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SUMMARY

BRCA1 contributes to the response to UV irradiation.
Utilizing its BRCTmotifs, it is recruited during S/G2 to
UV-damaged sites in a DNA replication-dependent
but nucleotide excision repair (NER)-independent
manner. More specifically, at UV-stalled replication
forks, it promotes photoproduct excision, suppres-
sion of translesion synthesis, and the localization
and activation of replication factor C complex (RFC)
subunits. The last function, in turn, triggers post-UV
checkpoint activation and postreplicative repair.
These BRCA1 functions differ from those required
for DSBR.

INTRODUCTION

BRCA1, a breast and ovarian cancer-suppressing protein, is

both an E3 ubiquitin ligase and a dynamic scaffold that functions

in the maintenance of genome integrity. It is attracted to double-

stranded DNA breaks (DSBs) during the S and G2 cell-cycle

phases (Scully et al., 1997a) and supports error-free, homolo-

gous recombination-type DSB repair (HR/DSBR), (Chen et al.,

1999; Moynahan et al., 1999; Narod and Foulkes, 2004; Scully

et al., 1997b). BRCA1 also supports DSB-driven intra-S and

-G2 checkpoint activation (Xu et al., 2001).

Little evidence currently points to a BRCA1 role in the re-

sponse to DNA damage arising from bulky DNA adducts.

Such lesions develop frequently in most cells and are poten-

tially mutagenic when unrepaired. Typically, they trigger nucle-

otide excision repair (NER), the primary pathway for eliminating

DNA helix-distorting lesions like those that arise after UV expo-

sure (6–4 photoproducts [6-4PPs] and cyclobutane pyrimidine

dimers [CPDs]]. Analogous DNA lesions are generated by

a variety of chemical mutagens (Cleaver, 2005; de Laat et al.,

1999).
Mol
In NER, proteins like XPC, XPA, and TFIIH are first attracted

to sites of damage, and the damaged DNA is converted to a

suitable repair substrate. Photoproduct excision is performed

by the ERCC1/XPF and XPG endonucleases to create a

�30 nt, single-strandeded DNA (ssDNA)-gapped intermediate

(Huang et al., 1992), which is then filled by a DNA polymerase

active in postreplicative repair (e.g., DNA polymerase d) (Ogi

et al., 2010; Wood and Shivji, 1997).

During DNA replication, other ssDNA gaps, some a kilobase

or longer, are generated by the stalling of replication forks at

unrepaired damage sites (Byun et al., 2005; Cortez, 2005;

Sogo et al., 2002). Repair of these gaps is NER-independent,

may involve postreplicative recombinational repair, and is re-

quired to re-establish an intact replicon (Michel et al., 2004;

Nagaraju and Scully, 2007; Petermann and Helleday, 2010).

If not repaired, stalled fork gaps can evolve into genome-desta-

bilizing, even lethal DSBs (Cox et al., 2000; Petermann and Hel-

leday, 2010).

Unrepaired bulky adducts also trigger translesional DNA

synthesis (TLS) (Friedberg, 2005; Kannouche et al., 2004). In

TLS, an adduct can serve as a template for error-prone replica-

tion at an otherwise stalled fork. Members of the Y family of DNA

polymerases catalyze TLS, activation ofwhich involves a specific

E3 ubiquitin ligase, Rad18, that monoubiquitinates PCNA on

lysine 164 (Moldovan et al., 2007). This modification triggers

the binding of a Y family polymerase that carries out bypass

replication of an offending bulky adduct.

Although there is speculation that BRCA1 is, primarily, dedi-

cated to DSBR, it and the BRCA1-associated protein, BACH1,

also operate in the response to interstrand crosslinking (ICL)

agents and to reactive oxygen species (ROS) (Alli et al., 2009;

Shen et al., 2009). PALB2, another known BRCA1-associated

protein, also associates with ICLs (Shen et al., 2009). We have

now identified a specific role for BRCA1 in key aspects of the

response to stalled replication forks generated by UV damage.

Its role in this setting differs fundamentally from its role in the

response to DSB, implying that its contribution to DNA damage

control is more variegated than was previously suspected.
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RESULTS

Effect of BRCA1 Deficiency on the Response
to UV-C damage
Four BRCA1�/� human breast cancer cell lines all proved to be

2.5- to 3.5-fold more sensitive to UV-C irradiation in colony

formation assays than two normal, primary, human breast

epithelial cell strains (BPE and IMEC, Figure 1A). When one of

these BRCA1�/� lines (HCC1937) was reconstituted with WT

BRCA1 cDNA, its UV hypersensitivity decreased (Figure 1B). In

addition, a BRCA1 shRNA led to significant BRCA1 depletion

(Figure 1C) and increased UV sensitivity (Figure 1D). Thus,

endogenous BRCA1 function suppresses hypersensitivity to

UV-C.

BRCA1 Is Recruited to Sites of UV Damage
U2OS cells were overlaid with filters that contain microscale

pores through which UV energy can pass (Gérard et al., 2006).

The overlaid cells were UV irradiated and fixed. Recruitment of

BRCA1 and other proteins to the resulting sites of UV damage

was assayed by immunofluorescence (IF). Antibody to CPD

permitted the detection of individual damaged nuclear regions.

In asynchronous, micropore UV-irradiated U2OS cells, nuclear

BRCA1 and CPD staining colocalized (Figure 2A).

Whether BRCA1 behaves similarly in G0 and G1 was also

tested. During these intervals, BRCA1 protein levels are low

and only increase when cells enter S phase (Scully et al.,

1997a). Indeed, BRCA1 was not detected at UV sites in G0 cells

(Figures 2B and S1A), and the efficiency with which it concen-

trated there was much lower in G1 than in S phase cells (Fig-

ure 2B). Moreover, when cells were synchronized in S, treated

with aphidicolin (a replication-blocking compound), and then

UV irradiated, BRCA1 recruitment was reduced relative to

controls (Figures 2C and 2D). Since extracts of aphidicolin-

treated and control cells contained equivalent amounts of

BRCA1 protein (Figure 2E), its damage site recruitment is largely

dependent upon ongoing DNA replication.

For BRCA1 recruitment to DSB, its BRCT motifs are required

(Au and Henderson, 2005). When U2OS cells were transfected

with and equivalently expressed a WT copy of a C-terminal,

myc-tagged BRCT motif-containing BRCA1 fragment

(B1F6myc, aa 1314–1863) or a clinically relevant point mutant

derivative (B1F6_M1775Rmyc) (Miki et al., 1994) (Figure 2F),

the former blocked the concentration of endogenous BRCA1

at CPD-rich sites while the latter was much less effective in

this regard (Figures 2G and 2H). A fragment containing the

paired BRCT motifs of 53BP1 also failed in this regard (data

not shown). Thus, the localization block associated with overex-

pression of the WT BRCA1 fragment is not a generic effect of

overexpressing any BRCT domain-containing fragment. Thus,

at least one of its BRCT motifs is needed for BRCA1 recruitment

to UV damage sites.

Cells were also analyzed for the concentration of certain NER

proteins at UV-damaged sites. TFIIH and XPA concentrated at

these sites %10 min after irradiation (Figures 2I and 2J).

BRCA1 became similarly localized �30 min later and remained

there forR3 hr, a time when XPA staining had dissipated. Since

an NER protein (XPA) engaged in photoproduct recognition
236 Molecular Cell 44, 235–251, October 21, 2011 ª2011 Elsevier Inc
localized at UV sites very soon after irradiation and considerably

before BRCA1, we speculate that BRCA1 does not participate in

NER-driven photoproduct recognition.

To test whether BRCA1 concentration at UV sites is depen-

dent on the prior localization of NER proteins therein, primary

WT, XPA-deficient, and XPC-deficient fibroblasts were analyzed

for BRCA1 recruitment. This activity, assayed 1 hr after UV, was

not dependent upon the presence of XPA and XPC; rather, it was

modestly enhanced (Figure 2K). Thus, UV damage site recruit-

ment of BRCA1 is both replication dependent and NER indepen-

dent. This suggests that BRCA1 recruitment is associated

with the development of stalled replication forks arising at sites

containing residual photoproducts.

Given this suggestion, the question of whether BRCA1 is at-

tracted to collapsed forks (i.e., those containing DSBs) arose.

To address it, neutral comet assays were performed 30 min

after IR or UV. At 10 J/m2, a dose at which BRCA1 is efficiently

recruited to damage sites, no increase was seen in the tail

moment compared to the undamaged cells. However, increases

were readily detected in IR-treated cells (10 Gy) (Figure S1B),

implying that DSBs were not formed during the time of BRCA1

recruitment to UV sites (i.e., 30 min).

53BP1 is recruited to DSB in IR-treated cells, implying that

it might, at a minimum, be attracted to DSB at collapsed forks.

Unirradiated and UV-irradiated control and BRCA1-depleted

cellswere each fixedat different timesafterUVand thenanalyzed

for 53BP1 foci (Figure 2L). There were no 53BP1 foci in control or

BRCA1-depleted cells 1 hr after irradiation (20 J/m2). Even 20 hr

later, control cells lacked 53BP1 foci (Figure 2L). By contrast,

the frequency and intensity of foci at these times rose dramati-

cally in UV-irradiated, BRCA1-depleted cells, implying an accu-

mulation of collapsed forks (DSBs) in its absence.

Thus, DSBdeveloped at late times after UV irradiation and only

in cells depleted of BRCA1. Therefore, the data suggest that

BRCA1 is not attracted to UV sites because of the concurrent

development of DSB. Furthermore, the increase in collapsed

forks in the absence of BRCA1 suggests that BRCA1 is required

for the prevention of DSB at UV-stalled forks.

Photoproduct Elimination
The ability of asynchronous WT and BRCA1-depleted cells to

clear CPD and 6-4PP DNA adducts was assessed. There was

no significant change in the rates of 6-4PP or CPD elimination

following BRCA1 depletion (Figure S2A), although the same cells

were, as expected, defective in HR post-IR, when assayed in

parallel (data not shown) (Moynahan et al., 1999). Thus, BRCA1

is not required for the majority of photoproduct elimination in

an asynchronous culture.

Given the replication dependence of its recruitment to UV

damage sites, we asked whether BRCA1 contributes to photo-

product excision in a subset of replicating cells. Here, a 20 J/m2

UV dose was employed to study 6-4PP excision (Figure 3A)

and 0.5 J/m2 to study CPD excision (Figure 3B). The assigned

UV dose was used for 6-4PP excision analysis to maximize

stalled fork generation arising from unrepaired damage. CPD

excision was analyzed at a relatively low UV dose to decrease

the abundance of these lesions, increase the extent of their

excision over time, and thereby facilitate excision analysis. CPD
.
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Figure 1. BRCA1–/– Tumors and BRCA1-Depleted Cells Are Hypersensitive to UV-C

(A) Normal primary human breast epithelial cells (BPE/IMEC) and BRCA1�/� tumor cell lines were irradiated with increasing doses of UV-C and 7 days later

assayed for colony formation. Error bars represent the standard deviation between two independent experiments.

(B) HCC1937, a BRCA1mutant breast cancer cell line that is hypersensitive to UV, was reconstituted with BRCA1 cDNA or backbone vector. Reconstituted cells

were irradiated and assayed for colony formation. Error bars represent the standard deviation in two independent experiments.

(C) Western blot analysis of BRCA1 protein abundance in control (shGFP) and BRCA1-depleted (shBRCA1) U2OS cells.

(D) These cells were also exposed to increasing doses of UV-C and assayed for colony formation.

Molecular Cell

BRCA1 Is Required for Postreplicative Repair
lesions are excised slower than 6-4PP, because they do not

distort the DNA helix enough to be an ideal NER trigger (Kim

et al., 1995).
Mol
U2OS cells were UV irradiated, as noted, and photo-

product excision was analyzed by FACS. No cell-cycle per-

turbation or change in replication timing was detected in the
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BRCA1-depleted culture (Figures S2B and S2C). Yet after

BRCA1 depletion, S phase and, to some extent, G2 cells re-

vealed a decrease in their CPD and 6-4PP excision rate

compared to controls (Figures 3A and 3B). BRCA1-depleted

G1 cells showed no such defect. Thus, in a fraction of S and

G2 cells, BRCA1 is required for optimal photoproduct elimi-

nation. Moreover, ERCC1, a key subunit of the ERCC1-XPF

complex and a participant in NER-driven photoproduct excision,

concentrated weakly in UV-damaged chromatin following

BRCA1 depletion (Figure 3C), although its intracellular abun-

dance did not change (data not shown). No such defect was

observed for other NER proteins (e.g., XPG and TFIIH) (Fig-

ure S2D). The BRCA1 dependence for optimal ERCC1 recruit-

ment was also replication dependent (cf. HU-treated cells, Fig-

ure 3C), implying that ERCC1 recruitment, like that of BRCA1,

is triggered by stalled forks. This result predicts that BRCA1

depletion should render NER-deficient cells evenmoreUV sensi-

tive, which was indeed the case (Figure 3D).

Thus, a subpopulation of UV lesions, i.e., those that had not

yet been excised by the NER pathway and had spawned

stalled forks, are likely excised during S/G2 in a BRCA1-

dependent manner in part through its effect on ERCC1/XPF

recruitment to stalled forks.

Post-UV Gap Repair in G1 Cells
NER-dependent gap repair is most efficient soon after UV expo-

sure (Luijsterburg et al., 2010; Mocquet et al., 2008) when XPF/

ERCC1 and XPG endonucleases concentrate at UV damage

sites and generate canonical �30 nt gaps (Riedl et al., 2003).

DNApolymerase delta (Pol d), an enzyme likely involved in repair-

ing these gaps, is also recruited to UV damage sites soon after

UV exposure (Mocquet et al., 2008). Indeed, its recruitment

was detected within 10 min after irradiation and gradually

decreased over the next 2 hr (in cells arrested at G1/S; data

not shown). Similarly, in vivo uptake of biotinylated dUTP (bio-

dUTP), an assay for gap repair, was detectable 30 min after
Figure 2. Recruitment of BRCA1 to Sites of UV Damage

(A) Asynchronously growing U2OS cells were UV irradiated (30 J/m2) through mic

with CPD and BRCA1 Abs.

(B) U2OS cells synchronized in S, G1, or in G0/G1wereUV irradiated and fixed 1 hr

the standard deviation in three separate experiments.

(C) S phase-synchronized U2OS cells were incubated in the presence of aphidic

hours later, the cells were coimmunostained for BRCA1 and CPD.

(D) Quantization of BRCA1 localization to CPD-positive sites in the experiment de

experiments.

(E) BRCA1 abundance in control (DMSO) and aphidicolin-treated U2OS cells.

(F) A myc-tagged, BRCA1 BRCT domain containing fragment (B1F6-myc) and a p

cells, and extracts were analyzed for expression of endogenous BRCA1 and the

(G) B1F6-myc- and B1F6-M1775R-myc-transfected U2OS cells were UV irradiate

to detect the recruitment of endogenous BRCA1 to the UV damage sites. Ab to

(H) Myc-positive cells were analyzed for endogenous BRCA1 localization at UV

experiments.

(I and J) U2OS cells were irradiated and immunostained for BRCA1, XPA, and

respective antibodies.

(K) Localization of BRCA1 at CPD-rich UV damage sites was analyzed in two NER

was used as aWT control. All three cultures were UV irradiated (30 J/m2) and coim

CPD colocalized at UV damage spots is plotted. Error bars represent standard d

(L) U2OS cells infected with control (shLuc) and ShBRCA1-encoding lentiviruses

immunostained with Ab to 53BP1.

Mol
damage and was NER dependent (Figure 3E) and BRCA1 inde-

pendent. Thus, BRCA1 appears not to be required for canonical

(30 nt), NER-dependent gap repair.

Single-Stranded DNA Gaps at Stalled Replication Forks
NER-independent ssDNA gaps of various lengths are generated

following fork stalling at photoproduct-containing sites. They

develop when the polymerase at the leading strand halts at the

site of damage but the helicase continues to unwind the DNA

template (Figure 4A) (Byun et al., 2005; Lopes et al., 2006).

Proper repair of these gaps contributes to emergence of an

intact replicon.

To assess gap formation, we assayed ssDNA generated in

UV-irradiated, replicating cells using a BrdU immunoassay

performed under nondenaturing conditions (–HCl) (Rubbi and

Milner, 2001) (Figure 4B). The intensity of BrdU staining was

greatly diminished following aphidicolin addition (Figure S3A),

and an intense signal appeared in a sizeable fraction of unper-

turbed, asynchronous, XPA�/� and XPC�/� fibroblasts (Fig-

ure S3B). Thus, the signal is largely replication dependent and

NER independent and thereby signals photoproduct-driven

ssDNA gaps that likely result from replisome stalling (Figure 4A).

In addition, much-reduced ssDNA (BrdU staining) was de-

tected in BRCA1-depleted cells compared to controls (Fig-

ure 4B). Yet when the DNA in the same cells was denatured

and stained for BrdU, equivalent incorporation was detected in

both control and BRCA1-depleted cells (Figure 4B, +HCl panel).

Thus, the reduction in BrdU staining in BRCA1-depleted cells

arose from the absence of ssDNA rather than a DNA synthesis

block.

After DNA damage, the RPA protein coats ssDNA and is

phosphorylated (Carty et al., 1994). RPA immunostaining of

damaged DNA serves as a reporter of ssDNA gap formation after

UV irradiation (Zou and Elledge, 2003), and we used anti-Ser4/8

phospho-RPA32 IF as a gap assay. Together with the dramatic

reduction in UV-dependent, single-stranded BrdU staining in
ropore filters. One hour postirradiation, cells were fixed and coimmunostained

later for coimmunostainingwith BRCA1 andCPDAbs. The error bars represent

olin (2 mg/ml) for 1 hr to block replication before UV irradiation (30 J/m2). Two

scribed in (C). Error bars represent the standard deviation in three independent

oint-mutated derivative (B1F6-M1775R-myc) were each transfected into U2OS

myc-tagged fragments.

d, and BRCA1 Ab (MS110—directed against an N-terminal epitope) was used

myc was used to mark the cells expressing the myc-tagged fragments.

damage sites. Error bars represent standard deviation in three independent

TFIIH. Cells were fixed at the indicated times and immunostained with the

-deficient cell lines (XPA�/� and XPC�/�). A primary fibroblast strain, IMR90,

munostained for CPD and BRCA1. The fraction of cells containing BRCA1 and

eviation in three independent experiments.

were irradiated with 20 J/m2 and fixed at 1 hr and 20 hr after UV. Cells were

ecular Cell 44, 235–251, October 21, 2011 ª2011 Elsevier Inc. 239
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Figure 3. Excision of UV-Induced Lesions Is BRCA1 Dependent in S and G2 Phase Cells

(A and B) U2OS cells infected with control (shLuc) and shBRCA1-encoding lentiviruses were irradiated with 20 J/m2 and 0.5 J/m2 and the excision efficiencies of

6-4PP and CPD were analyzed, respectively, by FACS. Cells were gated for S, G2, and G1 phase to study damage excision during different cell-cycle phases.

(C) Western blot analysis of ERCC1 and BRCA1 in chromatin extract prepared from unirradiated and UV-irradiated HeLa cells infected with lentiviruses encoding

a Luc (control) or a BRCA1 hairpin. Where indicated, cells were pretreatedwith HU (1mM) for 16 hr to block replication and arrest cells at theG1/S boundary. Cells

were harvested 4 hr after UV exposure (30 J/m2).
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BRCA1-depleted cells, there was markedly lower phospho-

RPA32 staining (Figures 4C, 4D, and 4G). By contrast, the total

cellular abundance of RPA did not change (Figure S3C).

We then attempted to ‘‘rescue’’ this defect by restoring WT

BRCA1 synthesis to the BRCA1 shRNA-expressing cells (Fig-

ure 4E). Reconstitution was attempted with a WT BRCA1

cDNA vector, the RNA product of which is resistant to the afore-

mentioned shRNA, or with a vector control. When compared to

the control, WT BRCA1-reconstituted cells revealed a marked

increase in post-UV RPA/chromatin loading. Thus, the defect

in RPA/chromatin loading is a specific consequence of BRCA1

depletion and not an off-target effect. Furthermore, three other,

nonoverlapping BRCA1-directed shRNAs and one BRCA1-

specific siRNA also elicited a defect in RPA/chromatin recruit-

ment after UV exposure versus controls (Figure S3D).

How BRCA1-dependent gap formation relates to the post-UV

dissociation of MCM7 from the DNA polymerase complex was

then probed. Following partial MCM7 depletion in asynchronous

cells, we observed a significant decrease in post-UV ssDNA

generation, as assayed by RPA staining (Figure S3E–S3G),

without incurring a significant effect on the overall rate of DNA

replication (data not shown); yet BRCA1 recruitment to UV

damage sites was unperturbed (Figure S3F). This implies that,

for postreplicative gap formation, BRCA1 operates either up-

stream of or parallel to MCM/replication complex dissociation.

RPA is required for the recruitment of ATRIP to ssDNA and

for the subsequent activation of ATR (Zou and Elledge, 2003).

In keeping with the absence of RPA-coated ssDNA in BRCA1-

depleted cells, ATRIP recruitment was also compromised

(Figures 4F and 4G). Thus, the post-UV accumulation of ssDNA,

coating of ssDNA by RPA, and recruitment of ATRIP to it are all

BRCA1-dependent in replicating cells.

BRCA1 Participation in Post-UV Checkpoint Activation
Since ATRIP recruitment to RPA-coated DNA was compro-

mised following BRCA1 depletion, we asked whether this

defect also resulted in impaired Chk1 phosphorylation and

G2/M checkpoint activation (Bulavin et al., 2001; Callegari

and Kelly, 2007). BRCA1 depletion led to reduced UV-induced

Chk1 phosphorylation and G2/M checkpoint activation versus

controls (Figures 4H and S3H).

Whether BRCA1 contributes to the post-UV intra-S phase

checkpoint was also tested. The Cdc45 association with

chromatin is disrupted after bulky adduct-induced damage (Liu

et al., 2006), and when the abundance of chromatin-bound

Cdc45 was compared before and after UV, there was a signifi-

cant reduction, except after BRCA1 depletion (Figure 4I). There

was also a less dramatic, post-UV decrease in BrdU uptake in

BRCA1-depleted versus control S phase cells (Figure S3I).

Thus, BRCA1 function contributes to the post-UV intra-S and

G2/M checkpoints, much as it does after DSB formation.
(D) GM04312 (XPA�/�) cells were infected, in parallel, with control (ShLuc) and B

indicated doses of UV. Colony formation was assayed after 7 days. Error bars re

(E) XPA�/�, XPC�/�, and U2OS cells that were infected with shBRCA1 or shL

and then irradiated through micropore filters. Cells were fixed 30 min later, and g

bio-dUTP. The fraction of cells that revealed bio-dUTP staining in UV damage sit

the standard deviation between these experiments.

Mol
Postreplicative Gap Repair at UV Damage Sites
One wonders whether BRCA1-dependent generation of ssDNA

at UV-stalled forks acts as a signal to attract gap binding and

repair proteins to promote postreplicative repair of UV-stalled

forks. Such repair is predicted to occur later than the major

waves of NER that occur in normal cells.

Indeed, unlike much of the NER repair, which can be detected

within 30 min after damage (cf. above), the first detectable

concentration of PCNA, Pol d, and bio-dUTP occurred at 3 hr.

The latter effect largely disappeared after BRCA1 depletion

(Figures 5A and 5B). Moreover, by comparison with control cells,

XPA depletion led to a significant increase in RPA and Pol d

recruitment (Figures 5C and 5D), but the latter was completely

abolished in cells codepleted of BRCA1 (Figure 5D). Thus,

BRCA1 supports the accumulation of postreplicative repair

machinery at stalled forks that arise at lesions not repaired by

NER. Moreover, post-UV colony formation by BRCA1-depleted

XPA�/� cells was rendered even more defective than that by

control XPA�/� cells (Figure 3D).

Conceivably, there is a contribution of the homologous re-

combination pathway to repair of stalled forks that lack DSB

(cf. earlier discussion). Indeed, Rad51 accumulates at HU-

stalled replication forks (Hanada et al., 2007; Scully et al.,

1997a) and is required for their restart (Petermann et al., 2010).

Rad51 did accumulate at UV sites but only in presence of

BRCA1 (Figure 5E). However, depletion of Rad51 led to only

a modest change in Pol d recruitment to these sites (Figure 5F).

As expected, there was a major HR defect in these Rad51-

depleted cells, similar to that observed after BRCA1 depletion

(Figure S4A). Thus, Rad51-dependent HR normally plays a

relatively minor role in the postreplicative repair of UV-stalled

forks.

Role of BRCT Binding Proteins in Post-UV BRCA1
Function
Since the C-terminal BRCT motifs of BRCA1 are essential for

the recruitment of BRCA1 to sites of UV damage, we asked

whether any of the three known BRCA1-BRCT interacting

proteins—BACH1, CtIP, and Abraxas—contribute to ssDNA

gap formation at stalled forks. Using specific siRNAs, U2OS

cells were depleted, in parallel, of CtIP, BACH1, and Abraxas;

UV irradiated; and analyzed for gap formation. ssDNA/BrdU

staining revealed that CtIP depletion led to suppression of these

effects (Figure S4B). Parallel depletion of Abraxas and BACH1

had no such effect, although all three depletion events, per-

formed in parallel, led to a major perturbation of homologous

recombination (HR) function (Figure S4C) (cf. legend for explana-

tion of Abraxas depletion effect on HR) (Hu et al., 2011). Thus,

BRCA1 and its known binding partner, CtIP, are both required

to generate ssDNA at UV-stalled forks. Furthermore, the

absence of a strong contribution by Abraxas and BACH1 is
RCA1 shRNA-encoding lentiviruses, plated in triplicate, and irradiated with the

present the standard deviation in two independent experiments.

uc lentiviruses were arrested at G1/S by incubation with 1 mM HU for 16 hr

ap repair was analyzed by measuring in situ DNA synthesis in the presence of

es was plotted as a mean of three separate experiments. Error bars represent
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Figure 4. Generation of RPA-Coated ssDNA after UV Damage Is Largely BRCA1 Dependent

(A) Model: UV-induced damage in replicating cells generates stalled forks.

(B) BrdU assay for detection of ssDNA after UV irradiation. U2OS cells were fixed 4 hr after irradiation and immunostained for BrdU with and without denaturation

of DNA with HCl.

(C) ShLuc- and shBRCA1-transduced U2OS cells were UV irradiated (5 J/m2), fixed 4 hr later, and immunostained with phospho-RPA32 Ab.
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consistent with BRCA1 function at UV-stalled forks not being

a simple outcome of its attraction to DSB in that setting. We

also found that BRCA1-depleted cells revealed inefficient

recruitment of CtIP-GFP to UV-damaged DNA, unlike control

cells (Figures S4D and S4E). However, CtIP-depleted cells re-

vealed only a minimal defect in the recruitment of BRCA1 to

UV-damaged sites.

BRCA1 Directs RFC Complex Function
at UV-Stalled Forks
How does BRCA1 execute a response to UV damage-driven

replication stress? In this regard, the RFC complex is a compo-

nent of a machine that contributes to checkpoint activation at

stalled replication forks (Parrilla-Castellar et al., 2004; Sancar

et al., 2004). Replication factor C (RFC1-5) is the clamp loader

for PCNA during DNA replication, and after UV damage, RFC1

is substituted in this complex by Rad17 to form the RFC2-5/

Rad17 (RFC-Rad17) complex (Bermudez et al., 2003; Parrilla-

Castellar et al., 2004). RFC-Rad17 interacts with and helps to

load the Rad9-Hus1-Rad1 (9-1-1) complex at stalled forks (Med-

hurst et al., 2008; Zou et al., 2002), where 9-1-1 helps to trigger

the G2/M checkpoint. Since BRCA1 participates in eliciting this

checkpoint, we asked whether BRCA1 also contributes to the

presence and activity of RFC at UV-stalled forks.

Antibodies directed at three RFC subunits (RFC1, RFC4, and

RFC5) were effective in IF. Using them, we found that all three

RFC subunits concentrated at UV-irradiated sites 3 hr post-UV

(Figures 6A, 6B, and 6C), a time when BRCA1-driven postrepli-

cative repair, an NER-independent process, also occurs.

Surprisingly, they did so in a BRCA1-dependent manner (Fig-

ure 6D). In return, RFC2 depletion led to significant codepletion

of BRCA1 at UV-stalled forks (Figure 6E), suggesting that

RFC2 promotes B1 concentration at UV-stalled forks. Individual

depletion of the other known RFC subunits did not elicit this

effect.

The next question was whether BRCA1-dependent ssDNA

generation and postreplicative repair at stalled forks is affected

by RFC subunit depletion. Indeed, depletion of RFC1, RFC2,

RFC3, RFC4, or RFC5 (Figure S5A) in each case led to a marked

reduction in phosphorylated RPA and Pol d recruitment to micro-

pore sites (Figures 6F and 6G) and, one might predict, postrepli-

cative repair at these sites versus controls. To test whether this

was due to a reduction in DNA replication rate and, possibly,

the number of stalled forks resulting from depletion of any single

RFC complex member, the rate of DNA replication was tested,

and it did not change (Figure S5B).
(D) ShLuc- and shBRCA1-infected U2OS cells were UV irradiated (30 J/m2) and c

phospho-RPA32, BRCA1, and GAPDH (loading control).

(E) ShLuc- and shBRCA1-transducedU2OS cells were transfected withmyc-tagg

UV irradiated (30 J/m2) and harvested 4 hr later to prepare chromatin extracts,

RPA32, BRCA1 (using MS110 and anti-myc), and histone H3 (loading control).

(F) Localization of ATRIP in locally UV irradiated cells. ShLuc- and shBRCA1-tra

munostained for CPD and ATRIP.

(G) Data collected from experiments depicted in (C) and (F) are plotted. Error ba

(H) Effect of BRCA1 depletion on Chk1S317 phosphorylation after UV. shRNA-tra

(30 J/m2) and analyzed for Chk1 phosphorylation.

(I) ShLuc-and shBRCA1-transduced U2OS cells were UV irradiated (30 J/m2). Ch

immunostained for BRCA1, MCM7, and Cdc45.
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Thus, like BRCA1, RFC complex subunits are conveyed to

UV-stalled forks at late times and support the generation of

sizable ssDNA gaps, Pol d recruitment, and predictably, postre-

plicative repair at these sites. Unexpectedly, the RFC subunit

behavior in this setting is BRCA1 dependent.

Since an interaction between RFC-Rad17 and the 9-1-1

complex is required for checkpoint activation after UV damage

(Parrilla-Castellar et al., 2004; Sancar et al., 2004; Zou et al.,

2002), we assayed the loading of the 9-1-1 complex at UV-

damaged sites. Compared to controls, it was significantly per-

turbed after BRCA1 depletion (Figure 6H), implying that at least

part of the BRCA1 effect on RFC function is manifest as support

for RFC-Rad17/9-1-1 complex formation at stalled forks.

We also asked whether Rad9 recruitment to sites of UV

damage is compromised in the absence of BRCA1. Consistent

with the aforementioned results, a marked reduction in Rad9

localization at micropore sites was detected in Rad9-GFP-ex-

pressing, BRCA1-depleted cells compared to controls (Figures

6I and 6J). These data further suggest that BRCA1 is required

for the efficient development of an interaction between RFC-

Rad17 and 9-1-1, which in turn helps to explain the role of

BRCA1 in post-UV, G2/M checkpoint activation.

Given that BRCA1 is required for efficient recruitment of Rad9

to sites of UV damage, the question of whether BRCA1 joins the

Rad9-containing chromatin-bound complex was posed. Chro-

matin extract was prepared from cells expressing HA-tagged

Rad9 and was subjected to anti-HA IP. Like RFC4, BRCA1

was present in the chromatin-bound Rad9 complex (Figure 6K).

Thus, BRCA1 likely contributes to the formation and recruitment

of the RFC-Rad17/9-1-1 complex at stalled forks and physically

interacts with at least some of its components during or after this

process.

At least one other RFC subunit-containing complex, CTF18-

RFC, an alternative to RFC1-5 as a clamp loader, exists in

mammalian cells where it operates, in part, in NER-associated

repair synthesis (Ogi, et al., 2010). Currently, we have no indica-

tion whether or not it associates specifically with BRCA1 or is

influenced by its function.

BRCA1 Controls the Recruitment of Pol h
to UV-Damaged Sites
Bypass of UV-damaged DNA through TLS was also assayed

in BRCA1-depleted cells. Specifically, post-UV localization of

Pol h (PolH) was assessed as a test of ongoing TLS activity

(Kannouche et al., 2001). When studied in control and

BRCA1 shRNA-treated cells that had been transfected with
ollected at the indicated time points. The western blot was immunostained for

edWTBRCA1 in parallel with a vector control. Forty-eight hours later, cells were

which were then blotted. The western blot was immunostained for phospho-

nsduced U2OS cells were UV irradiated (30 J/m2), fixed 2 hr later, and coim-

rs represent the standard deviations in three independent experiments.

nsduced U2OS cells were harvested at the indicated times after UV exposure

romatin was prepared from cells harvested 4 hr post-UV. The western blot was
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Figure 5. BRCA1 Plays a Role in the Recruitment of PCNA and DNA Polymerase d to Sites of UV Damage

(A) U2OS cells infected with shGFP (control)- and shBRCA1-encoding lentiviruses were UV irradiated at 30 J/m2. Cells were fixed 3 hr later and analyzed by IF for

PCNA and Pol d recruitment to CPD-positive foci. Repair synthesis (via in situ bio-dUTP incorporation) was analyzed in parallel 3 hr after irradiation.

(B) The percentage of cells with the indicated proteins or bio-dUTP localized at CPD-positive foci were plotted for shGFP- and shBRCA1-transduced U2OS cells.

(C) Percentage of cells with RPA colocalized with CPD is plotted for siRNA-transfected U2OS cells.

(D) ShGFP- and shBRCA1-transduced U2OS cells were transfected with siGAPDH and siXPA. Forty-eight hours after transfection, cells were UV irradiated

(30 J/m2), fixed 3 hr later, and coimmunostained for Pol d and CPD. Percentage of CPD-stained cells that were also positive for Pol d was plotted. Error bars

represent the standard deviation in three independent experiments.

(E) ShLuc- and ShBRCA1-transduced U2OS cells were UV irradiated (30 J/m2), fixed 2 hr later, and immunostained for Rad51 and CPD.

(F) Percentage of cells with Pol d at sites of UV damage in siRNA-treated cells.
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eGFP-PolH (Figure 7A), the fraction of cells containing eGFP-

PolH localized at UV damage sites increased �4-fold after

BRCA1 depletion (Figures 7B and 7C). Most cells in the irradi-

ated control culture revealed little or no PolH-GFP at micropore

sites.

A prerequisite for the recruitment of Pol h is PCNA monoubi-

quitination (Moldovan et al., 2007). Thus, we asked whether

Pol h recruitment in BRCA1-depleted cells is, at least in part,

associated with increased PCNA ubiquitination. Compared to

controls, BRCA1 depletion led to a super-normal accumulation

of monoubiquitinated PCNA (Figure 7D). To test whether this

particular PCNA species is the ubiquitinated form of interest,

these cells were transfected with HA-tagged ubiquitin and

immunoprecipitated with HA Ab. A western blot of the extracts

probed with PCNA Ab revealed a parallel increase in both

HA-tagged (which migrates more slowly than the naive ubiquiti-

nated protein) and endogenous monoubiquitinated PCNA

(Figure 7D).

To study the role of BRCA1 in UV-induced TLS, a SupF-based

mutagenesis assay was used (Choi and Pfeifer, 2005) (Fig-

ure S6A). Consistent with the increase in PCNA ubiquitination

in BRCA1-depleted cells, there was a 2- to 3-fold increase in

mutation frequency in these cells versus controls (Figures 7E

and S6B). These results imply that UV-triggered TLS is a

BRCA1-regulated event.

DISCUSSION

In addition to its other DNA repair roles, BRCA1 operates in the

physiological response to bulky adduct DNA damage. In prin-

ciple, a proposal that BRCA1 induces expression of XPC (Hart-

man and Ford, 2002) might explain this super-sensitivity.

However, after BRCA1 depletion, there was little or no defect

in photoproduct excision duringG1whenBRCA1 is not attracted

to UV damage sites (Figures 3A and 3B).

BRCA1 is efficiently recruited to sites of UV damage, but only

in cells that are actively replicating their DNA, implying that the

recruitment process represents more than a simple response

to the presence of photoproducts. Rather, the protein is at-

tracted to sites containing photoproduct-stalled replication

forks, and its BRCT motif(s) are needed for stable recruitment

(Figures 2G and 2H).

At UV-stalled forks, relatively long stretches of RPA-coated

ssDNA are normally generated (Cortez, 2005). Canonical, NER-

dependent �30 nt gaps generated during G1 could not be

imaged by RPA IF, although they could be imaged by Pol d IF.

One RPA complex requires at least a 30 nt ssDNA stretch for

binding (Cai et al., 2007); thus, only one RPA complex can bind

to a traditional NER gap. In our experiments, the sensitivity of

RPA staining in this setting was insufficient to detect this event.

Thus, the BRCA1-dependent, post-UV RPA IF signals detected

in our experiments likely reflect the attraction of RPA to >30 nt

long ssDNA gaps that form at stalled forks as a result of MCM-

replisome uncoupling.

Among the three known BRCT binding proteins, only CtIP

appeared to be involved in BRCA1-dependent ssDNA gap

formation. Others have reported that BACH1 is required for

RPA loading on chromatin after HU treatment and proposed
Mol
that it promotes the generation of ssDNA gaps at HU-stalled

forks through its helicase activity (Gong et al., 2010). Since

a reproducible defect in gap generation was not apparent in

BACH1-depleted cells after UV exposure, the difference in the

responses observed in the two DNA damage settings might

reflect a genuine difference in the response to stalled forks

arising from HU and UV. They might also reflect inadequate

BACH1 protein depletion during our assays.

Not only do ssDNA stretches serve as checkpoint initiators,

some can also serve as intermediates in postreplicative repair

(Lopes et al., 2006) performed, at least in part, by DNA polymer-

ases like d. Indeed, in UV-irradiated cells depleted of BRCA1,

there was markedly less Pol d staining at UV damage sites and

clear suppression of NER-independent postreplicative repair

versus controls. One outcome at unresolved stalled replication

forks is DSB formation. Given themarked increase in the number

of 53BP1 foci in BRCA1-depleted cells at late times after UV

(Figure 2L), BRCA1-dependent repair of stalled replication forks

is likely essential for their resolution. By contrast, BRCA1 is not

required for NER-dependent repair of canonical (�30 nt) ssDNA

gaps. These results reinforce the view that BRCA1 operates

in post-UV gap repair primarily, if not exclusively, at photo-

product-stalled replication forks. Data presented here also

show that these newly detected BRCA1 functions are, at least

in part, different from those it exerts after the development

of DSB.

Unexpectedly, BRCA1 also participates in photoproduct exci-

sion at stalled forks and for ERCC1 recruitment there (Figure 3).

This suggests (albeit does not prove) that ERCC1 recruitment

is an important step during BRCA1-dependent photoproduct

elimination at these sites. Recruitment and function of ERCC1/

XPF at stalled forks is also required for adduct removal during

ICL repair (Al-Minawi et al., 2009; Kuraoka et al., 2000). Since

BRCA1�/� cells are supersensitive to cis-platin (Tassone

et al., 2003), an ICL agent, perhaps, BRCA1 also contributes to

this repair event, at least in part, through ERCC1 recruitment.

From the results reported here, it is not clear whether, in

the absence of NER, BRCA1 can promote ERCC1 localization

at photoproducts associated with stalled forks. While the data

reported suggest such a possibility, they do not directly address

it. Notably, even in replicating cells, significant albeit incomplete

photoproduct excision was observed after BRCA1 depletion.

This might be a result of incomplete BRCA1 depletion and/or

the BRCA1-independent excision that occurs at UV sites not

associated with stalled replication forks.

How is BRCA1 attracted to UV damage sites? Given the repli-

cation dependence of the process, it appears that BRCA1 is

attracted to UV-stalled forks and not simply to photoproducts.

One potential explanation for this particular behavior was pro-

vided by Paull et al. (Paull et al., 2001), who showed that purified

BRCA1 exhibits an intrinsic binding affinity for ds/ssDNA joints

or branched structures, such as those that might be expected

at a stalled fork. Conceivably, this contributes to BRCA1 locali-

zation at these structures.

Surprisingly, RFC2 depletion led to a significant defect in

BRCA1 binding at UV damage sites (Figure 6E). In return,

BRCA1 is required for the stable association of at least three

RFC complex subunits (RFC1, 4, and 5) (cf. Figure 6D) at stalled
ecular Cell 44, 235–251, October 21, 2011 ª2011 Elsevier Inc. 245
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forks. Hence, once RFC2 concentrates at a stalled fork as part of

a process that is BRCA1 dependent for the three RFC subunits

that could be so tested, BRCA1 can in return concentrate there

maximally. This might reflect a positive feedback loop, whereby

the presence of RFC2 further stabilizes the BRCA1 that has

already concentrated at a stalled fork.

It is also possible that, among the various RFC subunits, only

RFC2 could be sufficiently depleted, experimentally, to elicit

an effect on BRCA1 localization. Other RFC subunits might

also participate in this event, but these effects were not

detected because of insufficient knockdown. Finally, we cannot

rule out the possibility that the effect of RFC2 on BRCA1/stalled

fork recruitment occurs independently of its role as a member

of the RFC1-5 or Rad17-RFC2-5 complexes. Clearly, a more

detailed understanding of the attraction process is needed.

At least one RFC complex (RFC-Rad17) operates in check-

point activation triggered by events at stalled forks. After locali-

zation at a stalled fork, the RFC-Rad17 complex interacts with

the 9-1-1 complex, and this results in loading of the latter onto

chromatin. Like RFC subunit concentration at stalled forks, this

intercomplex interaction and the subsequent concentration of

Rad9 at UV-stalled forks also proved to be BRCA1 dependent.

Given that an interaction between Rad9 and BRCA1 was de-

tected (Figure 6K), it is possible that BRCA1 plays a more direct

role in recruiting the 9-1-1 complex to a stalled fork. The RFC-

Rad17/9-1-1 interaction and the 9-1-1 stalled fork loading events

are, together with ATRIP binding at such sites, required for G2/M

checkpoint function. These events also proved to be BRCA1

dependent. Therefore, the aforementioned collection of B1-

and RFC-directed events can explain a significant part of the

process by which BRCA1 triggers G2/M post-UV checkpoint

activation.

Like BRCA1, each of the known RFC subunits appeared

necessary for long ssDNA gap formation at these sites and their

repair thereafter. Taken together, these results strongly suggest

that, at UV-stalled forks, BRCA1 promotes the localization of

RFC subunits, which we infer become components of an

RFC-based complex and thereby support the process leading

to long RPA-coated gap formation and its postreplicative repair

(cf. Figures 6F and 6G). Thus, BRCA1-to-RFC communication

is essential for both G2/M checkpoint activation and a key set of

steps in stalled fork resolution/repair. In the former instance,

the likely communication is predicted to occur between BRCA1
Figure 6. BRCA1 Is Required to Direct RFC Complex Localization and

(A–C) U2OS cells were irradiated (30 J/m2), fixed 3 hr later, and coimmunostaine

(D) ShLuc- and ShBRCA1-infected U2OS cells were irradiated (30 J/m2), fixed 3 hr

cells were analyzed for the recruitment of RFC1, 4, or 5.

(E) ShLuc- and ShRFC2-infected cells were irradiated (30 J/m2), fixed 1 hr later,

(F andG) ShLuc-, shRFC1-, shRFC2-, shRFC3-, shRFC4-, and shRFC5-infected U

of UV damage (30 J/m2) at 3 hr after irradiation.

(H) Chromatin extracts from unirradiated and UV-irradiated (30 J/m2) shLuc- a

and Rad1-specific antibody. The western blots were immunoblotted for BRCA1,

(I) Rad9-GFP-transfected shLuc- and shBRCA1-infected cells were irradiated (

Rad9-GFP.

(J) The fraction of CPD-positive cells that also were positive for Rad9-GFP from (I

experiments.

(K) Chromatin extracts from cells transfected with an HA-tagged Rad9-encodin

antibody. The western blot was immunoblotted for BRCA1, Rad9, and RFC4.

Mol
and RFC-Rad17. The exact nature of the operative RFC complex

in the latter case is not clear, although it is conceivable that

RFC-Rad17, RFC1-5, or both operate there, as well. Such

considerations aside, these are unexpected findings.

RPA is required for the concentration of RFC-Rad17 at artifi-

cially generated DNA gap structures (Zou et al., 2003). The

finding that BRCA1 participates in the concentration of RFC

subunits at stalled fork-associated gaps in UV-treated cells is

not inconsistent with this finding. It is possible that RFC-Rad17

attraction to stalled forks depends upon both BRCA1 and RPA

that normally accumulates in relatively low but sufficient quantity

at newly stalled forks to attract this complex.

Furthermore, an MCM7-Rad17 interaction is also believed to

contribute to post-UV checkpoint activation (Tsao et al., 2004).

This fosters speculation that RFC-Rad17, in conjunction with

MCM7, contributes to the generation of long ssDNA gaps at

stalled forks.

Where CtIP, a known participant in 50 end excision during

DSBR/HR and an apparently required element in long gap

formation at UV stalled forks, fits in the latter process is

unknown. Nonetheless, its involvement is BRCA1 driven,

because it did not gain access to UV sites after BRCA1 deple-

tion. One might speculate that, following BRCA1-driven recruit-

ment to a stalled fork, it directs a ssDNA excision process that

in turn creates initial RPA binding sites, which, following RPA

binding, attract RFC-Rad17. G2/M checkpoint activation might

then follow.

Replication fork stalling at UV-damaged sites can trigger TLS

(Lehmann, 2005). This activity was normally suppressed by

BRCA1. Given that BRCA1 is required for excision of stalled

fork-associated photoproducts in S phase cells, perhaps the

increase in PCNA ubiquitination observed in the absence of

BRCA1 is simply a manifestation of an increase in unexcised

lesions/unresolved forks (i.e., TLS templates) that arise in this

setting.

The finding that TLSwas enhanced in the absence of BRCA1 is

consistent with the finding that a BRCAbinding-defectivemutant

of BACH1 actually stimulates TLS in BRCA1 WT cells (Xie et al.,

2010). This suggests that BRCA1 suppression of TLS is, at least

in part, linked to its ability to interact with BACH1.

Taken together, these findings suggest hypothetical bio-

logical outcomes that might occur in BRCA1-deficient repli-

cating cells. Should BRCA1 heterozygous cells prove to be
Function at UV-Stalled Forks

d for BRCA1 and RFC1 (A), BRCA1 and RFC4 (B), or RFC1 and RFC5 (C).

later, and coimmunostained for CPD andRFC1 or RFC4 or RFC5. CPD-positive

and immunostained for BRCA1.

2OS cells were analyzed for recruitment of Pol d and RPA, respectively, to sites

nd shBRCA1-transduced U2OS cells were immunoprecipitated with Rad9-

Rad9, and RFC4.

30 J/m2), fixed 3 hr later, immunostained for CPD, and examined directly for

) were plotted. Error bars represent standard deviation between three separate

g vector or the vector backbone plasmid were immunoprecipitated with HA
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haploinsufficient for the response to bulky adduct damage,

which is not yet known, certain clinical possibilities would

come to mind. BRCA1 breast cancer development is believed

to be an estrogen-dependent process, even though most

BRCA1 tumors are estrogen receptor (ER)-negative (Eisen

et al., 2005; Narod and Offit, 2005). If ER function is not a

key factor in the mechanism underlying the estrogen depen-

dency of BRCA1 breast carcinogenesis, one wonders whether

abnormal manifestations of estrogen metabolism, an ER-inde-

pendent process, play a role instead. Most estradiol is normally

converted by catechol-o-methyltransferase to biologically inac-

tive metabolites (Yager and Davidson, 2006). However, there is

another pathway that directs estradiol conversion to certain

quinone derivatives capable of generating bulky adduct DNA

damage (Yager and Davidson, 2006). Some of the most power-

ful adducting estradiol metabolites are also mammary carcino-

gens in rodents (Cavalieri et al., 2000). These observations raise

the question of whether BRCA1 heterozygous cells are haploin-

sufficient for BRCA1 participation in the response to bulky

adduct damage. If so, one might wonder whether they respond

to bulky adduct-generating compounds, such as the aforemen-

tioned estradiol derivatives, by acquiring permanent forms of

DNA damage arising from an inadequate response to replica-

tion stress. Were this the case, perhaps, replicating cells in

BRCA1 heterozygous females that accumulate estradiol and

certain of its DNA damage-generating metabolites (e.g., mam-

mary epithelial cells during pubertal development, pregnancy,

and during intervals between menstruation in premenopausal

women) are at special risk of accumulating the kinds of chronic

bulky adduct damage that significantly elevates the risk of

carcinogenesis. This question is also driven by the knowledge

that chronic replication stress is a clinically significant driver

of carcinogenesis (Bartkova et al., 2005; Gorgoulis et al.,

2005; Halazonetis et al., 2008; Negrini et al., 2010).

EXPERIMENTAL PROCEDURES

UV Irradiation

Cells were irradiated with a 254 nm UV-C lamp (UVP Inc., Upland, CA), and

doses were measured with a UVX radiometer (Upland). UV irradiation through

3 mm isopore/micropore polycarbonate filters (Millipore) was undertaken as

described (Polo et al., 2006) and at 30 J/m2. Filter-free UV irradiation was

performed at 5 J/m2 to analyze phospho-RPA32 and g-H2AX staining. For

ssDNA/BrdU assay, cells were irradiated with 20 J/m2 UV.

Cell Lines and Culture Conditions

293T, HeLa, and U2OS cells were cultivated in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% FBS and pen/strep. HCC1937 cells

reconstituted with WT BRCA1 or a vector control were cultivated as described
Figure 7. BRCA1 Plays a Role in Suppressing Translesional Synthesis

(A) Western blot analysis of the expression of GFP-tagged PolH in shLuc- and sh

(B) Localization of eGFP-PolH in virus-transduced U2OS cells irradiated with UV

(C) GFP-positive cells with eGFP-PolH in the local UV-irradiated spots were cou

(D) HA-tagged ubiquitin was expressed in U2OS cells transducedwith shGFP- and

at the indicated time points. The whole-cell extract (WCE) and the anti-HA immun

with BRCA1 and PCNA antibodies.

(E) SupF assay. Unirradiated and UV-irradiated (500 J/m2) SupF plasmid was tran

are described in Supplemental Information. Data analyzed by counting blue (wild

(F) Model: BRCA1 function after UV-induced DNA damage.

Mol
previously (Scully et al., 1999). The primary NER-deficient fibroblast cell

lines GM04312 (XPA) and GM16093 (XPC) were purchased from NIGMS

Human Genetic Cell Repository (Coriell Institute for Medical Research,

Camden, NJ). They were grown in medium recommended by the purveyor.

All cells were grown at 37�C in a humidified incubator containing 5% CO2.

Where indicated, cells were cultured in presence of 1 mM HU (Sigma), 2 mM

4NQO (Sigma), BrdU (BD PharMingen, 50 mM for BrdU ssDNA assay and

10 mM for intra-S phase checkpoint assay), 2 mg/ml aphidicolin (Calbiochem),

and 200 mM mimosine (Sigma).

SUPPLEMENTAL INFORMATION

Supplemental Information includes six figures and Supplemental Experimental

Procedures and can be found with this article online at doi:10.1016/j.molcel.

2011.09.002.
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