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ABSTRACT DNA damage by ultraviolet (UV) light poses a risk for mutagenesis and a potential hindrance for cell cycle progression. Cells cope
with UV-induced DNA damage through two general strategies to repair the damaged nucleotides and to promote cell cycle progression in the
presence of UV-damaged DNA. Defining the genetic pathways and understanding how they function together to enable effective tolerance to
UV remains an important area of research. The structural maintenance of chromosomes (SMC) proteins form distinct complexes that maintain
genome stability during chromosome segregation, homologous recombination, and DNA replication. Using a forward genetic screen, we
identified two alleles of smc-5 that exacerbate UV sensitivity in Caenorhabditis elegans. Germ cells of smc-5-defective animals show reduced
proliferation, sensitivity to perturbed replication, chromatin bridge formation, and accumulation of RAD-51 foci that indicate the activation of
homologous recombination at DNA double-strand breaks. Mutations in the translesion synthesis polymerase polh-1 act synergistically with
smc-5 mutations in provoking genome instability after UV-induced DNA damage. In contrast, the DNA damage accumulation and sensitivity of
smc-5 mutant strains to replication impediments are suppressed by mutations in the C. elegans BRCA1/BARD1 homologs, brc-7 and brd-1. We
propose that SMC-5/6 promotes replication fork stability and facilitates recombination-dependent repair when the BRC-1/BRD-1 complex
initiates homologous recombination at stalled replication forks. Our data suggest that BRC-1/BRD-1 can both promote and antagonize genome
stability depending on whether homologous recombination is initiated during DNA double-strand break repair or during replication stalling.

HE nuclear genome is constantly exposed to a variety of

genotoxic insults. It has been estimated that tens of thou-
sands damaging events attack the DNA of each cell on a daily
basis (De Bont and Van Larebeke 2004). Genome stability is
maintained by numerous specialized DNA repair systems that
recognize and remove specific types of alterations in the DNA.
During replication, obstructive DNA lesions, like those caused
by ultraviolet (UV) irradiation, can lead to replication stalling
and eventually to fork collapse (Lehmann 2011). Improper
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resolution of blocked replication forks can result in segregation
errors during subsequent cell division, leading to chromosomal
aberrations. Such genome instability comprises a hallmark of
cancer development (Jackson and Bartek 2009). While the
functions of DNA repair pathways have been investigated over
several decades, it remains challenging to understand the
complex interactions between functionally overlapping repair
pathways at sites of replication fork collapse.

To overcome the replicative impasse that is posed by DNA
lesions, cells can employ two general strategies: either halt
cell cycle progression to allow time for repair or read-through
and bypass the damaged template. The nucleotide excision
repair (NER) pathway removes UV-induced cyclobutane py-
rimidine dimers (CPDs) or 6-4 photoproducts upon detection
through two distinct damage recognition pathways (Cleaver
et al. 2009). The global genome (GG-) NER pathway is im-
portant in surveying the entire genome for UV lesions and in
removing them before they block replication fork progression,
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whereas transcription-coupled (TC-) NER recognizes lesions
when RNA polymerase II stalls during transcription elonga-
tion. In contrast to the removal and repair of the DNA lesions,
cells may be capable of continuing DNA replication in spite of
the presence of DNA lesions either by switching to error-
prone translesion synthesis (TLS) polymerases or by employ-
ing homologous recombination (HR). DNA polymerase m
(POLH) is particularly important for reading through UV-
induced lesions when the replication fork stalls (Sale et al.
2012). Homologous recombination (HR) plays an important
role in resolving collapsed replication forks that require re-
combination repair for restart (Petermann and Helleday
2010). HR is promoted by several proteins, including
BRCA1, which forms a heterodimeric complex with BARD1
(Silver and Livingston 2012) and has recently been impli-
cated in promoting recombination repair at collapsed rep-
lication forks (Pathania et al. 2011). Mutations in BRCA1
are associated with increased susceptibility to breast and
ovarian cancers (Silver and Livingston 2012). In C. elegans
the BRC-1/BRD-1 complex functions during repair of mei-
otic or ionizing radiation (IR)-induced double-strand
breaks (DSBs) (Boulton et al. 2004; Adamo et al. 2008).
How these distinct response pathways are coordinated to
recover perturbed replication forks at DNA lesions remains
incompletely understood.

The structural maintenance of chromosomes (SMC) com-
plexes maintain genome stability through various mecha-
nisms. The six subtypes of eukaryotic SMC proteins form three
unique heterodimers that associate with specific sets of non-
SMC subunits (reviewed in Nasmyth and Haering 2005 and
Hirano 2006). The SMC-1/3 “cohesin” complex establishes
cohesion between sister chromatids, while the SMC-2/4 “con-
densin” complex mediates chromosome condensation and
resolution. Cohesin and condensin also function in DNA re-
pair (Wu and Yu 2012). Cohesin is recruited to sites of DNA
DSBs to facilitate HR through sister-chromatid cohesion and
to elicit an efficient DNA damage checkpoint response (Kim
et al. 2002; Strom et al. 2004; Unal et al. 2004). Condensin is
implicated in repair of single- and double-strand breaks and in
ribosomal DNA stability (Aono et al. 2002; Heale et al. 2006;
Tsang et al. 2007; Wood et al. 2008). The function of the
SMC-5/6 complex is less well characterized. The first smc6
mutations were identified in Schizosaccharomyces pombe
where they confer hypersensitivity to UV and IR (Lehmann
et al. 1995). smc6 is genetically epistatic with S. pombe rad51,
rhp51, indicating a function in HR (Lehmann et al. 1995).
Subsequent studies indeed implicated Smc5/6 in the resolu-
tion of HR structures (Ampatzidou et al. 2006; Branzei et al.
2006; De Piccoli et al. 2006; Sollier et al. 2009). Moreovet,
yeast Smc5/6 is important for restarting collapsed replication
forks, likely by resolving recombination intermediates when
HR complexes initiate template switches amid obstructing
DNA damage (Ampatzidou et al. 2006; Santa Maria et al.
2007). Consistent with a conserved function during HR,
C. elegans SMC-5/6 promotes recombination repair during
meiosis (Bickel et al. 2010).
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In C. elegans, mutations in NER genes and polh-1 confer UV
hypersensitivity at distinct developmental stages. In adult
worms, only the germline contains actively proliferating cells
while somatic tissues are postmitotic. In response to UV irra-
diation, germ cells in mitosis transiently halt the cell cycle,
while germ cells in pachytene (prophase I) of meiosis undergo
apoptosis (Stergiou et al. 2007). In the germline and early
embryos, GG-NER is particularly important for UV resistance.
In contrast, TC-NER is most important for UV resistance dur-
ing early larval stages. Complete inactivation of NER confers
strongly elevated UV sensitivity in all cell types (Lans et al
2010). The TLS polymerase POLH-1 is important for UV re-
sistance during the rapid cell divisions that take place during
early embryonic development (Holway et al. 2006; Roerink
et al. 2012).

Here, we have employed the metazoan C. elegans as
a model system to investigate how the various DNA repair
systems interact to ensure genome stability in proliferating
germ cells. Using forward genetics, we isolated two alleles of
smc-5 that confer UV sensitivity in the germline. Similarly to
S. pombe (Lehmann et al. 1995), C. elegans smc-5 functions
in parallel to NER to maintain genome stability in the pres-
ence of UV lesions. Consistent with facilitating replication
fork restart, smc-5 mutants exhibit synthetic lethality with
a mutation in the DNA primase div-1 that functions in DNA
replication. Inactivation of polh-I-mediated TLS in smc-5
mutants synergistically enhanced UV sensitivity. Mutations
in smc-5 lead to accumulation of RAD-51 foci and enhanced
chromosomal BRD-1 recruitment. Inactivation of the BRC-1/
BRD-1 complex suppressed accumulation of RAD-51 foci
and chromosome bridge formation as well as the DNA
damage sensitivity in smc-5 mutants. Our results support
a model in which the BRC-1/BRD-1 complex initiates the
recruitment of HR factors to stalled replication forks,
where their presence is toxic when the SMC-5/6 complex
is dysfunctional.

Materials and Methods
Worm strains

Worms were maintained at 20° on nematode growth me-
dium (NGM) agar plates with Escherichia coli strain OP50 as
food source according to standard protocols (Brenner
1974). All experiments were performed at 20°. Strains used
are listed in Supporting Information, Table S1. Given that
loss of the SMC-5/6 complex leads to transgenerational ste-
rility in C. elegans (Bickel et al. 2010), all strains used in this
study were stabilized by maintaining them in a heterozygous
state using a GFP-marked variant of the genetic balancer
miInl (II) (Edgley and Riddle 2001).

EMS mutagenesis

Synchronized L1 wild-type worms were plated on NGM
plates seeded with E. coli OP50, grown until L4, and treated
with 30 uM EMS in M9 buffer for 4 hr at room temperature.
Residual EMS was neutralized with 1 M NaOH and removed
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by two washes with 4 ml M9 buffer, and the worms were
then plated on OP50-seeded NGM plates.

CPD repair assay using Slotblot

Day 1 adult worms were treated with 60 mJ/cm? ultraviolet B
and either processed directly or maintained at 20° for 24 hr to
allow time for repair. After washing with ice-cold M9 buffer
samples were quick-frozen in liquid nitrogen. Genomic DNA
was prepped using Gentra Puregene Tissue Kit (Qiagen).
Three milliliters of cell lysis solution and 15 .l of Proteinase
K were added, and the mix was incubated for 3 hr at 55°.
Samples were allowed to cool down to room temperature
before adding 15 pl of RNAse A solution and 30 min of in-
cubation at 37°. Samples were cooled for 3 min on ice and 1
ml of protein precipitation solution was added. After vortex-
ing for 20 sec and centrifugation for 10 min at 2000 X g,
supernatant was transferred to a new tube. For DNA precip-
itation, 3 ml of isopropanol was added and tubes were gently
inverted 50 times. Then samples were centrifuged for 3 min
at 2000 X g, and the pellet was allowed to air dry for 10 min
at room temperature. Genomic DNA was dissolved in DNA
rehydration buffer and concentration measured using a Nano-
drop 8000. A 1:2 dilution series starting with 1 pg was pre-
pared, and dilutions were denatured for 5 min at 95°, put
directly on ice, and blotted onto an Hybond nylon membrane
(Amersham) using a Whatman 96-well slot blotting device at
300 mbar vacuum. Cross-linking of the DNA was carried out
for 2 hr at 80°. The membrane was blocked for 30 min in 3%
milk/PBS. Anti-cyclobutane pyrimidine dimers (clone TDM-2,
Cosmo Bio) were diluted 1:15,000 in PBS containing 0.1%
Tween20 (PBST). The membrane was incubated in antibody
solution overnight at 4°, washed 3X in PBST, and incubated
1 hr with 1:10,000 secondary antibody solution peroxidase-
conjugated AffiniPure Goat Anti-Mouse 1gG + IgM (H+L)
(JacksonImmuno Research) in PBST at room temperature
and washed 3X in PBST. DNA lesions were visualized by
ECL plus Western blotting reagent (Amersham) and exposing
CL-Xposure Film (Thermo Scientific).

Immunofluorescence

Extruded germlines and whole larvae were fixed on poly-
lysine-coated slides using 1.5-3.7% paraformaldehyde. After
5 min of incubation at room temperature, the worms were
freeze-cracked and then incubated in a 1:1 mixture of meth-
anol and acetone or solely methanol at —20°. Some of the
adult germline samples were permeabilized by washing in
PBS 1% TritonX100, followed by washing with PBS 0.1%
Tween20 (washing buffer). To saturate unspecific binding
sites, the slides were incubated with washing buffer contain-
ing 10% donkey serum (blocking buffer) or 0.5% BSA for
30 min at room temperature. Primary antibodies were diluted
in blocking buffer and incubated on slides in a humid cham-
ber at 4° overnight. After washing, secondary antibodies were
diluted in blocking buffer and allowed to bind at room tem-
perature for 2 hr in the dark. Excess antibody was removed by
washing, and slides were mounted using DAPI Fouromount-G

(SouthernBiotech). Primary antibodies were diluted with the
following: rabbit anti-RAD-51 antibody (SDIX) 1:300; rabbit
anti-BRD-1 (kindly provided by Simon Boulton) (Boulton
et al. 2004) 1:400; and rabbit anti-phospho-Chk1 (Ser345)
antibody (Cell Signaling Technology) 1:50. Blocking was not
applied for SMC-6 immunostaining. Secondary antibodies
Alexa Fluor 594 Goat Anti-Rabbit and Alexa Fluor 488 Goat
Anti-Rabbit IgG (Invitrogen) were used at 1:300 to 1:500
dilutions for detection of the respective primary antibodies.

Germline development assay

Day 1 adults were bleached and eggs were hatched overnight
at 20° shaking. In case of balanced mutants, homozygous F;
from heterozygous mothers were used for synchronization by
bleaching. L1 larvae were transferred to OP50-seeded NGM
plates and treated with the indicated dose of radiation. Three
days after treatment the number of worms with normal germ-
line, malformed germline, or no germline was documented
using the Leica M 165 C stereomicroscope. Micrographs of
germline development were taken using the Axio Imager Al
(Carl Zeiss).

Quantification of germ cells in the proliferative zone

The proliferative zone starts at the distal tip of the gonad arm
and continues until the appearance of nuclei with crescent-
shape DNA morphology, characteristic of leptotene/zygotene
(transition zone) germ cells as defined previously (Crittenden
et al. 2006).

Hydroxyurea treatment

Worms were synchronized at early L1 development by
hatching eggs in the absence of a bacterial food source. The
starved L1 larvae were transferred to NGM plates seeded with
OP50 bacteria to resume development. For hydroxyurea
(HU) treatment, L1 larvae were transferred to NGM plates
containing the indicated concentration of HU. After growth
for 46-48 hr, the late-14 stage larvae were harvested for
analyses. Experiments using different lots of HU show vari-
ability in the severity of the HU-induced chromatin bridge
defect in the smc-5(0k2421) mutant, ranging from 60 to
>90% frequency for this defect.

5-Ethylnyl-2'-deoxyuridine labeling

L4 larvae (46-48 hr post-L1) were fed on 5-ethylnyl-2'-
deoxyuridine (EdU)-labeled bacteria for the indicated time
periods and then dissected to extrude the germline for fixation.
EdU detection was performed using Click-IT EQU Alexa Fluor-
555 labeling kit (Invitrogen) as described earlier (Dorsett et al.
2009). Fixed and DAPI-stained samples were incubated with
two rounds of freshly prepared Click-IT cocktail for 30 min
each. Germ cells at the distal-most 50 wm of the proliferative
region were examined for the presence of EAU labeling, de-
fined as nuclear Alexa 555 fluorescence. As negative controls,
we performed the conjunction reaction on male and her-
maphrodite worms that did not receive EdU, and we also
dissected males lacking EAU with adult hermaphrodites that
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were fed EQU on the same slide. The latter internal control
ensured specificity of EQU detection to germ cells exposed to
EdU. Images shown in Figure 3C were deconvolved with
Huygens Essential (SVI).

Western blotting

For each genotype, 150 adult worms were collected and
boiled for 5 min in 1X SDS buffer supplemented with 3.8 M
urea, frozen and thawed once, and boiled again with 2%
B-mercaptoethanol immediately prior to SDS-PAGE. SMC-5
and AMA-1 (RNA polymerase II) were detected by rabbit
anti-SMC-5 antibodies (Bickel et al. 2010) at 1:500 dilution
and rabbit anti-phosphorylated CTD (RNA polymerase II)
antibodies (Abcam ab5131) at 1:1000 dilution, respectively.

Statistical analysis

To valuate statistical differences, tests were applied as men-
tioned in the figure legends, and, for germline development
assays, x2 and two-tailed Fisher’s exact tests were utilized to
determine P-values (Table S2). For execution of Fisher’s exact
test, categories of normal and disrupted germline were
summed up and compared to the group of worms without
germline.

Results

smc-5 is required for resistance to UV-induced DNA
lesions in the C. elegans germline

We performed a forward mutagenesis screen to identify genes
involved in the response to UV-induced DNA damage. We
mutagenized C. elegans with EMS and recovered mutant worms
that are hypersensitive to UVB irradiation (Figure 1A). We UV-
treated populations of L1 larvae and followed their develop-
mental growth. Worms can be readily synchronized at the L1
stage, which is the earliest of four larval stages preceding
adulthood. We identified one mutant that exhibited a com-
plete L1 arrest after treatment with low doses of UV contain-
ing a novel allele of the NER endonuclease xpg-1, thus
providing a proof of principle that our screening strategy
was effective at discovering mutations in DNA repair genes
(data not shown). We also isolated two mutant strains that
displayed hypersensitivity to UV treatment specifically in the
germline, reminiscent of the UV-sensitivity phenotypes of GG-
NER xpc-1 and rad-23 mutants (Figure 2, B and C) (Lans et al.
2010). Noncomplementation analysis for UV hypersensitivity
indicated that the mutations are allelic. Subsequent SNP map-
ping and whole-genome sequencing revealed two different
mutations in smc-5 (Figure 1B). The sbj2 allele has a missense
mutation in the ABC transporter signature motif of smc-5
(Figure S1A). Previous studies in yeast indicate that the
ATPase activity of the Smc5/6 complex is essential for its
function (Verkade et al 1999; Fousteri and Lehmann
2000). The sbj2 allele does not reduce SMC-5 protein or
messenger RNA (mRNA) level (Figure 1C and Figure S1B).
The sbj3 allele introduces a premature stop codon and dis-
rupts the expression of the full-length protein (Figure 1, B
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and C). Similar to sbj2 and sbj3, we found that the smc-5
(0k2421) and smc-6(0k3294) mutations also confer UV hy-
persensitivity (Figure 1D). Noncomplementation test for UV
hypersensitivity found sbj2 and sbj3 to be allelic to the smc-5
(0k2421) deletion mutant (data not shown). These results
further corroborate the causal role of the smc-5 mutation in
the UV hypersensitivity.

The requirement of the SMC-5/6 complex during devel-
opment has not been closely examined. Immunostaining for
SMC-6 revealed tissue-specific enrichment in the germ-cell
lineage with high levels of staining detected in the primor-
dial germ cells in embryos (Figure 1E) and proliferating
germ cells in larvae (Figure 1F), which are disrupted in
the smc-5(0k2421) and the smc-6(0k3294) deletion mutant
embryos (Figure 1E). Low levels of immunostaining are also
detected in somatic blastomeres of young embryos with 100
cells or less (data not shown), which suggests that SMC-6
expression is ubiquitous but enriched in the germline, similar
to the mRNA expression of human SMC5 and SMC6 that is
ubiquitous but highly enriched in the testis (Taylor et al
2001).

SMC-5 confers tolerance to UV damage in parallel to
NER-mediated repair of CPD lesions

Given the similarity of UV-induced defects in smc-5 mutants
compared to GG-NER mutants, we tested whether SMC-5 is
needed for the repair of UV-induced DNA lesions. The smc-5
(0k2421) mutants showed equivalent capacity to remove CPD
lesions compared to wild-type, while xpc-1 mutants that are
defective in GG-NER failed to remove CPDs after UV irradia-
tion (Figure 2A). This suggests that SMC-5 does not mediate
DNA damage tolerance through direct repair of DNA lesions.
To further test this prediction, we examined the genetic inter-
actions between the smc-5(0k2421) deletion mutant and loss-
of-function mutations in the GG and the TC branches of the
NER pathway. If SMC-5 functions in parallel to NER to pro-
mote tolerance to UV damage, then the combination of the
smc-5(0k2421) null mutant with null mutations in the NER
pathway should enhance the UV-damage sensitivity. In
agreement with this prediction, the smc-5(0k2421);xpc-1
(tm3886) double mutant exhibited greater disruption in
germline development from UV damage compared to the
single mutants of smc-5(0k2421) and xpc-1(tm3886); this
is especially apparent for the 30 mJ/cm? dose at which the
fraction of worms lacking a germline increases from <25%
in the single mutants to nearly 100% in the double mutant
(Figure 2B). Combining the smc-5(0k2421) mutation with
the GG-NER xpc-1 mutant or the TC-NER csb-1 mutant also
enhances UV-induced delay in somatic development com-
pared to the single mutants (Figure 2C), indicating that
SMC-5 functions in parallel to both branches of the NER
pathway in the soma. It should be noted that the smc-5
(0k2421) mutant showed higher UV sensitivity in the
germline than in the soma, with 100% of animals exhibit-
ing germline defects (Figure 2B) compared to only ~30%
of animals with somatic developmental delay (Figure 2C)
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Figure 1 Screening for UV-sensitive mutants identified two novel alleles of smc-5. (A) Worms were mutagenized with EMS and F, generation synchronized by
bleaching. After egg laying for 2-3 hr, F, adults were backed up in 96-well plate liquid culture. Fs larvae were irradiated with 60 mJ/cm? UVB and screened for
impaired development and reproduction 48 hr post-irradiation. Phenotype was confirmed by using the worms from the 96-well backup plate. (B) Scheme of smc-
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missense mutation changing glycine to arginine, and sby3 is a cytosine-to-thymine mutation transforming glutamine into a stop codon. (C) Western blot indicating
protein levels in wild-type and smc-5 mutants. RNA Pol Il was used as loading control. (D) Quantification from a representative experiment examining germline
development of worms 3 days after mock or UVB irradiation at the L1 stage. Worms were grouped into categories of “normal,” “disrupted,” and “no germline.”
“n" indicates number of animals assessed. Representative DIC micrographs from each of the three categories show the middle one-third of smc-5(0k2421) adult
worms with the germline and uterus outlined. Bar, 20 wm. (E and F) Immunofluorescence of SMC-6 and DAPI staining of DNA. Bar, 5 wm. (E) Staining of
embryos post 100-cell stage. P-granule immunofluorescence marks primordial germ cells Z2 and Z3 (arrows). (F) Proliferating germ cells from a L2/L3 larva with
costaining of SMC-6 and P-granules as a marker for germ cells. All micrographs were processed by deconvolution as described in Materials and Methods.

SMC-5/6 Alleviates Replication Stress 989



A time post UV
[h] 100‘;= 93 87 91 69 106 71 120 107 83 148 110 59
¥ - T 2 7 ] M1
¥ s Ty
wi . 80% -
241 " Ono germline
60% -
sme-5 0 -  me - Edisrupted
(0k2421) : 40% germline
24 « o . Enormal
; | 20% A germline
xpc-1 0 - - ‘ f - 0% -
tm3886, ’ ‘
( )24 - - - 30|60 0 30‘60 mJiem?
1ug 0.5ug 0.25ug wt sme-5 xpc-1 sme-5;
(0k2421) (tm3886) xpc-1
Cc Developmental staging
n= 41 46 45 64 69 50 31 43 38 48 42 39 41 45 36 51 38 50 53 54 48
100% 1 [] - [ E m - ] . i . i [=] I
80% - @L1/L2
. -
60% - mL3
oL4
40% -
Byoung adult
20% A
Dadult
0%
0 ’30|60| 0 |30| 60| 0 ‘30 60| 0 |30 60‘ 0 ‘30 60| 0130 60| 0 |30(60 mJd/cm?
ik csh-1 xpc-1 xpc-1; smec-5 sme-5; smc-5;
(0k2335) (tm3886) csb-1 (ok2421) csh-1 xpc-1

Figure 2 smc-5 acts in parallel to NER in genome maintenance upon UV irradiation. (A) Slot blot stained with aCPD antibody of whole genomic DNA of
young adult worms immediately (0 hr) or 1 day after (24 hr) irradiation with 60 mJ/cm?2 UVB. From left to right, decreasing amounts of DNA were blotted
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hr after UVB irradiation at L1 larval stage of the indicated genotypes. “n” indicates number of animals assessed. A representative experiment is shown.

after a 60 mJ/cm? UV treatment. Together, these findings
indicate that SMC-5 is required for an additional DNA
damage tolerance mechanism other than NER-mediated
DNA repair.

smc-5/6 mutants are sensitive to replicative stress

The smc-5 and smc-6 mutant strains exhibit several defects
suggestive of impaired DNA replication. The three smc-5 mu-
tant strains and the smc-6(0k3294) strain all exhibited ectopic
RAD-51 foci in the mitotic germline in adults (Figure 3A)
(Bickel et al. 2010) and in L4 larvae (Figure S2). RAD-51 foci
in germ cells can form following replication stress (Ward et al.
2007) and following the creation of meiotic DSBs (Alpi et al.
2003). Unlike meiotic RAD-51 foci, the RAD-51 foci in the
mitotic germline of smc-5(0k2421) mutants do not require
SPO-11, a nuclease involved in DSB formation as evidenced
by RAD-51 staining in the smc-5(0k2421);spo-11(ok79) double
mutant (Figure S2B). The mitotic germline of smc-5(0k2421)
and smc-6(0k3294) mutants also had chromatin bridges be-
tween germ cells (Figure S3A), which were specifically en-
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hanced in the smc-5(0k2421) and smc-6(0k3294) mutants
compared to wild-type by prolonged exposure to 5 mM HU,
which causes replication stress during larval development (Fig-
ure S3B). Likewise, germline development of smc-5 mutant
animals is impaired when worms are grown on plates contain-
ing HU (Figure 5B). Moreover, pronounced chromatin bridges
were also observed in the intestine (Figure S3C).

Given the technical challenge of directly examining DNA
replication in an intact germline, we applied genetic assays to
indirectly assess replication-associated phenotypes. Studies in
budding and fission yeast have implicated the yeast Smc5/6
complexes in promoting the progression of replication forks
via various mechanisms such as maintenance of stably stalled
replication forks, altering DNA topology conducive to proc-
essivity of the replication fork, and restart of collapsed forks
(Branzei et al. 2006; Irmisch et al. 2009; Kegel et al. 2011).
We examined genetic interactions between smc-5 and div-1,
which encodes the B-subunit of DNA polymerase a-primase
(Encalada et al. 2000). Disruption in DIV-1 primase activity is
expected to impede the progression of DNA replication forks.
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Figure 3 smc-5 and smc-6 are hypersensitive to replication stress. (A) Representative images showing aRAD-51 and DAPI staining of mitotic zone
germline of indicated genotypes. Bar, 10 um. (B) Germline development quantification of worms 3 days after irradiation with UVB at L1 stage or
untreated control worms. Worms were categorized into groups of “normal,” “disrupted,” and “no germline” by inspection on a dissection microscope.
“n" indicates number of animals assessed. A representative experiment is shown. (C) EdU incorporation in L4 germ cell DNA detected by Click-It
Alexa555 conjugation and DAPI staining of DNA. Germlines were isolated after feeding worms for 15 min on EdU-containing bacteria. Bar, 5 um. (D)
Mean percentage of germ cells with EdU incorporation at defined time periods of labeling. A minimum of 10 germlines per genotype and labeling
period were analyzed. Statistical analyses used the two-tailed Fisher’s exact test comparing the total number of EdU-positive and negative germ cells,

and P-values are indicated. Error bars represent 95% confidence interval.

The temperature-sensitive div-1(or148) mutants developed
germlines normally at the semipermissive temperature of 20°
(Figure 3B). Upon irradiation with 60 mJ/cm?, only a slightly
increased number of div-1(or148) mutants developed disrupted
germline compared to wild-type worms (Figure 3B). In con-
trast, 80% of smc-5(0k2421);div-1(or148) double mutants
developed no or formed only disrupted germlines even in
the absence of exogenous DNA damage. Moreover, upon UV
treatment, when ~20% of smc-5(0k2421) mutant worms

were still capable of forming disrupted germlines, all double-
mutant worms completely lacked germlines (Figure 3B). The
enhancement of the germ-cell proliferation defect in smc-5
(0k2421);div-1(or148) mutants is consistent with a role for
the SMC-5/6 complex in DNA replication.

To test whether DNA replication is impaired in the
smc-5(0k2421) and smc-6(0k3294) mitotic germ cells, we
compared the efficiency of incorporation of the thymidine
analog EdU between mutant and wild-type strains. Previous
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studies that utilized the incorporation of EdU and bromo-
deoxyuridine (BrdU) to measure cell cycle progression in
germ cells showed that EQU and BrdU incorporation occurs
rapidly in the wild-type germline. Only 15 min of feeding on
EdU/BrdU-containing bacteria was sufficient for measureable
incorporation (Crittenden et al. 2006; Michaelson et al.
2010). We reasoned that if the smc-5 and smc-6 mutant germ
cells had impaired progression in DNA replication, then they
should be less efficient in EQU incorporation, especially dur-
ing short labeling periods. As predicted, wild-type germ cells
rapidly incorporated EdU after 15 and 30 min of exposure to
EdU-containing bacteria, as ~75% of cells showed EdU-
associated fluorescence after 15 min of labeling (Figure 3, C
and D; see Materials and Methods for EAU specificity controls).
The germ cells in the smc-5(0k2421) and smc-6(0k3294)
mutants had less EAU incorporation compared to wild-type
(Figure 3, C and D), consistent with the requirement for SMC-5
and SMC-6 in promoting efficient DNA replication. To control
for differences in the proportion of S-phase germ cells between
wild-type and the smc-5(0k2421) and smc-6(0k3294) mutants,
we extended the EdU labeling to 150 min to allow EdU
detection even in S-phase cells that may have a reduced
level of EAU incorporation. At the longer labeling period,
we found minor-to-no significant differences in the fraction
of EdU-labeled cells in the mutants compared to wild-type
(Figure 3D), thus indicating that the proportion of replicat-
ing cells is similar between wild-type and the smc-5(0k2421)
and smc-6(0k3294) mutants. Taken together, the EQU label-
ing results indicate that the smc-5(0k2421) and smc-6
(0k3294) mutants have less nucleotide incorporation, consistent
with impaired DNA replication. This conclusion is also consis-
tent with smaller germlines observed in older smc-5 and smc-6
mutant adults (Bickel et al. 2010), which would be expected if
progression through mitotic S phase were slowed.

As smc-5 and smc-6 mutant germ cells exhibited enhanced
sensitivity to replication stress and ectopic RAD-51 foci, we
tested whether DNA damage checkpoint signaling was acti-
vated. In response to replication fork stalling, the C. elegans
homolog of ATR, ATL-1, is activated (Garcia-Muse and Boulton
2005). ATL-1, in turn, phosphorylates CHK-1 to induce cell
cycle arrest. To test for CHK-1 activation, we stained with
antibodies specific for phosphorylated CHK-1 (Lee et al
2010). Despite RAD-51 foci formation (Figure 3A), there was
no detectable CHK-1 phosphorylation in smc-5(0k2421) mutant
germ cells in the absence of exogenous genotoxic insult (Figure
S4A). However, upon UV irradiation, CHK-1 phosphorylation
was readily detectable in smc-5(0k2421) mutant animals. The
smc-5(0k2421) mutant worms showed CHK-1 activation similar
to wild-type in response to UV treatment, suggesting that DNA
damage checkpoint activation is normal in smc-5(0k2421) mu-
tant worms (Figure S4A). Checkpoint activation in mitotic germ
cells arrests cell cycle progression but not cellular growth,
resulting in enlargement of the mitotic germ cells (Ahmed
and Hodgkin 2000). In agreement with the phosphorylated
CHK-1 staining data, we found that the average diameter of
the smc-5(0k2421) and smc-6(0k3294) mutant mitotic germ
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cells was equivalent to wild-type (Figure S4B). In response
to HU treatment, average diameter increased in the
smc-5(0k2421) and smc-6(0k3294) mutants and in wild-
type (Figure S4B). Thus, DNA damage checkpoints remain
intact in SMC-5/6-deficient germ cells; however, they do not
appear to be activated in the smc-5(0k2421) and smc-6
(0k3294) mutants in the absence of exogenous genotoxic
insults.

SMC-5 functions in parallel to POLH-1-mediated TLS

During DNA replication, TLS DNA polymerases can incorpo-
rate nucleotides at sites of UV-induced lesions, preventing
replication fork blockage. POLH-1, the C. elegans homolog of
TLS polymerase Pol v, bypasses lesions induced by UV radi-
ation, particularly during the fast embryonic cell divisions
(Holway et al. 2006; Roerink et al. 2012). Because POLH-1
is important in mitotic cells to counteract fork stalling, we
explored its genetic interactions with smc-5. We tested two
alleles of polh-1: the previously described 0k3317 deletion
allele (Roerink et al. 2012) and the premature stop allele
mnl156. The mni156 allele was initially identified as rad-2 in
a screen for radiation-sensitive mutants in C. elegans (Hartman
and Herman 1982). We identified a nonsense mutation in
polh-1 in the mn156 allele (Figure S5A). A complementation
test analyzing egg laying and hatching rate between polh-1
(0k3317) and rad-2(mn156) showed that the two mutants
failed to complement, suggesting that they are defective in
the same gene (Figure S5, B and C).

Given the high UV sensitivity of polh-1 mutants, less than
one-tenth the UV dose used in NER or the smc-5 mutant anal-
ysis was applied. Interestingly; irradiating L1 larvae in the smc-5
(0k2421);polh-1(mn156) and smc-5(0k2421);polh-1(0k3317)
double-mutant strains with a UV dose of 2-3 mJ/cm? impeded
germline development. This dose showed no or hardly any
effect on germline development in smc-5 and polh-1 single
mutants, respectively (Figure 4A). Notably, some smc-5;polh-1
double mutants displayed synthetic somatic defects upon UV
irradiation characterized by a reduction in size (Figure 4B and
Figure S6) and additional somatic defects (data not shown).

In response to UV-induced DNA damage, cells in the
mitotic germline of adult worms respond with rapid RAD-51
foci formation and transient cell cycle arrest that becomes
evident as a drop in cell number and enlargement of the
nucleoplasm (Gartner et al. 2004). To further characterize
the role of polh-1 and smc-5 in the DNA damage response,
we followed the persistence of RAD-51 foci and cell cycle
arrest in the adult germline. We treated animals with UV at
the L4 larval stage and 24 hr later assessed the level of UV
sensitivity in the young adult germline. RAD-51 was rapidly
loaded on DNA following UV treatment (Figure 6A). After
24 hr, RAD-51 staining resembles the level seen in untreated
worms of the same genotype for both wild-type and smc-5
mutants (Figure S7). In contrast, cells in the mitotic
region of polh-1 mutants retained RAD-51 foci 24 hr post-
treatment, with some cells displaying extensive RAD-51 stain-
ing, indicative of high loads of unprocessed DNA breaks. The


http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=smc-6;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=smc-6;class=Gene
http://www.wormbase.org/db/get?name=ok3294;class=Variation
http://www.wormbase.org/db/get?name=SMC-5;class=Gene
http://www.wormbase.org/db/get?name=SMC-6;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=smc-6;class=Gene
http://www.wormbase.org/db/get?name=ok3294;class=Variation
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=smc-6;class=Gene
http://www.wormbase.org/db/get?name=ok3294;class=Variation
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=smc-6;class=Gene
http://www.wormbase.org/db/get?name=ok3294;class=Variation
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=smc-6;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=smc-6;class=Gene
http://www.wormbase.org/db/get?name=RAD-51;class=Gene
http://www.wormbase.org/db/get?name=ATL-1;class=Gene
http://www.wormbase.org/db/get?name=ATL-1;class=Gene
http://www.wormbase.org/db/get?name=CHK-1;class=Gene
http://www.wormbase.org/db/get?name=CHK-1;class=Gene
http://www.wormbase.org/db/get?name=CHK-1;class=Gene
http://www.wormbase.org/db/get?name=RAD-51;class=Gene
http://www.wormbase.org/db/get?name=CHK-1;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158295/-/DC1/genetics.113.158295-7.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158295/-/DC1/genetics.113.158295-7.pdf
http://www.wormbase.org/db/get?name=CHK-1;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=CHK-1;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158295/-/DC1/genetics.113.158295-7.pdf
http://www.wormbase.org/db/get?name=CHK-1;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=smc-6;class=Gene
http://www.wormbase.org/db/get?name=ok3294;class=Variation
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158295/-/DC1/genetics.113.158295-7.pdf
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=smc-6;class=Gene
http://www.wormbase.org/db/get?name=ok3294;class=Variation
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158295/-/DC1/genetics.113.158295-7.pdf
http://www.wormbase.org/db/get?name=SMC-5;class=Gene
http://www.wormbase.org/db/get?name=SMC-6;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=smc-6;class=Gene
http://www.wormbase.org/db/get?name=ok3294;class=Variation
http://www.wormbase.org/db/get?name=POLH-1;class=Gene
http://www.wormbase.org/db/get?name=POLH-1;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=polh-1;class=Gene
http://www.wormbase.org/db/get?name=ok3317;class=Variation
http://www.wormbase.org/db/get?name=mn156;class=Variation
http://www.wormbase.org/db/get?name=mn156;class=Variation
http://www.wormbase.org/db/get?name=rad-2;class=Gene
http://www.wormbase.org/db/get?name=polh-1;class=Gene
http://www.wormbase.org/db/get?name=mn156;class=Variation
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158295/-/DC1/genetics.113.158295-13.pdf
http://www.wormbase.org/db/get?name=polh-1;class=Gene
http://www.wormbase.org/db/get?name=ok3317;class=Variation
http://www.wormbase.org/db/get?name=rad-2;class=Gene
http://www.wormbase.org/db/get?name=mn156;class=Variation
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158295/-/DC1/genetics.113.158295-13.pdf
http://www.wormbase.org/db/get?name=polh-1;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=polh-1;class=Gene
http://www.wormbase.org/db/get?name=mn156;class=Variation
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=ok2421;class=Variation
http://www.wormbase.org/db/get?name=polh-1;class=Gene
http://www.wormbase.org/db/get?name=ok3317;class=Variation
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=polh-1;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=polh-1;class=Gene
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158295/-/DC1/genetics.113.158295-5.pdf
http://www.wormbase.org/db/get?name=RAD-51;class=Gene
http://www.wormbase.org/db/get?name=polh-1;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.wormbase.org/db/get?name=RAD-51;class=Gene
http://www.wormbase.org/db/get?name=RAD-51;class=Gene
http://www.wormbase.org/db/get?name=RAD-51;class=Gene
http://www.wormbase.org/db/get?name=smc-5;class=Gene
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158295/-/DC1/genetics.113.158295-11.pdf
http://www.wormbase.org/db/get?name=polh-1;class=Gene
http://www.wormbase.org/db/get?name=RAD-51;class=Gene
http://www.wormbase.org/db/get?name=RAD-51;class=Gene

n= 104
100%

84 105

133 140 60 76 50 45 133 70 38

134 79 88

80%

60%

40%

20%

0%
0 36 036 0 36 012
A smc-5 polh-1 smc-5(ok2421); polh-1
(ok2421) (mn156) | polh-1(mn156) |  (0k3317)
B wt smc-5(0k2421) polh-1(mn156)

0 mJ/cm?

3 mJ/icm?

size of the germ cells also increased upon UV treatment in
polh-1 mutants, indicative of cell cycle arrest in the mitotic
germline (Figure S7B).

We observed several specific phenotypes that occur in
response to UV irradiation in L1 larvae and adult worms. The
UV sensitivity of worms with defective SMC-5/6 complexes is
typically indicated by defects in germ-cell proliferation (Fig-
ure 1D and Figure 4A); however, when TLS is also impaired,
as in smc-5;polh-1 double mutants, UV lesions also compro-
mise somatic growth (Figure 4B and Figure S6). Moreover,
smc-5;polh-1 double-mutant worms show germline defects at
UV doses that do not impair germline development in smc-5
single-mutant worms, providing evidence that POLH-1 is crit-
ically important for bypassing UV lesions when forks stall in
the absence of SMC-5 (Figure 4; Figure S6; Figure S7). These
observations indicate that smc-5 and polh-1 function in par-
allel in the germline as well as in somatic development to
confer UV resistance.

108 55 45

Onogermline

B disrupted
germline

B normal
germline

012

smc-5(ok2421);
polh-1(ck3317)

mJ/cm? Figure 4 smc-5 and polh-1 act in paral-
lel pathways to overcome UV lesions in
mitotic germ cells. (A) Germline develop-
ment quantification of worms 3 days af-
ter irradiation with UVB at L1 stage or
untreated control worms. Worms were
categorized into groups of “normal,”
“disrupted,” and “no germline” using
a dissection microscope. “n” indicates
number of animals assessed. A repre-
sentative experiment is shown. (B) DIC
images of whole worms and magnified
view on mid-body 72 hr after L1 stage.
Synchronized worms were irradiated at
L1 larval stage and kept at 20 °C until
reaching adulthood. Bar, 100 um (top)
and 20 um (bottom), of the untreated
and treated panels, respectively.

smec-5(ok2421);
polh-1(mn156)

DG: Distal Gonad
U: Uterus

BRC-1/BRD-1 mutations suppress genome instability in
smc-5/6 mutants

The accumulation of RAD-51 foci in the germlines of smc-5
mutant worms and the synthetic interaction of smc-5 with
polh-1 in response to UV are consistent with a model in
which HR activity persists or is increased at sites of collapsed
replication forks when SMC-5/6 function is disrupted.
BRCA1 has been suggested to promote postreplicative repair
upon replication fork stalling in mammalian cells (Pathania
etal. 2011). In C. elegans, the BRCA1/BARD1 complex, com-
posed of BRC-1 and BRD-1, is required for repair of DSBs
following IR treatment (Boulton et al. 2004). To test
whether brc-1 and brd-1 genetically interact with smc-5 in
response to UV-induced DNA damage, we analyzed the UV
sensitivities of smc-5;brc-1 and smc-5;brd-1 double mutants
employing deletion alleles of brc-1(tm1145) and brd-1
(gk297) as well as using RNA interference (RNAi) against
bre-1 and brd-1 in smc-5 and smc-6 mutants. The brc-1 and
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brd-1 mutant worms showed similar UV resistance as wild-
type animals, suggesting that the BRC-1/BRD-1 complex is
dispensable for UV repair in otherwise repair-proficient ani-
mals (Figure S8). Importantly, the loss of brc-1 and brd-1 by
genetic mutations or RNAi strongly suppressed the UV-
induced disruption of germline development in smc-5
(0k2421) and smc-6(0k3294) mutants (Figure 5A and Figure
S9). RNAIi against brc-1 and brd-1 can even suppress the
severe UV-induced germline defects in the smc-5(0k2421);
div-1(or148) double mutant worms (Figure 5A). The loss
of brc-1 and brd-1 also alleviated replication-stress-related
defects in the smc-5 mutant background caused by HU
treatment. The brc-1 and brd-1 mutations suppressed
the HU-induced germline development defects in the
smc-5(0k2421) mutant background (Figure 5B). Both the
HU-enhanced chromatin bridge defect (Figure 5C) and a re-
duction in mitotic germ cells in the smc-5(0k2421) mutant
backgrounds are suppressed by the brc-1(tm1145) muta-
tion (Figure 5, C and D). In contrast, the incorporation of
a EdU defect in the smc-5(0k2421) background was largely
unaffected by brc-1(tm1145), suggesting that the reduced
replicative activity was not alleviated (Figure 5E). These
results suggest that the BRC-1/BRD-1 complex does not
impact the primary replicative defect of smc-5 mutants
but instead alleviates the genome instability resulting from
replicative impediments.

HR may function at stalled forks to promote fork pro-
gression pass an obstruction, or to repair collapsed replica-
tion forks. To examine how BRC-1/BRD-1 affects HR in smc-
5 mutant worms following UV damage, we assessed RAD-51
foci formation in adult germlines 5 hr after mock and 40 mJ/
cm? UV treatment. While RAD-51 foci were detected only in
wild-type germ cells after UV irradiation, smc-5(0k2421)
mutant germ cells exhibited RAD-51 foci already in the ab-
sence of UV treatment (Figure 6A; Figure S2; Figure S10). In
contrast to both, wild-type and smc-5 mutant germ cells, the
brc-1 and bre-1 single-mutant germ cells had substantially
reduced RAD-51 foci following UV irradiation (Figure 6A,
bottom; Figure S10). Strikingly, smc-5;brc-1 and smc-5;brd-1
double-mutant worms had decreased RAD-51 foci formation
compared to smc-5 mutant worms in the absence (Figure
6A, top; Figure S10) and the presence of UV treatment (Fig-
ure 6A, bottom; Figure 10). Therefore, the amelioration of
smc-5 and smc-6 mutant defects by the loss of brc-1 and brd-
1 is likely through the suppression of HR activities.

Mammalian BRCA1 promotes HR at sites of DSBs during
S/G2 phase by suppressing the recruitment of error-prone
nonhomologous end joining (NHEJ) (Chapman et al. 2013;
Escribano-Diaz et al. 2013). In contrast to BRCA1 function
early in the DSB repair pathway choice, the Smc5/6 com-
plex is thought to act after HR has been initiated based on
evidence in budding and fission yeast (Lehmann et al. 1995;
Ampatzidou et al. 2006; Branzei et al. 2006; De Piccoli et al.
2006; Chen et al. 2009; Sollier et al. 2009). If the C. elegans
BRC-1/BRD-1 complex biases DSB repair in favor of HR and
prevents other DSB repair pathways such as NHEJ, then in
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smc-5 mutant germ cells, in which HR is impaired, normal
BRC-1/BRD-1 function could end up trapping DSB repair in
an unproductive defective pathway. To test the consequen-
ces of impaired initiation of NHEJ, we employed a mutant
strain for hsr-9, the C. elegans 53BP1 homolog (Ryu et al.
2013). In mammals, 53BP1 antagonizes the function of
BRCA1l by promoting initiation of NHEJ while inhibiting
HR (Zimmermann and De Lange 2013). We found
that germline formation after UV treatment in the smc-5
(0k2421) mutant background is not enhanced by a loss-of-
function mutation in hsr-9 (Figure S11), suggesting that
DSB repair, once it is initiated through HR, is not effectively
acted upon by NHEJ.

Since BRCA1 recruitment to DSBs is thought to suppress
NHEJ and promote HR, we examined the accumulation of
the BRC-1/BRD-1 complex in mitotic germ cells in the smc-5
and smc-6 mutant backgrounds. In C. elegans, immunostain-
ing for BRD-1 has been established to mark the BRC-1/BRD-
1 localization (Boulton et al. 2004). Intriguingly, BRD-1
immunostaining showed accumulation of BRD-1 on chroma-
tin in the mitotic germ cells of smc-5 mutant animals (Figure
6B). Taken together, our results suggest that, in the absence
of a functional SMC-5/6 complex during replication, the
BRC-1/BRD-1 complex accumulates on chromatin and trig-
gers HR as indicated by RAD-51 foci formation. Conse-
quently, BRC-1/BRD-1 activity in smc-5 mutant cells
becomes deleterious as it leads to the induction of HR that
cannot be resolved in the absence of SMC-5/6, thus leading
to genome instability in proliferating cells.

Discussion

Bulky lesions, such as those induced by UV, pose obstacles to
the progression of the replication fork (Sale et al. 2012).
Replication fork collapse can give rise to mutations and
chromosomal aberrations (Petermann and Helleday 2010).
In replicating cells, GG-NER is important for surveying the
genome for helix-distorting lesions and removes them be-
fore they lead to replication fork stalling. Mutations that
inactivate GG-NER lead to highly elevated skin cancer sus-
ceptibility in xeroderma pigmentosum (XP) patients
(Cleaver et al. 2009). Pol n-mediated TLS preserves ongoing
DNA replication by incorporating nucleotides at lesions that
cannot be accommodated by the replicative DNA polymer-
ase complex (Sale et al. 2012). Mutations in POLH increase
UV-dependent mutagenicity of XP variant patients, increas-
ing their susceptibility to skin cancer (Lehmann 2011). Al-
ternatively, the mobilization of HR can facilitate resolution
of collapsed replication forks by recombination-dependent
repair and template switching (Petermann and Helleday
2010). Recent experiments using a conditional replication
fork barrier system in S. pombe revealed that, in contrast to
HR repair of IR-induced DSBs, HR-mediated rescue of col-
lapsed replication forks can be mutagenic (Iraqui et al. 2012;
Mizuno et al. 2013). In replicating cells, DSBs can form as
a secondary consequence of collapsed replication forks at
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Figure 5 Inactivation of the BRC-1/BRD-
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95% C.I. Number of germ lines examined (“n") is indicated. The asterisk represents a P-value < 0.001 calculated by two-tailed Fisher's exact test comparing

the total number EdU-positive and -negative germ cells per genotype.

bulky lesions caused by UV-induced DNA damage (Limoli et al.
2002; Garinis et al. 2005). At stalled replication forks, DSBs
can also be produced via active incision by the MUS81/EME1
endocucleases (Petermann and Helleday 2010). Neither the
recruitment mechanisms of HR, nor the actual resolution of
the replication impasse by HR, are completely understood.
However, the choice of the repair pathway can have important
consequences on the maintenance of genome stability amid
replication fork stalling.

We conducted a forward genetics screen to identify genes
required for UV resistance in replicating cells, which produced
two novel alleles of smc-5. In contrast to GG-NER, the SMC-
5/6 complex was dispensable for the removal of UV-induced
lesions. Instead, SMC-5/6 dysfunction sensitized cells to per-
turbed replication. In particular, the synergistic UV sensitivity
with polh-1 mutant alleles suggests that SMC-5/6 confers UV
resistance by stabilizing replication forks or recovery from fork
collapse. In addition, the sensitivity of smc-5 mutants to dys-
functional DIV-1 primase indicates that transient fork stalling

in the absence of exogenous DNA damage requires the SMC-5/6
complex for stability and resumption of fork progression
(Figure 6C). The RAD-51 foci formation and accumulation
of chromatin-associated BRD-1 in smc-5 mutants suggests
that stalled replication forks lead to induction of HR, which
is then not resolved. POLH-1 counters DSB formation and
HR activity via its TLS activity. Particularly in the absence of
SMC-5/6, TLS becomes the major route for maintaining ge-
nome stability in the presence of UV lesions. Consistently,
mutations in smc6 in S. pombe were shown to confer hyper-
sensitivity to UV and IR and were genetically placed in the
HR pathway (Lehmann et al. 1995). It is likely that SMC5/6
supports the stabilization of molecular intermediates and
proximity during complex HR reactions (Ampatzidou et al.
2006; Branzei et al. 2006; De Piccoli et al. 2006; Sollier et al.
2009). The SMC5/6 complex not only promotes HR but also
stabilizes replication forks and facilitates their restart (Irmisch
et al. 2009). In S. pombe, the methyl methanesulfonate
(MMS) sensitivity of the smc6-74 allele can be suppressed
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by overexpression of the six-BRCT domain protein Brcl, re-
lated to human PTIP, in an HR-dependent manner (Lee et al.
2007). In contrast, brc-1A was found to be synthetically lethal
with the smc6-74 mutation (Sheedy et al. 2005). These obser-
vations are highly consistent with the role of the SMC5/6
complex in HR as mammalian PTIP, in contrast to BRCA1,
promotes NHEJ and 53BP1-mediated inhibition of HR (Callén
et al. 2013). Rescue of smc6-74 defects requires nucleases
related to HR repair and TLS polymerases (Lee et al. 2007).
HR activity was also required for alleviation of MMS and HU
sensitivity of smc6-9 mutants by a deletion of the gene encod-
ing the FANCM helicase MPH1 (Chen et al. 2009; Chavez
et al. 2011). It was suggested that Smc5/6 facilitates resolv-
ing of recombination intermediates that are formed through
Mph1, Mms2, and the Shu complex during replication in the
presence of MMS (Choi et al. 2010).

We demonstrate that inactivation of the BRC-1/BRD-1 com-
plex alleviates RAD-51 foci formation and suppresses genome
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instability in smc-5 mutants. In contrast, a brc-1 mutation does
not alleviate the recombination repair defects of meiotic DSBs
in smc-5 mutants (Bickel et al. 2010). The BRC-1/BRD-1 com-
plex plays an important role in HR and, when dysfunctional,
evokes hypersensitivity to DSB-inducing IR (Boulton et al.
2004). It is thought that the defects in HR-mediated DSB
repair underlie the genome instability and cancer susceptibil-
ity caused by BRCAI mutations (Silver and Livingston 2012).
BRCA1 has recently been implicated in promoting postrepli-
cative repair at sites of stalled replication forks (Pathania et al.
2011). Our results suggest that the BRC-1/BRD-1-mediated
initiation of HR at stalled replication forks requires the SMC-
5/6 complex to resolve the recombination intermediates.
SMC-5/6 might in turn regulate the chromatin dissociation
of the BRC-1/BRD-1 complex (Figure 6C). In the absence of
SMC-5/6, the HR machinery assembles but fails to engage the
intra-S-phase checkpoint. Consistent with this, smc5/6 de-
fective budding yeast fail to induce intra-S checkpoints but
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instead halt the cell cycle after the first mitotic cycle following
smc5/6 deprivation (Torres-Rosell et al. 2005). A dominant
negative mutation of fission yeast smc6 arrested in response to
UV irradiation similar to wild-type cells but displayed mitotic
defects due to DNA aberrations, which is evident of a check-
point maintenance defect (Harvey et al. 2004). Drosophila
with a defective Smc5/6 complex are capable of inducing
G2/M-phase as well as S-phase checkpoints while being sen-
sitive to DNA damage (Li et al. 2013). In C. elegans smc-5/6
mutants, RAD-51 foci persist, and chromatin bridges are
formed during ensuing mitosis. The SMC-5/6 complex thus
might play a dual role in maintaining fork stability and in
resolving recombination intermediates when BRC-1/BRD-1
initiates HR. Intriguingly, our data suggest that the BRC-1/
BRD-1 complex can both promote and antagonize genome
stability depending on the genetic background. It is likely that
suppression of BRC-1/BRD-1 function facilitates a more effec-
tive TLS-mediated rescue of replication fork stalling.

CPD lesions are the major cause of UV-induced carcino-
genesis (Jans et al. 2005). As Pol v preferably inserts non-
templated deoxy-ATP opposite UV-induced thymidine dimers,
its activity likely leads only to limited mutagenicity (Sale et al.
2012). In contrast, HR recruitment might lead to more dele-
terious chromosomal rearrangements at collapsed replication
forks (Iraqui et al. 2012; Mizuno et al. 2013). However, TLS
by Pol m at noncognate lesions or by other TLS polymerases
may be more mutagenic when replication is blocked by bulky
lesions caused by genotoxins other than UV irradiation. Par-
ticularly relevant for the development of breast cancer, endo-
geneous metabolism of estradiol forms quinone derivatives
that can induce bulky adducts (Yager and Davidson 2006).
It is conceivable that BRCA1-mediated resolution of stalled
replication forks at such adducts might to some extent coun-
teract TLS-mediated mutagenicity. It will be highly interesting
to explore how the antagonizing functions of BRCA1/BARD1
in the maintenance of genome stability affect replication
stress-induced genome instability during both cancer devel-
opment and therapeutic responses in BRCAI-mutated tumor
cells. Intriguingly, the suppression of genome instability in the
context of replication stalling amid dysfunctional SMC-5/6
suggests that the maintenance of familial BRCAI carrier
mutations might confer selective advantages under certain
conditions of genotoxic challenges.
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Figure S1 sbj2 allele of smc-5 disrupts the ABC signature motif while shj3 and 0k2421 have reduced mRNA levels of smc-5.
a. Alignment of carboxyl-terminal regions of SMC-5 homologs highlighting sbj2 allele that changes a Glycine (G) of a conserved
ABC signature motif into an Arginine (R). b. RT gPCR of smc-5 using populations of mixed stages of the indicated genotypes.
Error bars represent standard deviation between three biological replicates. smc-5 mRNA levels were significantly reduced in
smc-5(0k2421) and (sbj3) but not (sbj2) alleles. Double-asterisks (**) denote p value >0.0001 calculated applying two-tailed
students T-Test.
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Figure S2 Worms with SMC-5/6 complex defect accumulate RAD-51 foci in mitotic germ cells independently of spo-11.

a. Percentages of germ cells in L4 larval mitotic germline containing 0, 1, 2, 3 or more RAD-51 foci per nucleus. The number of
germ cells quantified for each genotype is indicated at the base of the bars. The graph is based on aRAD-51 and DAPI staining of
dissected germlines. b. aRAD-51 and DAPI staining of dissected germline. Shown are representative deconvolved images of
young adults for smc-5(ok2421);spo-11(ok79) and spo-11(ok79), and the rest are of L4 larvae. Scale bar = 5 um.
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Figure S3 Loss-of-function mutations in smc-5 and smc-6 confer a chromatin-bridging defect in the L4 larval germline.

a. DAPI staining of dissected L4 larval germ cells. A magnified view of DNA bridges in the respective germline is depicted in the
inset image. b. Graph showing the percentage of germlines containing one or more chromatin bridges for untreated and 5mM
hydroxyurea (HU) treated L4 larvae. Double asterisks represent p value <0.01 in comparison to wild-type. Statistical analyses
used the two-tailed Fisher's Exact Test comparing the total number of affected and unaffected germlines. c. DAPI staining of
dissected adult intestine with quantification of chromatin bridges observed in smc-5 and smc-6 mutants compared to wild-type.
Scale bars =5 um.
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Figure S4 DNA damage checkpoint could be induced in smc-5 and -6 mutant worms similar to wild-type.

a. Immunostaining of Serine 345-phosphorylated CHK-1 and DAPI staining of DNA in the proliferative zone of germline in young
adult worms. Germlines were dissected 30 min after irradiation with 60 mJ/cm? UVB. Untreated samples were collected in
parallel. Shown are representative images. Scale bar = 10 um. b. The scatter plot shows the nuclear diameter of germ cells + HU
treatment (n>260 nuclei from 13 or more germlines per condition). The mean diameters are represented by the blue lines.
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Figure S5 mn156 is a nonsense mutation in polh-1.

a. Genomic locus of polh-1 (lll: 1,945,111bp — 1,950,257bp) with exon location and annotation of mn156 and 0k3317 alleles. b.
Eggs laid 24h post irradiation at L4 stage. Shown are averages between three replicates of three worms. Error bars indicate
standard deviation between the replicates. c. Percentage of hatches two days after egg-laying. Displayed are averages between
three replicates of three worms. Error bars indicate standard deviation between the independent replicates.
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Figure S6 smc-5;polh-1 double mutants are impaired in somatic tissues and germline after UVB irradiation.

DIC images of whole worms and magnified view of mid-body 72h after L1 stage. Synchronized worms were irradiated at L1
larval stage and maintained at 20 °C. Scale bar = 100 um (upper panels) and 20 um (lower panels). Shown are polh-1(0k3317)
and polh-1(ok3317);smc-5(ok2421) mutant strains that were treated and analyzed in parallel to worms depicted in Figure 4.
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Figure S7 polh-1 mutant germ cells arrest upon UVB irradiation and display DNA bridges.

a. and b. aRAD-51 and DAPI staining of mitotic germ cells. Young adults were dissected 24 h after UVB irradiation (b) and
untreated controls were dissected in parallel (a). Representative images in extended view of stack spanning the whole germline
are shown. Scale bar = 10 um. c. Percentages of germ cells in L4 larval mitotic germline containing 0, 1-3, 4-6, 7-9, and more
than 9 RAD-51 foci per nucleus. The number of germ cells quantified for each genotype is indicated at the base of the bars. The
graph is based on aRAD-51 and DAPI staining of dissected germlines.
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Figure S8 C. elegans with disrupted BRC-1/BRD-1 complex are as sensitive to UVB irradiation as wild-type worms.
Percentage of larval stages 72h after UVB irradiation at L1 larval stage of the indicated genotypes.
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Figure S9 brd-1 and brc-1 inactivation rescues UV hypersensitivity of smc-5 and smc-6 mutants.

a. Quantification of germline development of worms three days after irradiation with UVB at L1 stage or untreated control
worms. Worms were categorized into groups of ‘normal’, ‘disrupted’ and ‘no germline’ by inspection on a dissection
microscope. b. L4 larvae were placed on the indicated RNAi bacteria and F1 generation was bleached. F2 worms were irradiated
and raised on the same RNAI bacteria as the F1 was grown on. As read-out worms were categorized into groups of ‘normal’,
‘disrupted’ and ‘no germline’ by inspection on a dissection microscope. Graph shows germline development quantification of
worms three days after irradiation with UVB at L1 stage or untreated control worms. n indicates number of animals assessed,
representative experiment shown.
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Figure S10 Quantification of RAD-51 foci that are representatively shown in Figure 6A.
Percentages of germ cells in L4 larval mitotic germline containing 0, 1-3, 4-6, 7-9, and more than 9 RAD-51 foci per nucleus. The

number of germ cells quantified for each genotype is indicated at the base of the bars. The graph is based on aRAD-51 and DAPI
staining of dissected germlines.
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Figure S11 hsr-9 is dispensable for germline development upon UV irradiation and does not genetically interact with smc-5.
Quantification of germline development of worms three days after irradiation with UVB at L1 stage or untreated control worms.
Worms were categorized into groups of ‘normal’, ‘disrupted’ and ‘no germline’ by inspection on a dissection microscope. n
indicates number of animals assessed, representative experiment shown.
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Table S1 List of C. elegans strains used in the study.

Strain Genotype
BJS21 csb-1(0k2335) X; xpc-1(tm3886) IV.
BJS78 smc-5(shj3))/min1[mis14 dpy-10(e128)] il.
BJS79 sme-5(shj2))/min1[mlis14 dpy-10(e128)] II.
BJS99 smc-5(ck2421))/min1[mis14 dpy-10(e128)] Il ; csb-1(0k2335) X.
BJS101  |smc-5(ck2421))/min1[mis14 dpy-10(e128)] Il ; xpc-1(tm3886) IV.
BJS121  |smec-5(0k2421))/min1[mis14 dpy-10(e128)] Il ;brd-1(gk297) I!I.
BJS123  |smc-5(ck2421))/mint[mis14 dpy-10(e128)] Il ;brc-1(tm1145) I,
BJS125 |smc-5(ck2421))/mint1[mis14 dpy-10(e128)] Il ; hsr-9(ok759) |.
BJS127  |smc-5(ck2421))/min1[mis14 dpy-10(e128)] Il ; div-1(or148) Iil.
BJS144  |smc-5(ck2421))/min1[mis14 dpy-10(e128)] Il; polh-1(0k3317) Ill.
BJS146 |smc-5(ck2421))/min1[mis14 dpy-10(e128)] Il; polh-1(mn156) IIl.
DW102  |bre-1(tm1145) Il
EU548 div-1{or148) Iil.
FX03886 |xpc-1(tm3886) IV.
N2 wild-type.
RB1801 |csb-1(0k2335) X.
SP488 rad-2(mn156) IiI.
VC573 hsr-9(ok759) 1.
VCB55 brd-1(gk297) IIl.
XF656 polh-1(0k3317) Ill.
YE35 smc-5(ok2421)/min1[mls14 dpy-10(e128)] Il;spo-11(ok79) IV/nT1[unc-?(n754) let-?] [V, V.
YES7 smc-5(ok2421)/min1[mls14 dpy-10(e128)] Il.
YES58 smc-6(0k3294)/min1[mlis14 dpy-10(e128)] Il.

Table S2 Validation of statistical significance applying x* and two-tailed Fisher’s Exact Test for germline development
determined in this study.

Available for download as an Excel file at http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.113.158295/-/DC1
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