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Corrections

CELL BIOLOGY

Correction for “Dysregulation of PAD4-mediated citrullination
of nuclear GSK3p activates TGF-f signaling and induces epithelial-
to-mesenchymal transition in breast cancer cells,” by Sonja C.
Stadler, C. Theresa Vincent, Victor D. Fedorov, Antonia Patsialou,
Brian D. Cherrington, Joseph J. Wakshlag, Sunish Mohanan, Barry
M. Zee, Xuesen Zhang, Benjamin A. Garcia, John S. Condeelis,
Anthony M. C. Brown, Scott A. Coonrod, and C. David Allis, which
appeared in issue 29, July 16, 2013, of Proc Natl Acad Sci USA
(110:11851-11856; first published July 1, 2013; 10.1073/pnas.
1308362110).

The authors note that the affiliation for C. Theresa Vincent
should also include *Cell and Developmental Biology, Weill
Cornell Medical College, New York, NY 10065. The corrected
author and affiliation lines appear below. The online version has
been corrected.

Sonja C. Stadler®?, C. Theresa Vincent“%¥, Victor D.
Fedorov®, Antonia Patsialou’, Brian D. Cherrington?,
Joseph J. Wakshlag", Sunish Mohanan', Barry M. Zeel,
Xuesen Zhang', Benjamin A. Garcial, John S. Condeelis’,
Anthony M. C. Brown¥, Scott A. Coonrod/,

and C. David Allis®

®Laboratory of Chromatin Biology and Epigenetics, The Rockefeller
University, New York, NY 10065; P|nstitute of Laboratory Medicine, Clinical
Chemistry, and Molecular Diagnostics and LIFE Leipzig Research Center
for Civilization Diseases, University of Leipzig, 04103 Leipzig, Germany;
Departments of “Physiology and Biophysics and “Cell and Developmental
Biology, Weill Cornell Medical College, New York, NY 10065; dDepartment
of Medicine, Center for Molecular Medicine, Karolinska Institutet, 171 76
Stockholm, Sweden; ¢Center for Cell Engineering, Molecular Pharmacology
and Chemistry Program, Memorial Sloan-Kettering Cancer Center, New
York, NY 10065; ‘Department of Anatomy and Structural Biology, Albert
Einstein College of Medicine, Bronx, NY 10461; °Department of Zoology
and Physiology, University of Wyoming, Laramie, WY 82071; "Department
of Clinical Sciences and 'Baker Institute for Animal Health, College of
Veterinary Medicine, Cornell University, Ithaca, NY 14853; and 'Department
of Biochemistry and Biophysics, Perelman School of Medicine, University
of Pennsylvania, Philadelphia, PA 19104
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MEDICAL SCIENCES
Correction for “BRCAI promotes the ubiquitination of PCNA
and recruitment of translesion polymerases in response to rep-
lication blockade,” by Fen Tian, Shilpy Sharma, Jianqiu Zou,
Shiaw-Yih Lin, Bin Wang, Khosrow Rezvani, Hongmin Wang,
Jeffrey D. Parvin, Thomas Ludwig, Christine E. Canman, and
Dong Zhang, which appeared in issue 33, August 13, 2013, of
Proc Natl Acad Sci USA (110:13558-13563; first published July
30, 2013; 10.1073/pnas.1306534110).

The authors note that they omitted a reference to an article by
Pathania et al. The complete reference appears below.

Furthermore, the authors note that “It is important to note
that the role of BRCAI in response to UV induced replication
stress has also been examined by Livingston and colleagues (41).
Both studies observed some overlapping phenotypes in BRCA1
depleted cells (for example, the reduction of RPA foci when treated
with UV). However, the two studies also have some discrep-
ancies with respect to PCNA ubiquitination. We speculate that
these discrepancies may be due to the knockdown efficiency
of BRCAL.”

41. Pathania S, et al. (2011) BRCA1 is required for postreplication repair after UV-induced
DNA damage. Mol Cell 44(2):235-251.

www.pnas.org/cgi/doi/10.1073/pnas.1316463110

PLANT BIOLOGY
Correction for “Dirigent domain-containing protein is part of the
machinery required for formation of the lignin-based Casparian
strip in the root,” by Prashant S. Hosmani, Takehiro Kamiya,
John Danku, Sadaf Naseer, Niko Geldner, Mary Lou Guerinot,
and David E. Salt, which appeared in issue 35, August 27, 2013,
of Proc Natl Acad Sci USA (110:14498-14503; first published
August 12, 2013; 10.1073/pnas.1308412110).

The authors note that the contributions line appeared incor-
rectly. The corrected author contributions footnote appears below.

P.S.H.,, T.K., N.G., M.L.G., and D.E.S. designed research; P.S.H., T.K., J.D., and S.N. performed
research; P.S.H., TK., J.D,, S.N, N.G, M.L.G,, and D.ES. analyzed data; and P.S.H. and D.ESS.
wrote the paper.
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BRCA1 promotes the ubiquitination of PCNA and
recruitment of translesion polymerases
in response to replication blockade

Fen Tian?, Shilpy Sharma®, Jianqiu Zou?, Shiaw-Yih Lin¢, Bin Wang?, Khosrow Rezvani®, Hongmin Wang?,
Jeffrey D. Parvin®, Thomas Ludwig®, Christine E. Canman®, and Dong Zhang®'

#Basic Biomedical Science Division, Sanford School of Medicine, University of South Dakota, Vermillion, SD 57069; bDepartment of Pharmacology,
University of Michigan Medical School, Ann Arbor, MI 48109-2200; Departments of tys‘cems Biology and “Genetics, University of Texas MD Anderson
Cancer Center, Houston, TX 77054; and Departments of “Biomedical Informatics and "Molecular and Cellular Biochemistry, The Ohio State University,

Columbus, OH 43210

Edited* by Stephen J. Elledge, Harvard Medical School, Boston, MA, and approved July 3, 2013 (received for review April 8, 2013)

Breast cancer gene 1 (BRCAT1) deficient cells not only are hypersen-
sitive to double-strand breaks but also are hypersensitive to UV
irradiation and other agents that cause replication blockade; how-
ever, the molecular mechanisms behind these latter sensitivities
are largely unknown. Here, we report that BRCA1 promotes cell
survival by directly regulating the DNA damage tolerance pathway
in response to agents that create cross-links in DNA. We show that
BRCA1 not only promotes efficient mono- and polyubiquitination
of proliferating cell nuclear antigen (PCNA) by regulating the re-
cruitment of replication protein A, Rad18, and helicase-like tran-
scription factor to chromatin but also directly recruits translesion
polymerases, such as Polymerase eta and Rev1, to the lesions through
protein—protein interactions. Our data suggest that BRCA1 plays
a critical role in promoting translesion DNA synthesis as well as
DNA template switching.

NA damage response (DDR) and DNA repair are vital for

preserving genomic integrity during a normal cell cycle and
after genotoxic stress (1). In humans, many factors involved in
DDR and DNA repair, such as BRCA1 and BRCA2, are well-
known tumor suppressors. BRCAI has been linked to both fa-
milial and sporadic breast and ovarian cancers, and it operates in
multiple biological pathways including DDR and DNA repair
(2, 3). BRCAL is essential for the homologous recombination
(HR) repair pathway, and therefore, cells deficient in BRCA1
function are hypersensitive to ionizing radiation and other drugs
that directly induce double-strand breaks (DSBs) (4). The fact that
BRCAI-deficient cells are also hypersensitive to agents that form
adducts on DNA or cross-link DNA, including UV, cis-platin (cis-
diamminedichloroplatinum [II]; CDDP), and mitomycin C (MMC),
suggests that BRCAL is important for other responses as well (Fig.
1 A and B) (6-8). Furthermore, Nussenzweig and coworkers re-
cently showed that BRCAL activity is important for resistance to
DNA interstrand cross-links in a manner that is separable from its
role in HR (9). One common feature of the lesions created by UV,
CDDP, and MMC is that they all have the potential to block the
progression of replicative DNA polymerases and activate the
DNA damage tolerance (DDT) pathway in mammalian cells (10—
12). The DDT pathway is critical for cell viability when replication-
blocking lesions are encountered by replicative DNA polymerases
by promoting the replicative bypass (i.e., translesion DNA syn-
thesis, or TLS) or template-switching bypass of blocking lesions
present in DNA (13, 14). The ubiquitination of PCNA plays an
important role in the activation of both TLS and template switch-
ing. In budding yeast, monoubiquitination of PCNA is catalyzed
by the E2-E3 ubiquitin ligase enzymes Rad6 (E2) and Rad18 (E3),
and this modification promotes TLS. Another set of E2-E3 en-
zymes, UBC13/MMS2 (E2)-Rad5 (E3), can extend this ubiquitin
molecule attached to PCNA into a K63-linked polyubiquitin chain,
which is thought to activate the error-free template-switching
pathway as an alternative mechanism to bypass the lesion and re-
start a blocked replication fork (15).
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To date, most studies in mammalian cells on DDT have fo-
cused on the regulation of TLS because of the lack of robust
assays for template switching and the difficulty in detecting the
polyubiquitinated form of PCNA. TLS can be either error-free
or error-prone, depending on the specific lesion being bypassed
and the TLS polymerase involved in inserting nucleotides oppo-
site the lesion. For example, TLS polymerase eta (Poln) can by-
pass a thymidine dimer induced by UV with high fidelity (16, 17).
In addition to the enzymes involved in ubiquitinating PCNA, the
single-stranded DNA (ssDNA) binding protein, replication pro-
tein A (RPA), is also important for the ubiquitination of PCNA
and functions to recruit the E3 ligase, Rad18 (12, 18). Both
branches of the DDT pathways appear to be more complex in
mammals. For example, two Saccharomyces cerevisiae Rad5
homologs have been identified in mammals, HLTF and SHPRH
(19-22). Both can bind the E2 heterodimer, UBC13 and MMS2,
and promote the polyubiquitination of PCNA in vitro and in
vivo. Many additional regulatory factors have also been identified
in mammalian cells that influence the DDT pathway (13, 14, 23).

Even though the core reaction and enzymes involved in DDT
have been identified, the detailed mechanism of how this process
is precisely regulated in mammalian cells remains unclear. Here,
we show that BRCAL affects cell survival after exposure to UV,
CDDP, and MMC by directly promoting the DDT pathway.
BRCAL1 promotes efficient mono- and polyubiquitination of PCNA
by regulating the recruitment of RPA, Rad18, and HLTF to stalled
replication forks. Our data suggest that BRCA1 likely plays an
important role in both TLS and template switching.

Results

BRCA1 Promotes the Monoubiquitination of PCNA in Response to UV,
CDDP, and MMC. In addition to being hypersensitive to DSBs,
BRCA1-deficient mammalian cells are also hypersensitive to
agents that block DNA replication, including the DNA lesions
created by UV, CDDP, and MMC, all of which can activate the
DDT pathways (Fig. 1 A and B) (6-8).

To investigate the potential role of BRCA1l in the DDT
pathway and whether defective DDT contributes to the UV,
CDDP, and MMC hypersensitivities exhibited by BRCA1-deficient
cells, we first examined the effects of BRCALI deficiency on the
monoubiquitination of PCNA in human cells. As shown in Fig. 1
C-E, depletion of endogenous BRCAL1 in two human cancer cell
lines, U2-OS and MCF7, with small interfering RNA (siRNA)

Author contributions: F.T., S.S., J.Z., C.E.C,, and D.Z. designed research; F.T., S.S., J.Z,, C.E.C,
and D.Z. performed research; S.-Y.L,, BW., K.R,, HW.,, J.D.P., and T.L. contributed new
reagents/analytic tools; F.T., S.S., J.Z,, C.E.C, and D.Z. analyzed data; and F.T. and D.Z. wrote
the paper.
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*This Direct Submission article had a prearranged editor.
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Fig. 1. BRCA1 deficiency impedes DNA damage-in-
duced monoubiquitination of PCNA. siRNA-transfected
U2-0S (A) or WT and BRCA1-deficient (BRCA1~") MEFs
(B) were treated with 20 J/m? for U2-0S or 8 J/m? UVC
for MEFs, 800 nM CDDP, or 100 ng/mL MMC, and the
percentage of viable cells was assayed as previously
described (5). Control siRNA (C) or siRNA against
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untreated (—UV) or were treated with 60 J/m? UVB
and then collected at the indicated times. Mono-
ubiquitinated PCNA is labeled as (Ub),-PCNA. (D)
siRNA-transfected MCF7 cells were either left untreated
(—UV) or were treated with 60 J/m? UVB (+UV) and then

collected 4 h later. (E) siRNA-transfected U2-OS cells
were either left untreated (no drug) or were treated
with various genotoxic agents: 1 mM HU, 10 pM CDDP,
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30 uM MMC, 3 pM Aph for 24 h. (F) UV-induced mon-
oubiquitination of PCNA is reduced in BRCA1-deficient
MEFs. WT or BRCA1-deficient (B—) MEFs were either left
untreated (no UV) or were treated with 60 J/m? UVB
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severely impaired the induction of monoubiquitinated PCNA
[labeled as (Ub){-PCNA in all figures] in response to UV, CDDP,
and MMC. Intriguingly, the requirement of BRCA1 for efficient
monoubiquitination of PCNA appears to be lesion-specific.
BRCAL deficiency only caused very mild effects, if any effects at
all, with respect to the monoubiquitination of PCNA in response
to direct inhibition of DNA polymerase activity by either the
DNA polymerase inhibitor, Aphidicolin (Aph), or through deoxy-
nucleotide deprivation caused by the ribonucleotide reductase in-
hibitor, hydroxyurea (HU) (Fig. 1E). We observed similar defects
in BRCA1 knockout mouse embryonic fibroblasts (MEFs) (24)
compared with wild-type (WT) MEFs, suggesting these phenotypes
are not limited to human cancer cell lines (Fig. 1 F and G and
Fig. S1). The inefficient monoubiquitination of PCNA observed in
both human cell lines and MEFs deficient of BRCAL is not caused

from three independent experiments.

by pronounced alterations in the cell cycle (Figs. S2 and S3) or
off-target effects of siRNA, as we observed similar defects with
four different siRNAs that target BRCAI mRNA (Fig. S4). To-
gether, these results strongly suggest that BRCAL activates the
DDT pathway by promoting the monoubiquitination of PCNA
specifically in response to replication blocking base damage,
and that it plays a much lesser role in promoting the mono-
ubiquitination of PCNA after direct DNA polymerase inhibition.
Moreover, these results imply that there may be distinct signal
transduction pathways that sense and activate DDT pathways in
response to different replication stresses.

BRCA1 Associates with and Promotes the Chromatin Binding of DDT-
Related Factors, Including RPA and Rad18. To further examine the
role of BRCAL in regulating DDT, we first tested whether BRCAL1

Fig. 2. Chromatin association of key factors involved A C
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oubiquitination of PCNA is compromised in BRCA1-
depleted U2-0OS cells (D), MCF7 cells (E), and MEFs (F). Control siRNA (C) or siRNA

against BRCA1-transfected (B) cells, or WT or BRCA1-deficient (B—) MEFs were

either left untreated (—UV) or treated with 60 J/m? UVB (+UV) and then used for chromatin fractionation, as previously described (26). Chromatin fractions were
blotted with the indicated antibodies. Orc2 and Histone H3 were used as loading controls for the chromatin fractions of human cells and MEFs, respectively.
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can interact with some of the key players of DDT (Fig. 24). The
anti-BRCAL1 antibody used for immunoprecipitation is a poly-
clonal antibody very specific to BRCA1 (Fig. S5). Consistent with
previous reports (25), we observed strong interactions on chro-
matin between BRCA1 and DDR proteins, including ATR,
TopBP1, and Chkl. Several associations are strongly stimulated by
DNA damage, such as BRCA1-TopBP1 and BRCA1-Chkl,
whereas other interactions do not appear to change much, such
as BRCA1-ATR. Interestingly, we were able to immunoprecip-
itate RPA70, the largest subunit of the RPA heterotrimer, as
well as Rad18 with the anti-BRCA1 antibody. Importantly, the
interactions between BRCA1-Rad18 and BRCA1-RPA70 are
strongly enhanced when cells were treated with UV, suggesting
there may be active functional interplays among them. Further-
more, we also detected pronounced binding between BRCA1
and RPA70 as well as BRCA1 and Rad18, using tagged proteins
(Fig. S6). In response to a variety of DNA damage, BRCAI,
RPA70, and Rad18 can all be phosphorylated by the ATM or
ATR kinases.

Next we tested whether the interactions between BRCA1 and
RPA70, or BRCA1 and Rad18, are dependent on these phos-
phorylation events. Caffeine is a commonly used ATM/ATR
inhibitor. As shown in Fig. 2B, treatment with caffeine dramat-
ically impeded the UV-induced interactions between BRCA1
and RPA70, and between BRCA1 and Rad18, but had no effects
on the interaction between BRCA1 and ATR. These data sug-
gest that in response to UV damage, ATM/ATR phosphorylates
BRCA1, RPA70, and Radl8 and promotes the interactions
among them.

To map the Radl8-interacting region in BRCAI, we coex-
pressed FLAG-tagged Rad18 with either GFP-tagged full-length
BRCAL or different deletion mutants of BRCA1 (27) in 293T
cells and immunoprecipitated Rad18 using anti-FLAG antibody.
BRCAT1 has two prominent domains: the really interesting new
gene (RING) domain, located in 1-302 aa, and the tandem
BRCAL1 C terminus (BRCT) domains, located in 1527-1683 aa.
As shown in Fig. 2C, Rad18 preferably binds to the RING do-
main of BRCAL. Deletion of the RING domain alone (A1-302)
and in combination with BRCT domain (303-1526) severely
weakened the interaction between BRCA1 and Radl8. Fur-
thermore, Rad18 also robustly pulled down the isolated RING
domain (1-302) of BRCAIL. Rad1l8 may also loosely associate
with the BRCT domain (1528-1863), as when the BRCT domain
is overexpressed, its interaction with Radl8 can be easily
detected. These data demonstrate that Rad18 likely associates
with both the RING and BRCT domains of BRCAL.

Next, we performed chromatin fractionation studies using
BRCA1-deficient cells to test whether the binding of RPA70 and
Rad18 to chromatin are dependent on BRCA1. Consistent with
poor monoubiquitination after UV irradiation, UV-induced
chromatin binding of Rad18 and RPA70 is severely impaired in
BRCAIl-deficient cells (Fig. 2 D-F and Figs. S5B and S7). In con-
trast, the chromatin binding of other BRCA1-associated proteins,
such as ATR, was not affected by the absence of BRCAIL. These
results suggest that BRCAL interacts with Rad18 primarily through
its RING domain and promotes the monoubiquitination of PCNA
by actively recruiting both RPA70 and Rad18 to the vicinity of a
replication-blocking DNA lesion.

BRCA1 Deficiency Affects the UV-Induced Foci Formation of DDT-
Related Factors, Including RPA, Rad18, and TLS Polymerases Poln and
REV1. To gain further evidence supporting the role of BRCAL1 in
the activation of DDT, we performed UV-induced foci (UVIF)
formation assays that directly monitor the recruitment of proteins
to sites of DNA damage. Many DDR and DNA repair factors are
recruited to the vicinity of stalled replication forks and form foci
that can be detected by immunofluorescent microscopy. In-
terestingly, BRCA1, RPA70, Rad18, and Poln, which is the major
TLS polymerase that bypasses UV induced lesions, can all form
UVIF (Fig. S8). More important, the UVIF formed by RPA70,
Rad18, and Poln colocalize nicely with those of BRCAIL. Next we

13560 | www.phas.org/cgi/doi/10.1073/pnas. 1306534110

tested whether the formation of UVIF consisting of RPA70,
Rad18, or Poln is dependent on BRCA1. We depleted endoge-
nous BRCA1 using four individual siRNAs against BRCA1
(BRCAI1-A to BRCA1-D) in U2-OS cells. As demonstrated
in Fig. 3, BRCA1 deficiency severely impaired the formation
of UVIF containing either RPA70 (Fig. 3 A and B and Fig. S9)
or Rad18 (Fig. 3 C and D for U2-OS cells and Fig. 3 I and J for
MEFs). Consistent with defective RPA70 and Rad18 UVIF for-
mation and poor PCNA monoubiquitination, BRCA1 deficiency
also impaired the recruitment of TLS polymerases Poln and REV1
into UVIF (Fig. 3 E and F for Poln and Fig. 3 G and H for
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Fig. 3. UV-induced RPA70, Rad18, Poly, and REV1 containing foci are re-
duced in BRCA1-deficient cells. (A and B) siRNA-transfected U2-0OS cells were
treated with 60 J/m? UVB and, 4 h later, fixed with methanol and stained
with antibodies against y-H2AX and RPA70. More than 100 cells with
y-H2AX-positive foci were counted. The percentage of cells with RAP70-
positive foci were also counted and then normalized against cells containing
y-H2AX-positive foci. The results were then plotted. (C-H) siRNA-transfected
U2-0S cells were infected with GFP-Rad18-expressing lenti-virus (C and D),
GFP-Poln-expressing lenti-virus (€ and F), or GFP-REV 1-expressing lenti-virus
(G and H). Forty-eight hours after infection, cells were treated with 60 J/m?
UVB and stained with antibody against y-H2AX and GFP. Around 500 cells
were counted, and the percentage of cells with GFP-positive foci were
plotted and normalized against control siRNA-treated cells. (/ and J) WT or
BRCA1-deficient (BRCA1~") MEFs were treated with 60 J/m? UVB and, 4 h
later, stained with antibodies against y-H2AX and mouse Rad18. More than
100 cells with y-H2AX-positive foci were counted. The percentages of cells
with Rad18-positive foci were plotted. All error bars are SD and were
obtained from at least three independent experiments.
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REV1). Together with the chromatin fractionation data shown
in Fig. 2, these results strongly indicate that BRCA1 functions
upstream of RPA and Rad18 to regulate the monoubiquitination
of PCNA and the subsequent recruitment of TLS polymerases.

BRCA1 Actively Promotes the Recruitment of Rad18 and the TLS
Polymerase, Poln, to UVIF in Addition to RPA. The binding of RPA
to ssDNA is thought to be an earlier event during the activation
of DDT (12, 18). Likely through a direct protein—protein interac-
tion, RPA70 recruits Rad18 to ssDNA associated with replication
fork stalling, where Rad18 then initiates the ubiquitination of
PCNA and the DDT pathway. TLS polymerases such as Poln and
REV1 are recruited to these sites by binding to the mono-
ubiquitinated form of PCNA through their ubiquitin-binding
domains (28). In addition, some TLS polymerases, such as Poln,
can interact with PCNA through an ubiquitination-independent
fashion through their PCNA-interacting peptide (29), suggesting
that TLS polymerases can be recruited to the lesions through
multiple ways. Because BRCA1 colocalizes with Rad18 and Poln
(Fig. S8) and affects their recruitment to DNA lesions (Fig. 3),
we tested how much of a role RPA and BRCAL play in terms
of the recruitment of Rad18 and Poln. Meiotic recombination 11
homolog A (Mrell) is one of the upstream nucleases that are
capable of generating ssSDNA, thus promoting the binding of
RPA. Indeed, a chemical inhibitor of Mrell (30), Mirin, dra-
matically reduced the formation of RPA70 UVIF, suggesting
that Mrell is one of the key nucleases promoting the ssDNA
formation in response to UV (Fig. S104). Depletion of BRCA1
with siRNA in Mirin-treated cells further reduces the RPA70
UVIF, suggesting that BRCAL1 either helps recruit additional
nucleases to UV lesions or actively recruits RPA to the ssDNA
itself. Much to our surprise, inhibition of Mrell alone affects
neither the UVIF of Rad18 (Fig. S10B) nor the UVIF of Poln
(Fig. S10C). Moreover, simultaneous inactivation of both Mrel1l
and BRCAL has the same effect on the UVIF formation of both
Rad18 and Poln, as does depletion of BRCAL1 alone (Fig. S10 B
and C), suggesting that BRCA1 may use additional mechanisms
to recruit Rad18 and Poln to the lesions, for example, through
protein—protein interactions. In Fig. 2, we have demonstrated
that BRCAL1 is capable of interacting with Rad18. We therefore
reasoned that BRCAI may also directly recruit the TLS poly-
merases through protein—protein interactions. Indeed, we
detected strong binding between BRCA1 and Poln, as well as
BRCAL and REV1 (Fig. S10 D and E). Taken together (Fig. 2
and Fig. S10), our data suggest that BRCA1 may play multiple
roles during DDT. BRCAT1 actively recruits the E3 ligase Rad18

to the vicinity of lesions by affecting the recruitment of RPA and
promoting the monoubiquitination of PCNA. In addition, BRCA1
actively recruits TLS polymerases to the UV-induced lesions
through protein—protein interactions.

BRCA1 Shows Strong Overlapping Interactions with Factors Involved
in DDT in Response to UV, CDDP, and MMC. To further prove that
BRCAL1 acts upstream of Rad18 during DDT, we performed the
cell viability assay as described in Fig. 14. We first transfected
U2-0OS cells with siRNA against BRCA1, Radl18 alone, or in
combination; exposed cells to UV, CDDP, or MMC; and then
quantitated relative cell survival after 7-10 d. Consistent with
BRCAL1 being important for regulating RAD18 activity, we ob-
served strong overlapping interactions between BRCA1 and Rad18
when cells were treated with UV, CDDP, or MMC, as demon-
strated by the lack of further sensitization to DNA damage when
both proteins were knocked down simultaneously (Fig. 4).

Both the RING Domain and the BRCT Domain Are Crucial for the DDT
Function of BRCA1. BRCA1 contains two prominent domains: an
N-terminal RING domain and two tandem C-terminal BRCT
domains. The RING domain is often found in E3 ubiquitin
ligases and functions to recruit an E2, ubiquitin-conjugating
enzyme to facilitate the ubiquitination reaction. BRCAL is ca-
pable of ubiquitinating itself and several other potential sub-
strates (31). The BRCT domain is a phospho-peptide-binding
domain and mediates protein—protein interactions (3). A com-
monly used BRCA1 RING domain mutant, I26A, impairs its
binding to E2 but is still able to bind its partner, BARDI1 (32). A
mouse BRCA1 BRCT domain mutant, S1598F (corresponding
to the S1655 of human BRCAL), disrupts its phospho-peptide
binding activity (33). Previously, Ludwig and coworkers gener-
ated knock-in mice expressing I126A or S1598F mutant BRCA1
(34). In addition, they also created mice expressing a truncated
form of BRCAL after amino acid 924 (11tr), which lacks both
BRCT domains. We first examined whether the RING domain
or BRCT domains are important for the monoubiquitination of
PCNA when cells were treated with MMC. Interestingly, I26A
and S1598F, as well as the 11tr BRCA1 mutant cell lines, all
exhibited reduced monoubiquitination of PCNA in response to
MMC treatment, almost to the same extent as cells lacking
BRCAL (Fig. 54). Similar to the BRCA1 knockout line, MEFs
expressing I126A or S1598F BRCAL1 protein also showed im-
paired Rad18 chromatin binding, as well as reduced foci for-
mation of Rad18 after MMC treatment (Fig. 5 B and C). Consistent
with the defective DDT, 126A, S1598F, and 11tr MEFs are also
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Fig. 5. Both the RING domain and the BRCT domain A
of BRCA1 are important for the DNA damage toler-
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experiments. (D) All four BRCA1 mutants are sensitive to MMC. WT or BRCA1 mutant MEFs were treated with MMC for 2 h, and the percentage of viable cells was
determined as in Fig. 1. Data represent the mean + SEM from at least three independent experiments.

sensitive to MMC (Fig. 5D), although somewhat less than the
BRCAI1 knockout MEFs. Together, these data indicate that
both the RING domain and the BRCT domain of BRCALI are
critical for its function in DDT.

BRCA1 Affects Template Switching by Promoting the Chromatin Binding
of the E3 Ligase for the Polyubiquitination of PCNA, HLTF in Response to
Uv. BRCAL is best known to suppress genome instability by
promoting the repair of DSBs through the error-free HR path-
way (2, 3). We tested whether BRCA1 also promotes the error-
free DDT pathway through template switching by influencing the
polyubiquitination of PCNA. Genetic studies in budding yeast
have established essential roles for UBC13, MMS2, and Rad5
during the template switching process (35). Their correspond-
ing mammalian homologs are hUBC13, hMMS2, and two
potential Rad5 orthologs, HLTF and SHPRH. Cimprich and
coworkers recently demonstrated that HLTF mainly functions
in response to UV, whereas SHPRH functions in response to

methyl methanesulfate, indicating that the players involved in
this pathway can be recruited in a lesion-specific manner (36).

Using the BRCA1-deficient cellular systems described earlier,
we observed defective diubiquitinated [labeled as (Ub),-PCNA]
and polyubiquitinated [labeled as (Ub).,-PCNA] PCNA for-
mation in response to UV, CDDP, and MMC. We observed
inefficient polyubiquitination in BRCA1 knockout MEFs (Fig. 6
A and B) and BRCA1 siRNA-treated U2-OS cells (Fig. 6C) in re-
sponse to UV, CDDP, or MMC. We also detected strong binding
between BRCA1 and endogenous HLTF, the E3 ligases re-
sponsible for UV-induced K63-linked polyubiquitination of
PCNA (Fig. 6D). Most important, the chromatin association of
HLTEF is largely dependent on BRCAL in U2-OS cells (Fig. 6E
and Fig. S7). These data suggest that in addition to promoting
the chromatin recruitment of Rad18, which catalyzes the mono-
ubiquitination of PCNA, BRCA1 may also be involved in the pol-
yubiquitination of PCNA. Consistent with its critical roles in the
maintenance of genome stability, our data indicate that BRCA1
also promotes the activation of the error-free branch of DDT by
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facilitating the efficient recruitment of the HLTF E3 ligase to
stalled replication forks, where it polyubiquitinates PCNA and
activates template switching.

Discussion

Here we have demonstrated a function of BRCA1 in DDT. We
showed that BRCAL is necessary for both efficient mono- and
polyubiquitination of PCNA. BRCAL1 exerts these functions by
actively recruiting or stabilizing RPA interactions at stalled
replication forks and subsequent recruitment of the E3 ligases
necessary for both the mono- and polyubiquitination of PCNA.
In addition, BRCA1 physically interacts with multiple DDT
factors that mediate PCNA ubiquitination (Rad18 and HLTF)
and perform lesion bypass (Poln and REV1), suggesting that the
function of BRCA1 during DDT is most likely direct. Further-
more, our data, shown in Fig. 1, suggest that BRCAL is necessary
for proper activation of the DDT response to bona fidle DNA
lesions, such as those created by UV, CDDP, and MMC, but is
dispensable for a proper DDT response to direct DNA poly-
merase inhibition (e.g., Aph) and deoxynucleotide imbalances
(HU). This unexpected finding suggests that physical barriers to
DNA replication, such as intra-and interstrand DNA cross-links, are
likely sensed, bypassed, and repaired differently (36).

Although the basic principles underlining the DNA damage
tolerance pathway are evolutionarily conserved, recent studies
suggest its regulation is much more complex in mammals. For
example, more mammalian factors have been identified as reg-
ulating the monoubiquitination of PCNA, including p21, p53,
PTIP/Swift, Chkl, Claspin, Timeless, and Tipin (14). Further-
more, Zou and coworkers have shown that Claspin can regulate
the chromatin binding of Rad18 while Chk1 indirectly regulates
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the monoubiquitination of PCNA by stabilizing the protein level
of Claspin (37). How Claspin regulates the recruitment of Rad18
is not known; however, an interaction between Claspin and the
RPA heterotrimer has been reported (38). An interaction be-
tween Claspin and BRCA1 was previously demonstrated by
Elledge and coworkers, and this interaction is also enhanced by
DNA damage (39). Whether BRCA1 and Claspin act in a linear
or parallel pathway in the regulation of ubiquitination of PCNA
needs further investigation. Our data and other previous data
unambiguously put BRCA1 at the center of DDR, DDT, and
DNA repair, underscoring its essential function in the mainte-
nance of genomic stability and the suppression of tumorigenesis.

Materials and Methods

Plasmids, siRNA, and Chemicals. The following siRNAs used in this article were
purchased from DHARMACON. ON-TARGETplus siCONTROL Nontargeting
pool (D-001810-10-20) was used as a negative control for all siRNA trans-
fections. BRCA1 in U2-OS and MCF7 cells was depleted with ON-TARGETplus
SMARTpool siRNA against BRCA1 (L003461-00-0020) or four single ON-
TARGETplus siRNAs (LU-003461-00-0002): BRCA1-A (CAACAUGCCCACAGAU-
CAA), BRCA1-B (CCAAAGCGAGCAAGAGAAU), BRCA1-C (UGAUAAAGCUC-
CAGCAGGA), and BRCA1-D (GAAGGAGCUUUCAUCAUUC). The RAD18 siRNA
was purchased from Qiagen (ATGGTTGTTGCCCGAGGTTAA) (40). Human cells
were transfected with 50 nM siRNA twice, using RNAIMAX (Invitrogen). All
chemicals were purchased from Sigma.
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