
Article

Cockayne syndrome group B protein regulates
DNA double-strand break repair and
checkpoint activation
Nicole L Batenburg1, Elizabeth L Thompson2, Eric A Hendrickson2 & Xu-Dong Zhu1,*

Abstract

Mutations of CSB account for the majority of Cockayne syndrome
(CS), a devastating hereditary disorder characterized by physical
impairment, neurological degeneration and segmental premature
aging. Here we report the generation of a human CSB-knockout
cell line. We find that CSB facilitates HR and represses NHEJ. Loss
of CSB or a CS-associated CSB mutation abrogating its ATPase
activity impairs the recruitment of BRCA1, RPA and Rad51 proteins
to damaged chromatin but promotes the formation of 53BP1-Rif1
damage foci in S and G2 cells. Depletion of 53BP1 rescues the
formation of BRCA1 damage foci in CSB-knockout cells. In addition,
knockout of CSB impairs the ATM- and Chk2-mediated DNA
damage responses, promoting a premature entry into mitosis.
Furthermore, we show that CSB accumulates at sites of DNA
double-strand breaks (DSBs) in a transcription-dependent manner.
The kinetics of DSB-induced chromatin association of CSB is
distinct from that of its UV-induced chromatin association. These
results reveal novel, important functions of CSB in regulating the
DNA DSB repair pathway choice as well as G2/M checkpoint
activation.
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Introduction

DNA double-strand breaks (DSBs) are one of the most lethal forms

of DNA damage and can promote tumorigenesis if not repaired

properly. Eukaryotic cells have evolved a complex network to sense

and repair DSBs. Ataxia telangiectasia mutated (ATM), a kinase, is

responsible for transducing the DNA damage signal through phos-

phorylation of many proteins essential for the activation of the DNA

damage checkpoint, cell cycle arrest, DNA repair or apoptosis

(Shiloh, 2003; Lukas et al, 2011). Specifically, upon DSB induction,

ATM phosphorylates the histone variant H2AX at serine 139, giving

rise to cH2AX (Rogakou et al, 1998, 1999). cH2AX plays a key role

in marking damaged chromatin and in directing the recruitment of

DNA damage signaling and DNA repair proteins into repair centers,

also known as ‘foci’ (Lukas et al, 2011; Chapman et al, 2012).

There exist two major pathways responsible for repairing DSBs:

nonhomologous end joining (NHEJ) and homologous recombination

(HR) (Chapman et al, 2012; McKerlie et al, 2013). NHEJ can ligate

two broken ends in the absence of sequence homology, whereas

HR, largely error-free, requires sequence homology and is often

restricted to the S and G2 phases of the cell cycle during which sister

chromatids are present. The choice of which DNA DSB repair path-

way is utilized is highly regulated, and two tumor suppressor

proteins BRCA1 and 53BP1 play pivotal roles in influencing the fate

of the repair of DSBs by either HR or NHEJ (Chapman et al, 2012).

BRCA1 promotes HR (Xie et al, 2007; Cao et al, 2009; Bouwman

et al, 2010; Bunting et al, 2010), perhaps by facilitating DNA end

resection (Bunting et al, 2010), an early step of HR marked by the

generation of RPA-coated single-stranded DNA (RPA-ssDNA),

whereas 53BP1 and its effector Rif1 are found to antagonize BRCA1

at DSBs to promote NHEJ (Xie et al, 2007; Cao et al, 2009;

Bouwman et al, 2010; Bunting et al, 2010; Chapman et al, 2013;

Di Virgilio et al, 2013; Escribano-Diaz et al, 2013). A perturbation in

the recruitment of BRCA1 or 53BP1 to damaged chromatin can

lead to an error in the choice of the DNA DSB repair pathway, which

can promote genomic instability, an underlying hallmark of cancer

and aging.

Cockayne syndrome (CS) is a devastating hereditary disorder

characterized by physical impairment, neurological degeneration

and segmental premature aging. The majority of CS cases are caused

by mutations in the ERCC6 gene, which encodes Cockayne

syndrome group B protein (CSB). CSB is required for transcription-

coupled nucleotide excision repair (Troelstra et al, 1992; van der

Horst et al, 1997) and has also been implicated in chromatin remod-

eling (Newman et al, 2006), oxidative damage repair (Stevnsner

et al, 2008), interstrand crosslink repair (Iyama et al, 2015), mito-

chondrial function (Aamann et al, 2010; Scheibye-Knudsen et al,

2012), telomere maintenance (Batenburg et al, 2012) and transcrip-

tion-associated DNA recombination (Gottipati & Helleday, 2009;
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Savolainen et al, 2010). CSB is also known to play key roles in tran-

scription and modulation of the stress response (Velez-Cruz & Egly,

2013). CSB contains a central SWI/SNF-like ATPase domain and

possesses an DNA-dependent ATPase activity that is important for

its chromatin remodeling and UV repair functions (Citterio et al,

1998; Selzer et al, 2002; Cho et al, 2013).

CSB-deficient cells derived from CS patients are best known

for their hypersensitivity to UV light because of their defect in

transcription-coupled nucleotide excision repair (Troelstra et al,

1992; van der Horst et al, 1997). However, they are also sensitive to

several other types of DNA damaging agents including ionizing

radiation (IR) (Leadon & Cooper, 1993; Tuo et al, 2002, 2003),

camptothecin (CPT) (Squires et al, 1993) and etoposide (Etop) (Elli

et al, 1996), all of which are known to induce DNA DSBs. It has

been suggested that a defect in base excision repair in CSB-deficient

CS cells may contribute to their sensitivity to IR (Tuo et al, 2002,

2003). However, CSB has recently been implicated in the processing

of CPT-induced R-loops into DNA DSBs (Sollier et al, 2014),

suggesting that it may play a role in DNA DSB repair.

Most CSB-deficient cell lines derived from CS patients carry

compound heterozygous CSB mutations, making them less than

ideal for mutational analysis of CSB function and speak for a need

for human CSB-knockout cells. Here we report the generation of a

human CSB-knockout cell line, which we used to demonstrate that

CSB has novel, important roles in regulating the choice of DNA DSB

repair pathways. We show that CSB accumulates at sites of DNA

DSBs in a transcription-dependent manner. Moreover, the loss of

CSB promoted NHEJ-mediated repair of DNA DSBs but impaired

HR-mediated repair of DNA DSBs. The absence of CSB promoted the

recruitment of 53BP1 and Rif1 in S/G2 cells at the expense of block-

ing BRCA1 association with damaged chromatin. Introduction of

wild-type CSB fully suppressed the increase in 53BP1 and Rif1

damage foci formation in CSB-knockout cells, whereas the introduc-

tion of CSB carrying a CS-associated W851R mutation in its

conserved ATPase domain failed to do so. We propose that CSB

represses NHEJ in S/G2 cells to facilitate the HR repair of DNA DSBs

and that CSB’s ATPase activity is important for its role in regulating

this choice of DNA DSB repair. In addition, we find that CSB is

needed for the activation of the ATM- and Chk2-dependent DNA

damage responses. Furthermore, we find that the ATPase activity of

CSB, which is essential for its UV-induced chromatin association, is

dispensable for its DSB-induced chromatin association, suggesting

that CSB association with DSBs is distinct from its association with

UV-induced damaged chromatin. Our work suggests that dysregula-

tion of DNA DSB repair resulting from defects in CSB could play a

role in CS pathology.

Results

Generation of a human CSB-knockout cell line

Most CSB-deficient cell lines derived from CS patients carry

compound heterozygous CSB mutations, making them less than

ideal for mutational analysis of CSB function. To address this

problem, we decided to create a human CSB-knockout cell line by

targeting exon 5, the largest exon of CSB, through recombinant

adeno-associated virus (rAAV)-mediated gene targeting technology

(Fig 1A). For these studies, we selected the telomerized human reti-

nal pigment epithelial (hTERT-RPE) cell line since these cells are

diploid, wild-type for all known DNA repair genes and have success-

fully been utilized for gene targeting experiments (Kohli et al, 2004;

Burkard et al, 2007; Di Nicolantonio et al, 2008). After the first

round, we screened 280 clones and obtained two clones (L3A2 and

M1D3) that were correctly targeted (Fig 1B). The clone L3A2 was

used in the second round of gene targeting. After screening 1,158

clones, 46 correctly targeted clones were obtained; however, only

one of them (28-C4) corresponded to the desired genotype in which

both copies of exon 5 had been disrupted (Fig 1B). The other 45

clones comprised cells in which retargeting to the already (first

round) targeted allele had occurred. The absence of CSB expression

in the clone 28-C4 was subsequently confirmed by Northern

(Fig 1C) and Western analyses with two independent anti-CSB anti-

bodies (Fig 1D and E).

Alternative splicing of exon 5 of CSB with the gene PGBD3,

which is located within intron 5 of CSB, instead of exon 6 of CSB,

gives rise to a CSB:PGBD3 fusion protein (Newman et al, 2008).

Therefore, we also examined the expression of CSB:PGBD3 in 28-C4

cells. Western analysis with an antibody raised against either the

N-terminus of CSB, which is present in CSB:PGBD3, or PGBD3

revealed no expression of the CSB:PGBD3 fusion protein in 28-C4

cells (Fig 1E and F). On the other hand, expression of PGBD3 was

not disrupted (Fig 1F). These results demonstrated that CSB:PGBD3

is also knocked out in clone 28-C4, and hereafter, we refer to clone

28-C4 as CSB-knockout (CSB-KO) cells.

Loss of CSB promotes NHEJ but impairs HR, rendering cells
sensitive to DNA DSB-inducing agents

We observed that the respective frequency of the random integra-

tion of two independent targeting vectors (CSB-rAAV and CCR5-

rAAV) in the CSB-KO cells was a 2.65-fold and a 1.74-fold higher

than in the parental hTERT-RPE cells (Fig 2A), indicating that the

loss of CSB may promote random integration. It has been suggested

that the random integration of gene targeting vectors is mediated by

NHEJ (Kotin et al, 1992; Kan et al, 2014), and therefore, we exam-

ined whether inhibition of DNA-PKcs, a kinase directly engaged in

NHEJ, might affect the frequency of the random integration in CSB-KO

cells. Treatment with NU7026, a specific inhibitor of DNA-PKcs

(Veuger et al, 2003), severely impaired the frequency of random

integration of either CSB-rAAV or CCR5-rAAV targeting vector in

both parental and CSB-KO cells (Supplementary Fig S1A and B),

although it did not abolish the increased frequency of random inte-

gration in CSB-KO cells (Supplementary Fig S1A and B). These

results suggest that random integration is mediated at least in part

by NHEJ. Although we cannot rule out the possibility that the

increased frequency of random integration in CSB-KO cells is not

epistatic to NHEJ deficiency, it is possible that the residual NHEJ

activity in cells treated with the DNA-PKcs inhibitor might be suffi-

cient to support the increased frequency of random integration in

the CSB-KO cells.

To further investigate the role of CSB in regulating NHEJ-

mediated DNA DSB repair, we employed a well-established NHEJ

reporter plasmid pEGFP-Pem1-Ad2 (Seluanov et al, 2004), which

contains the GFP gene disrupted by the insertion of an I-SceI

restriction enzyme site. Repair of I-SceI-induced DNA DSBs by
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NHEJ restores GFP expression in pEGFP-Pem1-Ad2. NHEJ-mediated

repair of I-SceI-induced DSBs was significantly upregulated in

CSB-KO cells when compared with parental cells (Fig 2B), further

supporting the notion that CSB negatively regulates NHEJ-mediated

DSB repair.

An upregulation in NHEJ-mediated DSB repair can have a conse-

quence on the repair of DSBs by HR, and therefore, we also asked

whether loss of CSB might affect HR-mediated DSB repair. To

address this question, we employed a HeLa cell line stably express-

ing a well-established HR reporter DR-GFP (Escribano-Diaz et al,

2013), which also contains the GFP gene disrupted by the insertion

of an I-SceI restriction enzyme site. In this instance, however, repair

of I-SceI-induced DNA DSBs by HR restores GFP expression in HeLa

cells. The knockdown of CSB led to a significant reduction in HR-

mediated repair of I-SceI-induced DSBs (Fig 2C and D), suggesting

that CSB facilitates HR-mediated DSB repair.

In support of the notion that CSB regulates DNA DSB repair path-

way choice, CSB-KO cells were sensitive to a range of DSB-inducing

agents including IR, Etop and CPT (Fig 2E–G), in agreement with

previous findings (Squires et al, 1993; Elli et al, 1996; Tuo et al,

2002, 2003). CPT is known to induce DSBs specifically in S phase

(Ryan et al, 1991); however, we did not observe any significant

difference in the cell cycle profile between parental and CSB-KO

cells (Supplementary Fig S2), suggesting that the increased sensitiv-

ity of CSB-KO cells to CPT is not likely due to a change in their S

phase profile.

It has been suggested that CPT can also induce DNA DSBs in a

transcription-dependent manner (Sakasai et al, 2010), and there-

fore, we asked whether the hypersensitivity of CSB-KO cells to

CPT might be dependent upon transcription. To address this ques-

tion, we treated both parental and CSB-KO cells with the tran-

scription inhibitor DRB for 1 h, followed by the incubation with

CPT in the presence of DRB for another 1 h. Treatment with DRB

resulted in a slight increase in the sensitivity of both parental and

CSB-KO cells to CPT (Fig 2H), which was not significantly differ-

ent, suggesting that the increased sensitivity of CSB-KO cells to

CPT is unlikely to be mediated solely by transcription-dependent

damage.

A B

D

E F

C

Figure 1. Generation of CSB-KO cells.

A Schematic diagram of rAAV-mediated gene targeting of exon 5 of CSB. Gray horizonal bars represent homology arms flanking exon 5 of CSB. Black arrowheads
represent loxP sites.

B Analysis of PCR products amplified with the primer set 313 and 316 and genomic DNA isolated from parental hTERT-RPE cells, the heterozygote cell
clones (L3A2 and M1D3) and the CSB homozygous cell clone (28-C4). Molecular weight markers corresponding to 3,225 bp and 2,255 bp are
indicated on the left.

C Northern blot analysis of RNA isolated from parental hTERT-RPE cells, the heterozygous cell clone L3A2 and the homozygous cell clone 28-C4. GAPDH was used as a
loading control.

D Western analysis with an antibody against the C-terminus of CSB (Abcam). c-tubulin was used as a loading control in this and subsequent figures.
E Western analysis with an antibody against the N-terminus of CSB (Bethyl).
F Western analysis with an antibody against PGBD3.

Source data are available online for this figure.
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Loss of CSB impairs the recruitment of BRCA1 and HR repair
factors to sites of DNA damage

Analysis of indirect immunofluorescence with anti-cH2AX revealed

that CSB-KO cells were able to form IR-induced cH2AX foci

indistinguishable from the parental cells 1 h post-IR (2 Gy) exposure

(Supplementary Fig S3A and B), suggesting that the absence of CSB

does not prevent the recruitment of c-H2AX to sites of DNA DSBs.

However, we observed that the CSB-KO cells exhibited a small—but

significant—accumulation of IR-induced cH2AX foci 4 and 8 h

A

E F

G H

B C D

Figure 2. Loss of CSB promotes NHEJ, impairs HR and renders cells sensitive to DSB-inducing agents.

A Quantification of the frequency of random integration of two independent rAAV targeting vectors (CSB-rAAV and CCR-rAAV). Standard deviations from three
independent experiments are indicated.

B NHEJ-mediated repair of I-SceI-induced DNA DSBs. The parental (WT) and the CSB-KO (KO) cells were cotransfected with pEGFP-Pem1-Ad2, pCherry and I-SceI
expression constructs. The number of cells positive for both GFP and pCherry was normalized to the total number of pCherry-positive cells, giving rise to the
percentage of normalized GFP-positive cells. Standard deviations from three independent experiments are indicated.

C Western analysis of CSB in HeLa-DR-GFP transiently transfected with the vector alone or shCSB.
D HR-mediated repair of I-SceI-induced DNA DSBs. HeLa-DR-GFP transiently expressing the vector alone or shCSB were cotransfected with pCherry and I-SceI expression

constructs. The percentage of normalized GFP-positive cells was calculated as described in (B). Standard deviations from three independent experiments are indicated.
E–G Clonogenic survival assays of the parental (WT) and the CSB-KO (KO) cells following various doses of ionizing radiation (IR) (E), etoposide (Etop) (F), or

camptothecin (CPT) (G). Standard deviations from at least three experiments are indicated.
H Clonogenic survival assays. Both WT and CSB-KO cells were treated with 50 lM DRB, prior to the addition of various doses of CPT. Standard deviations from at

least three experiments are indicated.

Data information: P-values were determined using two-tailed unpaired Student’s t-test.
Source data are available online for this figure.
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post-IR (Supplementary Fig S3B). Further analysis revealed that this

increase in the formation of IR-induced cH2AX foci was restricted to

cyclin A (a marker for cells in the S/G2 phases of the cell cycle)-

positive CSB-KO cells (Fig 3A; Supplementary Fig S3C), suggesting

that CSB-KO cells may be compromised in HR-mediated repair of

DSBs in S/G2, in agreement with our earlier finding that depletion of

CSB impairs HR-mediated repair of I-SceI-induced DSBs (Fig 2D).

BRCA1, a tumor suppressor protein, plays a key role in directing

DNA DSBs to HR repair (Xie et al, 2007; Cao et al, 2009; Bouwman

et al, 2010; Bunting et al, 2010), and therefore, we examined the

recruitment of BRCA1 to sites of DNA damage in CSB-KO cells. We

observed a significant reduction in the formation of IR-induced

BRCA1 foci in CSB-KO cells (Fig 3B; Supplementary Fig S3D).

Further analysis of dual indirect immunofluorescence with an anti-

BRCA1 antibody in conjunction with an anti-cyclin A antibody

revealed that the reduction in the formation of IR-induced BRCA1

foci in the knockout cells was largely confined to cyclin A-positive

cells (Fig 3C; Supplementary Fig S3E). On the other hand, the loss

of CSB did not lead to any detectable change in the level of BRCA1

expression (Supplementary Fig S3F). Taken together, these results

suggest that CSB is important for the recruitment of BRCA1 to sites

of DNA damage in S/G2 cells.

The effect of the loss of CSB on the recruitment of proteins

directly involved in DNA DSB repair was also examined. CSB-KO

cells were compromised in forming not only IR-induced foci of RPA

(Fig 3D), a readout commonly used for DNA end resection (Huertas

& Jackson, 2009; McKerlie et al, 2013), but also IR-induced foci of

Rad51 (Fig 3E), a HR recombinase. In addition, CSB-KO cells were

sensitive to olaparib (Fig 3F), a PARP1 inhibitor known to be toxic

to cells deficient in HR (Chapman et al, 2013; Escribano-Diaz et al,

2013). Collectively, these results demonstrate that CSB plays an

important role in facilitating HR repair in S/G2 cells.

As CSB is known to be involved in transcription, we also investi-

gated whether the observed impairment of IR-induced Rad51 foci in

CSB-KO cells might be transcription dependent. To address this ques-

tion, we treated parental and CSB-KO cells with a transcription inhib-

itor (actinomycin D or DRB) prior to IR treatment. Pretreatment with

actinomycin D or DRB severely impaired the formation of IR-induced

Rad51 foci formation in both parental and CSB-KO cells that stained

positive for cyclin A (Fig 3G), in agreement with previous finding

that Rad51 recruitment to sites of DNA DSBs is transcription depen-

dent (Aymard et al, 2014). On the other hand, pretreatment with

actinomycin D or DRB did not abolish the decrease in IR-induced

Rad51 foci formation observed in CSB-KO cells (Fig 3G), suggesting

that transcription-dependent damage is not likely to be the main

cause for the impaired Rad51 foci formation in the CSB-KO cells.

Loss of CSB leads to an accumulation of 53BP1 and Rif1 at sites of
DNA damage in S/G2 cells

To investigate whether the observed defect in recruiting HR factors

in CSB-KO cells might be associated with a concomitant increase in

recruiting NHEJ-promoting factors to the sites of DSBs, the forma-

tion of IR-induced foci of 53BP1 and Rif1, both of which are known

to inhibit BRCA1 and to promote NHEJ (Chapman et al, 2013; Di

Virgilio et al, 2013; Escribano-Diaz et al, 2013; Feng et al, 2013;

Zimmermann et al, 2013), was examined. Analysis of indirect

immunofluorescence with anti-53BP1 revealed that CSB-KO cells

were not only competent in forming IR-induced 53BP1 foci (Fig 4A;

Supplementary Fig S4A) but also displayed a significant supernu-

merary accumulation of IR-induced 53BP1 foci 4 and 8 h post-IR

(Fig 4A). Similarly, an excess accumulation of IR-induced Rif1 foci

in CSB-KO cells (Fig 4B; Supplementary Fig S4B) was observed.

Again, the accumulation of IR-induced Rif1 foci was predominantly

confined to CSB-KO cells staining positive for cyclin A (Fig 4C;

Supplementary Fig S4B), suggesting that the loss of CSB promotes

NHEJ activity in S/G2 cells, which is in agreement with our earlier

findings that the loss of CSB promoted NHEJ-mediated repair of

I-SceI-induced DSBs (Fig 2B).

CSB-KO cells are sensitive to olaparib (Fig 3F). To investigate

whether the observed increase in NHEJ activity in S/G2 cells might

contribute to the sensitivity of the CSB-KO cells to olaparib, 53BP1

was knocked down with two independent shRNA constructs

(Supplementary Fig S4C). The knockdown of 53BP1 fully suppressed

the sensitivity of the knockout cells to olaparib (Fig 4D), and this

suppression was specific to olaparib since the 53BP1 knockdown did

not suppress the UV sensitivity of the CSB-KO cells (Fig 4E). In addi-

tion, the knockdown of 53BP1 rescued the formation of IR-induced

BRCA1 foci in the CSB-KO cells (Fig 4F). Taken together, these

results demonstrate that CSB is important for suppressing NHEJ in

S/G2, which, in turn, supports the HR-mediated repair of DSBs.

Loss of CSB impairs the ATM-mediated DNA damage response
and promotes a premature exit from the G2/M checkpoint

Upon the induction of DNA DSBs, ATM, a master regulator of the

DNA damage response, is activated through its autophosphorylation

at S1981 (Bakkenist & Kastan, 2003). To investigate whether loss of

CSB might affect ATM activation, both parental and CSB-KO cells

were exposed to 5 Gy of IR. The parental cells displayed a robust

ATM phosphorylation at S1981 as early as 15 min post-IR (Fig 5A),

consistent with previous findings (Bakkenist & Kastan, 2003;

McKerlie et al, 2013). In contrast, the level of ATM phosphorylation

at S1981 was severely impaired in the CSB-KO cells after IR (Fig 5A)

although the level of ATM expression in the knockout cells was indis-

tinguishable from that in the parental cells (Fig 5A). A loss in the

level of ATM phosphorylation at S1981 was also observed in the

knockout cells following treatment with Etop (Supplementary Fig

S5A). Furthermore, the IR-induced phosphorylation of KAP1, SMC1,

H2AX and Chk2, downstream targets of ATM, was also impaired in

the CSB-KO cells (Fig 5A). Little change in Chk1 phosphorylation

was detected in the CSB-KO cells (Supplementary Fig S5B). Loss of

CSB also had little effect on the expression level of KAP1, SMC1,

H2AX, Chk1 and Chk2 (Fig 5B). Taken together, these results suggest

that loss of CSB impairs ATM-mediated DNA damage response.

CSB has been suggested to play a role in transcription, and there-

fore, formally it was possible that the loss of CSB might affect the

expression of DNA damage response factors important for the regu-

lation of ATM activation. Following the induction of DNA DSBs,

ATM activation requires the Mre11/Rad50/Nbs1 complex (Lee &

Paull, 2004, 2005). Western analysis revealed that the levels of

Mre11, Rad50 and Nbs1 expression in CSB-KO cells were indistin-

guishable from that in parental cells (Fig 5B), suggesting that the

compromised ATM activation observed in the CSB-KO cells is unli-

kely due to a loss in the level of the Mre11/Rad50/Nbs1 complex.

Furthermore, we found that pretreatment with the transcription
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Figure 3. Knockout of CSB impairs HR-mediated DNA DSB repair in S and G2 cells.

A Quantification of percentage of cyclin A-positive and cyclin A-negative cells exhibiting 10 or more IR-induced cH2AX foci. Both parental (WT) and CSB-KO (KO) cells
were treated with 2 Gy IR and fixed 1 h, 4 h and 8 h post-IR. A total of at least 1,500 cells from three independent experiments were scored in blind.

B Quantification of the percentage of cells with 10 or more IR-induced BRCA1 foci. Cells (WT and KO) were treated with 2 Gy IR and fixed 1 h and 4 h post-IR. A total
of at least 1,500 cells from three independent experiments were scored in blind.

C Quantification of percentage of cyclin A-positive and cyclin A-negative cells displaying 10 or more IR-induced BRCA1 foci. Cells were treated with 2 Gy IR and scored
as described in (B).

D Quantification of the percentage of cyclin A-positive cells with 10 or more IR-induced RPA32-pS4/pS8 foci. Cells (WT and KO) were treated with 10 Gy IR and fixed
4 h and 8 h post-IR. A total of 750 cells from three independent experiments were scored in blind.

E Quantification of percentage of cells with 10 or more IR-induced Rad51 foci. Cells (WT and KO) were treated with 10 Gy IR and fixed 4 h and 8 h post-IR. A total of
750 cells from three independent experiments were scored in blind.

F Clonogenic survival assays of olaparib-treated parental (WT) and CSB-KO (KO) cells as indicated.
G Quantification of percentage of cells with 10 or more IR-induced Rad51 foci. Cells (WT and KO) were treated with actinomycin D (1 lg/ml) or DRB (50 lM) prior to

10 Gy IR and then fixed 8 h post-IR. A total of at least 1,500 cells from three independent experiments were scored in blind.

Data information: Standard deviations from three independent experiments are indicated. P-values were determined using two-tailed unpaired Student’s t-test.
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C D

E F

Figure 4. Loss of CSB leads to an accumulation of NHEJ-promoting factors at sites of DNA DSBs in S and G2 cells.

A Quantification of percentage of cells with 10 or more IR-induced 53BP1 foci. Cells (WT and KO) were treated with 2 Gy IR and fixed 1 h, 4 h and 8 h post-IR. A total
of 1,500 cells from three independent experiments were scored in blind.

B Quantification of percentage of cells with 10 or more IR-induced Rif1 foci. Cells (WT and KO) were treated with 2 Gy IR and fixed 1 h and 8 h post-IR. A total of 750
cells from three independent experiments were scored in blind.

C Quantification of the percentage of cyclin A-positive and cyclin A-negative cells with 10 or more IR-induced Rif1 foci. Cells were treated and scored as described
in (B).

D Clonogenic survival assays of olaparib-treated parental (WT) and CSB-KO (KO) cells stably expressing the vector alone, sh53BP1-A or sh53BP1-B as indicated.
E Clonogenic survival assays of UV-treated parental (WT) and CSB-KO (KO) cells stably expressing the vector alone, sh53BP1-A or sh53BP1-B as indicated.
F Quantification of percentage of cells with 10 or more IR-induced BRCA1 foci. Parental (WT) and knockout (KO) stably expressing the vector (pRS) alone or sh53BP1-A

were treated with 2 Gy IR and fixed 1 and 8 h post-IR. A total of at least 1,500 cells from three independent experiments were scored in blind.

Data information: Standard deviations from three independent experiments are indicated. P-values were determined using two-tailed unpaired Student’s t-test.
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inhibitor DRB or actinomycin D did not abrogate the reduction in

the level of ATM phosphorylation at S1981 in the CSB-KO cells

(Fig 5C), suggesting that the compromised ATM activation in the

CSB-KO cells is not likely to be mediated by active transcription.

Although CSB-KO cells were able to enter an G2/M arrest immedi-

ately following the treatment with IR (Fig 5D), they exhibited prema-

ture exit from the G2/M checkpoint (Fig 5D). Earlier we have shown

that CSB-KO cells promote NHEJ (Fig 2B). To investigate whether an

increase in NHEJ-mediated fast repair of DNA DSBs might contribute

to the observed premature entry of CSB-KO cells into mitosis, we

performed neutral comet assays with both parental (WT) and CSB-KO

cells that were either mock or IR treated. The comet tail moment in

the CSB-KO cells was indistinguishable from that in the parental

(WT) cells 15 min, 30 min or 1 h after 10 Gy IR (Fig 5E), suggesting

that the premature exit of CSB-KO cells from the G2/M checkpoint is

not likely to be due to a difference in the efficiency of fast DSB repair.

Inhibition of ATM abrogates IR-induced Rif1 foci formation in
CSB-KO cells

The formation of IR-induced Rif1 foci is dependent upon ATM

activation (Chapman et al, 2013; Escribano-Diaz et al, 2013).

A B

ED

C

Figure 5. Loss of CSB impairs ATM- and Chk2-dependent DNA damage checkpoint.

A Western analysis of the parental (WT) and the CSB-KO (KO) cells that were either mock-treated or treated with 5 Gy IR. Immunoblotting was performed with anti-
ATM-pS1981, anti-ATM, anti-KAP1-pS824, anti-KAP1, anti-SMC1-pS966, anti-SMC1, anti-cH2AX, anti-H2AX, anti-Chk2-pT68 and anti-Chk2 antibodies.

B Western analysis of WT and CSB-KO cells. Immunoblotting was performed with anti-Rad50, anti-Mre11, anti-Nbs1, anti-KAP1, anti-SMC1, anti-Chk2, anti-Chk1,
anti-H2AX and anti-c-tubulin antibodies. The anti-c-tubulin blot was used as a loading control.

C Western analysis. WT and CSB-KO cells were treated with DMSO, DRB or actinomycin D (ActD) prior to 5 Gy IR. Immunoblotting was performed with anti-ATM-
pS1981 and anti-ATM antibodies.

D Quantification of the percentage of cells staining positive for H3-pS10. For each cell line, at least 3,000 cells from three independent experiments were scored in
blind. Standard deviations from three independent experiments are indicated. P-values were determined using two-tailed unpaired Student’s t-test.

E Quantification of comet tail moment. Both WT and CSB-KO cells were treated with 10 Gy IR and harvested for comet assays 15 min, 30 min and 1 h post-IR. At least
200 cells were scored for each sample. In the box and whisker plot, boxes extend from the 25th to 75th percentiles whereas whiskers are from the 10th to 90th

percentiles. P-values were determined using non-parametric Mann-Whitney rank-sum t-test.

Source data are available online for this figure.
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Moreover, CSB-KO cells exhibit an impairment in ATM activation

(Fig 5A) but are competent in forming IR-induced Rif1 foci (Fig 4C;

Supplementary Fig S4B). To investigate whether the ATM activity

might mediate the accumulation of IR-induced Rif1 foci in the CSB-KO

cells, we treated both parental and CSB-KO cells with KU55933,

a specific inhibitor for ATM, prior to 2 Gy IR treatment. The prein-

cubation with KU55933 abrogated the IR-induced Rif1 foci formation

in both parental and CSB-KO cells (Supplementary Fig S4D), in

agreement with previous findings (Chapman et al, 2013; Escribano-

Diaz et al, 2013). Taken together, these results suggest that Rif1

recruitment to sites of DNA DSBs may not require a full level of

ATM activation.

CSB, but not the CSB:PGBD3 fusion protein, is the main factor
responsible for facilitating HR repair of DNA DSBs

The deletion of exon 5 of CSB leads to loss of expression of both

CSB and the CSB:PGBD3 fusion protein from the CSB locus (Fig 1E).

To investigate whether CSB or CSB-PGBD3 was responsible for the

observed defect in recruiting HR factors to sites of DSBs in the

CSB-KO cells, we generated derivative CSB-KO cell lines stably

expressing CSB, CSB:PGBD3 or an empty vector (Supplementary Fig

S6A). The introduction of CSB, but not the CSB-PGBD3 fusion

protein, was able to suppress the sensitivity of the knockout cells to

olaparib (Supplementary Fig S6B). In addition, the introduction

of CSB, but not the CSB:PGBD3 fusion, was able to rescue

Etop-induced foci of RPA and Rad51 (Supplementary Fig S6C and D).

From these results, we conclude that CSB is the main factor from

the CSB locus responsible for promoting HR-mediated repair of

DSBs.

Recruitment of DSB repair factors to sites of DNA damage is
misregulated in cells derived from CS patients

To investigate whether the defect in HR-mediated repair of DSBs

in the CSB-KO cells might be cell type specific, we examined the

recruitment of DSB repair factors to sites of DSBs in two cell lines

derived from CS patients lacking functional CSB (hTERT-GM10905

and GM16095). hTERT-GM10905 is a telomerase-immortalized CS

cell line carrying a homozygous nonsense mutation at position 735

(R735X) of CSB, whereas GM16095 is a SV40-transformed CS cell

line with heterozygous compound mutations of K377X and R857X

(Batenburg et al, 2012). Through retroviral infection, two pairs of

isogenic cell lines stably expressing either wild-type CSB or the

vector alone were generated. The introduction of wild-type CSB

into these two CS cell lines led to a significant decrease in the

percentage of cells with IR-induced 53BP1 foci (Supplementary Fig

S7A) and simultaneously resulted in a significant increase in the

number of cyclin A-positive cells with IR-induced foci of BRCA1,

RPA and Rad51 (Supplementary Fig S7B–D), suggesting that CS

cells lacking functional CSB are also defective in HR-mediated DSB

repair. In support of this notion, the introduction of CSB into

GM16095 cells also enhanced cell survival in response to the treat-

ment with olaparib (Supplementary Fig S7E), consistent with a

previous report that CS cells are hypersensitive to PARP inhibition

(Thorslund et al, 2005). Furthermore, the introduction of CSB into

GM16905 cells suppressed their sensitivity to CPT and Etop

(Supplementary Fig S7F and G). Taken together, these results

demonstrate that DNA DSB repair is misregulated in CS cells

lacking functional CSB.

CSB is found to accumulate at sites of DSBs in a transcription-
dependent manner

To investigate whether CSB may be associated with sites of DSBs,

dual indirect immunofluorescence with an anti-CSB antibody in

conjunction with an anti-53BP1 antibody in cells treated with no IR

or 10 Gy IR was performed. About 40 to 50% of cells exhibited

IR-induced damage foci of CSB 8 h post-IR, and these CSB damage

foci all contained 53BP1 (Fig 6A), a marker for DSBs (Daley & Sung,

2014; Panier & Boulton, 2014), suggesting that CSB accumulates at

sites of DSBs.

CSB is engaged in transcription, and we therefore asked whether

transcription might regulate CSB accumulation at sites of DSBs. To

address this question, cells were treated with the transcription

inhibitor actinomycin D or DRB prior to 10 Gy IR treatment.

Treatment with actinomycin D or DRB severely impaired the forma-

tion of IR-induced CSB damage foci (Fig 6B), indicating that

CSB accumulation at sites of DSBs is dependent upon active

transcription.

The ATPase activity of CSB is dispensable for its DSB-induced
chromatin association

To gain further insights into the CSB association with DSB-induced

damaged chromatin, differential salt extraction of chromatin from

hTERT-RPE cells that were mock-treated or treated with either CPT

or Etop was performed. Treatment with CPT or Etop led to a signifi-

cant increase in the association of CSB with chromatin (lane 2

versus lanes 5, 8, 11 and 14 in Fig 6C and lane 2 versus lanes 5, 8

and 11 in Fig 6D). At 8 h after release from treatment with either

Etop or CPT, approximately 50% of the CSB was found associated

with chromatin (Fig 6C, lane 2 versus lane 14 and Fig 6D, lane 2

versus lane 11), supporting the notion that CSB is recruited to

damaged chromatin following the induction of DNA DSBs. On the

other hand, proportionally, UV-induced CSB association with chro-

matin peaked 2 h post-UV treatment and was largely lost 4 h post-

UV (Supplementary Fig S8A, lane 8 versus lane 11), in agreement

with previous findings (Lake et al, 2010). Taken together, these

results suggest that the kinetics of CPT- and Etop-induced CSB asso-

ciation with chromatin is distinct from that of UV-induced CSB asso-

ciation with chromatin.

CSB contains a conserved SWI/SNF-like ATPase domain and

exhibits a DNA-dependent ATPase activity (Citterio et al, 1998) that

is required for its UV-induced chromatin association (Lake et al,

2010). Amino acid substitutions in the conserved ATPase domain

are found in CS patients, and the W851R mutation abrogates the

ATPase activity of CSB and its UV-induced chromatin association

(Lake et al, 2010). To investigate whether the ATPase activity of CSB

might be important for its DSB-induced chromatin association, we

generated derivative CSB-KO cells stably expressing either wild-type

CSB, CSB carrying the W851R mutation or the vector alone (Supple-

mentary Fig S8B). In undamaged (untreated) cells, we reproducibly

observed chromatin association of mutant CSB-W851R at a level

higher than that of wild-type CSB (Fig 6E and F; Supplementary Fig

S8C and D). Upon Etop treatment, mutant CSB-W851R was able to
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exhibit DSB-induced chromatin association (Fig 6F). On the other

hand, we failed to detect any increase in the proportion of CSB asso-

ciated with chromatin following UV treatment (Supplementary Fig

S8D) although wild-type CSB exhibited UV-induced chromatin

association (Supplementary Fig S8C), in agreement with previous

findings (Lake et al, 2010). Analysis of multiple protein markers,

either cytoplasmic or chromatin bound (c-tubulin, TRF2 or H2AX),

revealed that the chromatin salt fractionation procedure was done

consistently between the CSB-KO cells expressing CSB-W851R and

the CSB-KO cells expressing wild-type CSB (Fig 6E and F;

Supplementary Fig S8C and D). Taken together, these results suggest

that DSB-induced chromatin association of CSB is distinct from its

UV-induced chromatin association and that the ATPase activity of

CSB is dispensable for its DSB-induced chromatin association.

A

B

D E F

C

Figure 6. CSB is associated with chromatin following induction of DNA DSBs.

A Analysis of indirect immunofluorescence with an anti-CSB antibody in conjunction with an anti-53BP1 antibody. hTERT-RPE cells were treated with 10 Gy IR and
fixed 8 h post-IR. Cell nuclei were stained with DAPI (blue).

B CSB accumulation at sites of DNA DSBs is severely impaired by actinomycin D or DRB treatment. Quantification of hTERT-RPE cells with five or more IR-induced CSB
damage foci in cells. Cells were treated with actinomycin D (1 lg/ml, ActD) for 1 h or DRB (50 lM) for 2 h prior to 10 Gy IR and maintained in the drugs for 8 h
post-IR. A total of at least 1,500 cells from three independent experiments were scored in blind. Standard deviations from three independent experiments are
indicated. P-values were determined using two-tailed unpaired Student’s t-test

C, D Analysis of differential salt extraction of chromatin. hTERT-RPE cells were treated with 0.1 lM CPT (C) or 10 lM Etop (D) for 1 h and then released from drugs for
various time points as indicated. Immunoblotting was performed with anti-CSB antibody. The anti-TRF1, anti-TRF2, anti-H2AX and anti-c-tubulin blots were used
as controls for differential salt extraction.

E, F Analysis of differential salt extraction of chromatin. The CSB-KO cells stably expressing either wild-type CSB (E) or mutant CSB-W851R (F) were treated with 10 lM
etoposide (Etop) for 1 h and then released from Etop for 8 h. Immunoblotting was performed with anti-CSB, anti-TRF2, anti-H2AX and anti-c-tubulin antibodies.

Source data are available online for this figure.
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The ATPase activity of CSB is essential for suppressing NHEJ to
facilitate HR-mediated repair of DSBs in S/G2 cells

To investigate whether the ATPase activity of CSB might be impor-

tant for regulating the choice of DNA DSB repair pathways, we

examined the recruitment of 53BP1/Rif1 and BRCA1 to sites of DSBs

in CSB-KO cells stably expressing vector alone, wild-type CSB or

CSB harboring the W851R mutation. Introduction of wild-type CSB

into CSB-knockout cells suppressed the number of cells with

IR-induced foci of 53BP1 and Rif1 (Fig 7A and B). This suppression

was not detectable in CSB-KO cells expressing the mutant

CSB-W851R (Fig 7A and B). The reduction in IR-induced Rif1 foci,

resulting from introduction of wild-type CSB, was only observed in

the knockout cells staining positive for cyclin A (Fig 7C), suggesting

that the ATPase activity of CSB is important for suppressing NHEJ-

mediated repair of DNA DSBs in S/G2 cells.

Additionally, analysis of indirect immunofluorescence with anti-

BRCA1 antibody revealed that introduction of wild-type CSB rescued

the formation of IR-induced BRCA1 foci in CSB-KO cells, whereas

CSB carrying the W851R mutation failed to do so (Fig 7D). Further-

more, while introduction of wild-type CSB into CSB-KO cells

promoted cell survival after treatment with olaparib (Fig 7E), CSB

carrying the W851R mutation was unable to suppress the sensitivity

of the knockout cells to olaparib (Fig 7E). Taken together, these

results suggest that while the ATPase activity of CSB is not impor-

tant for chromatin recruitment, it is important for its ability to facili-

tate the HR-mediated repair of DSBs.

The ATPase activity of CSB is important for the maintenance of
the G2/M checkpoint

When introduced into the CSB-KO cells, wild-type CSB was able to

rescue the level of IR-induced ATM phosphorylation at S1981, most

noticeable at 15 min post-IR treatment (Fig 8A). On the other hand,

no rescue was detected in the CSB-KO cells complemented with CSB

carrying the W851R mutation (Fig 8A). In addition, we reproducibly

observed a rescue in the level of Chk2 phosphorylation 1 h post-IR

treatment in CSB-KO cells complemented with wild-type CSB and

such a rescue was not seen in CSB-KO cells complemented with CSB

carrying the W851R mutation (Fig 8A). Furthermore, the introduc-

tion of wild-type CSB into CSB-KO cells was able to suppress their

premature exit from the G2/M checkpoint, whereas introduction of

CSB carrying a W851R mutation failed to do so (Fig 8B). Introduc-

tion of CSB carrying a W851R mutation also failed to suppress the

sensitivity of CSB-KO cells to IR exposure (Fig 8C). Collectively,

these results suggest that the ATPase activity of CSB is important for

facilitating the maintenance of the G2/M checkpoint and cell

survival in response to the induction of DNA DSBs.

Discussion

In this report, we uncover a novel but important function of CSB in

regulating the choice of DNA DSB repair pathways. Our work

suggests that CSB facilitates BRCA1-mediated HR repair by repress-

ing the accumulation of NHEJ-promoting factors 53BP1 and Rif1 at

sites of DNA DSBs in S and G2 cells (Fig 8D). Furthermore, we have

demonstrated that CSB is needed for maintaining the ATM- and

Chk2-mediated DNA damage checkpoint (Fig 8D), preventing

premature entry of cells into mitosis following the induction of DNA

DSBs.

We observed a large asymmetry in the ratio of targeting

versus retargeting in the recovery of null clones. Although a large

asymmetry in gene targeting typically is found to be associated with

genes whose function is critical to cell viability (Dang et al, 2006;

Hucl et al, 2008; Ruis et al, 2008; Oh et al, 2013), homozygous CSB

mutations leading to the complete absence of CSB protein have been

reported in patients (Horibata et al, 2004; Hashimoto et al, 2008;

Laugel et al, 2008). Several lines of evidence strongly argue against

the possibility that the observed phenotype of the CSB null clone

may be due to a secondary mutation. Firstly, introduction of wild-

type CSB rescued the defect of the CSB-knockout cells in the choice

of DNA DSB repair pathways as well as the maintenance of G2/M

checkpoint. Secondly, dysregulation in the choice of DNA DSB repair

pathways was also detected in two independent CSB-deficient cell

lines derived from CSB patients. Thirdly, endogenous CSB was found

to accumulate at sites of DSBs.

Most patient-derived CSB null cell lines that are available are

skin fibroblasts whereas the CSB-KO cells described here are retinal

pigment epithelial cells in origin. CS patients are known to exhibit

segmental premature aging in certain cell types that are not skin

fibroblasts. Therefore, we anticipate that our CSB null clone will

provide an added value for understanding the pathology of CS.

CSB has recently been implicated in processing R-loops into DNA

DSBs (Sollier et al, 2014). R-loop-dependent DNA DSBs led to a

robust DNA damage response including phosphorylation of KAP1,

which is sensitive to CSB knockdown (Sollier et al, 2014). We have

observed an impaired KAP1 phosphorylation as well as ATM- and

Chk2-mediated DNA damage response in CSB-KO cells following

ionizing radiation. Conceivably, the fewer R-loop-dependent DNA

DSBs resulting from the absence of CSB in the CSB-KO cells may in

part account for the reduction in their ATM-dependent damage

response (Fig 8D). Treatment with the transcription inhibitor DRB

or actinomycin D did not abolish the impaired ATM phosphoryla-

tion in CSB-KO cells, suggesting that active transcription may not be

needed for CSB to regulate ATM activation.

We have reproducibly found that the introduction of wild-type

CSB into CSB-KO cells rescued the level of Chk2 phosphorylation at

1 h post-IR but not at 15 min post-IR whereas Chk2 phosphorylation

was robust in parental (WT) cells 15 min post-IR. It is possible that

the kinetics of Chk2 phosphorylation in CSB-KO cells complemented

with wild-type CSB may be different from that in parental (WT)

cells. Future studies will be needed to investigate the nature of this

difference.

CSB requires its ATPase activity to maintain ATM activation and

to regulate DNA DSB repair pathway choice. CSB has been reported

to exhibit ATP-dependent chromatin remodeling activity in vitro

(Citterio et al, 2000; Cho et al, 2013). Chromatin remodeling is

known to influence DNA DSB repair (Goodarzi et al, 2010; Chapman

et al, 2012). It is possible that CSB may facilitate DNA DSB repair

pathway choice through its ATP-dependent chromatin remodeling

activity. Alternatively, CSB might regulate the repair pathway choice

through its interactions with chromatin modifying factors. Recently,

it has been reported that the chromatin context can influence the

choice of DNA DSB repair pathways, especially in S and G2 phases

of the cell cycle during which both pathways are available to the cell
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(Aymard et al, 2014; Carvalho et al, 2014; Jha & Strahl, 2014; Pai

et al, 2014; Pfister et al, 2014). For example, in human cells, tri-

methylation of H3K36 has been suggested to promote DNA end

resection and repair of DSBs via HR (Aymard et al, 2014; Pfister

et al, 2014) and modification of H3K9 has been implicated in the

DSB response in heterochromatin that is preferentially repaired by

A B

C

E

D

Figure 7. CSB carrying a W851R mutation is unable to suppress the recruitment of NHEJ-promoting factors to sites of DNA DSBs in S and G2 cells.

A Quantification of percentage of cells with 10 or more IR-induced 53BP1 foci. CSB-KO cells stably expressing wild-type CSB, CSB-W851R or the vector alone were
treated with 2 Gy IR and fixed 1 h, 4 h and 8 h post-IR. A total of 1,500 cells from three independent experiments were scored in blind for each cell line.

B Quantification of percentage of cells with 10 or more IR-induced Rif1 foci. CSB-KO cells stably expressing wild-type CSB, CSB-W851R or the vector alone were treated
with 2 Gy IR and fixed 1 h and 8 h post-IR. A total of 1,500 cells from three independent experiments were scored in blind for each cell line.

C Quantification of percentage of cyclin A-positive and cyclin A-negative cells with 10 or more IR-induced Rif1 foci. Cells were treated and fixed as described in (B). A
total of 750 cells from three independent experiments were scored in blind for each cell line. Standard deviations from three independent experiments are indicated.

D Quantification of percentage of cells with 10 or more IR-induced BRCA1 foci. Cells were treated with 2 Gy IR and fixed 1 h post-IR. A total of 1,500 cells from three
independent experiments were scored in blind for each cell line.

E Clonogenic survival assays of olaparib-treated CSB-KO cells stably expressing wild-type CSB, CSB-W851R or the vector alone as indicated.

Data information: Standard deviations from three independent experiments are indicated. P-values were determined using two-tailed unpaired Student’s t-test.
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HR (Chiolo et al, 2011). CSB has been found, in different contexts, to

associate with numerous chromatin modifying and remodeling

factors such as NuRD (Xie et al, 2012), SMARCA5 (Aydin et al,

2014) as well as histone methyltransferase G9A (Yuan et al, 2007)

and acetyltransferase PCAF (Shen et al, 2013), while the yeast

homolog of CSB, Rad26, has been reported to genetically interact

with the H3K36 methyltransferase SET2 (Jha & Strahl, 2014).

Although transcription inhibition did not abolish the impairment

of CSB-KO cells in IR-induced Rad51 foci formation and ATM activa-

tion, it abrogated the accumulation of CSB at sites of DNA DSBs.

These results suggest that CSB association with DSB-induced

damaged chromatin may be regulated distinctively from its role in

HR and ATM activation. This notion is further supported by our

finding that CSB requires its ATPase activity to facilitate IR-induced

Rad51 foci and ATM activation but its ATPase activity is dispensable

for its association with DSB-induced damaged chromatin. CSB has

previously been reported to possess both ATP-dependent and ATP-

independent functions (Wong et al, 2007; Lake et al, 2010).

Mutant CSB-W851R lacking its ATPase activity is competent in

DSB-induced chromatin association but defective in UV-induced

chromatin association, the latter of which is in line with previous

findings (Lake et al, 2010). These results suggest that CSB may

use distinct mechanisms to interact with UV-induced DNA

damage and DSBs, which is not unprecedented. The chromatin

remodeling protein SMARCA5 (also known as SNF2H) does not

require its ATPase activity to localize to DSBs, but it does so for

its localization to UV-induced DNA damage (Lan et al, 2010;

Aydin et al, 2014).

CSB-KO cells exhibit an accumulation of IR-induced 53BP1 foci.

Previously, it has been reported that depletion of CSB leads to a

decrease in the formation of a specific subset of CPT-induced 53BP1

foci, referred to as type I foci, which are dose dependent and only

seen in RPA-negative cells (Sakai et al, 2012). CPT also induces the

formation of type II foci of 53BP1, which is not dose dependent and

persists after CPT treatment (Sakai et al, 2012). However, whether

depletion of CSB might affect CPT-induced type II foci of 53BP1 was

not investigated, and therefore, our findings cannot be strictly

compared to the previous report. Future studies will be needed to

investigate the effect of knockout of CSB on CPT-induced type I and

type II foci formation.

CS cells deficient in CSB are known to be sensitive to IR-induced

DNA damage as well as to the topoisomerase poisons CPT and Etop

A C

B D

Figure 8. The ATPase activity of CSB is needed for maintaining the ATM- and Chk2-mediated DNA damage checkpoint.

A Western analysis of CSB-KO cells stably expressing wild-type CSB, CSB-W851R or the vector alone as indicated. Cells were either mock-treated or treated with 5 Gy IR.
Immunoblotting was performed with anti-ATM, anti-ATM-pS1981, anti-Chk2 and anti-Chk2-pT68 antibodies.

B Quantification of the percentage of cells stained positive for H3-pS10. Cells were either mock-treated or treated with 2 Gy IR. For each cell line, at least 3,000 cells
from three independent experiments were scored in blind. P-values were determined using two-tailed unpaired Student’s t-test.

C Clonogenic survival assays of IR-treated CSB-KO (KO) cell stably expressing wild-type CSB, CSB-W851R or the vector alone as indicated.
D Model for the role of CSB in repressing NHEJ and maintaining the G2/M checkpoint. See text for more information.

Data information: (B, C) Standard deviations from three independent experiments are indicated.
Source data are available online for this figure.
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(Squires et al, 1993; Elli et al, 1996; Tuo et al, 2002, 2003).

However, the multiplicity of the forms of DNA damage generated by

these cellular treatments may have contributed to obscure our

understanding of CSB as a DNA DSB repair protein. IR, for instance,

produces not only DSBs but also oxidative damage and single-strand

breaks. Indeed, a defect in repairing oxidative damage may contrib-

ute to the sensitivity of CS cells to IR (Stevnsner et al, 2008). Simi-

larly, camptothecin and etoposide generate not only DSBs but also

topoisomerase–DNA adducts, which are thought to be removed by

base excision repair (Caldecott, 2008). Our finding that CSB accu-

mulates at sites of DSBs and regulates the choice of the DNA DSB

repair pathways suggests for the first time that dysregulation in

DNA DSB repair may at least in part contribute to the hypersensitiv-

ity of CS cells to DSB-inducing agents. In support of this notion,

depletion of 53BP1 rescued the formation of BRCA1 damage foci in

CSB-knockout cells and fully suppressed their sensitivity to olaparib,

a PARP1 inhibitor known to be toxic to cells deficient in HR. Our

finding raises a new possibility that targeting 53BP1 might be clini-

cally beneficial to CS patients.

Materials and Methods

Plasmids and antibodies

The retroviral expression constructs for wild-type CSB and the

shRNA against CSB or 53BP1 have been described (Batenburg et al,

2012; McKerlie et al, 2013). The QuickChange site-directed muta-

genesis kit (Agilent Technologies) was used to generate CSB mutant

W851R.

Antibodies used include Rad50, Mre11 and Nbs1 (Zhu et al,

2000) (kindly provided by John Petrini, Memorial Sloan-Kettering

Cancer Center); Rif1 (Escribano-Diaz et al, 2013) (generously

provided by Daniel Durocher, Samuel Lunenfeld Research Institute);

53BP1 (BD Biosciences); BRCA1 (MS110, Abcam); BRCA1 (Milli-

pore); ATM (clone 2C1, Novus Biologicals); ATM (Ab-3, Calbio-

chem); ATM-pS1981 (10H11.E12, Cell Signaling); cyclin A (6E6,

Abcam); CSB/ERCC6 (A301-354A, Bethyl Laboratories); ERCC6

(553C5a, Fitzgerald); Chk1 (FL-476, Santa Cruz); Chk1-pS317

(A300-163A, Bethyl Laboratories); Chk2 (H300, Santa Cruz); Chk2-

pT68 (Cell Signaling); c-H2AX (Millipore); H3-pS10 (Cell Signaling);

KAP1-pS824 (ab70369, Abcam); KAP1 (NB500-158, Novus Biologi-

cals); Rad51 (ab213, Abcam); Rad51 (Santa Cruz); RPA70 (a kind

gift from James Ingles, University of Toronto); RPA32 (9H8,

Abcam); RPA32-pS4/pS8 (Bethyl Laboratories); SMC1-pS966

(NB100-206, Novus Biologicals); SMC1 (NB100-204, Novus Biologi-

cals); PGBD3 (Fitzgerald); and c-tubulin (GTU88, Sigma).

Cell culture, retroviral infection and treatments

Cells were grown in DMEM with 10% fetal bovine serum supple-

mented with non-essential amino acids, L-glutamine, 100 U/ml

penicillin and 0.1 mg/ml streptomycin. Phoenix, hTERT-RPE and

HeLa-DR-GFP cells were respective gifts from Titia de Lange

(Rockefeller University), Prasad Jallepalli (Memorial Sloan-Kettering

Cancer Center) and Daniel Durocher (Samuel Lunenfeld Research

Institute). GM16095 and the parental line GM10905 for hTERT-

GM1095 were obtained from the NIGMS Human Genetic Cell

Repository (Coriell Institute for Medical Research). rAAV-293 cells

were from Stratagene. Retroviral gene delivery was carried out as

described (Wu et al, 2007a, 2008).

To induce DNA DSBs, cells were treated with either 10 lM Etop

(Sigma) or 1 lM CPT (Sigma) for 1 h at 37°C. IR was delivered from

a Cs-137 source at McMaster University (Gammacell 1000). For UV

treatment, cells were exposed to UVC (254 nm) generated by a

germicidal lamp (Model G8T5, GE) as described (Wu et al, 2007b).

To inhibit transcription, cells were treated with either 50 lM DRB

(Cayman Chemical) or 1 lg/ml actinomycin D (Sigma) for 2 h at

37°C except where specified. KU55933 (10 lM, Sigma) and NU7026

(1 lM, Sigma) were used to inhibit ATM and DNA-PKcs, respec-

tively.

Generation of CSB knockout in hTERT-RPE cells

All primers used in the generation of the CSB-knockout cell line are

shown in Supplementary Table S1. Construction of targeting vectors

was performed as described (Kohli et al, 2004). The primer sets

313/314 and 315/316 were used to amplify the right and left arms

flanking exon 5 of the ERCC6 locus, respectively, using genomic

DNA harvested from hTERT-RPE cells. The amplified right and left

arms of exon 5 were mixed with a 4-kb PvuI fragment derived from

the NeDaKO-Neo plasmid, followed by PCR using primers 313 and

316. The resulting fusion PCR product (4.4 kb) was purified,

digested with NotI and ligated with the NotI-linearized pAAV-MCS

plasmid, giving rise to pAAV-Neo-CSB.

Viral packaging and infection of target cells were done essentially

as described (Kohli et al, 2004). Briefly, AAV-293 cells at about

60% confluency were cotransfected with the targeting vector

(pAAV-Neo-CSB), pAAV-RC and pHelper plasmids using Lipofecta-

mine 2000 (Invitrogen). Forty-eight hours post-transfection, cells

were harvested and subjected to three cycles of freezing and thaw-

ing (liquid N2 for 10 min, vortexed for 30 s and then thawed at

37°C for 10 min). The viral supernatant was collected by centrifuga-

tion at 14,000 g for 2 min and stored at �80°C.

For infection, the virus was added dropwise to hTERT-RPE cells

grown at about 70–80% confluency. Forty-eight hours post-infection,

cells were trypsinized and plated in 96-well plates at a density of

2,000 cells per well in media containing 1 mg/ml G418 (Invitrogen).

Two weeks later, single colonies were identified and transferred to

24-well plates for expansion.

To screen for CSB targeting events, genomic DNA from cells

grown in 24-well plates was harvested using the Qiagen Puregene

Cell Kit according to manufacturer’s instructions, followed by PCR

reactions with two different sets of primers (364/365 and 366/367).

Retargeting was examined by PCR screening for the presence of

exon 5 using the primer set 378/367.

Immunofluorescence

Immunofluorescence (IF) was performed as described (Mitchell

et al, 2009; McKerlie & Zhu, 2011) except for visualizing Rad51 and

CSB. For Rad51 IF, cells grown on coverslips were fixed in PBS-

buffered 2% paraformaldehyde at room temperature for 10 min. For

CSB IF, cells grown on coverslips were fixed in PBS-buffered 4%

paraformaldehyde at room temperature for 10 min. Following three

washes in PBS, cells were then permeabilized in 0.5% Triton X-100
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for 5 min before proceeding to blocking as described (Zhu et al,

2003; Mitchell & Zhu, 2014) except that the blocking buffer was

made with 0.1× PBS. All cell images were recorded on a Zeiss Axio-

plan 2 microscope with a Hamamatsu C4742-95 camera and

processed in Open Lab.

Differential salt extraction of chromatin and immunoblotting

Protein extracts, differential salt extraction of chromatin and immu-

noblotting were performed as described (Wu et al, 2007a; McKerlie

et al, 2012).

Northern analysis of CSB transcripts

Northern analysis was performed as described (Batenburg et al,

2012) except that a PCR product corresponding to CSB nucleotide

1–1,398 was used to generate the radioactively labeled probe.

Random integration assays

For random integration assays, cells were infected with 15 ll of

the indicated rAAV adenoviral lysates as described and then plated

in media containing 1 mg/ml G418 at 300,000 cells/per 10-cm

plate. Following incubation for 12 days, colonies were fixed and

stained at room temperature for 10 min with a solution containing

50% methanol, 7% acetic acid and 0.1% Coomassie blue. Colonies

consisting of more than 32 cells were scored. To assess plating

efficiency, infected cells were plated in media without G418. The

number of colonies counted on plates without G418 was normal-

ized to the number of cells seeded to give rise to plating

efficiency.

GFP reporter assays and FACS analysis

To assess NHEJ activity, the reporter plasmid pEGFP-Pem1-Ad2 was

used as described (Fattah et al, 2010). In brief, Lipofectamine LTX

plus reagent (Invitrogen) was used to transfect parental and CSB-KO

cells with an I-SceI-expressing plasmid, pCherry and pEGFP-Pem1-

Ad2 in a ratio of 1:0.5:1 according to the manufacturer’s instruc-

tions. Forty-eight hours post-transfection, cells were harvested and

subjected to FACS analysis.

To assess HR activity, HeLa-DR-GFP cells were first transfected

with either pRS or shCSB using Lipofectamine 2000 reagents (Invi-

trogen) according to the manufacturer’s instructions. Twenty-four

hours after the first transfection, cells were transfected with an

I-SceI-expressing plasmid and pCherry in a ratio of 4:1. Forty-eight

hours after the second transfection, cells were harvested and

subjected to FACS analysis. For FACS analysis, cells were harvested,

washed in 1× PBS and fixed in PBS-buffered 4% paraformaldehyde.

FACS analysis was performed using a Becton-Dickinson LSRII

located at the McMaster University flow cytometry facility,

Hamilton, Canada. The number of cells positive for both GFP and

pCherry was normalized to the total number of pCherry-positive

cells, giving rise to the percentage of GFP-positive cells.

For cell cycle analysis of parental and CSB-KO cells, two million

cells were fixed in 80% ethanol. Fixed cells were then washed twice

with PBS, followed by incubation in PBS containing 100 lg/ml

RNase A and 50 lg/ml propidium iodide at 37°C for 30 min. FACS

analysis was performed on a FACSCalibur instrument and analyzed

using FlowJo (vX.0.7).

Clonogenic survival and G2/M checkpoint assays

For clonogenic survival assays, 4 to 6 h prior to Etop or CPT treat-

ment, cells were seeded in triplicate at 200/300 cells (0 to 250 nM

CPT and 0 to 5 lM Etop) or 800/2,400 cells (10 lM Etop) for

parental and CSB-KO, respectively, per 6-cm plate. After 1 h of

CPT or Etop treatment, the drug was washed off with PBS and

fresh growth medium was added. For IR treatment, cells were

counted, irradiated and seeded in triplicate at 200 or 300 cells for

parental and CSB-KO, respectively, per 6-cm plate, followed by

replacement with fresh media after a 24-h incubation. For PARP1

inhibitor treatment, cells were seeded in triplicate at 200 and 300

cells for parental and CSB-KO, respectively, except for that 600

knockout cells were seeded for 2 lM olaparib treatment. Twenty-

four hours post-seeding, cells were treated with olaparib and

allowed to grow in the presence of olaparib for the entirety of the

experiments. Ten days later, colonies were fixed and stained at

room temperature for 10 min with a solution containing 50%

methanol, 7% acetic acid and 0.1% Coomassie blue. Colonies

consisting of more than 32 cells were scored.

The G2/M checkpoint assay was performed as described

(McKerlie et al, 2013). Briefly, cells seeded on coverslips were

treated with 2 Gy IR and allowed to recover in the incubator.

Following 1 h, 4 h and 8 h incubations, cells were gently washed

with PBS, fixed with paraformaldehyde and then processed for

immunofluorescence with anti-H3-pS10 antibody.

Neutral comet assays

Neutral comet assays were carried out as described (Dhawan et al,

2002) with minor modifications. Cells were mixed with 1% agarose,

and the mixture was dropped onto slides pre-coated with 1%

agarose. Cells on the slides were lysed in comet lysis buffer

(100 mM EDTA, 2.5 M NaCl, 10 mM Tris, 1% Triton X-100 pH 10)

overnight at 4°C in the dark. The slides were then incubated in

1× TBE buffer (9 mM Tris, 9 mM boric acid, 2 mM EDTA pH 8.0)

for 30 min at 4°C in the dark. Following gel electrophoresis run at

0.8 V/cm for 30 min in cold 1× TBE buffer, the slides were

dehydrated in 70% ethanol for 30 min, air-dried and stained with

SYBR Green I (Invitrogen). ImageJ (v1.49) was used with the Open

Comet (v1.3) plugin to analyze at least 200 cells for each sample. The

tail moment (TM) represents the product of the tail length (TL) and

the fraction of DNA in the comet tail (TM = %DNA in tail × TL/100).

The data were plotted using Prism (v5.03) to create a box and

whisker graph where the whiskers correspond to the 10–90 percentiles.

A non-parametric Mann–Whitney rank-sum t-test was used to

derive P-values specifically for comet assays.

Statistical analysis

A Student’s two-tailed unpaired t-test was used to derive all P-values

except where specified.

Supplementary information for this article is available online:

http://emboj.embopress.org
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