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SUMMARY

XPG is a structure-specific endonuclease required
for nucleotide excision repair, and incision-defective
XPG mutations cause the skin cancer-prone
syndrome xeroderma pigmentosum. Truncating
mutations instead cause the neurodevelopmental
progeroid disorder Cockayne syndrome, but little is
known about how XPG loss results in this devas-
tating disease. We identify XPG as a partner of
BRCA1 and BRCA2 in maintaining genomic stability
through homologous recombination (HRR). XPG
depletion causes DNA double-strand breaks, chro-
mosomal abnormalities, cell-cycle delays, defective
HRR, inability to overcome replication fork stalling,
and replication stress. XPG directly interacts with
BRCA2, RAD51, and PALB2, and XPG depletion re-
duces their chromatin binding and subsequent
RAD51 foci formation. Upstream in HRR, XPG inter-
acts directly with BRCA1. Its depletion causes
BRCA1 hyper-phosphorylation and persistent chro-
matin binding. These unexpected findings establish
XPG as an HRR protein with important roles in
genome stability and suggest how XPG defects pro-
duce severe clinical consequences including cancer
and accelerated aging.

INTRODUCTION

Unrepaired DNA lesions from both environmental and endoge-

nous sources impede replication fork progression and result in

replication stress (Magdalou et al., 2014; Zeman and Cimprich,

2014). Repair intermediates, e.g., single-strand breaks, also

can interfere with replication and be processed by it into more
Mole
severe lesions, DNA double-strand breaks (DSBs). In addition,

encounters with transcription pose a major problem for the repli-

cation machinery (Bermejo et al., 2012; Helmrich et al., 2013),

which is likely a more severe problem when transcription itself

is stalled. Thus, defects in coordination between DNA replication

and DNA repair can lead to genomic instability, developmental

and immunological abnormalities, and cancer and/or aging

(Marteijn et al., 2014; Zeman and Cimprich, 2014).

A major mechanism for rescuing stalled replication forks in-

volves homologous recombination repair (HRR) of the resulting

DSB mediated by RAD51 (Prakash et al., 2015; San Filippo

et al., 2008). HRR is essential for cell survival, and in its absence,

lethal chromosomebreaksoccurduring replication (Sonodaet al.,

1998). HRR is initiated by nucleolytic processing of the broken

DNA ends to give single-stranded (ss) DNA tails, which become

coatedby themajor eukaryotic ssDNAbinding protein, replication

protein A (RPA). RAD51 is recruited to ssDNA and loaded onto it

through displacement of RPA by the breast cancer-associated

protein BRCA2 (Jensen et al., 2010; Liu et al., 2010; Thorslund

et al., 2010) in partnershipwith PALB2 (Xia et al., 2006). In contrast

(Roy et al., 2012), the breast cancer-associated protein BRCA1

functions early in HRR to regulate end resection (Coleman and

Greenberg, 2011) and to recruit BRCA2 through interaction with

PALB2 (Sy et al., 2009). The RAD51 nucleoprotein presynaptic

filament catalyzes the search for homology between the ssDNA

end and the intact sister chromatid, invading the duplex DNA to

form a DNA joint called the D-loop in a process that also requires

PALB2andRAD51AP1 (Buisson et al., 2010; Dray et al., 2010;Wi-

ese et al., 2007). Accessory proteins includingRAD52 (Feng et al.,

2011) and five RAD51 paralogs, XRCC2/3 and RAD51B/C/D

(Chun et al., 2013), are important in the critical early step of RPA

displacement and RAD51 filament formation, which manifests at

the cellular level as RAD51 foci.

The DNA repair protein XPG was first identified as a structure-

specific endonuclease required for nucleotide excision repair

(NER). Initiation of NER requires binding of XPC to the helix

distortion caused by a lesion, followed by further opening of
cular Cell 61, 535–546, February 18, 2016 ª2016 Elsevier Inc. 535
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the DNA by the transcription/repair factor TFIIH to form an NER

bubble, then lesion verification by TFIIH together with XPA.

Sequential cuts at the bubble junctions by ERCC1/XPF and

XPG excise the lesion-containing strand (Marteijn et al., 2014).

Transcription-coupled repair (TCR) is a specialized process

that preferentially removes transcription-blocking lesions from

transcribed DNA strands through recognition of stalled RNA

polymerase by the CSB protein, rather than recognizing the

lesion itself (Fousteri and Mullenders, 2008; Vermeulen and

Fousteri, 2013). TCR therefore does not involve XPC, but re-

quires other NER proteins including XPG.

Defects in NER result in the skin cancer-prone, sun-sensitive

disorder xeroderma pigmentosum (XP), and point mutations in

XPG (ERCC5) that inactivate its endonuclease (XP-G patients)

cause XP (Nouspikel et al., 1997; O’Donovan and Wood,

1993). In contrast, patients with rare truncating mutations in

XPG have the combined diseases of XP with Cockayne syn-

drome (CS), the signature molecular defect of which is loss of

TCR (Emmert et al., 2002; Lindenbaum et al., 2001; Nouspikel

et al., 1997). Rather than cancer susceptibility, XP-G/CS pre-

sents as severe, primarily postnatal, progressive neurodevelop-

mental abnormalities with mental retardation, dramatic growth

failure, greatly accelerated symptoms of aging, and death in

early childhood (Schärer, 2008). Mouse models recapitulate

the patient phenotypes. The original Xpg (Ercc5) knockout re-

sulted in death before weaning (Harada et al., 1999), but a recent

conditional knockout mouse in a hybrid strain background sur-

vives to 15–18 weeks and displays many progressive progeroid

features, including early cessation of growth, cachexia,

kyphosis, and extensive neurodegeneration (Barnhoorn et al.,

2014). In striking contrast, mice with point mutations inactivating

XPG enzymatic activity are UV sensitive, but otherwise normal

(Shiomi et al., 2004; Tian et al., 2004), similar to XP-G patients.

Thus, distinct from its NER incision function, XPG is essential

for normal postnatal development in mammals. However, the

nature of this requirement has been unclear.

XPG has multiple non-enzymatic functions outside its role in

NER that might contribute to the fatal postnatal phenotype asso-

ciated with its loss. It interacts directly with both RNA polymer-

ase II and the CSB protein that is essential for initiation of TCR,

and it has been implicated in early steps of TCR (Sarker et al.,

2005) beyond its requirement for repair per se. In addition,

XPG forms a complex with TFIIH and has been reported to be

important for its stable association with the CAK kinase subunit

(Ito et al., 2007). XPG also has a role in the early steps of base

excision repair (BER) of oxidative DNA damage through direct

interaction with, and stimulation of, the NTH1 glycosylase

(Klungland et al., 1999; Weinfeld et al., 2001).

To better understand the critical postnatal function(s) of XPG,

we undertook a series of biochemical and cell biological studies

directed toward identifying other protein partners of XPG and

elucidating the consequences of its absence. Our unexpected

findings establish XPG as a member of the HRR pathway whose

loss results in an inability to recover from replication stress, lead-

ing to DNA damage and genomic instability. These results sug-

gest a basis for the hitherto unexplained, unusually severe

phenotypes of Xpg knockout mice and, importantly, of XP-G/

CS patients.
536 Molecular Cell 61, 535–546, February 18, 2016 ª2016 Elsevier In
RESULTS

Loss of XPG Causes Spontaneous DNA Damage
Independent from Defective NER
We compared the growth rate of normal (wild-type, WT) primary

human fibroblasts to that of primary fibroblasts from two unre-

lated XP-G/CS patients, each with severely truncating XPG mu-

tations (Nouspikel et al., 1997; Okinaka et al., 1997) and no

detectable XPG protein (Figure 1B). The XP-G/CS cells had a

much slower proliferation rate (Figure 1A), with a doubling time

of 38 hr compared to 22 hr for WT, and they accumulated in

G2/M (Figure S1A).

We examined XP-G/CS cells for increased pRPA32 as a sign

of replication stress (Zeman andCimprich, 2014). Stalled replica-

tion forks lead to formation of stretches of ssDNA, and hence to

loading of RPA, which is rapidly phosphorylated in the RPA32

subunit (Binz et al., 2004). Consistent with high replication stress,

undamaged patient cells lacking XPG had a dramatic increase in

pRPA32 compared to undamaged WT (Figure 1B, lanes 3 and 4

versus 2), similar to WT after 1 hr treatment with 2 mM campto-

thecin (CPT; lane 1), which causes ssDNA breaks that are con-

verted to DSBs by replication.

Use of patient cells has the disadvantage of absence of

isogenic WT controls. In addition, there is a possibility that

compensatory secondary mutations or epigenetic changes

may have occurred during cell culture. Therefore, we used

three independent small interfering (si)RNAs to transiently

reduce XPG protein to barely detectable levels in U2OS cells

(Figure 1C) and compared them to a non-specific siRNA (Con-

trol) and untransfected cells (UNTF). XPG depletion caused

reduced growth rate and accumulation in G2/M, but no change

in the fraction of S phase cells (Figures 1D, S1B, and S1C).

Depletion of XPG strongly induced pRPA32 (Figure 1C, lanes

4–6). A similar outcome was observed in XPG-depleted HeLa

cells, where the increase was approximately equal to that

caused by the addition of 1 mM mitomycin C (MMC) to controls

(Figure S1D).

We alsomeasured the impact of XPG loss on foci formation for

common markers of DNA damage. XPG-depleted U2OS cells

had both significantly elevated 53BP1 foci (Figures 1E and 1F)

and gH2AX foci (Figure 1G), aswell as increased gH2AXbywest-

ern analysis (Figure 1H). Large numbers of gH2AX foci and

increased gH2AX were also observed in SV40-transformed

XPCS1RO cells from an XP-G/CS patient (Ellison et al., 1998),

but not in SV40-transformed WT (VA13) cells (Figures 1G and

S1F, lane 2 versus 1). Importantly, we similarly observed

elevated gH2AX in primary dermal fibroblasts derived from

Xpg�/� mice (Barnhoorn et al., 2014) compared to WT littermate

controls (Figures 1H and S1G).

Together these results strongly suggest that loss of XPG,

either genetically in human or mouse cells or by siRNA depletion

from two different human cell lines, leads to large numbers of

DSBs. To exclude that the effects were due to loss of NER, we

similarly depleted U2OS cells of either XPC or XPA, since both

are essential for global NER and the latter is also essential for

TCR. Neither depletion increased pRPA32 (Figure S1E), 53BP1

foci formation (Figure 1F), or G2/M accumulation (Figures 1D

and S1C). We conclude that the DNA damage responses
c.



Figure 1. Loss of XPG Causes Sponta-

neous DNA Damage Independent from

Defective NER

(A) Impaired cell growth of XP-G/CS patient

primary fibroblasts, XPCS2LV and XP20BE,

compared to normal human fibroblasts,

HCA2 and WI38, of the same population

doubling age. The data are mean ± SD (N = 3);

XP20BE (N = 2); and WI38 was a single ex-

periment.

(B) pRPA32 (S4/S8) amount in undamaged

XP-G/CS patient cells, XPCS2LV and XP20BE,

compared to normal human fibroblasts,

HCA2. The HCA2 cells treated with CPT (2 mM

for 1 hr and harvested after 4 hr) were a

positive control. The Ku80 was a loading control.

(C) pRPA32 amounts in U2OS cells untrans-

fected (UTF) with or without CPT treatment (2 mM,

1 hr) or transfected with control siRNA or three

different siRNAs targeting XPG.

(D) Cell-cycle progression of siRNA trans-

fected U2OS cells. The knock down of XPG

was with a mixture of two siRNAs, XPG-1

and XPG-3. The data are the mean ± SD for

N = 3. While the depletion of XPG, but not of

other NER proteins, resulted in G2/M accu-

mulation, the S phase fraction did not

change (28.5%, 29.5%, and 27.5% for un-

transfected, control KD, and XPG siRNA,

respectively).

(E and F) Immunostaining for 53BP1 in U2OS

cells transfected with siRNAs, fixed after

72 hr, and quantified for cells with >5 53BP1

foci. The data are the mean ± SEM from N = 3.

The XPC and XPA are N = 2.

(G) Immunostaining for 53BP1 (green) and

gH2AX (red) in U2OS cells transfected with

siRNAs. The merged images (foci overlap =

yellow) and DAPI (blue) stained nuclei are shown. The VA13 (WT) and XP-G/CS patient cell line XPCS1R0 were stained as noted for U2OS cells.

(H) gH2AX amounts in U2OS cells depleted of XPG (left) and in primary mouse dermal fibroblasts (MDFs) from two different WT or Xpg�/� mice (right). The

histone H3 was a loading control.

See also Figure S1.
engendered by XPG depletion are due to loss of a function

distinct from its NER role.

XPG Depletion Leads to Genomic Instability
Consistent with induction of DSBs, XPG depletion significantly

increased micronuclei in U2OS cells in the absence of any

damaging treatment (Figure 2A). In contrast, depletion of XPC

or XPA had no effect, thus ruling out a role for NER. We next

examined metaphase spreads of HeLa cells and found a signif-

icant �5-fold elevation in chromatid breaks after depletion of

XPG (Figure 2B). This result suggests a role for XPG in HRR,

since chromatid breaks are a hallmark of defects in this BRCA-

mediated pathway (Roy et al., 2012). Supporting this idea,

XPG-depleted fibroblasts were sensitive to MMC (Figure S2),

which causes DNA crosslinks that are repaired by HRR (Moyna-

han et al., 2001), and MMC treatment of XPG-depleted HeLa

cells further elevated the level of chromatid breaks (Figures 2B

and 2D). XPG-depleted cells also had acentric and double-min-

ute chromosomal fragments as well as complex aberrations, not

observed in control cells (Figures 2C and 2D). Collectively, these
Mole
results establish that XPG functions to maintain genomic integ-

rity in undamaged cells and show that its requirement is even

more critical after DNA damaging treatments.

XPG Mediates Recovery from Replication Stress
Next, we examined the ability of XPG to mitigate replication

stress induced by CPT. Compared to siRNA control, CPT treat-

ment of XPGdepleted cells led to a significantly greater induction

of both ssDNA as marked by pRPA32 (Figures 3A and 3B) and of

DSBs as marked by gH2AX. Consistent with defective repair of

DSBs at replication forks, gH2AX persisted and accumulated

for at least 72 hr (Figure 3A). XPG depletion also led to a major

delay in cell-cycle reentry after CPT (Figures 3C and 3D) and to

CPT hypersensitivity (Figure S3A).

To directly test the possibility that XPG facilitates replication

restart after replication stress, we performed DNA fiber labeling

to examine replication fork progression in the presence or

absence of hydroxyurea (HU). U2OS cells were pulse-labeled

with CldU (red), incubatedwithout or with HU to arrest replication

forks, and then labeled with IdU (green) (Figures 3E, 3F, S3B,
cular Cell 61, 535–546, February 18, 2016 ª2016 Elsevier Inc. 537



Figure 2. XPG Is Required for Genome Sta-

bility and Cell Survival

(A) Micronuclei in siRNA transfected U2OS cells.

The data represent the mean ± SD for N = 2, with

XPG depletion significantly higher than control

(* = < 0.05; n.s. = not significant).

(B and C) Chromatid breaks (B) and an array of

chromosome aberrations (C) in siCTRL or siXPG

depleted HeLa cells either mock or MMC-treated

(100 nM, 1 hr), scored 24 hr following MMC. The

data represent the mean ± SD for N = 4 (no MMC)

or N = 2 (with MMC).

(D) Giemsa-stained metaphase spread of MMC-

treated XPG-depleted HeLa cells. The arrows

show examples of chromatid breaks, double-

minute, or acentric fragments.

See also Figure S2.
and S3C). Tracts labeled only in red indicate either forks that

terminated during the labeling period or forks that stalled or

collapsed and were unable to restart. Without HU, the frequency

of red-only tracts was not significantly different between control

and XPG-depleted cells (Figure 3G legend and Figure S3C).

However, after 30 min of HU treatment, the frequency of stalled

forks was significantly elevated in XPG-depleted cells (Figures

3F and 3G). Longer HU treatment further increased the fre-

quency of stalled forks in both control and XPG-depleted cells,

but the frequency remained significantly higher at every time

point when XPG was depleted (Figure 3G). These results estab-

lish a previously unsuspected requirement for XPG in recovery

from replication stress.

XPG Protein Is Induced in Response to Replication
Stress and Accumulates at Sites of DSBs
During recovery from CPT damage, XPG protein increased

approximately 2-fold and remained elevated for at least 72 hr

(Figures 3A and 4A). Treatment with the MG132 inhibitor showed

that XPG is not regulated by proteasomal degradation (Fig-

ure S4A). Rather, quantitative (q)RT-PCR analysis revealed that

XPG mRNA levels increased following CPT (Figures 4B and

S4B). This upregulation of XPG is surprising, since it does not

occur after UV damage (Christmann et al., 2006). It is consistent

with the idea that XPG plays an important role in the cellular

response to replication stress.

We used immunofluorescence to investigate localization of

XPG in normal human fibroblasts and observed distinct nu-

clear XPG foci in S phase cells marked by staining for

Cyclin A (Figure 4C), whereas G1 cells exhibited very few

XPG foci (Figure S4C). The XPG foci became noticeably larger

and brighter after HU treatment (Figure 4C). We confirmed that

the foci reflect localized XPG by their absence in XP-G/CS
538 Molecular Cell 61, 535–546, February 18, 2016 ª2016 Elsevier Inc.
cells, by the same pattern of foci forma-

tion using a second XPG antibody

(Trego et al., 2011) (Figure S4D), and

by their reduction after siRNA depletion

(Figure S4D).

Since stalled replication forks cause

DSBs after collapse, we investigated
whether XPG foci overlap with 53BP1 and gH2AX foci in cells

synchronized into S phase with or without HU treatment (Fig-

ure 4D). In contrast to G1 cells, approximately 20% of undam-

aged S phase cells contained XPG foci that overlapped with

53BP1 and gH2AX, and this fraction increased to �70% after

HU (Figure 4E). We also observed overlapping XPG and 53BP1

foci in asynchronously growing cells after ionizing radiation treat-

ment (Figure S4E).

XPG Interacts with HRR Proteins
Consistent with recruitment of XPG to HRR at DSBs caused by

collapsed replication forks, XPG foci strongly overlapped with

RAD51 foci in mid-S phase cells (Figure 5A). To test the possibi-

lity that XPG interacts with HRR proteins, we performed recip-

rocal co-immunoprecipitations (coIPs) from nuclear extracts of

U2OS cells. Pull down of XPG, BRCA2, or RAD51 in each case

resulted in coIP of the other two and also of PALB2 (Figure 5B).

Moreover, XPG foci overlapped with BRCA2 foci in normal hu-

man fibroblasts treated with HU (Figure 5C).

We next co-expressed HRR proteins in insect cells to iden-

tify direct interactions among them. XPG and RAD51 inter-

acted weakly (Figure S5A), but XPG formed a tight complex

with either BRCA2 or PALB2 (Figure 5D, lanes 2 and 4), and

the three proteins formed a stable trimeric complex (lane 5).

For other co-expression combinations, we first carried out af-

finity purification of FLAG-tagged BRCA2, elution with FLAG

peptide, and IP of another of the co-expressed proteins (Fig-

ure 5E) to reveal stable trimeric and tetrameric complexes (Fig-

ures S5B and S5D). Since interaction of BRCA2 with the small

highly acidic protein DSS1 facilitates HRR (Kristensen et al.,

2010), with DSS1 acting as a DNA mimetic to displace RPA

and allow RAD51 loading (Zhao et al., 2015), we wondered

whether it might also participate in the HRR complex with



Figure 3. XPG Mediates Recovery from

Replication Stress

(A) pRPA32 (S4/S8) and gH2AX level in U2OS cells

transfected with siRNAs (48 hr), treated with or

without CPT (20 nM, 24 hr), followed by CPT

removal and harvest at the indicated times.

(B) Quantification of pRPA32 (S4/S8) protein from

(A). The data represent the mean ± SD for N = 3.

(C) Cell-cycle progression of U2OS cells treated

with CPT (A).

(D) G1 cells after CPT treatment (A). The data

represent the mean ± SD for N = 3.

(E) Diagram of the DNA fiber assay showing the

addition of nucleotide analog, CldU (red), for

15 min, addition of HU for 0.5, 5, 18, or 30 hr, and

then IdU (green) for 45 min.

(F) DNA fibers from U2OS cells transfected with

siRNAs and treated with HU for 30 min.

(G) Relative fraction of red-only DNA fibers in

U2OS cells transfected with siRNAs as indicated

and treated with HU for various times. The values

were normalized to those in the same cells without

HU. The percentages of red-only tracts among all

the structures assessed were similar and not

significantly different (p = 0.105) between un-

treated siCTRL cells (18.55% ± 0.7621) and un-

treated XPG-depleted cells (14.31% ± 1.877). The

data represent the mean ± SEM for N = 3 (18 hr,

N = 2 and 30 hr, N = 1).

See also Figure S3.
XPG. Indeed, XPG interacted weakly with DSS1, although

much less strongly than the interaction between BRCA2 and

DSS1 (Figure S5C). Importantly, XPG formed a stable, five-

membered HRR complex with BRCA2, PALB2, RAD51, and

DSS1 upon co-expression from five separate baculoviruses.

The complex robustly survived affinity purification, release,

and re-IP (Figures 5E and 5F). Together, these protein-protein

interactions (summarized with relative affinities; Figure 5G)

substantiate a role for XPG in HRR and strongly suggest that

it functions with BRCA2 to promote presynaptic filament

formation.

XPG Promotes HRR and Loads RAD51, BRCA2, and
PALB2 following Replication Stress
We examined whether XPG promotes HRR by measuring gene

conversion using a DR-GFP reporter construct (Pierce et al.,

1999) integrated into a U2OS cell line (Xia et al., 2006). Depletion

of XPGwith either of two siRNAs significantly reduced gene con-

version to about 50% of control (Figures 6A and S6A). This

reduction is comparable to that from loss of RAD51AP1 (Fig-

ure 6A) or XRCC3 (Wiese et al., 2007). In contrast, depletion of

the NER protein XPC had no effect (Figure 6A), and reduced

gene conversion was not due to reduced I-SceI endonuclease

expression (Figure S6B). Based on these results, we tested

whether XPG depletion sensitizes cells to PARP inhibition, as re-
Molecular Cell 61, 535–546,
ported for other HRR proteins (McCabe

et al., 2006). We found strong sensitiza-

tion, comparable to that caused by deple-

tion of BRCA2 itself (Figure 6B).
To understand the mechanism by which XPG promotes HRR,

we examined whether loss of XPG affects RAD51 foci formation

after CPT. Consistent with slow resolution of pRPA32 (Figure 3),

RAD51 foci formation was attenuated (Figures 6C and S6C). This

reduction could be due either to overall destabilization of RAD51

protein or its reduced chromatin localization. To distinguish be-

tween these, we used biochemical fractionation to examine

whole cell extracts (WCE) versus the soluble (S100) or chro-

matin-bound (P100) fractions from cells treated or not with

CPT. Depletion of XPG did not affect the amount of RAD51 in

WCE (Figures 6D and S6D), but significantly reduced RAD51

chromatin loading after CPT (Figure 6E). Furthermore, XPG

depletion also significantly reduced BRCA2 chromatin loading

(Figure 6F) and reduced PALB2 on chromatin (Figure S6E).

Conversely, BRCA2 or PALB2 depletion had no effect on XPG

loading (Figure S6F).

XPG Modulates BRCA1 Phosphorylation and Chromatin
Loading
If XPG exclusively acts with BRCA2 and PALB2 to promote HRR,

then the competing SS annealing (SSA) pathway, which is medi-

ated by RAD52 and repairs DSBs through annealing short ho-

mologous sequences on either side of the break (Lok et al.,

2013), should increase after XPG depletion, as it does when

either BRCA2 or RAD51 is depleted (Stark et al., 2004). However,
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Figure 4. XPG Increases after Replication

Stress and Accumulates at Sites of DSBs

(A) XPG protein amount (Figure 3A) quantified from

U2OS cells after CPT treatment with or without

siRNA knockdown, shown with the mean ± SD for

N = 3.

(B) XPG mRNA quantified by qRT-PCR in U2OS

cells treated with CPT (20 nM, 24 hr). The result in

cells transfected with XPG siRNA is shown for

undamaged cells (UNT) and 0 hr after CPT. The

data represent the mean ± SD for N = 2 indepen-

dent experiments run in triplicate.

(C) Immunostaining of XPG (red) and Cyclin A

(green) in asynchronous normal human fibroblasts

(HCA2) untreated or treated with HU (30 mM,

60 min).

(D) Immunostaining of XPG (red) and either 53BP1

(green) or gH2AX (green) in hTERT-immortalized

HCA2 cells synchronized into late S phase and

then mock (�) or HU (+) treated (30 mM, 1 hr). The

merged images (foci overlap = yellow) and DAPI

(blue) stained nuclei are shown.

(E) Quantification of XPG foci overlap with 53BP1

and gH2AX in G1 or late S phase. The data

represent the mean ± SEM for N = 2.

See also Figure S4.
in contrast to the dramatic increase in SSA observed upon

BRCA2 depletion, depletion of XPG led to a significant decrease

in SSA (Figure 7A) as measured in U2OS SA-GFP cells (sche-

matic in Figure S7A) (Gunn and Stark, 2012), while as expected

from this pathway’s requirement for extensive resection, deple-

tion of the CtIP nuclease virtually eliminated SSA (Figure 7A). We

also tested for an effect of XPG on non-homologous end joining

(NHEJ), which predominates outside of S/G2 (Escribano-Dı́az

et al., 2013). Using U2OS EJ5-GFP cells (schematic in Fig-

ure S7B) (Gunn and Stark, 2012), we found that depletion of

XPG did not alter NHEJ (Figure S7C). We then asked whether

XPG was epistatic with RAD52 in SSA, but instead found that

simultaneous knock down of both XPG and RAD52 reduced

SSA to a level significantly below that from depletion of RAD52

alone (Figure 7A). Since XPG and RAD52 thus are not epistatic

in SSA, we hypothesized that XPG may act upstream of both

HRR and SSA, perhaps through interaction with BRCA1, which

is required for both.

We therefore asked whether XPG depletion affects BRCA1

function. By coIP, XPG and BRCA1 are indeed associated in

human cell extracts (Figure 7B). We further verified that they
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interact directly by coIP from co-in-

fected insect cells (Figures 7C and

S7D). Chromatin fractionation experi-

ments revealed a surprise. In striking

contrast to the decreased loading of

BRCA2, PALB2, and RAD51, depletion

of XPG led to increased and persistent

BRCA1 chromatin binding after CPT

(Figures 7D and 7E). In control cells,

the chromatin bound fraction of BRCA1

was highest immediately after CPT
removal and then slowly declined. However, chromatin-bound

BRCA1 increased dramatically with time in cells depleted for

XPG. These results suggest that XPG is required for BRCA1

release. A possible mechanism is suggested by the fact that,

while mobility of BRCA1 is reduced in control cells immediately

after removal of CPT and returned to normal with time, the

reduced mobility of BRCA1 in XPG-depleted cells was both

more pronounced and in fact increased with time (Figures

7D and S7E). The altered mobility was entirely due to hyper-

phosphorylation, as demonstrated by phosphatase treatment

of the modified form (Figure S7G). Inhibiting ATM or ATR did

not reduce the interaction between XPG and BRCA1

(Figure S7H).

XPG depleted cells had significantly increased BRCA1 foci

both in untreated cells and after CPT (Figures 7F and 7G), consis-

tent with increased chromatin binding. As expected, depletion of

BRCA1 resulted in increased DNA damage as marked by 53BP1

foci (Figure S7I). Notably, BRCA1 depletion led to an increase in

total XPG protein (Figure S7F), similar to that observed as a result

of replication stress (Figure 4A), whereas XPG amounts did not

change with PALB2 or BRCA2 depletion (Figure 6D).



Figure 5. XPG Interacts with HRR Proteins

(A) Immunostaining of XPG (red) and RAD51

(green) in HCA2-hTERT (upper) and XPG null cells

(XPCS2LV, lower) synchronized in mid-S phase.

The merged images (foci overlap = yellow) and

DAPI (blue) stained nuclei are shown.

(B) CoIP of XPG, BRCA2, RAD51, and PALB2 from

U2OS cell nuclear extracts.

(C) Immunostaining of XPG (red) and BRCA2

(green) foci in asynchronous HCA2-hTERT fibro-

blasts either untreated or treated with HU (10 mM,

18 hr). The merged image (foci overlap = yellow)

and DAPI (blue) stained nuclei are shown.

(D) Affinity purification of FLAG-BRCA2 (B) with

either XPG (X) and/or PALB2 (P) proteins from

co-infected insect cell extracts. In the X+P co-

expression (no BRCA2), XPG was FLAG-tagged.

(E) Schematic of FLAG-affinity purification, fol-

lowed by elution and IP.

(F) Affinity purification of FLAG-BRCA2, then IP

with a-RAD51 or control IgG from co-infected in-

sect cell extracts reveals stable complex of five

HRR proteins.

(G) Schematic of XPG interactions with HRR

proteins.

See also Figure S5.
Taken together, our findings establish that XPG has an im-

portant, complex role in responding to replication stress and

maintaining genome stability (Figure 7H) through direct protein-

protein interactions with key factors both for initiation of HRR

and SSA (BRCA1) and for presynaptic filament formation

(BRCA2, PALB2, DSS1, and RAD51).

DISCUSSION

Our work reveals an unexpected, multi-faceted function for XPG

in HRR that is clearly distinct from its role in NER. Specifically, we

show that XPG forms a higher-order complex with BRCA2,

PALB2, RAD51, and DSS1, that it also interacts with BRCA1,

and that loss of XPG leads to a significant reduction of HRR.

The reduced HRR reflects decreased RAD51 foci formation

caused by decreased chromatin binding of RAD51, BRCA2,

and PALB2. The deleterious cellular consequences observed

upon XPG depletion are consistent with its requirement in

HRR. These include increased pRPA32 signaling, DSB forma-

tion, G2/M accumulation, and sensitivity to the crosslinking

agent MMC, the topoisomerase I inhibitor CPT, and PARP inhibi-

tion. Furthermore, stalled replication forks accumulate dramati-

cally upon XPG depletion, correlating with induction of genomic

instability as marked by chromatid breaks and micronuclei even

in otherwise undamaged cells.

The observed effects of XPG loss on RAD51, BRCA2, and

PALB2, together with its direct interactions with each of these

proteins, suggest that XPG functions in HRR as a recombination
Molecular Cell 61, 535–546,
mediator to facilitate presynaptic filament

formation. It is perhaps important in this

context that XPG interacts directly with

RPA through an acidic region in the XPG
spacer domain (He et al., 1995), and that the spacer also con-

tains a ubiquitin binding motif (UBM) (Hofmann, 2009). The bio-

logical relevance of the XPG interaction with RPA has primarily

been viewed in the context of NER, where the interaction may

assist in coordinating DNA resynthesis with XPG incision (Fag-

bemi et al., 2011). However, since ubiquitylated RPA is involved

in regulating repair at stalled replication forks (Elia et al., 2015b),

it is possible that the interaction is also functionally important for

localizing XPG to stalled replication forks and/or for coordinating

RPA removal in complex with BRCA2/PALB2/DSS1.

The interpretation that XPG functions as an additional re-

combination mediator, while consistent with most of our obser-

vations, would not predict its effects on BRCA1. BRCA1 is

phosphorylated by ATMand ATR in response to damage or repli-

cation stress respectively, and the phosphorylation is important

for BRCA1 focal localization (Cortez et al., 1999; Tibbetts et al.,

2000). However, little is known about subsequent regulatory

steps, including the mechanism of BRCA1 dephosphorylation

or consequences of its failure. XPG involvement in regulating

BRCA1 activity, perhaps by promoting phosphatase action, is

strongly suggested by the striking hyperphosphorylation,

increased foci formation, and persistent chromatin binding of

BRCA1when XPG is lost. It is even possible that the downstream

effects of XPG loss on RAD51 foci formation and HRR are simply

an indirect consequence of its requirement for regulating BRCA1

function. However, the multiple downstream protein-protein in-

teractions of XPG would be difficult to reconcile with this view.

We therefore favor the possibility that XPG has two distinct
February 18, 2016 ª2016 Elsevier Inc. 541



Figure 6. XPG Promotes HRR and Chro-

matin Binding of BRCA2, PALB2, and RAD51

(A) DR-U2OS cells were transfected with siRNAs,

followed by transfection with an I-SceI expression

plasmid. The data represent the mean ± SD for

N = 5–13.

(B) Normal human fibroblasts (HCA2-hTERT)

transfected with siRNAs were assayed for survival

by BrdU incorporation after PARP inhibition by

ABT-888. The data represent the mean ± SEM for

N = 3 (siCTRL and siXPG) and N = 2 (siBRCA2).

(C) RAD51 foci formation revealed by immuno-

staining was quantified in U2OS cells transfected

with siRNAs and then treated with or without CPT

(20 nM, 24 hr). The data represent themean ± SEM

for N = 3.

(D) U2OS cells were transfected with siRNAs,

treated with CPT (20 nM, 24 hr), and harvested for

WCE or fractionated into soluble (S100) or chro-

matin-bound (P100) proteins.

(E and F) Quantification of RAD51 (E) and BRCA2

(F) chromatin loading from (D). The data represent

the mean ± SEM for N = 2, with XPG depletion

significantly lower than control (* and <0.05).

See also Figure S6.
functions in HRR, one in the initiation step through regulatory

effects on BRCA1 and another through direct participation

in RAD51 presynaptic filament formation with BRCA2 and

PALB2.

The most well-understood function of XPG is its required role

as the 30 endonuclease in NER and transcription-coupled NER

(TC-NER). However, several lines of evidence strongly suggest

that the dramatic BRCA-like phenotype upon loss of XPG as re-

ported here is separable from this role. In support of this idea,

depletion of XPC or XPA, which also block NER or both NER

and TC-NER respectively, did not increase DSBs or genomic

instability. Furthermore, there are strong biological arguments

supporting a critical non-enzymatic role for XPG. Data from

both mouse models and human patients establish that while

XPG is required for normal postnatal development, its endonu-

clease activity is not. In both cases, inactivating point mutations

cause only UV sensitivity, whereas knockouts (mouse) or trunca-

tions (patients) cause the severe CS phenotype and very early

death (Barnhoorn et al., 2014).

We suggest that, independently of its catalytic activity, XPG

functions as a scaffold protein at multiple steps in HRR. How-
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ever, we have been unable to rescue the

HRR defect in either XP-G/CS patient

cells or siRNA knockdowns by ectopic

expression of WT XPG cDNA (e.g., Fig-

ure S1F, lanes 3 and 4), despite the fact

that the NER defect is complemented

(Ellison et al., 1998; Staresincic et al.,

2009). There are several possible expla-

nations for this observation. Notably,

native XPG expression is apparently

tightly regulated and responds to replica-

tion stress (Figures 4A and 4B), and it is
possible that this regulation is critical for its HRR function.

Furthermore, XPG protein is heavily post-translationally modi-

fied, including multiple phosphorylations, ubiquitination, and

likely sumoylation (Elia et al., 2015a). A lack of UTR sequences

in ectopic expression may result in the dysregulation of RNA-

mediated co-translational protein modifications (Kramer et al.,

2009). In addition, there are at least three protein coding isoforms

of XPG/ERCC5 (GENCODE build 19 and later, http://www.

gencodegenes.org) plus a gene-merge transcript, BIVM-

ERCC5, of unknown function. Thus, ectopically expressed

XPG, although active as an endonuclease, may lack some

properties that are critical for its homeostasis and scaffolding

functions. Of note, inability to rescue knockdowns by ectopic

expression is not without precedent and has recently been

observed by us in HRR for the NUCKS1 protein (Parplys et al.,

2015). Notwithstanding the failure of ectopically expressed

XPG to complement phenotypes other than those related to

NER incision, the biology of different classes of XPG mutations

(inactivating point mutations versus truncations or deletions) in

human patients and in mouse models argues very strongly that

XPG has critical functions distinct from its endonuclease activity.

http://www.gencodegenes.org
http://www.gencodegenes.org


Figure 7. XPG Promotes SSA and Affects

BRCA1 Function

(A) SA-U2OS cells (carrying an integrated SSA

reporter construct as diagrammed in Figure S7A),

were transfected with siRNAs, followed by trans-

fection with an I-SceI expression plasmid. The

data represent the mean ± SEM for N = 6–15.

(B) CoIP of BRCA1 with XPG from U2OS cell nu-

clear extracts.

(C) Affinity purification of FLAG-BRCA1 with XPG

from co-infected insect cell extracts.

(D) BRCA1 chromatin loading in U2OS cells

transfected with siRNAs, treated with CPT (20 nM,

24 hr), harvested at the indicated times after CPT

removal, and fractionated into soluble (S100) or

chromatin-bound (P100) proteins.

(E) Quantification of BRCA1 chromatin loading.

(F) Immunofluorescence of BRCA1 (green) and

53BP1 (red) foci in U2OS cells transfected with

siRNAs and 48 hr later treated with CPT (20 nM,

24 hr) (right) or mock treated (left). The merged

image (overlap = yellow) and DAPI (blue) stained

nuclei are shown.

(G) BRCA1 foci (Figure 7F) were quantified and

plotted. The data represent the mean ± SEM for

N = 3.

(H) Model for XPG participation in HRR. XPG

regulates BRCA1 action in initiation of homology-

directed repair, and depletion of XPG reduces

both HRR and SSA. XPG additionally acts in a

complex with BRCA2, PALB2, DSS1, and RAD51

as a recombination mediator to promote RAD51

presynaptic filament formation in HRR.

See also Figure S7.
Our results as reported here strongly suggest that the XPG role(s)

in HRR and in replication fork restart are one such function.

The result of XPG depletion is an approximate 50% reduction

in HRR that was consistently observed for several different end-

points. However, the induction of DSBs, genomic instability, and

stalled replication forks when XPG is depleted greatly exceeds

that expected from a 2-fold decrease in HRR. These discrep-

ancies suggest that other functions of XPG, in addition to the

newHRR role(s) described here, likely contribute to genomic sta-

bility and replication fork maintenance.

One possibility is that XPG plays an additional role either in

replication fork protection or reversal. It is now clear that elabo-

rate mechanisms exist for protecting replication forks that have

encountered blocks and for restoring their progress. These

mechanisms operate prior to the crisis state of collapse and

DSB induction, after which HRR is clearly required. They include

protection from excessive resection/degradation, which in-

volves non-HRR functions of both BRCA1 and BRCA2
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(Schlacher et al., 2011, 2012). Replication

fork reversal to form a ‘‘chicken-foot’’

structure is also central to avoiding fork

breakage and allowing replication restart,

and it is mediated by RAD51 in a role

outside of its recombinase function

(Zellweger et al., 2015). Processing of
reversed forks to allow replication restart requires WRN protein

(Thangavel et al., 2015), and a non-enzymatic function of WRN

has been implicated in protecting nascent DNA upon fork stalling

(Su et al., 2014). Since we show that XPG interacts directly with

BRCA1, BRCA2, and RAD51, and since it also has a direct, func-

tional interaction with WRN (Trego et al., 2011), one possibility to

explain the extreme accumulation of stalled forks when XPG is

lost is that it additionally serves as an important co-factor in

one or more of these processes.

Another possibility that must be considered relates to the

recent demonstration that thepresenceofXPGendonucleaseac-

tivity in cells lacking various RNA processing factors causes

extensive DSB formation and genomic instability from cleavage

of R-loops (Sollier et al., 2014), which are RNA-DNA hybrids

with displaced ssDNA that can form behind transcription. How-

ever, we show the opposite: DSBs—presumably at stalled repli-

cation forks—and genomic instability are caused by loss of

XPG. It is presently unclear whether XPG processes R-loops
February 18, 2016 ª2016 Elsevier Inc. 543



under normal conditions (i.e., in the presence of RNA processing

factors), and if so whether such cleavage is beneficial or delete-

rious. It is possible that, in the absence of XPG, unprocessed

R-loops could lead to DSBs when encountered by replication

forks. In this context it is interesting that R-loop cleavage by

XPG also requires the TCR protein CSB (Sollier et al., 2014),

whose activity is increased by interaction with XPG (Sarker

et al., 2005). Loss of either XPG or CSBwould therefore both pre-

vent TCR, leading to a dramatic increase in stalled transcription,

and increase R-loop formation or persistence. The combined ef-

fect could significantly increase replication fork stalling, which

would be poorly resolved in the absence of XPG, leading to high

levels of replication stress. Thus the relationship between TCR,

R-loops, replication fork stalling and collapse, and HRR is

evidently complex and certainly poorly understood at present.

What is now clear, however, is that XPG occupies a central posi-

tion in these intertwined processes. Interestingly, CSB has

recently been implicated both in recruitment of HRR proteins to

oxidative damage at sites of active transcription (Wei et al.,

2015) and in the mitotic checkpoint and pathway choice for

DSB repair (Batenburg et al., 2015). Although the detailed

connection between these findings for CSB and the HRR role of

XPG reported here remains to be elucidated, it is increasingly

evident that TCR defects in general are likely to have an impact

that extends well beyond maintenance of transcription to include

effects on genome stability.

In summary, we have demonstrated an unexpected, critical

role for XPG in replication fork maintenance and preservation

of genomic stability through participation in HRR after replication

stress via direct interactions with key HRR proteins. Cell-cycle

defects, large numbers of DSBs, HRR defects, and elevated

DNA damage response signaling ensue when cells are deprived

of XPG. The severe disease presentation that manifests in pa-

tients with truncating mutations in XPG or in mouse models

with deletion of Xpg has never been adequately explained and

cannot be reconciled with loss of NER alone. Loss of the HRR

role for XPG that is described here, and possibly of additional

XPG functions in processing of stalled forks, may represent a

major contributing factor in the CS phenotype. The assignment

of XPG as an important player in BRCA-mediated HRR and the

greatly elevated genomic instability that occurs in its absence

also raise the possibility that it functions as a previously unrecog-

nized tumor suppressor gene for breast, ovarian, and other

BRCA-associated cancers.

EXPERIMENTAL PROCEDURES

Cell Culture and siRNA Transfection

Primary and immortalized human cell lines were cultured under ambient

oxygen and 10% CO2 in DMEM. Primary mouse dermal fibroblasts were

cultured at 3% oxygen and 5% CO2 in DMEM/Hams-F12 media. Both were

supplemented with fetal calf serum and 1% antibiotic/antimycotic. siRNAs

(40 nM) were transiently transfected with LipofectamineRNAiMAX (Invitrogen)

on 2 consecutive days, followed by replating and incubation for 24–72 hr prior

to experimentation.

WCE, Cellular Fractionation, and Phosphatase Treatment

Cells were lysed in SDS sample buffer (3% SDS, 10% glycerol, and 100 mM

Tris-HCl [pH 6.8]) and heated at 95�C. For experiments with BRCA2, cell

lysates were not heated, but were needle sheared in the same buffer. Protein
544 Molecular Cell 61, 535–546, February 18, 2016 ª2016 Elsevier In
concentrations were determined by the BCA assay (Pierce). Fractionation

into an S100 fraction containing cytoplasmic and nuclear proteins and P100

fraction containing chromatin, nuclear matrix, and insoluble proteins was

performed as previously described (Xia et al., 2006). For phosphatase treat-

ment, the P100 pellets were mock or lambda phosphatase treated according

to the manufacturer’s recommendation (NEB) then needle sheared in SDS

buffer.

Drug Treatments and Cellular Proliferation

Unless otherwise noted, cells were exposed to 20 nMCPT or DMSO for 24 hr in

growth medium. After treatment, cultures were washed with PBS and returned

to growth medium or harvested. MMC exposure was in growth medium for

1 hr, followed by PBS wash, and incubation for 24 hr prior to analysis. PARP

inhibitor ABT-888 treatment was for 1 hr prior to addition of BrdU. HU treat-

ment was for 1 hr at 30 mM or for 16 hr at 5 or 10 mM. To measure proliferation

after damage, cells were incubated in the presence of BrdU (20 mM) for 72 hr,

harvested, and analyzed by fluorescence-activated cell sorting (FACS) to

detect BrdU-positive cells.

DNA Fiber Assay, Micronuclei, and Chromosome Analysis

The DNA fiber assay, micronuclei assay, and chromosome analysis were per-

formed as described (Parplys et al., 2014; Groesser et al., 2007; Wiese et al.,

2007).

Statistics

Statistical significances were determined using the Student’s t test.

Supplemental Experimental Procedures

Details of cells used, insect cell expression and purification methodologies,

reporter assays for gene conversion and SSA, antibodies and protocols

used for immunofluorescence and westerns, and other detailed experimental

procedures and associated references are found in the Supplemental

Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and seven figures and can be found with this article online at http://dx.doi.

org/10.1016/j.molcel.2015.12.026.
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SUPPLEMENTAL INFORMATION 

 

Figure legends 

Figure S1: Loss of XPG causes spontaneous DNA damage independent from defective NER; 

related to Figure 1.  

(A) XP-G/CS cells have an increased G2 population. The cell cycle distribution of primary fibroblasts, 

HCA2 (WT), or 2LV (XP-G/CS) or XP20BE (XP-G/CS) cells was determined by FACS analysis of 

propidium iodide stained cells. Plots were analyzed using FlowJo and Watson (Pragmatic) analysis. 

(B) Cell growth is reduced in XPG-depleted cells. U2OS transfected with the indicated siRNAs were 

monitored for proliferation beginning 24 hours after the second transfection. Data represent the mean ± 

SD for N=2. 

(C) Effect of XPG, XPA, or XPC depletion on cell-cycle progression in U2OS cells. G1, S, and G2/M 

phases were determined by flow cytometry using propidium iodide staining and were analyzed using 

FlowJo and Watson (Pragmatic) analysis.   

(D) The amount of pRPA32 in XPG KD cells is roughly equivalent to that after treatment of control KD 

cells with 1 µM MMC. Extracts from HeLa cells transfected with control or XPG siRNAs were harvested 

24 hours after mock or MMC treatment (250 nM or 1 µM for 1 h). 

(E) pRPA32 is elevated in XPG-depleted cells, but not in those depleted for XPC or XPA. Western blot 

analysis of total extracts from U2OS cells transfected with the indicated siRNAs targeting XPG, XPC, 

XPA, or control siRNA.  

(F) γH2AX is elevated in the SV40-transformed XP-G/CS cell line XPCS1RO (lane 2 vs lane 1). The 

effect is not complemented by addition of either WT-XPG (lane 3) or endonuclease-dead XPG (XPG 

mutant E791A; lane 4) (Staresincic et al., 2009). Western blot analysis of total extracts from VA13 cells 

or XPCS1RO cells stably transfected with either plasmids expressing GFP, WT-XPG-HA, or XPG-

E791A-HA. Quantification of γH2AX protein amount was normalized to Histone H3 and plotted for each 

cell line.  



(G) Primary mouse dermal fibroblasts (MDFs) from littermates, either WT or knocked out for XPG (xpg -

/-) (Barnhoorn et al., 2014). Cells were immunostained using rabbit anti-53BP1 (green) and mouse anti-

γH2AX antibodies (red). The merged images for foci overlap (yellow), and DAPI (blue) stained nuclei 

are shown. Note: The spots in both wt and KO MDFs that stain intensely for γH2AX but not 53BP1 are 

DAPI-bright heterochromatic regions. 

 

Figure S2. XPG is required for genome stability and cell survival; related to Figure 2  

XPG-depleted cells are sensitive to MMC. Control- and XPG-depleted hTERT immortalized normal 

human fibroblasts (HCA2-hTERT) were assayed for ability to replicate after the damaging treatment (as 

a surrogate assay for survival) by BrdU incorporation following MMC treatment. Data represent the 

mean ± SD for N=3.  

 

Figure S3: XPG mediates recovery from replication stress; related to Figure 3. 

(A) XPG-depleted cells are sensitive to camptothecin (CPT). Control- and XPG-depleted hTERT 

immortalized normal human fibroblasts (HCA2-hTERT) were assayed for cellular sensitivity to CPT 

damage by ability to replicate following treatment, as measured by BrdU incorporation. Data represent 

the mean ± SD for N=3.  

(B) Diagram of the protocol used for the DNA fiber analysis experiments, showing the addition of 

nucleotide analog CldU (red) for 45 min followed by washing and addition of IdU (green) for 45 min 

prior to processing for the DNA fiber assay. 

(C) Representative micrographs of DNA fibers from undamaged U2OS cells transfected with control 

siRNA (top) or XPG siRNA (bottom) following the protocol described in (B). 

 

Figure S4. XPG accumulates at sites of DNA double-strand breaks; related to Figure 4. 

(A) Western blot analysis of U2OS cells treated with DMSO (- CPT) or 20 nM CPT for 24 hours, and 

then washed and harvested either immediately, or after 24 h repair. Where indicated, cells were treated 

with MG132 (2 µM) 16 h before harvest to inhibit proteasomal degradation. p21 was used as a positive 



control for proteasome inhibition, since MG132 inhibits p53 degradation, leading to p21 upregulation 

(Mazroui et al., 2007). 

(B) XPG mRNA is upregulated following CPT treatment as early as 12 h post CPT removal. The 

expression of XPG mRNA was measured using qRT-PCR. Data represent the mean ± SD for N=3. 

(C) XPG foci do not form during G1 phase, but during S-phase. hTERT immortalized HCA2 cells were 

synchronized into G1 phase or into mid-S-phase (Davalos and Campisi, 2003), and stained for XPG 

foci (red). 

(D) XPG foci overlap with 53BP1 (a marker of DSBs) after IR. hTERT immortalized HCA2 cells 

transfected with control siRNA (top panel) or siRNA against XPG (middle panel), or XPG null patient 

cells (XPCS2LV, lower panel), were irradiated with 2 Gy IR followed by 120 min repair and 

immunostaining using mouse anti-XPG (8H7) (red), and rabbit anti-53BP1 antibodies (green). The 

merged images for foci overlap (yellow), and DAPI (blue) stained nuclei are shown. 

(E) Evidence for overlap of XPG foci with DSBs (53BP1 foci) is independent of the antibodies used 

(compare to panel D). hTERT immortalized HCA2 cells were mock treated (top) or treated with 2 Gy IR 

(bottom) and co-stained using rabbit anti-XPG (red) and mouse anti-53BP1 (green) antibodies, and 

DAPI (blue).  

 

Figure S5. XPG interacts with HRR proteins; related to Figure 5.  

(A) Interaction between XPG and RAD51. Co-immunoprecipitation of recombinant human XPG and 

RAD51 from Sf9 insect cells co-infected with baculoviruses expressing XPG and RAD51 was analyzed 

by western blotting.  

(B) XPG forms stable trimers with HRR proteins. Insect cell cultures were co-infected with two 

baculoviruses expressing FLAG-BRCA2 and XPG, with the addition of a third baculovirus expressing 

either PALB2, DSS1, or RAD51. Trimeric complexes were purified by FLAG affinity chromatography 

and re-immunoprecipitated with XPG antibody or IgG control, followed by analysis by western blotting.   



(C) Interaction between XPG and DSS1. Insect cells were co-infected with FLAG-XPG and DSS1, 

FLAG-BRCA2 and DSS1, or DSS1 alone, followed by FLAG affinity chromatography and analysis by 

western.  

(D) XPG forms stable tetrameric complexes with HRR proteins. Insect cell cultures were co-infected 

with FLAG-BRCA2 and combinations of XPG, PALB2, DSS1, or RAD51 (as shown). Tetrameric 

complexes were purified by FLAG affinity chromatography, and then re-immunoprecipitated with IgG 

control and either RAD51 or PALB2 antibodies, followed by analysis by western blotting.   

 

Figure S6. XPG promotes homologous recombination and chromatin binding of BRCA2, PALB2, 

and RAD51; related to Figure 6. 

(A) XPG depletion impairs homologous recombination as assayed using a published integrated reporter 

construct (Nakanishi et al., 2005; Xia et al., 2006). The two-parameter dot plots display the FACS 

analysis from a representative experiment. The percentage of green fluorescent cells (FL1) is indicated 

at the lower right of each panel. FL1 (x-axis): green fluorescence from GFP+ cells; FL3 (y-axis): orange 

auto-fluorescence of all viable cells. The combined analysis of similar results from all experiments is 

shown in manuscript Figure 6A. 

(B) Expression of recombinant I-SceI endonuclease in a representative gene conversion experiment 

(see Figure 6A and Figure S6A). DR-U2OS cells were transfected with the indicated siRNA and with an 

I-SceI expression plasmid expressing HA-tagged I-SceI, and then were processed by western analysis. 

QM, a transcription factor, was used as a loading control.  

(C) Representative micrographs of RAD51 foci (green) after CPT treatment, with and without XPG 

depletion.  

(D) Chromatin loading of HRR proteins in undamaged U2OS cells. U2OS cells were transfected with 

the indicated siRNAs, and then were treated with DMSO for 24 h, followed by western blotting of whole 

cell extracts, or of extracts fractionated into soluble (S100) or chromatin-bound (P100) proteins. Tubulin 

was a loading control for soluble proteins, and Histone H3 was a loading control for chromatin-bound 

proteins. Compare to results of similar analysis following CPT treatment in Figure 6. 



(E) Quantification of PALB2 chromatin loading from Figure 6D and S6D. PALB2 signal for each P100 

fraction was normalized to Histone H3 signal, and then normalized to the amount of chromatin-bound 

PALB2 in the control-depleted, CPT-damaged sample.  

(F) Quantification of XPG chromatin loading from Figure 6D and S6D. XPG signal for each P100 

fraction was normalized to Histone H3 signal, and then normalized to the amount of chromatin-bound 

XPG in the control-depleted, CPT-damaged sample.  

 

Figure S7. XPG promotes single-strand annealing and BRCA1 function; related to Figure 7.  

(A) Schematic of the reporter construct integrated into the SA-GFP cell line for measurement of single-

strand annealing (SSA). 

(B) Schematic of the reporter construct integrated into the EJ5-GFP cell line for measurement of total 

NHEJ events. 

(C) XPG depletion does not affect total NHEJ. EJ5-GFP U2OS cells were transfected with the indicated 

siRNAs, followed by transfection with an I-SceI expression plasmid. The fraction of GFP positive cells 

was determined and normalized to the control siRNA transfected sample for each experiment. Data 

represent the mean ± SEM for N=6.  

(D) XPG directly interacts with BRCA1. Extracts were generated from insect cells co-infected with 

baculovirus expressing human FLAG-tagged BRCA1 and/or untagged XPG. The proteins were co-

purified by FLAG resin followed by SDS-PAGE and Coomassie stain. 

(E) Whole cell extracts from U2OS cells transfected with siRNAs, treated with CPT (20 nM, 24 h), 

followed by CPT removal and harvest at the indicated times. Samples were examined by western for 

BRCA1, XPG, Tubulin, and Histone H3. (See Figure 7D for related analysis of these samples 

fractionated into soluble and chromatin-bound proteins). 

(F) XPG protein increases in BRCA1 depleted cells. U2OS cells were transfected with the indicated 

siRNAs, and after 48 h, total cell extracts were analyzed for XPG and BRCA1, with tubulin as a loading 

control. Quantification of XPG protein with data showing the mean ± SEM for N=3.  



(G) BRCA1 is hyperphosphorylated in XPG depleted cells. U2OS cells were transfected with the 

indicated siRNAs, and after 48 h were mock treated or treated with CPT (20 nM, 24 h), followed by 24 h 

recovery. The chromatin fraction (P100) was collected, and incubated with phosphatase buffer with or 

without lambda phosphatase (1 µl), and then analyzed for BRCA1 and Vimentin (loading control).  

(H) Nuclear extracts (NE) were generated from U2OS cells that had been either mock treated with 

DMSO (0.1%) or treated with ATM inhibitor KU-55933 (10 µM) or ATR inhibitor VE822 (1 µM) for 16 h. 

Immunoprecipitations from the NE were performed with either control IgG (rabbit) or anti-XPG (rabbit). 

The amount of BRCA1 IP’d was normalized to the XPG IP’d in the same sample and plotted as shown. 

Data represent the mean ± SEM for N=2. 

(I) 53BP1 foci (Figure 7F) were quantified and plotted. Data represent the mean ± SEM for N=3, with 

significance measured by Student’s T test comparing untreated control KD with XPG KD (p=0.00179) 

or with BRCA1 KD (p=0.00422), or BRCA1 KD with XPG KD (p=0.02767). For the CPT treated 

samples, control KD was compared with XPG KD (p=0.006) or with BRCA1 KD (p=0.00011), versus 

comparing BRCA1 KD with XPG KD (p=0.02676). 

 

Supplemental Experimental Procedures 

Cell Culture  

HCA2 foreskin fibroblasts were from J. Smith (University of Texas, USA). WI38 normal human fetal 

lung fibroblasts, VA13 (WI38, SV-40 transformed) fibroblasts, and XP-G/CS primary fibroblasts 

XPCS2LV (GM13370) and XP20BE (AG08803), were from Coriell (Camden, New Jersey). U20S and 

HeLa cells were from ATCC. DR-U2OS cells were from M. Jasin (Memorial Sloan-Kettering Cancer 

Center, USA) and SA-U2OS cells and EJ5-U2OS cells were from J. Stark (City of Hope, USA). SV-40 

transformed fibroblast cells, XPCS1RO (XPG–deficient) were from S. Clarkson (University of Geneva), 

and XPCS1RO cells stably transfected with GFP, WT-XPG, or XPG-E791A were from O. Schärer 

(S.U.N.Y., Stony Brook). XPCS2LV fibroblasts were immortalized by infection with an hTERT 

expressing retrovirus as described for the HCA2 fibroblasts (Rubio et al., 2002). Cells were cultured 

under ambient oxygen levels and 10% CO2 in DMEM supplemented with 10% fetal calf serum and 1% 



antibiotic/antimycotic. Primary mouse dermal fibroblasts from wt or xpg-/- mouse littermates (Barnhoorn 

et al., 2014) were cultured at 3% oxygen, 5% CO2 in DMEM/Hams-F12 media supplemented with 20% 

fetal calf serum and 1% antibiotic/antimycotic.  

 

Rationale for cell lines used in the study 

Primary cells were used in initial experiments to interrogate XPG function. However, these cells are not 

amenable to biochemical studies due to their extremely slow growth rate. Therefore, U2OS cells were 

chosen because they are used commonly in the field of DNA damage signaling processes, they grow 

rapidly and have intact cell cycle check points, and the DR-GFP and SA-GFP cells used in this study 

were generated in this line. HeLa cells were used for chromosome aberration studies because they 

have a stable, although aneuploid karyotype. HCA2-hTERT fibroblasts were used for proliferation 

studies because they have active checkpoints in response to DNA damage. VA13 cells (SV-40 

transformed, but WT XPG) were used as a comparison with the SV-40 transformed XP-G/CS cell line, 

XPCS1RO.  

 

Small interfering RNA (siRNA) Transfection 

Unless otherwise specified, siRNAs were ordered as annealed duplex RNA (Qiagen). siRNAs (40 nM) 

were transiently transfected into cells with Lipofectamine™RNAiMAX (Invitrogen) on two consecutive 

days, followed by re-plating, and incubation for 24-72 h prior to experimentation. XPG siRNAs were 

either transfected individually (40 nM) as specified in the text and figure legends, or were transfected as 

a mixture of siXPG-1 and siXPG-3 (20 nM each), noted as siXPG.  

DNA target sequences: 

Non-specific Control  5’-GATTCGAACGTGTCACGTCAA-3’ 

siXPG-1  5’-GGACTTAGCGTCCAGTGAC-3’  

siXPG-2  5’-AGAATACATGCGGTGGATT-3’ 

siXPG-3  5’-GAAAGAAGATGCTAAACGT-3’ 

siXPC-2  5’-GCAAATGGCTTCTATCGAA-3’ 



siXPA-1  5’-GCTACTGGAGGCATGGCTA-3’ 

siPALB2-2  5’-CTTAGAAGAGGACCTTATTGT-3’ 

siBRCA1  5’-AAGGAACCTGTCTCCACAAAG-3’ 

siCtIP   5’-AAGCTAAAACAGGAACGAATC-3’ 

siRAD52 was from Silencer Pre-designed siRNA (AM16708, Ambion), and siRAD51AP1 was based on 

a previous publication (Wiese et al., 2007) and targets the RAD51AP1 ORF from 383-402. 

 

Cell growth rate 

To determine growth rate, cells were seeded at a subconfluent density of 4x104 cells per 35 mm plate. 

At each time point, triplicate samples were harvested by trypsinization and quantified using a Coulter 

Counter. The cell number was plotted vs. time on a semi-log plot, and the doubling time was calculated 

from the linear portion of the graph. Comparisons of growth rates were performed with samples of 

similar age, as measured in passage doubling (PD). For example, normal cell lines WI38 (PD=28) and 

HCA2 (PD=32) were compared with XP-G/CS cell lines XPCS2LV (PD=26) and XP20BE (PD=28).  

 

Cell-Cycle Analysis  

Cells were trypsinized, collected by centrifugation, washed with PBS, fixed in ethanol, treated with 

RNase, stained with propidium iodide, and analyzed using a FACS Calibur (Becton-Dickinson). Cell 

cycle analysis was performed using FlowJo (Tree Star) and the Watson (pragmatic) algorithm.  

 

Proliferation assay 

hTERT-immortalized normal human fibroblast cells (HCA2-hTERT) were siRNA-depleted, re-plated, 

and 24 h later were treated as noted. Cells were then incubated in the presence of BrdU (20 µM) for 72 

h, were harvested, washed with cold PBS and fixed and stored in ice-cold 70% ethanol. DNA was 

denatured with 2 M HCl, 0.5% Triton X-100 at room temperature with constant agitation for 1 h. Cells 

were incubated with fluorescein isothiocyanate (FITC)-conjugated anti-BrdU antibody (Becton 

Dickinson) for 1 h, and DNA was stained with propidium iodide in the presence of RNase. FACS to 



detect BrdU-positive cells was performed with a FACS Calibur (Becton-Dickinson), with analysis by 

FlowJo (Tree Star). 

 

Micronuclei and Chromosome analysis  

The cytokinesis-block micronucleus assay (Fenech et al., 2003) was used to score the formation of 

micronuclei (MN) in bi-nucleated cells as described earlier with minor modifications (Groesser et al., 

2007). U2OS cells were treated with 3mg/ml Cytochalasin B immediately after treatment for 48 h. Cells 

were cytospun onto glass slides, coded and stained with 10 mg/ml acridine orange (Sigma) in PBS for 

1 – 2 min. Following the scoring criteria described in detail (Fenech et al., 2003), 500 bi-nucleated cells 

in triplicates per treatment were analyzed using a Zeiss Axioskop microscope equipped with a 40x dry 

lens. Chromosome analysis was performed essentially as described with minor modifications (Wiese et 

al., 2007). HeLa cells were treated with colcemid (200 ng/ml; Sigma) for 6 h prior to harvest. Slides 

were coded prior to analysis of 50 metaphases per treatment using a Zeiss Axioskop 2 plus microscope 

equipped with a 100x oil lens. Gaps were counted as a chromatid breaks (ctb) when the gap size was 

wider than the chromatid. 

 

Proteasome Inhibition.  

U2OS cells treated with CPT were treated with the proteasome inhibitor MG132 (Calbiochem) at a 

concentration of 2 µM for 16 h prior to harvesting.  

 

Whole Cell Extracts, Western Analysis, and Antibodies  

For whole cell extracts, cells were lysed in SDS sample buffer (3% SDS, 10% glycerol, 100 mM Tris-

HCl, pH 6.8) and heated at 95° C. For BRCA2, cell lysates were generated in the same buffer without 

heating, but with needle shearing. Protein concentrations were determined by the BCA assay (Pierce). 

Samples were mixed 1:1 with SDS sample buffer + 200 mM DTT + 0.5 mM bromophenol blue, prior to 

resolution on 4-12% Tris-Glycine, or 3-8% Tris-Acetate SDS-PAGE gels (Invitrogen), and were 

transferred to nitrocellulose membranes and probed with the corresponding antibodies. Antibodies used 



were mouse anti-XPG (8H7, Upstate), rabbit anti-XPG 97727, (Sarker et al., 2005), mouse anti-Ku80 

(Hsu et al., 2002), rabbit anti-phospho RPA32 (Ser4/Ser8; A300-245A, Bethyl), mouse anti-RPA32 (Ab-

3, Calbiochem), mouse anti-RAD51 (14B4, Sigma), rabbit anti-RAD51 (PC130, Oncogene), mouse 

anti-BRCA2 (OP95, Calbiochem), mouse anti-BRCA1 (MABC199, Millipore), rabbit anti-PALB2 (A301-

246A, Bethyl), rabbit anti-GST (G7781, Sigma), rabbit anti-XPA (sc853, Santa Cruz), rabbit anti-XPC 

(gift from A. Wani, The Ohio State University), mouse anti-tubulin (CP06, Calbiochem), rabbit anti-

Histone H3 (ab1791, Abcam), mouse anti-p21 (F-5, Santa Cruz), and sheep anti-mouse (NA931V, GE 

Healthcare) and donkey anti-rabbit (NA934V, GE Healthcare) conjugated to horse radish peroxidase 

(HRP). Blots were imaged and quantified using a Versadoc 4000MP and Quantity One software 

(Biorad). Alternatively, proteins were detected by Western blot analysis using the Odyssey Infrared 

Imaging System (Li-Cor) using secondary antibodies Alexa Fluor 680 goat anti-mouse IgG (Invitrogen), 

or IRDye 800CW donkey anti-rabbit antibody (Li-Cor). 

 

Cellular fractionation into soluble and chromatin-bound proteins  

U2OS cells were trypsinized, washed with cold PBS, and fractionated as previously described (Xia et 

al., 2007; Xia et al., 2006) into S100 fraction containing cytoplasmic and nuclear proteins, and P100 

fraction containing chromatin, nuclear matrix, and insoluble proteins. Briefly, the pellets were 

resuspended on ice in buffer containing 20 mM Tris pH 7.5, 1 mM EDTA, 0.5% NP-40, 100 mM NaCl 

and protease inhibitor cocktail for 10 min with gentle mixing, followed by centrifugation for 10 min at 

14,000 rpm. The supernatant (S100 fraction) was removed, and the pellet (P100) was resuspended in 

an equal volume of SDS buffer with needle shearing. Fractionation quality was determined by 

immunoblotting for tubulin (S100-soluble) and for Histone H3 (P100-chromatin) proteins.  

 

Lambda Protein Phosphatase treatment 

U2OS cells were fractionated into the chromatin fraction (P100) and the pellets were resuspended in 

buffer containing 50 mM HEPES (pH 7.5), 100 mM NaCl, 2 mM DTT, 0.01% Brij 35, and 2 mM MnCl2 

with or without the addition of lambda phosphatase (1 µl) (NEB), and were incubated 30 min at 30oC. 



SDS sample buffer was added followed by needle shearing. Samples were heated at 95oC for 3 min 

and separated by SDS-PAGE and immunoblotted for BRCA1 and for Vimentin (loading control).  

 

Nuclear extraction and immunoprecipitation 

Nuclear extracts from U2OS cells were prepared as described (Dignam et al., 1983). Extracts (500-750 

µg) were diluted to 140 mM NaCl prior to immunoprecipitation with magnetic Dynabeads Protein G 

(Invitrogen) pre-bound with antibody (4 µg). Beads were washed with the same buffer, followed by 

elution with SDS. Where noted, cells were treated with ATM inhibitor, KU55933 (VWR), ATR inhibitor, 

VE822 (Selleckchem), or the same concentration of DMSO for 16 h prior to harvest. 

 

Indirect Immunofluorescence 

When immunostaining for XPG, cells were grown in 4 or 8-well chamber slides (Invitrogen) either 

unsynchronized, or synchronized into G1 or S-phase as previously described (Davalos and Campisi, 

2003). Cells were permeabilized with 0.5% Triton in CSK buffer (He et al., 1990) and fixed with 4% 

paraformaldehyde. Samples were blocked with 10% goat serum prior to incubating overnight at 4°C 

with primary antibodies including, polyclonal rabbit anti-XPG 97714 (Sarker et al., 2005), mouse anti-

γH2AX (Ser139, clone JBW301, Millipore), mouse anti-53BP1 (MAB3802, Millipore), mouse anti-

RAD51 (ab-2, Calbiochem), mouse anti-BRCA2 (clone 5.23, Millipore), and mouse anti-Cyclin A.  

When immunostaining without XPG, cells were fixed with 4% para-formaldehyde and 0.3% 

Triton-X-100 in PBS prior to permeabilization with PBS containing 0.5% Triton X-100. Cells were 

blocked with 2% BSA, prior to addition of primary antibodies: rabbit anti-RAD51 (H-92, Santa Cruz), 

rabbit anti-53BP1 (Bethyl, A300-272A), and/or mouse anti-BRCA1 (MABC199, Millipore). Following 

PBS washes, samples were incubated with secondary antibodies conjugated to Alexa Fluors 488 or 

594 (Molecular Probes) and with DAPI to stain nuclear DNA. Slides were mounted in Vectashield and 

viewed by epifluorescence. Images of cells were acquired on a microscope (BX60; Olympus) using a 

40x UPlanFl 0.5 NA (Olympus) lens without oil and captured with a charge-coupled device camera 

(Diagnostic Instruments, Inc.) into SPOT imaging software (Diagnostic Instruments, Inc.). Alternatively, 



images were captured using a Zeiss Axiovert epifluorescence microscope with a Zeiss plan-

apochromat 406 dry lens and a 12-bit charged coupled device camera (ORCA AG Hamamatsu). 

Images within the same data set were captured with the same exposure time, so that the intensities 

were within the 12-bit linear range and could be compared between samples. Computer based image 

analysis to detect foci number was performed using BioSig Imaging Bioinformatics Platform (Parvin et 

al., 2007; Raman et al., 2007). All modifications were applied to the whole image using Photoshop CS2 

(Adobe). 

 

DNA fiber assay 

Exponentially growing U2OS cells were transfected with the indicated siRNAs on two consecutive days, 

were replated, and on the following day (48 h post knockdown), were pulse labeled with 25 µM CldU 

(Sigma) followed by 250 µM IdU (Sigma) for 45 min each. For stalled replication forks, cells were pulse 

labeled with 25 µM CldU for 15 min, washed with PBS, incubated in 2mM HU for the times indicated, 

washed with PBS followed by a 250 µM IdU pulse label for 45 min.  Labeled cells were harvested and 

DNA fiber spreads were prepared as described (Jackson and Pombo, 1998).  Acid treated fiber 

spreads were stained with monoclonal rat anti-BrdU (Oxford Biotechnologies, 1:1000) followed by 

monoclonal mouse anti-BrdU (Becton Dickinson, 1:1500). Secondary antibodies were goat anti-rat 

AlexaFluor 555 and goat anti-mouse AlexaFluor 488 (1:500, Invitrogen). Fibers were examined using 

fluorescence microscopy using an Axiovert 119 (Zeiss, Germany). CldU and IdU tracts were measured 

using ImageJ and values were converted into kilobases (Jackson and Pombo, 1998). At least 200 forks 

were analyzed. Different classes of tracts were classified; red-green (elongating fork), red (stalled or 

terminated forks), green-red-red-green (1st pulse origin) and green (2nd pulse origin).  Frequencies 

were calculated using ImageJ. Statistical analysis and graphs were performed by means of the 

computer program Prism (GraphPad Software, San Diego, USA). Data are given as mean (± SEM) of 

replicate experiments. 

 

 



Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) 

RNA was purified using Qiagen RNeasy® Kit. cDNA was constructed from purified RNA using a High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Target transcripts were amplified using 

TaqMan® Fast Universal PCR Mix (Applied Biosystems) and Taqman® primers (XPG: 

Hs00164482_m1; β-Actin: Hs99999903_m1) on an Applied Biosystems® 7500 Real-Time PCR System. 

β-Actin was used as the endogenous control in experiments. Expression levels of untreated control 

cells were used for calibration. Fold-change (FC) was calculated from the following [15]: 

  ∆𝐶𝑇 = 𝑎𝑣𝑔  𝐶𝑇!"#$%! − 𝑎𝑣𝑔  𝐶𝑇!"#$%!"$&'  !"#$%"&  

∆∆𝐶𝑇 =   ∆𝐶𝑇!"#$%! −   ∆𝐶𝑇!"#$%&"'(& 

𝐹𝐶 =   2(!∆∆!") 

𝑠𝑡𝑑𝑒𝑣∆∆!" =    𝑠𝑡𝑑𝑒𝑣∆!" =    (𝑠𝑡𝑑𝑒𝑣!"#$%!"$&'  !"#$%"&)! + (𝑠𝑡𝑒𝑑𝑒𝑣!"#$%!)! 

𝑠𝑡𝑑𝑒𝑣!" = (ln   2)(𝑠𝑡𝑑𝑒𝑣∆∆!")(2 !∆∆!" ) 

 

Gene conversion and single-strand annealing assays 

DR-U2OS cells (Nakanishi et al., 2005; Xia et al., 2006) were seeded, and transfected 24 h later with 

siRNA (40 nM) and Lipofectamine RNAiMax (Invitrogen) in OPTI-MEM medium. Cells were re-

transfected 24 hr later with 40 nM siRNA and 0.8 µg I-SceI-encoding plasmid with Lipofectamine2000 

(Invitrogen). SA-U2OS cells were seeded and transfected as described (Gunn and Stark, 2012). Flow 

cytometry was carried out 72 h after the second transfection to measure GFP positive cells. 	  

 

Insect cell co-expression and co-immunoprecipitation  

Recombinant human XPG (untagged) and GST-PALB2 baculoviruses were produced as described 

previously (Dray et al., 2010; Sarker et al., 2005). The 6xHis-BRCA2-FLAG and GST-DSS1 expression 

vectors were produced as described (Zhao et al., 2015). The pFastBac 1/FLAG-BRCA1 vector was 

originally provided by the lab of Jeffrey Parvin (The Ohio State University). The baculovirus transfer 

vectors for RAD51 and XPG-FLAG were constructed by subcloning a PCR amplified DNA fragment 



containing the full-length RAD51 or the full-length XPG with a C-terminal FLAG tag into pFastBac 1. 

The recombinant baculoviruses for 6xHis-BRCA2-FLAG, RAD51, FLAG-BRCA1, and XPG-FLAG were 

generated in Sf9 insect cells using a Bac-to-Bac protocol (Invitrogen). Proteins were expressed in High 

Five insect cells by infecting with baculoviruses expressing 6xHis-BRCA2-FLAG, XPG, XPG-FLAG, 

GST-PALB2, GST-DSS1, RAD51, and FLAG-BRCA1, as denoted for 40 h. For FLAG affinity pull-

downs, cell pellets (100 ml cultures) were resuspended in 6 ml of lysis buffer (50 mM Tris. HCl, pH 7.4, 

150 mM NaCl, 1 mM MgCl2, 1 mM beta-mercaptoethanol, and 0.5% NP-40) supplemented with 1 mM 

PMSF, protease inhibitor cocktail (Roche), and 1 µl benzonase per 107 cells (Sigma), and lysed by 

Dounce homogenization (40 strokes). After incubation on ice for 45 min, the lysate was clarified by 

centrifugation at 12,000xg for 30 min at 4oC. The supernatant was incubated with 50 µL of FLAG-M2 

agarose beads (Sigma) at 4oC for 1.5 h, washed with 20 ml of lysis buffer, and eluted three times with 

50 µl of 200 µg/ml 3xFLAG peptide (Sigma), each with 15 min incubation on ice. For co-

immunoprecipitations, antibodies (4 µg) were bound to Dynabeads Protein G (Invitrogen) at 4oC for 1 h. 

The FLAG elutions were pooled, split into two parts, incubated overnight at 4oC with antibody-bound 

beads, followed by extensive wash (5 times with 0.5 ml of lysis buffer) and elution in 50 µl of 5x 

ImmunoPure Lane Marker reducing sample buffer (Pierce) for 10 min at room temperature.  
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