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ABSTRACT

Cockayne syndrome group B (CSB) protein has been
implicated in the repair of a variety of DNA le-
sions that induce replication stress. However, little is
known about its role at stalled replication forks. Here,
we report that CSB is recruited to stalled forks in a
manner dependent upon its T1031 phosphorylation
by CDK. While dispensable for MRE11 association
with stalled forks in wild-type cells, CSB is required
for further accumulation of MRE11 at stalled forks
in BRCA1/2-deficient cells. CSB promotes MRE11-
mediated fork degradation in BRCA1/2-deficient
cells. CSB possesses an intrinsic ATP-dependent
fork reversal activity in vitro, which is activated upon
removal of its N-terminal region that is known to au-
toinhibit CSB’s ATPase domain. CSB functions sim-
ilarly to fork reversal factors SMARCAL1, ZRANB3
and HLTF to regulate slowdown in fork progres-
sion upon exposure to replication stress, indicative
of a role of CSB in fork reversal in vivo. Further-
more, CSB not only acts epistatically with MRE11
to facilitate fork restart but also promotes RAD52-
mediated break-induced replication repair of double-
strand breaks arising from cleavage of stalled forks
by MUS81 in BRCA1/2-deficient cells. Loss of CSB
exacerbates chemosensitivity in BRCA1/2-deficient
cells, underscoring an important role of CSB in the
treatment of cancer lacking functional BRCA1/2.

INTRODUCTION

Progression of DNA replication forks can be challenged
by both exogenous and endogenous sources of genotoxic

stress, including DNA lesions, unusual DNA structures
such as G-quadruplex, tightly bound protein–DNA com-
plexes and oncogene activation (1,2). Depending upon
the nature and the genomic location of these obstacles,
eukaryotic cells proceed with different pathways to con-
tinue DNA replication or restart stalled forks, including
dormant origin firing, replication fork repriming, transle-
sion synthesis, template switching and fork reversal (3).
Replication fork stalling, if not properly addressed, repre-
sents a major source of genomic instability that can drive
tumorigenesis (2).

Upon stalling, replication forks can reverse their course
and this fork reversal involves the coordinated annealing
of newly synthesized DNA strands, leading to the forma-
tion of four-way structures (4,5). Fork reversal can serve as
a protective mechanism, allowing the resumption of DNA
synthesis without chromosome breakage (5). Several DNA
translocases such as SMARCAL1, ZRANB3, FANCM and
HLTF, along with the recombinase RAD51, have been im-
plicated in catalyzing fork reversal (6–12). Nascent DNA
strands at reversed forks are vulnerable to nucleolytic degra-
dation and their protection requires the tumor suppressor
proteins BRCA1 and BRCA2, germline mutations of which
predispose individuals to breast and/or ovarian cancer (13).
BRCA1 and BRCA2 block the action of the MRE11 nucle-
ase on nascent DNA strands independently of their well-
known role in DNA double-strand break (DSB) repair
(6,7,14–19). It has been suggested that extensive resection of
nascent strands by MRE11 is a leading cause of chemosen-
sitivity in BRCA1/2-deficient cells (16). However, restora-
tion of fork protection does not always lead to chemoresis-
tance in BRCA1/2-deficient cells in other studies (20,21),
underscoring the complexity of the molecular mechanisms
that underlie chemotherapy response in BRCA1/2-deficient
cells.
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Persistently stalled or collapsed forks can be pro-
cessed by MUS81, a structure-specific nuclease, into DSBs
(22,23). Recent studies suggest that break-induced repli-
cation (BIR), a homologous recombination (HR)-based
DSB repair pathway that is dependent upon RAD52 and
POLD3, mediates repair of DSBs to restart stalled replica-
tion forks (24,25). However, how BIR is regulated in the ab-
sence of BRCA1 or BRCA2 to mediate the restart of stalled
forks has not been fully characterized.

The Cockayne syndrome group B (CSB) protein, also
known as ERCC6, is a multifunctional protein that belongs
to the SF2 helicase superfamily. CSB contains a central
ATPase domain and its ATPase activity is autoinhibited
by its N-terminal region (26). It has been suggested that
CSB phosphorylation on S10 and S158 releases the autoin-
hibitory effect of its N-terminal region on its ATPase ac-
tivity in vivo (27). Although first described for its role in
transcription-coupled nucleotide excision repair (28,29), re-
cent studies suggest that CSB plays a role in DNA DSB re-
pair (30–32). CSB remodels chromatin surrounding DSBs
to promote the choice of DSB repair pathways toward HR
in S/G2 (27,33). In addition, CSB interacts with a num-
ber of proteins that have been implicated in the protection
and restart of stalled forks (27,31,33,34), including BRCA1,
MRE11/RAD50/NBS1, RIF1, RAD52 and PARP-1. CSB
promotes HR-mediated repair of DSBs arising from stalled
forks at telomeres in ALT cells (32). Cells deficient in CSB
are sensitive to a range of replication stress-inducing chem-
ical agents, including camptothecin, cisplatin and olaparib
(27,30,33,35,36). However, little is known about the role of
CSB in replication stress.

In this report, we have uncovered that CSB is recruited to
stalled forks to regulate fork restart, fork progression and
fork stability in BRCA1/2-deficient cells. We have shown
that CSB catalyzes fork reversal under the condition where
the autoinhibition by its N-terminal region is released. CSB
promotes slowdown in fork progress upon exposure to a low
level of replication stress in a manner similar to SMAR-
CAL1, ZRANB3 and HLTF, each of which is a known fork
reversal protein, indicative of a role of CSB in fork rever-
sal in vivo. CSB promotes fork degradation in BRCA1/2-
deficient cells, likely through both catalyzing fork reversal
and recruiting MRE11 to stalled forks. Furthermore, CSB
promotes fork restart and RAD52-dependent BIR repair of
stalled forks in BRCA1/2-deficient cells. Loss of CSB and
BRCA1/2 deficiency are a toxic combination to cell survival
in response to replication stress, suggesting that CSB is a
promising target in the treatment of cancer lacking func-
tional BRCA1/2.

MATERIALS AND METHODS

Plasmids, siRNA, antibodies and drugs

Retroviral expression constructs of Myc-tagged CSB
wild type and mutants (W851R, S10A, S10D, S10A-S158A
and S1276A), as well as pDEST-mCherry-LacR-NLS-
MRE11, have been described (27,30,33,37). Wild-type CSB
was used as a template to generate, via site-directed muta-
genesis, CSB mutants (CSB-S1009A, CSB-T1031A, CSB-
S1348A and CSB-S10D-S158D). These mutants were then
cloned into the retroviral expression vector pLPC-N-Myc

(38). The GFP-based BIR reporter plasmid pBIR-GFP (24)
(Addgene plasmid # 49807) was a gift from Thanos Hala-
zonetis.

siRNAs used were from Dharmacon: nontargeting
siRNA (siControl; D-001206-14-05); siBRCA1 (D-003461-
05); siBRCA1-2 (CUAGAAAUCUGUUGCUAUG) (39);
siBRCA2 (D-003462-04); siBRCA2-2 (J-003462-05) (40);
siCtIP (GCUAAAACAGGAACGAAUC); siBOD1L
(J-017033-19); siSMARCAL1 (D-013058-04-0002)
(32); siZRANB3 (GAGUUACCUUAUUGUGAAA)
(41); siHLTF (GGAAUAUAAUGUUAACGAU) (41);
siRAD52 (AAGGAUGGUUCAUAUCAUGAA) (42);
and siMUS81 (CAGCCCUGGUGGAUCGAUA). Drugs
used were hydroxyurea (HU; BioShop Canada), ola-
parib (Selleck Chemicals), cisplatin (Sigma), CGP74514A
(Sigma), roscovitine (Millipore), mirin (Cayman Chemical)
and aphidicolin (BioShop Canada).

The rabbit polyclonal anti-pT1031 antibody was devel-
oped by LifeTein against a CSB peptide containing phos-
phorylated threonine T1031 (TGSDVQ-pT-PKCHLKRR)
(LifeTein). Other antibodies used include the following:
BRCA1 (07-434, Millipore); BRCA2 (A303-434A, Bethyl
Laboratories); CSB (A301-345A, Bethyl Laboratories);
CSB (553C5a, Fitzgerald); cyclin A (ab16726, Abcam);
Myc (9E10, Calbiochem); MRE11 (43) (a kind gift from
John Petrini, Memorial Sloan-Kettering Cancer Center);
MUS81 (sc-47692, Santa Cruz); RAD52 (sc-365341, Santa
Cruz); biotin (A150-109A, Bethyl Laboratories); biotin
(200-002-211, Jackson ImmunoResearch); and � -tubulin
(GTU88, Sigma).

Cell culture, transfection and retroviral infection

All cells were grown in DMEM medium with 10% fetal
bovine serum supplemented with nonessential amino
acids, L-glutamine, 100 U/ml penicillin and 0.1 mg/ml
streptomycin. Cell lines used were as follows: hTERT-RPE
parental and CSB knockout (KO) (30), U2OS (ATCC),
U2OS CSB-KO (27), U2OS-265 CSB-KO (27), HCT116
(Life Technology), HCT116-CSB-KO (27), HEK293
(ATCC) and Phoenix (44). Cell cultures were routinely
fixed, stained with DAPI and examined for mycoplasma
contamination. Retroviral gene delivery was carried out
as described (45,46) to generate stable cell lines. DNA
and siRNA transfections were carried out with respective
JetPrime® transfection reagent (Polyplus) and Lipo-
fectamine RNAiMAX (Invitrogen) according to their
respective manufacturer’s instructions.

PLA assays

Proximity ligation (PLA) assays were performed using
Duolink® PLA kit (Sigma) according to the manufac-
turer’s instructions. Briefly, coverslips were blocked in
Duolink® blocking solution for 30 min at 37◦C, followed
by incubation with primary antibody diluted in Duolink®

antibody diluent overnight at 4◦C. Following washes twice
in wash buffer A (0.15 M NaCl, 10 mM Tris–HCl, pH 7.4,
0.05% Tween 20) for 5 min, coverslips were incubated with
anti-rabbit PLUS and anti-mouse MINUS PLA probes di-
luted in Duolink® antibody diluent for 1 h at 37◦C. Sub-
sequently, coverslips were washed twice in wash buffer A
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for 5 min and then ligated for 30 min at 37◦C. Coverslips
were then washed twice in wash buffer A for 5 min and am-
plification was performed using Duolink® In Situ Detec-
tion Reagents Green for 100 min at 37◦C. After amplifica-
tion, coverslips were washed twice in wash buffer B (0.1 M
NaCl, 0.2 M Tris) for 10 min and once in 0.1× wash buffer
B for 1 min. Finally, coverslips were stained with DAPI
[100 ng/ml in phosphate-buffered saline (PBS)]. Cell im-
ages were recorded on a Zeiss Axioplan 2 microscope with a
Hamamatsu C4742-95 camera and processed in Open Lab.
PLA signals were quantified using ImageJ software (NIH).

DNA fiber analysis

DNA fiber analysis was done essentially as described (47).
For fork protection, cells were incubated first with 25 �M
IdU (I7125, Sigma) for 20 min and then 250 �M CldU
(C6891, Sigma) for 20 min prior to treatment with 4 mM
HU for 5 h. For fork restart, cells were incubated with 25
�M IdU for 20 min and then treated with 4 mM HU for 4 h,
followed by incubation with 250 �M CldU for 60 min. For
fork progression, cells were incubated with 25 �M IdU for
30 min and then 250 �M CldU in the presence or absence
of 50 �M HU for 30 min. Following labeling, cells were col-
lected by trypsinization and counted. Cells were then spot-
ted onto one end of a glass slide, lysed in freshly made
lysis buffer [50 mM EDTA, pH 8.0, 200 mM Tris–HCl,
pH 7.5, 0.5% sodium dodecyl sulfate (SDS)] for 5 min and
stretched onto the slide. Slides were then fixed in freshly
made methanol–acetic acid (3:1) for 20 min at −20◦C and
then allowed to air dry. Following incubation in freshly
prepared 2.5 M HCl for 80 min, slides were washed three
times in PBS and blocked with 5% bovine serum albumin
(BSA) in PBS for 20 min at room temperature. Slides were
then incubated with both rat anti-BrdU (1:400, NB500-169,
Novus Biologicals) and mouse anti-BrdU (1:50, 347580,
BD Sciences) antibodies prepared in 5% BSA in PBS for
2 h at room temperature. Subsequently, slides were washed
three times in PBS and incubated with both Alexa-488 anti-
rat (1:250, 712-545-153, Jackson ImmunoResearch) and
Rhodamine anti-mouse (1:250, 715-295-151, Jackson Im-
munoResearch) secondary antibodies for 1 h at room tem-
perature. DNA fiber images were recorded on a Zeiss Ax-
ioplan 2 microscope with a Hamamatsu C4742-95 camera
and processed in Open Lab. DNA fiber analysis was carried
out with ImageJ software (NIH).

Immunofluorescence

Immunofluorescence (IF) was performed as described
(30,38). To detect EdU, cells seeded on coverslips were
treated with 10 �M EdU for 10 min prior to treatment
with or without 4 mM HU. Following fixation, cells on
coverslips were washed with PBS and then incubated with
freshly prepared Click-iT reaction buffer (2 mM CuSO4, 10
�M biotin–PEG3–azide, 10 mM ascorbic acid) for 10 min
at room temperature. Coverslips were then washed in PBS
twice, followed by regular IF as described (30,38). To de-
tect HU-induced MRE11 foci, cells were pre-extracted with
cold CSK buffer (10 mM PIPES, pH 7.0, 100 mM NaCl, 300
mM sucrose, 3 mM MgCl2, 0.7% Triton X-100) for 5 min

prior to fixation. All cell images were recorded on a Zeiss
Axioplan 2 microscope with a Hamamatsu C4742-95 cam-
era and processed in Open Lab.

GFP reporter assays

U2OS and U2OS CSB-KO cells were transfected with
pBIR-GFP, I-SceI and pCherry with a 4.5:4.5:1 ratio.
Forty-eight hours after transfection, cells were harvested,
fixed and subjected to FACS analysis as described (27,30).
Cherry expression was used as a transfection efficiency con-
trol. A total of 50,000 events per cell line were scored
for each independent experiment. FACS analysis was per-
formed on a BD™ Accuri C6 Plus Flow Cytometer.

Immunoblotting and immunoprecipitation

Immunoblotting and immunoprecipitation were performed
as described (33).

Protein purification

CSB-WT, CSB-230 (amino acids 230–1439), CSB-360
(amino acids 360–1439), CSB-447 (amino acids 447–1439),
CSB-360-W851R and CSB-S10D-S158D were tagged at the
N-terminus with GST and at the C-terminus with His10, ex-
pressed in Sf9 insect cells and purified as described (48).
Briefly, 400 ml of Sf9 insect cells were infected with CSB
or CSB mutant baculoviruses for 3 days at 27◦C. The cell
pellets were resuspended into a final volume of 50 ml with
PBS300 lysis buffer [1× PBS containing 300 mM NaCl, 1
mM EDTA, 0.1 mM DTT, 0.05% Triton X-100 containing
protease inhibitors (Roche), aprotinin 0.019 TIU/ml and le-
upeptin 1 �g/ml]. The suspension was lysed using a Bran-
son Sonifier 250 (30% amplitude, during 2 min, 30 s on,
20 s off). Benzonase (15 U/ml) and MgCl2 (1 mM) were
added for 1 h at 4◦C and insoluble material was removed
by centrifugation (35,000 rpm for 40 min) using Sorvall Ul-
tra Pro 80 T647.5 rotor. One milliliter (slurry) of prewashed
GST beads was added to the soluble extract for 1.5 h at
4◦C. The beads were washed first briefly with washing buffer
PBS300 containing 1 mM DTT, and then during 30 min
with PBS300 containing 5 mM ATP and 15 mM MgCl2.
Beads were then washed once with PBS containing 500 mM
NaCl and 1 mM DTT, and once with P5 Talon buffer (20
mM NaHPO4, pH 7.4, 500 mM NaCl, 10% glycerol, 0.02%
Triton, 5 mM imidazole). Proteins were eluted by cleavage
with PreScission protease (purified in-house) overnight at
4◦C. The eluted proteins were diluted in 10 ml of Talon
buffer, and 400 �l (slurry) of Talon resin (Clontech) was
added and incubated for 1 h at 4◦C. The Talon resin was
washed three times with Talon buffer. Proteins were eluted
with Talon buffer containing 500 mM imidazole and dia-
lyzed in storage buffer (20 mM Tris–acetate, pH 8.0, 200
mM KOAc, 10% glycerol, 1 mM EDTA, 0.5 mM DTT).

Fork reversal and displacement assays

Fork reversal and displacement assays were carried out
as described (12). Briefly, the reaction was performed in
buffer containing 25 mM MOPS, pH 7.0, 60 mM KCl, 0.2%
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Tween, 2 mM DTT, 5 mM MgCl2, 5 mM ATP, 10% glyc-
erol with 0.5 nM 32P-labeled DNA (see primers in Supple-
mentary Table S1) and purified CSB proteins at the indi-
cated concentration. The reaction mixtures were incubated
at 37◦C for 10 min, and deproteinized for 10 min with stop
buffer containing 2 mg/ml proteinase K and 1% SDS. DNA
samples were loaded onto 10% native polyacrylamide gels
with 10% glycerol and 0.02% bromophenol blue. The prod-
ucts were separated by electrophoresis using 1× TBE buffer.
The gel was then exposed and read using Fujifilm FLA
5100.

Clonogenic survival assays

Clonogenic survival assays were done as described (30).

Statistical analysis

A Student’s two-tailed unpaired t-test was used to derive all
P-values except for where specified.

RESULTS

CDK-dependent CSB phosphorylation on T1031 mediates
the CSB–MRE11 interaction and is dispensable for DSB
break repair

We have previously reported that CSB, via its C-terminal
region, interacts with MRE11 in a cell cycle-regulated man-
ner (33). The C-terminal region of CSB contains four CDK
consensus pS/TP motifs, S1009P, T1031P, S1276P and S1348P.
To investigate whether any of these four potential sites me-
diate the interaction of CSB with MRE11, we generated
Myc-tagged CSB WT or Myc-CSB carrying an alanine mu-
tation at each of these four positions and investigated their
interaction with mCherry-LacR-MRE11 at the lac oper-
ator arrays in the reporter U2OS-265 CSB-KO cell line
(33). The U2OS-265 CSB-KO cell line is derived from the
U2OS-265 cell line that carries the 256-copy lac opera-
tor integrated into a single site on chromosome 1 (49). In
agreement with our previous finding (33), Myc-CSB WT
was readily recruited by mCherry-LacR-MRE11 to the lac
operator array in U2OS-265 CSB-KO cells (Supplemen-
tary Figure S1A). This recruitment was impaired by the
T1031A mutation but not by the S1009A, the S1276A or
the S1348A mutation (Supplementary Figure S1A). To fur-
ther investigate whether the T1031A mutation might affect
the CSB–MRE11 interaction, we performed coimmuno-
precipitation analysis with IgG or an anti-MRE11 anti-
body in U2OS CSB-KO cells stably expressing Myc-CSB
WT or Myc-CSB-T1031A. While MRE11 brought down
Myc-CSB, it failed to bring down Myc-CSB-T1031A (Fig-
ure 1A). A phospho-antibody raised against a CSB pep-
tide phosphorylated on T1031 (anti-CSB-pT1031) readily
recognized Myc-CSB WT but not Myc-CSB-T1031A (Fig-
ure 1B). Using this anti-CSB-pT1031 antibody, we were not
able to detect endogenous CSB phosphorylated on T1031
(N.L. Batenburg and X.-D. Zhu, unpublished data), which
is likely due to a low level of T1031 phosphorylation. We
have previously reported that Myc-CSB is highly overex-
pressed compared to endogenous CSB (50), which likely fa-
cilitated the detection of Myc-CSB by the anti-CSB-pT1031

antibody. T1031 phosphorylation was sensitive to treatment
with two independent CDK inhibitors roscovitine (CDKi-
1) and CGP74514A (CDKi-2) (Figure 1C). Taken together,
these results suggest that CDK phosphorylates T1031 of
CSB and that this phosphorylation mediates the CSB–
MRE11 interaction.

We have previously reported that CSB promotes MRE11
recruitment to IR-induced DSBs to facilitate DNA end re-
section, enforcing HR as the choice of DNA DSB repair
pathway (33). To investigate whether T1031 phosphoryla-
tion is required for CSB function in recruiting MRE11 to
IR-induced DSBs, we complemented hTERT-RPE CSB-
KO cells with the vector alone, Myc-CSB or Myc-CSB-
T1031A. We observed that overexpression of Myc-CSB-
T1031A fully restored the formation of IR-induced MRE11
foci in hTERT-RPE CSB-KO cells, indistinguishable from
overexpression of Myc-CSB WT (Supplementary Figure
S1B and C), suggesting that CSB phosphorylation on
T1031 is not involved in regulating MRE11 recruitment
to DSBs. In addition, overexpression of Myc-CSB-T1031A
not only fully restored IR-induced BRCA1 foci formation in
hTERT-RPE CSB-KO cells but also suppressed IR-induced
RIF1 foci formation in hTERT-RPE CSB-KO cells staining
positive for cyclin A, a marker for S/G2 cells (Supplemen-
tary Figure S1D and E), suggesting that T1031 phosphory-
lation is dispensable for CSB’s role in regulating DNA DSB
repair pathway choice. In support of this notion, Myc-CSB-
T1031A fully suppressed the sensitivity of U2OS CSB-KO
cells to olaparib (Supplementary Figure S1F), a PARP in-
hibitor known to be toxic for cells deficient in HR.

CSB is recruited to stalled forks in a manner dependent upon
T1031 phosphorylation

Aside from DSBs, MRE11 is also known to be recruited to
stalled forks, forming HU-induced foci (51). Therefore, we
asked whether CSB might interact with MRE11 at stalled
forks. To address this question, we employed a PLA-based
assay that measures in situ protein interactions with nascent
DNA at replication forks, known as SIRF (52). We detected
HU-induced PLA foci formation between CSB and MRE11
in hTERT-RPE cells and this CSB–MRE11 PLA foci for-
mation was abrogated by the loss of CSB (Figure 1D and E),
suggesting that CSB interacts with MRE11 at stalled forks.
HU-induced PLA foci formation was also detected between
EdU and either endogenous CSB or exogenously expressed
Myc-CSB in cells that were pulse labeled with EdU for 10
min prior to HU treatment (Figure 1F and G, and Sup-
plementary Figure S2A and B), further demonstrating that
CSB is associated with stalled forks. PLA foci formation be-
tween CSB and either MRE11 or EdU was also observed
in cells without HU treatment (Figure 1D–G), indicative of
CSB’s association with ongoing replication forks, in agree-
ment with a previous report that CSB is detected at DNA
replication forks (53).

Further analysis revealed that while treatment with HU
increased the Myc-CSB-EdU PLA foci formation, it failed
to stimulate the Myc-CSB-T1031A-EdU foci formation
(Figure 1H). The Myc-CSB-T1031A mutant was also found
to be defective in forming PLA foci with MRE11 at stalled
forks (Figure 1I and Supplementary Figure S2C). These
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Figure 1. CDK-dependent CSB phosphorylation on T1031 mediates the CSB–MRE11 interaction at stalled forks. (A) Anti-MRE11 coIPs in U2OS
CSB-KO cells stably expressing Myc-CSB WT or Myc-CSB-T1031A. Immunoblotting was performed with anti-MRE11 and anti-Myc antibodies. (B)
Western analysis of HEK293 cells transfected with the vector alone, Myc-CSB or Myc-CSB-T1031A. Immunoblotting was performed with anti-CSB-
pT1031 and anti-Myc antibodies. (C) Western analysis. HEK293 cells transfected with the vector alone or Myc-CSB were treated with no CDK inhibitor
or varying doses of roscovitine (CDKi-1) or CGP74514A (CDKi-2). Immunoblotting was performed with anti-CSB-pT1031 and anti-Myc antibodies. (D)
Representative images of PLA between MRE11 and CSB at ongoing (no HU) or stalled (HU) forks. hTERT-RPE CSB-WT and CSB-KO cells were treated
with no HU or 4 mM HU, and fixed 4 h later. Nuclei were stained with DAPI in blue in this and subsequent panels. Scale bars in this and subsequent
panels: 5 �m. (E) Quantification of PLA between MRE11 and CSB from panel (D). The respective numbers of cells analyzed for hTERT-RPE CSB-WT
(−HU), hTERT-RPE CSB-WT (+HU) and hTERT-RPE CSB-KO (+HU) were 379, 360 and 365. Data from single experiments are represented as scatter
plot graphs with the mean indicated in this panel and panels (G)–(I). The P-value was determined using a nonparametric Mann–Whitney rank-sum t-test
in this panel and panels (G)–(I). ***P < 0.001. (F) Representative images of PLA between endogenous CSB and EdU in HeLa cells at ongoing (no HU) or
stalled (HU) forks. No CSB antibody was included as a negative control. (G) Quantification of PLA between CSB and EdU from panel (F). The respective
numbers of cells analyzed were 234 (no CSB Ab & no HU), 220 (no HU) and 231 (HU). ***P < 0.001. (H) Quantification of PLA between EdU and
Myc-CSB alleles. A total of 218–249 cells per condition were analyzed. **P < 0.01; ***P < 0.001; n.s.: P > 0.05. (I) Quantification of PLA between MRE11
and Myc-CSB alleles. The respective numbers of cells analyzed for vector, Myc-CSB and Myc-CSB-T1031 (+HU) were 580, 589 and 594. ***P < 0.001.
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results suggest that T1031 phosphorylation mediates re-
cruitment of CSB to stalled forks. We noticed that in un-
treated U2OS CSB-KO cells, Myc-CSB-T1031A was able to
form EdU PLA foci albeit at a reduced level compared to
Myc-CSB (Figure 1H), indicating that T1031 phosphoryla-
tion is not essential for CSB’s association with replication
forks in unperturbed cells.

CSB is an ATP-dependent chromatin remodeler and we
have previously reported that the ATPase-dead W851R mu-
tation abrogates CSB’s chromatin remodeling activity in
vivo (27). Unlike the T1031A mutation, this ATPase-dead
W851R mutation had little effect on the PLA foci formation
between Myc-CSB and EdU in HU-treated U2OS CSB-KO
cells (Supplementary Figure S2D). In addition, the W851R
mutation did not affect the ability of Myc-CSB to inter-
act with mCherry-LacR-MRE11 at the lac operator array
in U2OS-265 CSB-KO cells (Supplementary Figure S2E).
These results suggest that the ATPase activity of CSB is dis-
pensable for both its association with stalled forks and its
interaction with MRE11.

CSB promotes MRE11 recruitment to stalled forks in the ab-
sence of BRCA1/2 but not in wild-type cells

MRE11 is recruited to stalled forks and this recruitment
is further stimulated in BRCA1/2-deficient cells (17,18).
To investigate whether CSB regulates MRE11 recruitment
to stalled forks, we first examined HU-induced MRE11
foci formation, a readout for MRE11 association with
stalled forks, in both U2OS CSB-WT and CSB-KO cells
that were transfected with siControl, siBRCA1 or siBRCA2
(Supplementary Figure S3A). We observed that loss of
CSB did not affect HU-induced MRE11 foci formation in
EdU+ U2OS cells (Figure 2A). While depletion of either
BRCA1 or BRCA2 led to a further increase in the number of
EdU+ cells with HU-induced MRE11 foci in U2OS CSB-
WT cells, this further increase was not observed in U2OS
CSB-KO cells depleted for either BRCA1 or BRCA2 (Fig-
ure 2A). This defect was also observed in U2OS CSB-KO
cells in which BRCA1 or BRCA2 was depleted with a sec-
ond independent siRNA (siBRCA1-2 or siBRCA2-2) (Fig-
ure 2B). To further substantiate this observation, we pulse
labeled both U2OS CSB-WT and CSB-KO cells that were
depleted with either BRCA1 or BRCA2 with EdU for 10
min prior to HU treatment. Analysis of PLA foci forma-
tion of MRE11 with EdU revealed that depletion of either
BRCA1 or BRCA2 increased the MRE11–EdU PLA foci
formation in HU-treated U2OS CSB-WT cells, but this in-
crease was abolished in HU-treated U2OS CSB-KO cells
(Figure 2C). Taken together, these results suggest that CSB
does not regulate MRE11 recruitment to stalled forks in
wild-type cells but promotes further MRE11 recruitment to
stalled forks in BRCA1/2-deficient cells.

CSB’s phosphorylation on T1031 but not CSB’s ATPase ac-
tivity mediates further MRE11 recruitment to stalled forks in
BRCA1/2-deficient cells

To investigate whether CSB is dependent upon its T1031
phosphorylation or its ATPase activity to regulate MRE11
recruitment to stalled forks, we measured the MRE11–
EdU PLA foci formation in BRCA1/2-depleted U2OS

CSB-KO cells transfected with the vector alone, Myc-
CSB, Myc-CSB-T1031A or Myc-CSB-W851R. We ob-
served that the T1031A mutation abrogated the ability of
Myc-CSB to restore MRE11–EdU PLA foci formation
in BRCA2-depleted U2OS CSB-KO cells (Figure 2D). In
agreement with this finding, the T1031A mutation also
abolished the ability of Myc-CSB to restore HU-induced
MRE11 foci formation in BRCA1/2-depleted U2OS CSB-
KO cells (Figure 2E). Furthermore, treatment with CDK
inhibitor CGP74514A (CDKi-2) abrogated the ability of
Myc-CSB to restore HU-induced MRE11 foci formation in
BRCA1/2-depleted U2OS CSB-KO cells (Figure 2F). Alto-
gether, these results suggest that CDK-dependent phospho-
rylation of CSB on T1031 is necessary to promote further
MRE11 recruitment to stalled forks in BRCA1/2-deficient
cells.

We observed that unlike Myc-CSB-T1031A, Myc-CSB-
W851R behaved like Myc-CSB in supporting MRE11–
EdU PLA foci formation as well as HU-induced MRE11
foci formation (Figure 2D and G). These results suggest that
CSB does not require its ATPase activity to promote further
MRE11 recruitment to stalled forks in BRCA1/2-deficient
cells.

CSB promotes fork degradation in BRCA1- or BRCA2-
depleted cells in a manner dependent upon both its T1031
phosphorylation and its ATPase activity

MRE11 degrades nascent DNA strands at reversed forks,
which is blocked by BRCA1 and BRCA2 (16–19). Nascent
DNA strands can also be degraded by DNA2, which is pro-
hibited by CtIP and BOD1L (54,55). To investigate whether
CSB interacts with MRE11 to regulate fork stability in
BRCA1- or BRCA2-deficient cells, we depleted BRCA1 or
BRCA2 in three different cell types (U2OS, HCT116 and
hTERT-RPE) that were either wild type for CSB (CSB-
WT) or knocked out for CSB (CSB-KO) (Supplementary
Figure S3A). These cells were first labeled with IdU for
20 min and then with CldU for 20 min prior to treat-
ment with HU for 5 h (top panel in Figure 3A and Sup-
plementary Figure S3B). DNA fiber analysis revealed that
knockdown of BRCA1 or BRCA2 led to a significant re-
duction in the ratio of CldU/IdU in U2OS, HCT116 or
hTERT-RPE cells (Figure 3A and B, and Supplementary
Figure S3B and C), in agreement with previous reports
(17,18). Loss of CSB reversed this reduction in the ra-
tio of CldU/IdU in BRCA1- or BRCA2-depleted U2OS,
HCT116 or hTERT-RPE cells (Figure 3A and B, and Sup-
plementary Figure S3B and C). The effect of loss of CSB
on restoring fork protection in BRCA2-depleted cells was
similar to that of MRE11 inhibition (Figure 3C). Loss of
CSB was also observed to reverse the reduction in the ra-
tio of CIdU/IdU in U2OS cells that were depleted with
a second siRNA against BRCA1 (siBRCA1-2) or BRCA2
(siBRCA2-2) (Supplementary Figure S3D). It has been re-
ported that HU, but not the DNA polymerase inhibitor
aphidicolin, induces metabolic reactive oxygen species (56).
We observed that loss of CSB also prevented fork degrada-
tion in aphidicolin-treated BRCA1/2-depleted cells (Sup-
plementary Figure S3E), suggesting that the role of CSB
in promoting fork degradation in BRCA1/2-deficient cells
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Figure 2. CSB promotes MRE11 recruitment to stalled forks in BRCA1/2-depleted cells but not in wild-type cells. (A) Quantification of the percentage of
EdU+ cells with ≥20 HU-induced MRE11 foci. U2OS CSB-WT and CSB-KO cells were transfected with siControl, siBRCA1 or siBRCA2 for 48 h, and
then incubated with EdU for 10 min, followed by treatment with HU for 4 h. A total of 500–550 cells per condition were scored in a blind manner. Standard
deviations from three independent experiments are indicated in this panel and panels (B) and (E)–(G). **P < 0.01; ***P < 0.001. (B) Quantification of
the percentage of EdU+ cells with ≥20 HU-induced MRE11 foci. U2OS CSB-WT and CSB-KO cells were transfected with siControl, or a second set of
siRNA against BRCA1 (siBRCA1-2) or BRCA2 (siBRCA2-2). Scoring was done as in panel (A). (C) Quantification of PLA foci between MRE11 and
EdU in both U2OS CSB-WT and CSB-KO cells transfected with siControl, siBRCA1 or siBRCA2. A total of 187–212 cells per condition were analyzed.
*P < 0.05; ***P < 0.001; n.s.: P > 0.05. (D) Quantification of PLA foci between MRE11 and EdU in siBRCA1/2-depleted CSB-KO cells expressing
the vector alone, Myc-CSB, Myc-CSB-W851R or Myc-CSB-T1031A. A total of 173–217 cells per condition were analyzed. *P < 0.05; ***P < 0.001;
n.s.: P > 0.05. (E) Quantification of the percentage of EdU+ cells as indicated with ≥20 HU-induced MRE11 foci. Scoring was done as in panel (A).
**P < 0.01; ***P < 0.001. (F) Quantification of the percentage of EdU+ cells with ≥20 HU-induced MRE11 foci. BRCA1/2-depleted U2OS CSB-KO
cells transfected with the vector alone or Myc-CSB were incubated with EdU for 10 min, followed by treatment with HU for 4 h in the presence or absence
of 2 �M CDKi-2 inhibitor. Scoring was done as in panel (A). **P < 0.01; ***P < 0.001. (G) Quantification of the percentage of EdU+ cells as indicated
with ≥20 HU-induced MRE11 foci. Scoring was done as in panel (A). **P < 0.01; ***P < 0.001.
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Figure 3. CSB promotes MRE11-mediated degradation of nascent DNA strands in BRCA1/2-depleted cells. (A) Representative images of DNA fibers
from U2OS CSB-WT or CSB-KO. Following transfection with indicated siRNA, cells were incubated first with IdU (red) and then with CldU (green),
followed by treatment with 4 mM HU for 5 h. (B) Quantification of the CldU/IdU ratio. A total of 193–274 fibers per condition were analyzed. Data
from single experiments are represented as scatter plot graphs with the mean indicated in this and subsequent panels. The P-value was determined using a
nonparametric Mann–Whitney rank-sum t-test in this and subsequent panels. ***P < 0.001. (C) Quantification of the CldU/IdU ratio for BRCA2-depleted
U2OS cells. Following incubation with CldU (green), cells were treated with HU as in panel (A) in the presence or absence of 50 �M mirin. A total of 190–
251 fibers per condition were analyzed. ***P < 0.001. (D) Quantification of the CldU/IdU ratio for BRCA2-depleted U2OS CSB-KO cells complemented
with the vector alone, Myc-CSB or Myc-CSB-T1031A. A total of 201–233 fibers per condition were analyzed. ***P < 0.001. (E) Quantification of the
CldU/IdU ratio for BRCA2-depleted U2OS CSB-KO cells transfected with the vector alone, Myc-CSB or Myc-CSB-W851R. A total of 202–218 fibers
per condition were scored. ***P < 0.001. (F) Quantification of the CldU/IdU ratio for BRCA2-depleted U2OS CSB-KO cells transfected with the vector
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Cells were incubated with CldU (green) in the presence or absence of 50 �M HU. A total of 362–382 fibers per condition were analyzed. ***P < 0.001. (I)
Quantification of the CldU/IdU ratio for both U2OS CSB-WT and CSB-KO cells transfected with siControl, siSMARCAL1, siZRANB3 or siHLTF. A
total of 279–364 fibers per condition were analyzed. ***P < 0.001.
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is not limited to only HU-induced stalled forks. In con-
trast, loss of CSB did not reverse fork degradation in CtIP-
and BOD1L-depleted U2OS cells (Supplementary Figure
S4A–C). These results suggest that CSB promotes MRE11-
mediated fork degradation in BRCA1/2-deficient cells.

Further DNA fiber analysis revealed that while over-
expression of Myc-CSB promoted fork degradation in
BRCA2-depleted CSB-KO cells, overexpression of either
Myc-CSB-T1031A or Myc-CSB-W851R failed to do so in
two independent experiments (Figure 3D and E, and Sup-
plementary Figure S3F), suggesting that CSB is dependent
upon both its T1031 phosphorylation and its ATPase ac-
tivity to promote MRE11-dependent fork degradation in
BRCA2-deficient cells.

We have previously reported that phosphorylation of
CSB on S10 by ATM controls ATP-dependent chromatin
remodeling activity of CSB at DSBs (27). To investigate
whether CSB phosphorylation on S10 is required for fork
degradation, we transfected BRCA2-depleted U2OS CSB-
KO cells with the vector alone, Myc-CSB, Myc-CSB car-
rying a nonphosphorylatable S10A mutation (Myc-CSB-
S10A) or Myc-CSB carrying a phosphomimetic S10D mu-
tation (Myc-CSB-S10D). We observed that overexpression
of Myc-CSB-S10A was unable to restore the reduction in
the ratio of CldU/IdU in BRCA2-depleted U2OS CSB-
KO cells, whereas overexpression of Myc-CSB-S10D was
fully competent in doing so, indistinguishable from overex-
pression of Myc-CSB (Figure 3F). In addition, treatment
with ATM inhibitor KU55933 abrogated the ability of Myc-
CSB to restore the reduction in the ratio of CldU/IdU in
BRCA2-depleted U2OS CSB-KO cells (Figure 3G). These
results suggest that ATM controls the ATP-dependent ac-
tivity of CSB that is necessary to promote fork degradation
in BRCA1/2-deficient cells.

CSB regulates slowdown in fork progression in the presence
of mild replication stress

Fork reversal has been reported to be a prerequisite for
MRE11-dependent fork degradation in BRCA1/2-deficient
cells (6,7,14). Our finding that CSB, a DNA translo-
case, promotes MRE11-dependent fork degradation in
BRCA1/2-depleted cells prompted us to ask whether CSB
regulates fork reversal. It has been reported that fork rever-
sal impedes fork progression in the presence of a low level
of replication stress (9) and that depletion of fork reversal
proteins such as HLTF and ZRANB3 prevents fork slowing
(11,57). To investigate whether CSB regulates fork reversal
to promote fork slowing, we treated both U2OS CSB-WT
and CSB-KO cells with a low dose of HU (50 �M), which
has been reported to induce fork reversal and slows down
fork progression (57). We first labeled cells with IdU for 30
min and then with CldU for 30 min in the presence of 50
�M HU. In agreement with previous findings, this low dose
of HU slowed down fork progression in U2OS CSB-WT
cells as evidenced by a reduction in the ratio of CIdU/IdU
(Figure 3H). This reduction was reversed in U2OS CSB-KO
cells (Figure 3H), indicating that CSB plays a role in regu-
lating fork reversal in vivo.

To investigate whether CSB functions with fork reversal
proteins such as SMARCAL, ZRANB3 or HLTF to regu-

late fork progression, we depleted these proteins individu-
ally in both U2OS CSB-WT and CSB-KO cells. DNA fiber
analysis revealed that depletion of SMARCAL1, ZRANB3
or HLTF prevented slowdown in fork regression in U2OS
CSB-WT cells exposed to 50 �M HU (Figure 3I), in agree-
ment with previous findings (9,11,57). Depletion of SMAR-
CAL1, ZRANB3 or HLTF did not lead to any further in-
crease in fork progression in U2OS CSB-KO cells exposed
to 50 �M HU (Figure 3I). These results suggest that CSB
regulates fork slowing upon exposure to replication stress in
a manner similar to SMARCAL1, ZRANB3 and HLTF.

CSB exhibits an intrinsic ATP-dependent fork reversal activ-
ity that is inhibited by its N-terminal region

To investigate whether CSB catalyzes fork reversal in vitro,
we produced baculovirus-expressed recombinant CSB full-
length protein (Figure 4A) and examined its activity using
a previously reported fork reversal assay (12). Recombinant
CSB-WT showed little in vitro fork reversal activity (Fig-
ure 4B). It has been reported that the CSB N-terminal re-
gion autoinhibits its ATPase activity both in vivo and in vitro
(26,27). Therefore, we investigated whether deleting the N-
terminal region might enable CSB to catalyze fork reversal
in vitro. We produced three baculovirus-expressed recom-
binant CSB truncation mutants lacking varying lengths of
the N-terminal region (CSB-230, CSB-360 and CSB-447)
(Figure 4A). Interestingly, all three CSB truncation mu-
tants exhibited fork reversal activity in a manner dependent
upon the presence of ATP (Figure 4B and C). To further
substantiate that these CSB truncation mutants are depen-
dent upon their ATPase activity to catalyze fork reversal in
vitro, we produced recombinant CSB-360 mutant carrying
the ATPase-dead W851R mutation (Figure 5A). Unlike the
recombinant CSB-360 protein, the CSB-360-W851R pro-
tein was defective in catalyzing fork reversal in vitro (Figure
5B). Altogether, these results suggest that CSB possesses an
intrinsic ATP-dependent fork reversal activity that is inhib-
ited by its N-terminal region.

It has been reported that CSB phosphorylation on both
S10 and S158 releases the autoinhibition of CSB’s N-
terminal region to promote its ATP-dependent chromatin
remodeling in vivo (27). Therefore, we asked whether CSB
carrying double phosphomimetic S10D-S158D mutations
might be enabled to catalyze fork reversal in vitro. We
produced recombinant CSB-S10D-S158D mutant protein
(Figure 5A); however, little fork reversal activity was ob-
served with this CSB-S10D-S158D mutant (Figure 5B).
In contrast, Myc-tagged CSB-S10D-S158D (CSB-DD) was
fully competent in promoting fork degradation in BRCA2-
depleted cells, whereas Myc-tagged CSB carrying double
nonphosphorylatable S10A-S158A (CSB-AA) failed to do
so (Figure 3F). These results altogether suggest that CSB
phosphorylation on both S10 and S158 alone is insufficient
to release the autoinhibition of the CSB N-terminal region
for fork reversal activity in vitro.

To gain further insight into the fork reversal activity of
the CSB-360 protein, we tested its activity on additional
DNA substrates, including dsDNA, G4 DNA and forked
substrates with ssDNA on both tails or ssDNA on one tail.
The CSB-360 protein did not exhibit any DNA unwinding
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activity on 60-bp dsDNA, G4 DNA or the forked DNA
substrate with ssDNA on both tails (Figure 5C), in agree-
ment with previous reports that CSB does not unwind ds-
DNA (58,59) nor G4 DNA in the absence of cDNA (60).
On the other hand, the CSB-360 protein exhibited fork re-
versal activity on the forked DNA substrate with ssDNA on
one tail and this activity was higher than that of the CSB-
360 protein on the forked substrate with no ssDNA on both
tails (Figure 5C), indicating that the CSB-360 protein may
have a preference for certain forked substrates. Taken to-
gether, these results suggest that it is unlikely that CSB-360
protein unwinds DNA to catalyze fork reversal, but rather
is more likely to utilize its translocase activity for this func-
tion.

CSB acts in the same pathway as MRE11 to promote restart
of stalled forks

In addition to fork stability and fork progression, we also
investigated whether CSB regulates the restart of stalled
forks. We performed DNA fiber analysis using three differ-
ent cell lines (U2OS, HCT116 and hTERT-RPE) that are
either CSB-WT or CSB-KO. These cells were first labeled
with IdU for 20 min, treated with HU for 4 h and then la-
beled with CldU for 60 min. Loss of CSB did not affect the
number of newly fired origins (Figure 6A and B, and Sup-
plementary Figure S5A and B). On the other hand, loss of
CSB led to not only a decrease in the number of restarted
forks but also an increase in the number of stalled forks in
all three cell types examined (Figure 6A and B, and Supple-
mentary Figure S5A and B), suggesting that CSB promotes
restart of stalled forks.

Further DNA fiber analysis revealed that overexpres-
sion of Myc-CSB suppressed the number of stalled forks
in U2OS CSB-KO cells, whereas overexpression of Myc-
CSB-W851R failed to do so (Figure 6C), suggesting that
CSB is dependent upon its ATPase activity to promote fork
restart. In support of the notion that ATM controls CSB’s
ATPase activity at stalled forks, overexpression of Myc-
CSB-S10D suppressed the number of stalled forks in U2OS
CSB-KO cells, whereas overexpression of Myc-CSB-S10A
failed to do so (Figure 6D). In contrast, overexpression
of Myc-CSB-T1031A was fully competent in suppressing
the number of stalled forks in U2OS CSB-KO cells (Figure
6C), suggesting that CSB phosphorylation on T1031 is dis-
pensable for fork restart. These results further suggest that
the T1031A mutation is a separation of function mutation
and that CSB-mediated fork restart is mechanistically sep-
arable from CSB-mediated fork degradation in BRCA1/2-
deficient cells.

Although CSB was not dependent upon its interaction
with MRE11 to regulate fork restart, CSB was epistatic
to MRE11 in regulating fork restart since treatment with
MRE11 inhibitor mirin did not further increase the number
of stalled forks in U2OS CSB-KO cells (Figure 6E). Treat-
ment with mirin induced stalled forks in U2OS CSB-WT
cells (Figure 6E), in agreement with previous findings (19).
It has been suggested that MRE11 promotes fork restart
through recombination-mediated processes such as HR and
BIR (61–63). We have previously reported that CSB pro-

motes BRCA1-mediated HR repair of DSBs (30). However,
depletion of either BRCA1 or BRCA2 had little effect on the
number of stalled forks in both U2OS CSB-WT and CSB-
KO cells (Figure 6F), in agreement with previous reports
that BRCA1/2-deficient cells exhibit no defect in replica-
tion recovery (17,18). These results suggest that CSB can
promote fork restart independently of BRCA1/2-mediated
HR.

CSB regulates BIR repair of DSBs

CSB has been previously reported to regulate a RAD52-
dependent BIR pathway to repair ROS-induced DSBs (31).
To investigate the role of CSB in BIR, we employed a previ-
ously published BIR reporter plasmid (pBIR-GFP) (24), in
which restoration of GFP expression requires BIR repair of
an I-SceI-induced DSB in the GFP gene. We found that loss
of CSB led to a 31% reduction in BIR-dependent restora-
tion of GFP expression in U2OS cells (Figure 6G), sup-
porting the notion that CSB regulates BIR repair of DSBs.
It has been reported that inactivation of BRCA1 reduces
BIR efficiency (64). In agreement with the previous finding,
depletion of BRCA1 impaired BIR-dependent restoration
of GFP expression in U2OS CSB-WT cells (Figure 6H).
Depletion of BRCA1 also led to a further decline in BIR-
mediated restoration of GFP expression in U2OS CSB-KO
cells (Figure 6H), suggesting that CSB is not epistatic to
BRCA1 in regulating BIR.

CSB acts in the same pathway as RAD52 to prevent excessive
replication stress-induced chromatid breaks in BRCA1/2-
depleted cells

To investigate whether CSB regulates genomic stability
in BRCA1/2-deficient cells exposed to replication stress,
we examined chromosome abnormalities in BRCA1/2-
depleted U2OS CSB-WT and CSB-KO cells following treat-
ment with HU, olaparib or cisplatin. Analysis of metaphase
chromosome spreads revealed that depletion of either
BRCA1 or BRCA2 led to an accumulation of chromosome
breaks and radial chromosomes in U2OS CSB-WT cells
upon replication stress (Figure 7A and Supplementary Fig-
ure S6A–D), in agreement with previous reports (16–18).
We noted that the effect of HU on radial chromosome for-
mation was limited. A small increase in the accumulation
of radial chromosomes was observed for BRCA1-depleted
U2OS CSB-WT cells upon treatment with HU, whereas no
radial chromosome accumulation was detected in BRCA2-
depleted U2OS CSB-WT cells upon treatment with HU
(Supplementary Figure S6D), suggesting that HU is a poor
inducer of radial chromosomes in BRCA1/2-depleted CSB-
WT cells under our experimental conditions.

We observed that loss of CSB in BRCA1/2-depleted
U2OS cells promoted a further increase in the accumula-
tion of chromatid breaks upon treatment with HU, olaparib
or cisplatin (Figure 7A). In contrast, loss of CSB reduced
the accumulation of radial chromosomes in BRCA1/2-
depleted U2OS cells following treatment with HU, olaparib
or cisplatin (Supplementary Figure S6D). It has been re-
ported that ligase IV mediates radial chromosome forma-
tion in BRCA1/2-deficient cells (65). Perhaps, replication
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(A). **P < 0.01; ***P < 0.001.
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stress-induced chromatid breaks accumulated in the ab-
sence of CSB are not compatible with ligase IV-mediated
end joining. These results altogether suggest that replica-
tion stress leads to an excessive accumulation of chromo-
some breaks in BRCA1/2-deficient CSB-KO cells.

Further analysis revealed that reintroduction of Myc-
CSB suppressed the excessive accumulation of cisplatin-
induced chromatid breaks in BRCA1/2-depleted U2OS
CSB-KO cells (Figure 7B), demonstrating that the observed
excessive accumulation of replication stress-induced chro-
matid breaks is specific to CSB. Overexpression of Myc-
CSB-T1031A but not Myc-CSB-W851R suppressed the ex-
cessive accumulation of cisplatin-induced chromatid breaks
in BRCA1/2-depleted U2OS CSB-KO cells (Figure 7B and
C). These results suggest that CSB is dependent upon
its ATPase activity but not its T1031 phosphorylation to
limit the excessive accumulation of chromosome breaks in
BRCA1/2-deficient cells.

It has been reported that inhibition of MRE11 al-
leviates chromosome aberrations induced by replication
stress in BRCA2-deficient cells (15). To further investi-
gate the mechanism by which CSB prevents an excessive
accumulation of chromatid breaks in BRCA1/2-depleted
U2OS cells upon replication stress, we treated BRCA1/2-
depleted U2OS CSB-WT and CSB-KO cells with mirin. In
agreement with the previous finding (15), treatment with
mirin mitigated cisplatin-induced accumulation of both
chromatid breaks and radial chromosomes in BRCA1/2-
depleted U2OS CSB-WT cells (Figure 7A and Supplemen-
tary Figure S6D). Treatment with mirin also eliminated the
effect of loss of CSB on cisplatin-induced chromatid break
formation in BRCA1/2-depleted U2OS CSB-KO cells (Fig-
ure 7A). We have shown that fork protection is restored
in BRCA1/2-deficient CSB-KO cells. These results suggest
that the excessive formation of cisplatin-induced chromatid
breaks in BRCA1/2-depleted CSB-KO cells is unlikely to
arise from MRE11-mediated degradation of nascent DNA
strands at reversed forks but rather MRE11-mediated re-
pair of stalled forks. These results further imply that CSB
acts downstream of MRE11 to promote repair of stalled
forks.

MUS81 is a structure-specific endonuclease known to
cleave stalled forks into DSBs that are thought to initiate
RAD52-dependent MiDAS or BIR-like pathways to pro-
mote restart of stalled forks (15,25,42,66). We observed
that depletion of MUS81 reduced the accumulation of
cisplatin-induced chromatid breaks in BRCA1/2-depleted
U2OS CSB-KO cells (Figure 7D and Supplementary Fig-
ure S7A), suggesting that MUS81-mediated cleavage of
stalled forks is an underlying cause of excessive formation
of chromatid breaks in BRCA1/2-depleted CSB-KO cells.
In addition, depletion of RAD52 did not further increase
the accumulation of cisplatin-induced chromatid breaks in
BRCA1/2-depleted U2OS CSB-KO cells (Figure 7E and
Supplementary Figure S7B). Taken together, these results
suggest that CSB acts epistatically with RAD52 to pro-
mote BIR repair of stalled forks in BRCA1/2-deficient cells,
thereby limiting the excessive accumulation of chromosome
breaks.

Loss of CSB and BRCA1/2 deficiency are a toxic combina-
tion to cell survival upon replication stress

To investigate whether CSB regulates survival of BRCA1/2-
deficient cells upon replication stress, we performed clono-
genic survival assays in HCT116 CSB-WT and CSB-KO
cells transfected with siControl, siBRCA1 or siBRCA1 fol-
lowing treatment with HU. While depletion of BRCA1 with
two independent siRNAs (siBRCA1 and siBRCA1-2) did
not affect the sensitivity of HCT116 cells to HU (Figure 8A
and Supplementary Figure S8A), depletion of BRCA2 with
two independent siRNAs (siBRCA2 and siBRCA2-2) en-
hanced the sensitivity of HCT116 cells to HU (Figure 8B
and Supplementary Figure S8B). This increased sensitivity
was also observed in BRCA2-depleted U2OS cells (Supple-
mentary Figure S8C), suggesting that it is not limited to one
cell type. Although the loss of CSB had little effect on the
sensitivity of siControl-transfected HCT116 cells to HU, it
resulted in synthetic sensitivity to HU in HCT116 cells that
were depleted with either siBRCA1 or siBRCA1-2 (Figure
8A and Supplementary Figure S8A). In addition, loss of
CSB further sensitized both BRCA2-depleted HCT116 and
BRCA2-depleted U2OS cells to HU (Figure 8B, and Sup-
plementary Figure S8B and C). Furthermore, loss of CSB
together with BRCA1/2 deficiency resulted in a synthetic
increase in the sensitivity of both HCT116 and U2OS cells
to replication stress-inducing agents olaparib and cisplatin
(Figure 8A and B, and Supplementary Figure S8C). Taken
together, these results suggest that loss of CSB is toxic
to BRCA1/2-deficient cells upon replication stress. Inter-
estingly, analysis of published METABRIC breast cancer
data (67,68) from cBioPortal (69,70) revealed that BRCA1
mutation-carrying breast cancer patients with low CSB ex-
pression had significant better overall survival and relapse
free time than BRCA1 mutation-carrying breast cancer pa-
tients with high CSB expression (Figure 8C and D), in line
with the notion that loss of CSB enhances chemosensitiv-
ity of cancers carrying BRCA mutations, thereby improving
patient survival.

Further analysis revealed that overexpression of ei-
ther Myc-CSB or Myc-CSB-T1031A improved survival
of BRCA2-depleted U2OS CSB-KO cells in response to
treatment with either olaparib or cisplatin (Figure 8E and
F), suggesting that CSB is not dependent upon its T1031
phosphorylation to promote chemoresistance in BRCA2-
deficient cells.

We have shown that CSB promotes MUS81-RAD52-
mediated BIR to prevent excessive cisplatin-induced chro-
matid break formation in BRCA1/2-depleted cells. We ob-
served that depletion of MUS81 had little effect on the sen-
sitivity of BRCA1-depleted HCT116 cells to cisplatin (Sup-
plementary Figure S8D), in agreement with previous re-
ports that depletion of MUS81 does not affect chemosensi-
tivity in BRCA1-deficient cells (15,71). On the other hand,
depletion of MUS81 improved the survival of BRCA2-
depleted HCT116 cells in response to cisplatin (Supplemen-
tary Figure S8E), in line with the notion that CSB promotes
survival of BRCA2-deficient cells upon replication stress
by facilitating BIR repair of DSBs arising from MUS81-
mediated cleavage of stalled forks.
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Figure 8. Loss of CSB is toxic to BRCA1/2-deficient cells exposed to replication stress. (A) Clonogenic survival assays of HCT116 CSB-WT and CSB-
KO cells that were transfected with siControl or siBRCA1. Standard deviations from three independent experiments are indicated in this and subsequent
panels. P-values for comparison between CSB-WT/siBRCA1 and CSB-KO/siBRCA1 are indicated. *P < 0.05; **P < 0.01; ***P < 0.001; n.s.: P > 0.05.
(B) Clonogenic survival assays of both HCT116 CSB-WT and CSB-KO cells that were transfected with siControl or siBRCA2. P-values for comparison
between CSB-WT/siBRCA2 and CSB-KO/siBRCA2 are indicated. *P < 0.05; **P < 0.01; ***P < 0.001; n.s.: P > 0.05. (C) Overall survival of BRCA1
mutation-bearing breast cancer patients with low or high CSB expression. Analysis was done on cBioPortal with METABRIC breast cancer data in this
panel and panel (D). The P-value was derived using the log-rank (Mantel–Cox) test in this panel and panel (D). (D) Relapse free of BRCA1-bearing breast
cancer patients with low or high CSB expression. Olaparib (E) and cisplatin (F) clonogenic survival assays of BRCA2-depleted U2OS CSB-KO cells that
were complemented with the vector alone, Myc-CSB or Myc-CSB-T1031A. P-values for comparison between siBRCA2/vector and siBRCA2/T1031A are
indicated. *P < 0.05; **P < 0.01. (G) Model for the function of CSB at stalled replication forks. See the text for details.
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DISCUSSION

CSB is a DNA translocase and its ATPase activity has been
reported to be stimulated by fork-like substrates (58). Sev-
eral lines of evidence presented here suggest that CSB cat-
alyzes fork reversal (Figure 8G). First, CSB possesses an
intrinsic ATP-dependent fork reversal activity in vitro, al-
beit this activity is inhibited by its N-terminal region. It
has been reported that the CSB’s N-terminal region autoin-
hibits its ATPase activity both in vivo and in vitro (26,27).
It is likely that CSB catalyzes fork reversal in vivo in a
highly regulated manner. Second, it has been reported that
fork reversal slows down fork progression (9,11,57), which
can be prevented by depletion of known fork reversal fac-
tors such as SMARCAL1, ZRANB3 or HLTF (6,8,11,12).
We have shown that loss of CSB prevents slowdown in
fork progression in cells exposed to a low level of replica-
tion stress, which is similar to depletion of SMARCAL1,
ZRANB3 or HLTF, indicative of a role of CSB in fork re-
versal in vivo. Third, it has been reported that fork rever-
sal is a prerequisite for MRE11-dependent fork degrada-
tion in BRCA1/2-deficient cells (6,7,14). We have shown
that CSB promotes MRE11-mediated fork degradation in
BRCA1/2-deficient cells in a manner dependent upon its
ATPase activity, in line with the notion that CSB catalyzes
fork reversal. Our finding that ATM releases the autoinhibi-
tion of CSB’s N-terminal region on CSB’s ATPase activity
needed for MRE11-dependent fork degradation in vivo sug-
gests that ATM might control the fork reversal activity of
CSB in vivo.

We have shown that CSB is recruited to stalled forks in a
manner dependent upon CSB phosphorylation on T1031
by CDK. Our finding that T1031 phosphorylation medi-
ates the CSB–MRE11 interaction suggests that CSB is likely
recruited by MRE11 to stalled forks in wild-type cells, al-
though we cannot rule out the possibility that CSB re-
cruitment to stalled forks is independent from the CSB–
MRE11 interaction. While dispensable for MRE11 associ-
ation with stalled forks in wild-type cells, CSB is needed to
promote elevated accumulation of MRE11 at stalled forks
in BRCA1/2-deficient cells. One possibility could be that
once recruited to stalled forks, CSB can in turn recruit
MRE11 to stalled forks under pathological conditions lack-
ing functional BRCA1/2 (Figure 8G). This is supported
by our finding that the further accumulation of MRE11 at
stalled forks in BRCA1/2-deficient cells is dependent upon
T1031 phosphorylation, which mediates the CSB–MRE11
interaction. Another possibility could be that CSB remodels
stalled forks, e.g. by promoting fork reversal, creating sub-
strates favoring further association of MRE11 with stalled
forks in the absence of BRCA1/2. However, this is not sup-
ported by our finding that the ATPase-dead CSB-W851R
mutant, which cannot catalyze fork reversal, is fully compe-
tent to promote further accumulation of MRE11 at stalled
forks in BRCA1/2-deficient cells. Our finding suggests that
CSB uses distinctive mechanisms to regulate fork reversal
and MRE11 recruitment to stalled forks, both of which are
necessary for fork degradation in BRCA1/2-deficient cells.

It has been reported that restoration of fork protec-
tion confers chemoresistance to BRCA1/2-deficient cells
(16). However, other reports suggest that fork protection
does not confer chemoresistance of BRCA1/2-deficient

cells (20,21). Our finding echoes the reports that restoration
of fork protection does not lead to chemoresistance since
the loss of CSB restores fork protection but fails to pro-
mote chemoresistance in BRCA1/2-deficient cells. In ad-
dition, both wild-type CSB and the CSB-T1031A mutant
promote chemoresistance in BRCA2-depleted U2OS CSB-
KO cells. While wild-type CSB promotes fork degradation
in BRCA1/2-deficient cells, the CSB-T1031A mutant re-
stores fork protection in these cells. These findings suggest
that the status of fork protection is not necessarily corre-
lated with chemosensitivity/chemoresistance in BRCA1/2-
deficient cells.

It has been suggested that MRE11 promotes fork restart
through both HR and BIR (61–63). We have previously
reported that CSB promotes BRCA1-mediated HR (33).
In this report, we have shown that CSB is not epistatic
to BRCA1 in regulating BIR. CSB has been implicated
in RAD52-dependent BIR (31). These findings suggest
that it is likely that CSB promotes restart of stalled
forks through both BRCA1-dependent HR and RAD52-
dependent BIR in wild-type cells (Figure 8G). We envision
that in BRCA1/2-deficient cells, CSB mediates RAD52-
dependent BIR repair of DSBs arising from processing of
stalled forks by MRE11 and MUS81, thereby promoting
fork restart and cell survival upon replication stress (Figure
8G). This notion is in line with our finding that MRE11 and
MUS81 mediate the excessive accumulation of cisplatin-
induced chromatid breaks in BRCA1/2-deficient CSB-KO
cells. In addition, CSB acts epistatically with RAD52 to pre-
vent the excessive accumulation of cisplatin-induced chro-
matid breaks in BRCA1/2-deficient cells. Furthermore, the
CSB-T1031A mutant, which is competent in preventing
excessive accumulation of replication stress-induced chro-
matid breaks in BRCA1/2-deficient CSB-KO cells, pro-
motes fork restart as well as cell survival in BRCA1/2-
deficient CSB-KO cells upon replication stress. Our finding
suggests that CSB is a promising target in the treatment of
BRCA1/2-deficient cancer.
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71. Rondinelli,B., Gogola,E., Yücel,H., Duarte,A.A., van de Ven,M.,
van der Sluijs,R., Konstantinopoulos,P.A., Jonkers,J., Ceccaldi,R.,
Rottenberg,S. et al. (2017) EZH2 promotes degradation of stalled
replication forks by recruiting MUS81 through histone H3
trimethylation. Nat. Cell Biol., 19, 1371–1378.


