP in brc-1::HA and brd-1::HA strains reveals physical
interaction. Asterisks indicate the putative main form of the proteins of interest. (B) Mid-pachytene nuclei stained for HA/GFP showing that BRC-1,
BRD-1 and PARG-1 display similar localization along synapsed chromosomes. Scale bar 5 �m. (C) Mid-late pachytene nuclei showing that PARG-1::GFP
loading does not require BRC-1. Scale bar 5 �m. (D) Mid-late pachytene nuclei showing that recruitment of BRC-1::HA and (E) BRD-1 (detected with
an antibody directed against endogenous BRD-1) along the chromosomes is independent of parg-1 function. Scale bar 5 �m. (F) Western blot on total
protein extracts showing that absence of parg-1 does not alter BRC-1 and BRD-1 expression/stability (top), and PARG-1 protein levels are unchanged in
brc-1 and brd-1 mutants (bottom). Tubulin was used as loading control.

PARG-1–BRC-1 joint function regulates the processing of re-
combination intermediates

Given that the analysis of the diakinesis nuclei in brc-1;
parg-1 doubles revealed a highly variable, spo-11-dependent
phenotype, we then wanted to investigate both the forma-
tion and repair dynamics of recombination intermediates
by analysing RAD-51 recruitment to DNA. RAD-51 is the
main recombinase in C. elegans and its loading follows a re-
producible pattern in wild-type animals. Few foci appear at

meiotic entry (leptotene/zygotene), they peak at the early-
mid pachytene transition, and disengage from chromatin at
mid-late pachytene stage, indicating completion of repair
(30,35).

Prior studies showed that brc-1 null mutant
hermaphrodites display roughly normal RAD-51 loading
in early pachytene but accumulate excessive foci in late
pachytene (9,10,20). By contrast, parg-1 mutants have
altered early dynamics of RAD-51 staining compared
to wild type with slower accumulation of RAD-51 foci
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Figure 2. Lack of brc-1-parg-1 causes severe genome instability. (A) Assessment of embryonic lethality in the indicated genotypes. The columns in the
‘total’ data point depict sum of all dead embryos/laid eggs over the three-day deposition window. Bars report mean with SEM. (B) Assessment of male
progeny in the indicated genotype performed as in (A). (C) Quantification of DAPI-bodies and (D) representative images of diakinesis nuclei in the indicated
strains. Bars indicate mean ± SD, asterisks denote statistically significant differences (***P = 0.0003, ****P < 0.0001, nsnon-significant) as calculated by
t test. Scale bar 5 �m. (E) Left: quantification of RAD-51 foci formation in the indicated genotypes. X-axis indicates zone along the gonad (see Methods),
Y-axis shows average number of RAD-51 foci/nucleus. Bars represent mean with ± SEM and asterisks indicate statistically significant differences (Zone
3:**P = 0.0036, ****P < 0.0001, nsnon-significant; Zone 4:**P = 0.007, ****P < 0.0001, nsnon-significant; Zone 5:****P < 0.0001; Zone 6:**P = 0.002,
****P < 0.0001; Zone 7:**P = 0.0059, ****P < 0.0001) as calculated by Kruskal–Wallis test. Right: representative images of nuclei at the indicated stages
and genotypes, stained for RAD-51 and DAPI. Scale bar 5 �m. (F) Nuclei of the indicated genotypes and stages, stained for OLLAS::RPA-1 and DAPI.
Scale bar 5 �m.



Nucleic Acids Research, 2022, Vol. 50, No. 21 12297

Figure 3. BRC-1-PARG-1 promote robust CO establishment. (A) Left: representative images of mid-late pachytene nuclei of the indicated genotypes stained
for OLLAS::COSA-1 and DAPI. Dotted circles in the red-channel panels indicate nuclei on the left. Right: quantification of OLLAS::COSA-1 foci number
in the last seven rows before diplotene entry. Scale bar 5 �m. (B) Left: representative images of mid-late pachytene nuclei stained for HTP-3/SYP-1 in the
indicated genotypes. Arrow heads indicate unsynapsed regions. Right: quantification of SC assembly throughout the gonad in the indicated genotypes. Bars
show mean ± SEM and asterisks indicate statistically significant differences as calculated by the X2 test (***P < 0.0001, **P = 0.0036). Scale bar 5 �m.
(C) Representative images of mid-late pachytene nuclei stained for HTP-3/SYP-1/HIM-8 in the indicated genotypes. Arrow heads indicate unsynapsed
chromosome X. Scale bar 5 �m. (D) Pie charts showing fraction of nuclei with full (blue) or partial (orange) SC. (E) Representative images of late pachytene
nuclei from controls and brc-1; parg-1 double mutants stained for SYP-1, COSA-1 and HIM-8. Scale bar 5�m.
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that peak above wild type levels in early/mid-pachytene
but then dissipate by late pachytene stage as in wild type
worms (11). Immunostaining of RAD-51 in the brc-1;
parg-1 double mutants mostly recapitulated the expression
profile observed in the brc-1 single mutants (Figure 2E).
The notable exception was in the late pachytene stage,
where a further increase in the number of RAD-51 foci was
observed (Figure 2E, zones 6–7).

To be efficiently loaded in meiotic cells, RAD-51 requires
DSB induction (23–26,36,37), presence of single stranded
DNA generated upon DSB resection by the MRN/X com-
plex (7,32), and factors that actively promote its loading
onto the DNA such as BRCA2/BRC-2 (4,6). To assess
whether aberrant RAD-51 loading was caused by pertur-
bations in any of these steps, we analysed localization of
i) DSB-1, required for normal DSB induction, ii) MRE-11
and RAD-50, both belonging to the MRN/X complex and
iii) BRC-2. We employed available tools for the analysis of
MRE-11 (38), while functional RAD-50, DSB-1 and BRC-
2 tagged lines (Supplementary Figure S2A-B) were gener-
ated by CRISPR/Cas9 for this study.

DSB-1, together with DSB-2/-3, has been shown to
be essential for DSB induction presumably by promoting
a chromatin environment competent for break formation
(23,24,39). Perturbed DSB induction or recombination trig-
gers extended expression of DSB-1 until mid-late pachytene,
most likely to prolong the ‘window of opportunity’ underly-
ing DSB proficiency. Cytological analysis showed that nei-
ther brc-1 nor parg-1 are required for initial DSB-1 load-
ing. However, DSB-1 localization persisted until the mid-
pachytene stage in both the brc-1 and parg-1 single mutants,
as well as in the brc-1; parg-1 double mutants (Supplemen-
tary Figure S3A), consistent with a defect in DNA repair
and suggestive of break formation competence (23,24,39).

Detection of BRC-2 was previously performed with an
antibody directed against the endogenous protein, which
showed prominent loading of BRC-2 only upon irradiation
(4). Our functional FLAG::brc-2 line however, indicates that
BRC-2 is also expressed under physiological conditions of
growth at all stages of meiotic prophase I, where it abun-
dantly accumulates in the nucleus (Supplementary Figure
S3B). We detected no gross differences in the loading or lo-
calization of BRC-2 or MRE-11 and RAD-50 (Supplemen-
tary Figure S4A, B), indicating that the defects in the RAD-
51 loading observed in the brc-1; parg-1 double mutants are
likely to originate downstream of both DSB induction and
resection.

Prior to RAD-51 loading, resected ssDNA is coated with
RPA, which binds and stabilizes the DNA filaments before
being replaced with RAD-51 (31–33,40–42). Immunostain-
ing analysis revealed that strikingly, while OLLAS::RPA-1
(43) in brc-1; parg-1 double mutants was loaded until late
pachytene stage as in the controls, it did not disengage from
DNA at pachytene exit as in WT animals but it rather ac-
cumulated in discrete chromatin-associated foci through-
out diplotene and diakinesis stages (Figure 2F). These re-
sults further corroborate that DSBs are formed and resected
in absence of BRC-1 and PARG-1 but their downstream
processing is severely impaired, as presence of chromatin-
associated RPA-1 foci indicates lingering ssDNA that does
not undergo repair.

BRC-1 and PARG-1 cooperate to ensure robust crossover for-
mation

Given the aberrant processing of the recombination inter-
mediates and the increased number of DAPI-bodies in di-
akinesis nuclei, we next addressed whether establishment of
COs was affected in brc-1; parg-1 double mutants by as-
sessing loading of the pro-CO factor COSA-1, which la-
bels the CO designation sites and is essential for their for-
mation (29). In wild type, COSA- 1 marks six foci in late
pachytene nuclei, corresponding to one CO-designation site
per chromosome. By contrast, immunofluorescence anal-
ysis revealed that only ∼60% of the brc-1; parg-1 late
pachytene nuclei displayed the wild-type complement of six
COSA-1 foci. The remainder of the cells had an aberrant
number of foci, with the vast majority showing five COSA-
1 foci, indicative of the lack of a single CO designation site
(Figure 3A).

It has been previously shown that reduced CO numbers
trigger the precocious removal of synapsis along the chro-
mosomes that failed to recombine (44,45). Therefore, we
sought to investigate whether the defective COSA-1 load-
ing was coupled with the untimely removal of the SC in the
brc-1; parg-1 doubles. To this end, we monitored the pat-
tern of SYP-1 and HTP-3 proteins, which localize to the
central elements of the SC and to the chromosome axes,
respectively (31,46). As shown in Figure 3B, establishment
of the SC was slower in brc-1; parg-1 doubles compared
to wild-type and both single mutants. Upon reaching late
pachytene stage (spanning end of zone 6 and overlapping
with zone 7), half of the cells displayed chromatin regions
stained by HTP-3 but not SYP-1, indicating lack of synap-
sis. Further, co-staining of the SC and OLLAS::COSA-1
revealed that nuclei displaying de-synapsis carried reduced
number of CO designation sites (Supplementary Figure S5),
confirming that absence of both BRC-1 and PARG-1 re-
duces crossover efficiency.

Next, we sought to investigate whether the lack of CO
and the consequent untimely removal of the SC were oc-
curring randomly or specifically affecting one chromosome
pair. To this end, we monitored the localization of SYP-1,
as well as of HIM-8, which binds the sub-telomeric region
of the chromosome X (47). If lack of CO was stochastic,
we would expect to find desynapsis of the chromosome X
in roughly 1/6 of the nuclei, since in C. elegans there are six
pairs of homologous chromosomes. Interestingly, we found
that ∼50% of oocytes that displayed premature loss of SYP-
1 were co-labelled with HIM-8 indicating preferential desy-
napsis along the X chromosome (Figure 3C, D). These
chromosomes consistently displayed the expected lack of
COSA-1 loading (Figure 3E). This indicates that the pro-
HR activity exerted by the combined action of BRC-1 and
PARG-1 is particularly important to establish CO designa-
tion sites along the sex chromosomes.

Abrogation of cNHEJ triggers accumulation of RAD-51 in
brc-1; parg-1 mutants and mildly reduces embryonic lethality

During gametogenesis, utilization of potential error-prone
pathways for DSB repair is normally prevented and a
strong homolog-bias ensures faithful chromosome segrega-
tion and maintenance of genome integrity through conser-
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vative, ‘error-free’ DNA repair mechanisms such as HR.
However, when HR is impaired, cells resort to other DNA
repair mechanisms to ensure repair of the damage (4,33,34).
Whether this occurs as an active regulatory process or it is
instead due to a direct constraint imposed by the presence
of factors operating within the HR pathway, is still unclear
(33,48). Unlike HR, canonical non-homologous end joining
(cNHEJ) relies on break-protection and as such, it does not
require end-resection. In worms, it proceeds through DSB
stabilization operated by the KU70-KU80 heterodimer (C.
elegans CKU-70-CKU-80) and Ligase IV-mediated seal-
ing of the breaks (5). Having established that HR is par-
tially compromised in the brc-1; parg-1 double mutants, we
wanted to address whether cNHEJ contributes to genome
instability in this background. To this end, we generated the
brc-1 cku-70; parg-1 triple mutants and analysed RAD-51
staining and diakinesis phenotypes. Previous studies have
shown that illegitimate activation of KU-dependent end-
joining can cause embryonic lethality and hinder the forma-
tion of HR-dependent recombination intermediates during
meiotic prophase, leading to reduced numbers of RAD-51
foci that can be restored (to different extents) by abrogation
of cku-70/80 function (4,6,33). Assessment of viability lev-
els in the brc-1 cku-70; parg-1 triple mutants revealed that
abrogation of cNHEJ results in a mild, although statistically
significant amelioration of embryonic viability (Figure 4A).
Interestingly, we found that removal of cNHEJ from both
the brc-1 and parg-1 single mutants slightly increased em-
bryonic lethality. These results together suggest that while
cNHEJ is beneficial and promotes fertility in the brc-1 and
parg-1 single mutants, it is detrimental when both BRC-1
and PARG-1 are absent (Figure 4A).

Analysis of RAD-51 in the brc-1 cku-70; parg-1 triple mu-
tants revealed a dramatic increase in the number of foci in
late pachytene nuclei (Figure 4B, zone 7), suggesting that
removal of cNHEJ redirects a large amount of breaks into
a RAD-51-mediated repair pathway. Surprisingly, the in-
crease in RAD-51 loading did not appear to be coupled with
a significant improvement of bivalent formation, since anal-
ysis of the diakinesis nuclei in the brc-1 cku-70; parg-1 triple
mutants did not reveal obvious differences compared to the
brc-1; parg-1 doubles (Figure 4C). The fact that aberrant
DAPI bodies are still formed despite engagement of RAD-
51, may suggest the accumulation of intermediates that can-
not be fully processed via HR in the brc-1 cku-70; parg-1
triple mutants or the use of single-strand annealing or break
induced replication, which also utilize RAD-51.

POLQ-1 is essential for viability in absence of brc-1 and
parg-1

Alternative non-homologous end joining (aNHEJ), also
known as TMEJ (Theta-mediated end joining) is indepen-
dent of the Ku complex and instead requires DNA poly-
merase Theta/POLQ (C. elegans POLQ-1) (49). TMEJ op-
erates in presence of microhomology regions and conse-
quently it carries an intrinsic mutagenic potential.

In order to address whether TMEJ plays a role in the brc-
1; parg-1 double mutant strain, we constructed the brc-1
polq-1; parg-1 triple mutant strain and performed a similar
analysis as for the brc-1 cku-70; parg-1 mutants. Removal of

polq-1 in brc-1; parg-1 resulted in near complete embryonic
lethality (>90%, compared to ∼60% in brc-1; parg-1 double
mutants) (Figure 5A). Strikingly, abrogation of polq-1 func-
tions in brc-1 mutants caused synthetic embryonic lethality
with a high variability amongst animals, reaching complete
lethality in 15% of the animals screened (6/40) and suggest-
ing that in absence of BRC-1, polq-1 is important to main-
tain fertility. Removal of polq-1 in parg-1 worms increased
embryonic lethality, albeit to a lesser extent than in brc-1, in-
dicating that POLQ-1 exerts some roles in a parg-1-depleted
background.

Analysis of diakinesis nuclei revealed a significant in-
crease in the number of DAPI bodies in the brc-1 polq-1;
parg-1 triple mutants compared to the brc-1; parg-1 dou-
bles, indicating that loss of POLQ-1 results in increased
chromosome fragmentation and/or formation of univalents
(Figure 5B). However, chromosome morphology was gen-
erally compromised as observed in the brc-1; parg-1 double
mutants, suggesting that formation of these chromatin fig-
ures is not dependent on polq-1 activity.

Surprisingly, we did not find superficial aberrations in
chromosome morphology or number in the brc-1 polq-1
worms despite the high levels of embryonic lethality (Fig-
ure 5B), suggesting there may be cytologically undetectable
chromosome aberrations or impaired chromosome segrega-
tion at later stages.

Loss of POLQ-1 weakens HR-mediated repair in brc-1;
parg-1 double mutants

Given the elevated embryonic lethality and increased num-
ber of diakinesis DAPI bodies in brc-1 polq-1; parg-1 triple
mutants, we sought to monitor establishment and resolu-
tion of the recombination intermediates by analysing RAD-
51 dynamics. This revealed a significant reduction in the
mean number of RAD-51 foci compared to brc-1; parg-1
doubles in early-mid pachytene (zones 4–6), but not in late
pachytene (zone 7). Furthermore, we noticed that while not
having an effect in the parg-1 mutants, removal of polq-1 in
the brc-1 mutants triggered accumulation of high levels of
RAD-51 throughout the gonad (Figure 5C) compared to
brc-1 single mutants (Figure 2C).

We then sought to ascertain whether the impact on RAD-
51 correlated with a defect in CO-designation as measured
by COSA-1 recruitment. Strikingly, the brc-1 polq-1; parg-1
triple mutants displayed dramatically reduced numbers of
COSA-1 foci in comparison to the brc-1; parg-1 and brc-
1 polq-1 double mutants, indicating that POLQ-1 helps to
promote formation of repair intermediates that are profi-
cient in COSA-1 loading when BRC-1 and PARG-1 func-
tions are compromised (Figure 5D). Consistent with the re-
duced CO competence, we found that significant levels of
desynapsis were found in late pachytene (Supplementary
Figure S6). We note that SC assembly in the brc-1 polq-1;
parg-1 mutants occurred much more slowly than in the brc-
1; parg-1 doubles at earlier stages, however it reached com-
parable levels in late pachytene (Supplementary Figure S6).

Given the reduced levels of HR-mediated repair, we won-
dered whether aberrant chromosome figures in the diakine-
sis nuclei resulted from non-homologous chromosome fu-
sions. To address this possibility, we performed FISH anal-
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Figure 4. Abrogation of cNHEJ mildly improves viability in brc-1; parg-1 doubles. (A) Quantification of embryonic lethality in the indicated genotypes.
Bars indicate mean ± SD and asterisks denote statistical significance as calculated by the t test (***P < 0.0001, **P = 0.0068). (B) Top: quantification of
RAD-51 foci number in the indicated genotypes across the gonad. Bars show mean ± SEM and asterisks denote statistical significance as calculated by the
t test (Zone 4: ****P < 0.0001, ***P = 0.0002, *P = 0.03; Zone 5: ****P < 0.0001; Zone 6: *P = 0.02; Zone 7: ****P < 0.0001). Bottom: representative
images of late pachytene regions from gonads of the indicated genotypes, stained for RAD-51 and DAPI. Scale bar 10 �m. (C) Top: quantification of DAPI
bodies in the indicated genotypes. Bars indicate mean ± SD. Bottom: representative images of diakinesis nuclei of the indicated genotypes (nsnon-significant
as calculated by t test). Scale bar 5�m.



Nucleic Acids Research, 2022, Vol. 50, No. 21 12301

Figure 5. Preventing Theta-mediated function results in synthetic lethality in brc-1 and brc-1; parg-1 mutants. (A) Quantification of embryonic lethality in
the indicated genotypes. Bars indicate mean ± SD and asterisks denote statistical significance as calculated by t test (****P < 0.0001, **P = 0.002). (B)
Quantification of DAPI bodies in the indicated genotypes and representative images on the right. Bars show mean ± SD and *P = 0.03 as calculate by t
test. (C) Quantification of RAD-51 foci number in the indicated genotypes. Bars show mean ± SEM and asterisks indicate statistical significance (Zone 3:
***P < 0.0001; Zone 4: **P = 0.003; Zone 5: ***P < 0.0001; Zone 6: ***P < 0.0001, Zone 7: **P = 0.0032, nsnon-significant) as calculated by t test. (D)
Quantification (top) and representative images of late-pachytene nuclei stained for OLLAS::COSA-1 and DAPI (bottom) in the indicated genotypes. Scale
bar 5�m. Bars show mean ± SD and asterisks denote statistical significance as calculated by the t test (****P < 0.0001). (E) Top: schematic representation of
possible outcomes obtained by FISH analysis. Middle: representative images of FISH analyses on diakinesis nuclei in the indicated genotypes. Arrowheads
are color-coded according to the probe that they are indicating. White arrowhead points at non-homologous fusion that does not involve chromosomes
III and V. Two examples are provided for brc-1; parg-1 double mutants and four for the brc-1 polq-1; parg-1 triple mutants. Scale bar 5�m. Bottom: table
reporting frequency of chromosomal aberrancies in the indicated genotypes.
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ysis with specific probes recognizing autosomes III and V
and determined DAPI-body identities in the brc-1; parg-1
double and brc-1 polq-1; parg-1 triple mutants and relevant
controls (Figure 5E). In wild-type, each bivalent is marked
by a single focus (or a very tight doublet) corresponding
to the sequence recognized by the probe. In case univa-
lents or fragments are present, two or more DAPI bodies
will be labelled by each probe, respectively. This technique
will underestimate the rates of chromosome fragmentation
events since one can only interrogate the chromosomal re-
gions from the probe site to the end of the chromosome.
If non-homologous fusions have arisen between the chro-
mosomes recognized by the probes, both signals will be de-
tected within the same chromatin mass. We found that in
brc-1; parg-1 and brc-1 polq1; parg-1, 46.8% and 42.8% of
the diakinesis nuclei contained non-homologous fusions,
respectively (Figure 5E). These results further corroborate
that DSB repair is severely deregulated in absence of these
factors.

Consistent with major defects present in diakinesis
oocytes of brc-1 polq-1; parg-1, we also observed higher
numbers of RPA-1 foci in diplotene and diakinesis nuclei
compared to the brc-1; parg-1 doubles (Figure 6). Impor-
tantly, analysis of brc-1 polq-1 double mutants also revealed
substantial accumulation of RPA-1 foci in diplotene and di-
akinesis nuclei. This supports our genetic data that shows
essential requirements imposed by polq-1 function in safe-
guarding genome stability in a brc-1-compromised back-
ground.

PARG-1 catalytic activity partially safeguards genome in-
tegrity in absence of brc-1 but is not essential for establish-
ment of COs

We have previously shown that PARG-1 loading along
the chromosomes and its catalytic activity in removing
poly(ADP) ribose (PAR) moieties play differential roles
during gametogenesis in worms. Loading of PARG-1 is es-
sential to promote DSB induction and HR-mediated repair,
whereas PARG-1 catalytic activity has an effect in regulat-
ing the protein turn over and is not required for recombina-
tion (11).

Given the synthetic effects found in the brc-1; parg-1 dou-
ble mutants, we sought to investigate whether the lack of
PARG-1 catalytic activity or defects in its loading were the
underlying cause of the observed defects. To this end, we
combined the parg-1 catalytic-dead mutant allele that we
previously generated (11) (called parg-1(CD) hereafter to
distinguish it from the parg-1(gk120) null allele) with brc-1
null mutants and reassessed embryonic viability. We found
that abrogation of PARG-1 catalytic activity in brc-1 mu-
tants caused a 3-fold increase in the embryonic lethality.
However, the percentage of dead embryos was roughly half
compared to brc-1; parg-1(gk120) null worms (Figure 7A),
suggesting that loss of the catalytic activity alone cannot ex-
plain the embryonic lethality.

Given the defects in the establishment of CO-designation
sites and the precocious desynapsis observed in the brc-1;
parg-1(gk120) double mutants (Figure 3), we wanted to as-
sess whether the embryonic lethality in brc-1; parg-1(CD)

could also result from incomplete synapsis and/or reduced
recombination. To this end, we monitored SC dynamics and
crossover designation events in the brc-1; parg-1(CD) dou-
ble mutants. Unlike the brc-1; parg-1(gk120) (Figure 3),
we did not observe desynapsis (Supplementary Figure S7A)
or defects in COSA-1 foci number (Supplementary Figure
S7B, C), indicating that the PARG-1 catalytic activity is dis-
pensable for normal levels of synapsis and recombination
upon lack of BRC-1.

Abrogation of parp-1/2 function triggers dichotomous ef-
fects in brc-1; parg-1(gk120) and brc-1; parg-1(CD) mutant
backgrounds

Given that PARG-1 catalytic activity contributes to
embryonic lethality, we hypothesized that loss of the
poly(ADP)ribose polymerases PARP-1 and PARP-2
(11,50) would suppress the lethality defects. Therefore, we
generated the parp-1; parp-2; brc-1; parg-1(CD) quadruple
mutants. Contrary to our expectation, loss of PARP activ-
ities failed to rescue or attenuate the embryonic lethality
seen in brc-1; parg-1(CD), but strikingly, further reduced
viability (Figure 7A). Removal of parp-1/-2 elicited a
similar synthetic effect in the brc-1; parg-1(gk120). These
results indicate that while accumulation of PAR due to
impaired catalytic activity or parg-1 knockout exerts toxic
effects in brc-1 mutants, its absence confers even more
severe consequences. Interestingly, we observed a dramatic
reduction in the brood-size of brc-1; parg-1(CD) double
mutants, which was not present in the brc-1; parg-1(gk120)
and that was suppressed by contemporaneous removal of
parp-1 and parp-2 (Figure 7B). Moreover, we noticed that
both quadruple mutants displayed a stark growth delay
compared to the other strains (Supplementary Figure S8),
pointing at possible repair defects in the somatic cells as
well (5).

We proceeded to analyse DAPI bodies in diakinesis
nuclei, as well as RAD-51 loading dynamics in the two
quadruple mutants. While embryonic lethality was pro-
portionally enhanced in both parp-1; parp-2; brc-1; parg-
1(CD) and parp-1; parp-2; brc-1; parg-1(gk120) quadru-
ple mutants (Figure 7A), we found a phenotypic di-
chotomy when we monitored RAD-51 loading and chro-
mosome morphology/number. In fact, the parp-1; parp-2;
brc-1; parg-1(CD) worms exhibited increased RAD-51 foci
throughout the gonad compared to the brc-1; parg-1(CD),
suggesting a PAR-dependent effect in reducing RAD-51
loading, and we did not find alterations in the number and
the morphology of the DAPI bodies (Figure 7D–G). On the
other hand, removal of the PARPs from the brc-1; parg-
1(gk120) double mutants reduced and flattened RAD-51
foci number at all stages in comparison to the brc-1; parg-
1(gk120) doubles (Figure 7E–G). This was also coupled
with enhanced frequency of chromosomal aberrations in
the diakinesis nuclei (Figure 7D versus Figure 2C).

Altogether, these results clearly demonstrate that both
PARG-1 catalytic activity and its ‘structural’ roles along the
chromosomes are required at different steps during game-
togenesis and their impairment elicits different outcomes in
combination with other defective branches of meiotic DSB
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Figure 6. Lack of POLQ-1 enhances RPA-1 foci formation in Diplotene and Diakinesis nuclei. Left: quantification of OLLAS::RPA-1 foci in the indi-
cated genotypes. Each circle represents one nucleus. Bars indicate Mean ± SD. Asterisks denote statistical significance as calculated by one-way ANOVA
(****P < 0.0001; **P = 0.0017). Right: representative images of nuclei stained for OLLAS::RPA-1 and counterstained by DAPI in the indicated stages
and genotypes. Scale bar 2 �m.

repair as evidenced by coincident lack of BRC-1. Further
studies will be necessary to clarify how the ambivalent func-
tions of PARG-1 differentially operate in developing ga-
metes and how these intersect BRCAs´ in acting as safe-
keepers of genome integrity in the germ line.

DISCUSSION

ADP-ribosylation is a crucial post-translational modifi-
cation that plays pivotal roles during DNA repair. The
founder ‘writers’ and ‘erasers’, PARP1/2 and PARG respec-
tively, have been extensively studied in mitotic cell culture
models, however their characterization during gametogen-
esis has received significantly less attention, since mice mu-
tants of PARG and double knockouts of PARP1/2 are em-
bryonic lethal (51–55), hindering their study in the germ
line.

Inhibition of poly(ADP)-ribosylation (PARylation) in
cancer cells harbouring mutations in the BRCA1/2 genes
elicits synthetic lethality due to impaired repair of DSBs
arising from the collision of the replication forks with
trapped PARP1-DNA adducts. This synthetic lethality is
currently exploited in cancer therapy (56–59). A similar ap-
proach aimed at targeting PARG has proved to be more
problematic, due to lower specificity and high toxicity of
available chemical inhibitors (59). Therefore, whether im-
pairment of PARG function in BRCAs-mutated cells elicits
the same phenotypes observed for PARPs inhibition, is still
under debate.

PARG holds crucial functions for repair and recombination
in BRCA1/BARD1-mutated backgrounds

We show that abrogating PARG function in null brc-1 mu-
tant worms causes high embryonic lethality due to aberrant
DNA repair and weakened CO establishment in developing
oocytes. Contemporaneous loss of brc-1 and parg-1 results
in the formation of aberrant chromosome structures in the
diakinesis nuclei, indicating that BRC-1 and PARG-1 are
likely to act in distinct pathways during meiotic progression.

Interestingly, we found that fertility is progressively com-
promised with aging in brc-1; parg-1 double mutants, fur-
ther corroborating previous evidence showing a stark de-
cline of gametes quality in mutants with defective meiotic
recombination and dysfunctional DNA repair, which con-
sequently become hypersensitive to the detrimental effects
of aging on genome stability (60–62).

Abrogation of brc-1 function perturbs RAD-51 loading
in the C. elegans gonad, where it accumulates in chromatin-
associated foci at late pachytene stage (10). In contrast,
in parg-1 mutants the number of RAD-51-labeled recom-
bination intermediates rises above WT levels at early-mid
pachytene stages (11). In early pachytene, brc-1 is epistatic
to parg-1 intimating that BRC-1 acts upstream of PARG-
1 in formation/processing of recombination intermediates.
By contrast brc-1 and parg-1 show a synthetic effect - in-
creased RAD-51 accumulation - in late pachytene. The
early, reduced numbers of RAD-51 foci number in brc-
1; parg-1 versus parg-1 mutants is unlikely to originate
from impaired DSB formation or reduced end-resection,
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Figure 7. PARG-1 catalytic activity is partially required to avert genome instability in absence of brc-1. (A) Quantification of embryonic lethality in the
indicated genotypes. Bars show mean ± SD and asterisks indicate statistical significance as calculated by Mann–Whitney test (***P < 0.0001, **P = 0.0002,
nsnon-significant). (B) Quantification of brood-size in the indicated genotypes. Bars report mean ± SD. ****P < 0.0001 as calculated by Mann–Whitney
test. (C) Quantification of male progeny in the indicated genotypes. Bars report mean ± SD. *P = 0.028 as calculated by Mann–Whitney test. (D) Top:
quantification of DAPI-stained bodies in the indicated genotypes. Bars show mean ± SD and asterisks indicate statistical significance as calculated by t test
(****P < 0.0001; nsnon-significant). Bottom: representative images of diakinesis nuclei from the indicated genotypes. Scale bar 3 �m. (E, F) Quantification
of RAD-51 foci number and (G) representative images of late pachytene nuclei in the indicated genotypes. Bars show mean ± SEM and asterisks denote
statistical significance as assessed by the t test (****P < 0.0001, ***P = 0.00033, nsnon-significant). Scale bar 5 �m.
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since we found that loading of the pro-DSB factor DSB-1
and the MRN complex components MRE-11 and RAD-
50 are comparable to wild-type controls. Our data indi-
cate that meiotic DSBs are formed in absence of brc-1
and parg-1 but are not efficiently repaired, as further cor-
roborated by a) normal RPA-1 loading, but impaired re-
moval, and b) the appearance of nonhomologous chromo-
some fusions in diakinesis nuclei which require spo-11 ac-
tivity. While we cannot rule out that impaired RPA-1 re-
moval is caused by hindered exchange with RAD-51 per
se, we think this data rather points to a scenario whereby
some SPO-11-dependent DNA lesions formed in absence
of BRC-1/PARG-1 cannot be processed by HR and con-
sequently are hijacked by multiple illegitimate error-prone
pathways.

It has been postulated that BRC-1 activity promotes non-
crossover-mediated repair and that in its absence, delayed
recombination intermediates may be channelled into alter-
native forms of repair (10). PARG-1 could be involved in
promoting such alternative repair pathway(s), although it
is worth mentioning that a large proportion of nuclei in the
brc-1; parg-1 double mutants display a normal complement
of bivalents in the diakinesis nuclei, as well as proper num-
ber of CO-designation sites, indicating that PARG-1 could
act on a subset of recombination intermediates. Intrigu-
ingly, we find that lack of COs is particularly prominent
on the chromosome X, suggesting that PARG-1 functions
in promoting recombination might be required to different
extents between autosomes and sex chromosomes. This is
consistent with our previous finding that in him-5 mutants,
which are defective in forming COs on the chromosome
X but not on the autosomes, lack of parg-1 weakens IR-
dependent rescue of chiasmata (11).

The X chromosome has unique histone modifications
(63), recombination rates (25,37,64) and DSB proficiency
(65,66) compared to autosomes. Therefore, it may be more
prone to CO defects caused by perturbed DNA repair di-
rectly or perhaps reduced DSB formation.

POLQ as a crucial resource for survival upon BRCA1- and
BRCA1-PARG-deficiencies

Our data unveil a complex, multi-layered control exerted by
BRC-1 and PARG-1 on DNA repair pathway choice that in-
tersects both cNHEJ and TMEJ pathways and whose func-
tional ramifications differently impact HR-mediated repair.
Preventing Ku-mediated cNHEJ induces a dramatic accu-
mulation of RAD-51 foci in late pachytene cells, yet mildly
alleviates embryonic lethality in the brc-1; parg-1 double
mutants. This does not improve chromosome morphology
in the diakinesis nuclei. On the other hand, removal of polq-
1 causes high embryonic lethality in brc-1 mutants and com-
plete embryonic lethality in the brc-1; parg-1, indicating that
in absence of BRC-1, TMEJ is essential to maintain fecun-
dity. Surprisingly, we did not find obvious alterations in the
morphology or number of DAPI bodies in brc-1 polq-1 dou-
ble mutants despite the high level of embryonic lethality.
This could indicate that the outcome of the aberrant repair
taking place in these double mutants may not be detectable
at the level of chromosome morphology in the diakinesis
nuclei, that such defects might be revealed at later stages

of meiotic progression such as in Metaphase I-Anaphase I
(e.g. lagging chromosomes, chromatin bridges), preventing
proper chromosome segregation, or that these genes have
additional and essential roles in embryogenesis. Interest-
ingly, the number of RAD-51 foci was increased across the
germ lines of the brc-1 polq-1 double mutants, suggesting
that removal of POLQ-1 triggers accumulation of recombi-
nation intermediates at all stages of Prophase I.

Previous work has shown that lack of brc-1 triggers
transgenerational accumulation of mutations in a polq-1-
dependent fashion (67), thus the worsening in the viability
levels that we observe when polq-1 is removed from brc-1
mutants seems rather counterintuitive. However, it is possi-
ble that while abrogating polq-1 function in a brc-1-deficient
background suppresses its mutagenic potential, at the same
time it may also affect genome stability by other means.
In fact, the polq-1-dependent impact on genomic fidelity
could arise by other (polq-1-independent) sources, that re-
sult in the activation of TMEJ as an emergency resource
mechanism. Hence, removing POLQ-1 would avert forma-
tion of mutations, but at the same time could also sup-
press an instrumental tool for repairing DNA damage, ul-
timately resulting in reduced viability. This is further cor-
roborated by formation of RPA-1 foci in diplotene and
diakinesis nuclei in the brc-1 polq-1 double mutants, and
even a more dramatic increase was observed in the brc-
1 polq-1; parg-1 triple mutants, suggesting formation of
ssDNA that could not undergo proper DNA repair be-
fore approaching Metaphase I. In addition, a significant
reduction in COSA-1 foci number and precocious desy-
napsis was also found in brc-1 polq-1 doubles, indicating
reduced HR competence. This phenotype was further ex-
acerbated in the brc-1 polq-1; parg-1 triple mutants, sug-
gesting that POLQ-1 is responsible for maintaining resid-
ual levels of viability in absence of brc-1 and parg-1 and to
promote establishment of CO-designation sites. The pres-
ence of chromosome aberrations upon removal of cku-70
or polq-1, irrespective of the effects on RAD-51 loading, in-
dicates that multiple, mutagenic repair pathways can be en-
gaged in the brc-1; parg-1 double mutants, resulting in chro-
mosome abnormalities. This further corroborates previous
work showing that a plethora of repair mechanisms can act
on meiotic breaks within the C. elegans germ line with high
redundancy (48).

There is more to PARPs-PARG than just
synthetizing/degrading PAR

Interestingly, we found that contrary to what we previously
observed in him-5 mutants (11), PARG-1 catalytic activity
plays pivotal roles in promoting RAD-51-labeled recombi-
nation intermediates in late pachytene cells in absence of
brc-1 and this is correlated with increased embryonic lethal-
ity. However, the embryonic lethality in brc-1; parg-1 null
worms is much higher than in brc-1; parg-1(CD). Thus,
we can conclude that while PARG-1 catalytic activity plays
important roles in promoting repair of late recombination
intermediates generated in brc-1 mutant animals, the pro-
tein has additional - likely structural roles - that contribute
to its ability to safeguard genome stability in this back-
ground. This was further emphasized by unperturbed SC
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assembly/disassembly kinetics and normal numbers of CO-
designation sites in the brc-1; parg-1(CD).

Nevertheless, absence of rescue or amelioration of via-
bility levels observed upon removal of PAR polymerases
PARP-1/2 in the brc-1; parg-1(CD) unveiled an unfore-
seen and much more complex functional crosstalk between
the PAR-synthesis and PAR-catabolism pathways than an-
ticipated. Loss of parp-1 and parp-2 in both brc-1; parg-
1(CD) and brc-1; parg-1 nulls proportionally enhanced em-
bryonic lethality suggesting crucial, PAR-independent but
PARPs-dependent roles, for maintaining residual fertility
levels. However, in the two quadruple mutants, the estab-
lishment and resolution of RAD-51-labelled recombination
intermediates displayed inverse dynamics and aberrant di-
akinesis figures were only observed in the parp-1; parp-2;
brc-1; parg-1 nulls. These results may suggest that the pres-
ence of catalytically inactive PARG-1 along the chromo-
somes (11) limits or prevents RAD-51 loading in a brc-1-
compromised background due to either accumulation of
PAR or via PAR-independent functions of PARP-1 and
PARP-2. The fact that removal of PARPs from the brc-
1; parg-1(CD) also significantly improves brood-size may
originate from a possible modulation of germ line apopto-
sis, which has been shown to affect fertility by culling defec-
tive oocytes (68), or perhaps may arise from functional de-
fects during spermatogenesis, since the number of fertilized
eggs laid by hermaphrodite animals relies on the number of
the sperm produced (69).

The extensive presence of diakinesis nuclei displaying
chromosome abnormalities in the parp-1; parp-2; brc-1;
parg-1(gk120) but not in the parp-1; parp-2; brc-1; parg-
1(CD) could indicate that although not being able to de-
grade PAR chains, PARG-1CD loading along the chromo-
somes may still be able to sustain the signalling necessary
to complete repair in brc-1 mutants, highlighting the PAR-
independent roles that PARG plays during gametogene-
sis. It has been previously shown in mammalian cell cul-
tures models that targeting of PARGWT to damage sites
generated by laser microirradiation can be independent of
PARP1 or PARP2, and is only partially affected by PARP
inhibition (70). Further, catalytically inactive PARG was
shown to undergo faster recruitment kinetics than wild-type
PARG, but its localization was severely affected by PARP
inhibitors and to a lesser extent by PARP1 knock-out (70).
These data from ex vivo models, combined with our analy-
ses in vivo, clearly indicate that the functional links between
PARPs and PARG are wider and more complex than an-
ticipated and cannot be framed by just antagonistic roles
established through PAR-synthesis and PAR-removal. The
functions exerted by PARG in vivo during gametogenesis
have not been investigated and therefore our work has only
started to unveil the multifaceted aspects of PARG during
meiosis.

In conclusion, our data demonstrate that as observed
upon PARPs inhibition in mitotic cells, blocking PARG-1
functions in brc-1 mutated animals confers synthetic effects.
Our work shows that abrogation of PARP-1 and PARP-2
function however, has less dramatic repercussions on brc-
1 mutants than lack of PARG-1, since the parp-1; parp-2;
brc-1 triple mutants are more fertile than the brc-1; parg-1
doubles. This could be due to the fact that PARPs inhibi-

tion and PARPs knockout are likely to elicit very different
responses, since in the former instance the proteins remain
trapped on the chromatin, whereas in the latter case they are
not present in the cells. In fact, this aligns with the findings
in human mitotic cells whereby knock down of PARP1/2
in BRCA−/− cells does not elicit the same extent of lethality
as upon PARP1 inhibition, indicating that the mechanisms
underlying these responses are very likely to be different.
We have uncovered an intricate and complex activity medi-
ated by BRC-1 and PARG-1 in regulating DNA repair path-
way choice during gametogenesis, with functional ramifica-
tions to both HR, as well as NCO-dependent repair, placing
these two important factors at a crossroad between multiple
routes.
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