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Sporadic basal-like cancers (BLCs) are a common subtype of breast cancer that share multiple biological properties with BRCA1-
mutated breast tumors. Despite being BRCA1�/�, sporadic BLCs are widely viewed as phenocopies of BRCA1-mutated breast
cancers, because they are hypothesized to manifest a BRCA1 functional defect or breakdown of a pathway(s) in which BRCA1
plays a major role. The role of BRCA1 in the repair of double-strand DNA breaks by homologous recombination (HR) is its best
understood function and the function most often implicated in BRCA1 breast cancer suppression. Therefore, it is suspected that
sporadic BLCs exhibit a defect in HR. To test this hypothesis, multiple DNA damage repair assays focused on several types of
repair were performed on a group of cell lines classified as sporadic BLCs and on controls. The sporadic BLC cell lines failed to
exhibit an overt HR defect. Rather, they exhibited defects in the repair of stalled replication forks, another BRCA1 function.
These results provide insight into why clinical trials of poly(ADP-ribose) polymerase (PARP) inhibitors, which require an HR
defect for efficacy, have been unsuccessful in sporadic BLCs, unlike cisplatin, which elicits DNA damage that requires stalled fork
repair and has shown efficacy in sporadic BLCs.

Gene expression profiling of breast cancers has led to the iden-
tification of five subtypes: luminal A, luminal B, Her2 ampli-

fied, basal like, and normal breast like (1, 2). The basal-like sub-
type is of particular interest due to the lack of relevant targeted
therapies as well as its phenotypic similarity to BRCA1�/� tumors.
BRCA1�/� tumors segregate with the basal-like cancer (BLC)
subtype by gene expression profiling (3, 4). These tumor species
exhibit multiple other biological similarities. For example, both
commonly fail to express estrogen receptor (ER), progesterone
receptor (PR), and Her2 and are mutant for p53 (5–9). Moreover,
both are associated with early relapse following clinically active
breast cancer chemotherapy and exhibit similar patterns of me-
tastasis (10). Given these similarities, it is widely speculated that
sporadic BLCs manifest a defect(s) in a pathway(s) that is depen-
dent upon BRCA1 function.

The BRCA1 gene encodes at least three known proteins: full-
length p220, �11b, and IRIS (11). Much of the �11b protein se-
quence is shared with that of p220. However, it lacks most of the
sequence encoded by the largest p220-coding exon, exon 11. There is
limited knowledge regarding the function of �11b, despite the fact
that it is the most conserved of all the known isoforms (12). Little is
known of the IRIS function other than that the endogenous protein
normally stimulates DNA replication, can modulate certain tran-
scriptional events, and, when endogenously overexpressed, exhibits
certain properties of an oncoprotein (13, 14).

Much more is known of the functions of p220, which, unlike
the other known BRCA1 gene-encoded proteins, manifests breast
and ovarian cancer suppression activity (15–18). p220 (also
known as BRCA1) also performs multiple genome integrity main-
tenance functions together with its heterodimeric binding part-
ner, BARD1 (19, 20). These include leadership in the performance
of homologous recombination (HR) (21, 22), involvement in the
repair of stalled or collapsed replication forks (23, 24), aiding in
FANCD2 localization during interstrand cross-link repair (25–
27), mitotic spindle pole formation (28), suppression of base mu-
tagenesis and translesional synthesis (23, 24), maintenance of nor-
mal centrosome number (29, 30), and the suppression of satellite
RNA expression (31).

Shortly after the induction of double-strand breaks (DSBs) by
gamma irradiation (IR), BRCA1 becomes hyperphosphorylated
and concentrates in focal areas of double-strand break-containing
DNA damage (20). At these IR-induced nuclear foci (IRIF),
BRCA1 participates in the repair of DSBs by HR (21, 22), and it
does so as a member of multiple protein complexes, each of which
is composed of unique protein binding partners, such as BRCA2,
Rad51, NBS1, MRE11, BACH1, CtIP, and PALB2, among others
(32, 33).

HR is one function through which BRCA1 is suspected of par-
ticipating in breast cancer suppression (16–18). In keeping with
this view, BRCA1 mutant cell lines and tumors are generally de-
fective in HR (21, 22). Thus, a major goal of this study was to
determine whether sporadic BLC cells, like BRCA1 mutant tumor
cells, are also defective in HR repair of DSBs and/or exhibit defects
in other BRCA1-dependent DNA damage repair pathways. The
answers to these questions might influence the application of
mechanism-based approaches to sporadic BLC therapy.

MATERIALS AND METHODS
Cell culture. All cell lines were cultured as described by Neve et al. (34).
For cell lines into which a single copy of the DR-GFP reporter (35) had
been integrated, puromycin (1 �g/ml) was added to the culture medium
to select for the constant presence of the integrated sequence.

IP and Western blotting. Cell lines were grown to approximately 80%
confluence, pelleted, and lysed in buffer containing 300 mM NaCl, 50 mM
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Tris, pH 7.5, 1 mM EDTA, 0.5% NP-40, 10% glycerol, and a protease
inhibitor (catalog number 11836170001; Roche Diagnostics). Lysates
containing equivalent amounts of protein were incubated overnight with
either the C-terminal BRCA1 antibody sc6954 (Santa Cruz) or a mouse
IgG control (antibody sc2025; Santa Cruz). On the next day, these lysates
were incubated with protein A beads for 1 h at 4°C. The beads were washed
three times in the above-noted lysis buffer, and equal amounts of Laemmli
buffer (catalog number BP-110NR; Boston BioProducts) containing
2.5% beta-mercaptoethanol (BME; catalog number M6250; Sigma) were
added to each sample. Equivalent amounts of protein from each cell ex-
tract were immunoprecipitated, and equivalent amounts of protein from
each immunoprecipitation (IP) were electrophoresed in 4 to 12% Tris-
glycine gels (catalog number EC60385BOX; Life Technologies), which
were then transferred to 0.45-�m-pore-size nitrocellulose membranes.
These were incubated in the N-terminal BRCA1 monoclonal antibody
MS110 (catalog number ab16780; Abcam) overnight and incubated with
horseradish peroxidase-conjugated anti-mouse light chain secondary an-
tibody (catalog number 559751; BD Biosciences) for 1 h on the next day.
The bands in each blot were developed using standard enhanced chemi-
luminescence solution (catalog number NEL105001EA; PerkinElmer)
and visualized by exposing the film to the blot for various amounts of
time. For the hemagglutinin (HA)-tagged I-SceI blots, the lysates were
harvested from the cells in the lysis buffer described above, and appropri-
ate amounts of Laemmli sample buffer containing 2.5% BME were added
to each sample to normalize the concentrations. Equivalent amounts of
cell extract were electrophoresed in 4 to 12% bis-Tris gels (catalog number
NP0336BOX; Life Technologies), which were then transferred to 0.45-
�m-pore-size nitrocellulose membranes. The blotting assays were carried
out as described above, except that the primary antibodies were a mono-
clonal HA antibody (catalog number MMS-101P; Covance) and a tubulin
antibody (catalog number T-5168; Sigma).

Immunofluorescence. Cells were plated on coverslips in 6- or 12-well
plates and allowed to settle overnight. For gamma irradiation experi-
ments, on the next day one set was treated with 5 Gy using a cesium
source, while a second control set was not. Cells were allowed to recover at
37°C for 8 h, fixed in 3% paraformaldehyde (dissolved in phosphate-
buffered saline [PBS]), permeabilized with 0.5% Triton (0.5% Triton
X-100, 20 mM HEPES, pH 7.4, 50 mM NaCl, 3 mM MgCl2, and 300 mM
sucrose, all of which were dissolved in double-distilled H2O), and then
stained with primary and secondary antibodies. For the Rad51 counting
experiments, a minimum of 150 cells was counted for each treatment for
each cell line in each individual repetition of the experiment.

For UV treatment, cells on coverslips were irradiated at 30 J/m2 (the
dose was measured using a UVX radiometer [UVP Inc., Upland, CA])
using a 254-nm UV-C lamp (UVP Inc., Upland, CA) through 3-mm-
pore-size isopore/micropore polycarbonate filters (catalog number
TSTP02500; Millipore), as described by Polo et al. (36). They were then
allowed to recover for 4 h at 37°C and were then fixed in 3% paraformal-
dehyde, permeabilized with 0.5% Triton X-100, and stained for cyclobu-
tane pyrimidine dimers (CPDs) as described by Polo et al. (36).

If the cells were to be transfected with small interfering RNAs (siRNAs),
the cells were plated on coverslips in a 6-cm plate on day 1, transfected
with 10 pmol of the appropriate siRNAs on day 2, transfected again with
10 pmol of the appropriate siRNAs on day 3, treated with DNA-damaging
agents, fixed, permeabilized, and stained on day 4.

Primary antibodies in these assays included monoclonal BRCA1 C-
terminal antibody sc6954 (Santa Cruz); a polyclonal BRCA1 C-terminal
antibody (antibody 07-434; Upstate); a purified monoclonal antibody
targeting exon 11 of BRCA1, SD118 (37); a monoclonal anti-CPD anti-
body, clone TDM-2 (catalog number CAC-NM-DND-001; Cosmo Bio);
two different polyclonal �H2AX antibodies (antibodies 07-164 [Upstate]
and ab2893 [Abcam]); a monoclonal �H2AX antibody (antibody 05-636;
Millipore); two different monoclonal 53BP1 antibodies (antibodies
612523 [BD] and MAB3802 [Millipore]); and a polyclonal Rad51 (H-92)
antibody (antibody sc8349; Santa Cruz). Secondary antibodies were from

Jackson Labs (fluorescein isothiocyanate and rhodamine conjugated) and
Abcam (Alexa Fluor 488 and 594 conjugated).

Colony formation assays. All BLC cell lines and controls were tested
for colony-forming efficiency. Enough cells of each line were plated in
triplicate to form between 80 and 300 colonies. The cells were allowed to
settle overnight. The plates were then treated with various doses of each of
a series of DNA-damaging agents and allowed to recover at 37°C until
colonies became visible (7 to 14 days, depending on the cell line).

For gamma irradiation, cells were exposed to 0 Gy, 1 Gy, 2 Gy, 3 Gy, 4
Gy, or 5 Gy using a cesium source.

For UV irradiation, cells were exposed to 0 J/m2 (cells had an air
exposure time equal to the longest UV exposure time), 1 J/m2, 2 J/m2, 4
J/m2, 5 J/m2, 10 J/m2, 20 J/m2, or 50 J/m2 using a 254-nm UV-C lamp
(UVP Inc., Upland, CA). UV doses were measured with a UVX radiome-
ter (UVP Inc., Upland, CA).

For mitomycin C (MMC) treatment, the medium was removed and
replaced with medium containing 0 �M (the volume of ethanol added to
medium with 0 �M MMC was equivalent to that added with the highest
MMC dose), 0.1 �M, 0.2 �M, 0.3 �M, 0.4 �M, or 0.5 �M MMC (catalog
number M4287; Sigma) dissolved in ethanol for 4 h. The cells were then
washed with PBS, and medium containing no drug was added to allow the
cells to recover.

For methyl methanesulfonate (MMS) experiments, the medium was
removed after the initial cell plating and replaced with medium contain-
ing 0 mM, 1 mM, 2 mM, 3 mM, 4 mM, or 5 mM MMS (catalog number
129925; Sigma) for 4 h. The cells were then washed once with PBS, and
drug-free medium was added to allow the cells to recover.

For olaparib (AZD2281) exposure experiments, cells were seeded at a
suitable density for transfection on day 1, transfected with 10 pmol of
various siRNAs on days 2 and 3, and plated at a suitable density for colony
formation on day 4. At 4 h after plating of the cells, the medium was
replaced with medium containing 0 �M (which contained a volume of
dimethyl sulfoxide [DMSO] equal to that contained in the highest dose),
0.01 �M, 0.05 �M, 0.1 �M, 0.5 �M, 0.75 �M, 1 �M, 2.5 �M, 5 �M, 10
�M, or 25 �M olaparib (catalog number S1060; Selleck) dissolved in
DMSO. The cells were incubated in this medium until colonies of the
appropriate size had grown.

For all of the treatments described above, after colonies of the appro-
priate size had grown, the cells were stained with crystal violet and
counted with a Microbiology International ProtoCOL colony counter.
The average number of colonies for each cell line at each treatment level
was calculated, and from these values, the percentage of cells that survived
at each level of treatment was determined by comparison of the number of
surviving cells to the number of untreated control cells. A nonlinear re-
gression curve was fit to these values using GraphPad Prism software to
estimate a 50% inhibitory concentration (IC50) for each cell line in each
individual experiment. Cell lines were tested with each damaging agent 2
to 3 times, and the IC50s were estimated in this way each time. The aver-
ages of these calculated IC50s from multiple experiments are shown in the
bar graphs in the figures, with the error bars representing the standard
deviations between separate experiments.

Southern blotting. Genomic DNA was prepared from each clone after
phenol-chloroform extraction. Fifty micrograms of DNA was digested
with either HindIII or StuI overnight. The digested DNA was electropho-
resed through a 0.8% agarose gel and transferred to a nylon membrane
(catalog number 10416282; Whatman) by neutral transfer. Membranes
were then probed with an 812-bp green fluorescent protein (GFP) gene
sequence-containing fragment derived from pDR-GFP puromycin by
HindIII digestion (35). The probe was labeled using a Ladderman labeling
kit by TaKaRa (catalog number 6046), and blotting was performed using
a modification of the method of Church and Gilbert (38).

siRNAs. An siRNA against GL2 (siGL2) was purchased from Dharma-
con (catalog number D-001100-01-20). The sequence of the siRNA
against BRCA1 exon 13 (siBRCA1 exon 13) was GGGAUACCAUGCAA
CAUAA (catalog number D-003461-06-0020; Dharmacon). The se-
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quence of siBRCA1 exon 11 no. 1 was CCAAAUCAGUAGAGAGUA
AUU. The sequence of siBRCA1 exon 11 no. 2 was GUUAGAUGAUGG
UGAAAUA. The siRNA against the �11b junction sequence (si�11b
junction) was GUAUCAGGGUGAAGCAGCAUU.

Transfection. Lipofectamine RNAiMax (catalog number 13778150;
Life Technologies) was used for the transfection of all siRNAs. Lipo-
fectamine 2000 (catalog number 11668019; Life Technologies) was used
for the transfection of I-SceI.

HR reporter assay. Plating efficiencies were determined for each cell
line such that the cells could reach the end of the assay without becoming
completely confluent. Cells were plated in a 6-cm plate at an appropriate
density on day 1. On day 2, the cells were transfected with 10 pmol of each
siRNA. On day 3, the cells were transfected with 2 �g of the I-SceI plasmid
(pCBAS). The cells were then allowed to recover for 72 h. At that point,
one half of the cells was harvested for an I-SceI–HA Western blot and the
other half was fixed with 3% paraformaldehyde and assayed for GFP-
positive cells by fluorescence-activated cell sorting (FACS).

For the IP-Western blot assays performed to test the effects of the
various siRNAs introduced into each cell line, the transfection sequence
and quantities of siRNA used were different from those used in the HR
assays because these IP-Western blot analyses were performed before the
HR assays in an effort to test the efficacy of the relevant siRNAs. It was later
apparent that less siRNA could be used to achieve a reproducible HR
phenotype without eliciting aberrant cell cycle phenotypes. The cells were
plated on day 1, transfected with 75 pmol of each siRNA on day 2, trans-

fected with 75 pmol of each siRNA on day 3, transfected with 2 �g I-SceI
on day 4, and harvested and extracted for IP 72 h after I-SceI transfection.

RESULTS
BRCA1 expression in sporadic BLC cell lines. A collection of
sporadic, BRCA1�/� human breast cancer cell lines shown by ex-
pression profiling to represent the BLC subtype (34, 39, 40) was
analyzed, along with controls. The controls consisted of two inde-
pendently derived, telomerase-immortalized, normal breast epi-
thelial cell lines, BPE and HME (41). Before performing assays of
DNA repair proficiency in these cells, we asked whether these spo-
radic BLC and control cell lines express full-length BRCA1 using
nonquantitative, standardized BRCA1 IP-Western blot analysis
performed on asynchronous, undamaged cells (Fig. 1). IP was
performed with a C-terminal BRCA1 antibody, and blots were
developed with an N-terminal BRCA1 antibody. All sporadic BLC
and control cell lines expressed readily detectable full-length p220
and �11b (Fig. 1). Thus, any HR defect observed in them cannot
be attributed to a loss of BRCA1 p220 or �11b expression. IRIS
expression was not tested in these lines, as IRIS does not bind
BARD1 and has not been shown to be important in HR (14). No
comparisons of the abundance of the two primary isoforms ob-
served among the relevant cell lines from these IP-Western blot

FIG 1 Sporadic BLC cell lines express p220 and �11b. Full-length BRCA1 and the �11b BRCA1 isoform were immunoprecipitated from lysates of the sporadic
BLC cell lines, normal controls, and BRCA1 mutant lines, using a C-terminal epitope BRCA1 antibody (sc6954). Blots were performed with an N-terminal
epitope BRCA1 antibody (MS110). p220 migrates between the 148- and 250-kDa markers and is marked by a red arrow in the molecular mass marker lane. �11b
migrates just above the 98-kDa marker and is marked by a green arrow in the molecular mass marker lane. Different colored circles mark the type of line that was
tested in each blot, and the key for the circles is shown. Several BLC cell lines were blotted more than once to confirm the results.
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analyses could be made, as these assays were performed on asyn-
chronous cells and, being IPs, present an amplification of the sig-
nal that might be observed in a direct Western blot. Bands that
appear as doublets in these blots represent the phosphorylated
versions (slower-migrating bands) and nonphosphorylated ver-
sions of the different isoforms.

In addition, four BRCA1 mutant lines served as positive con-
trols in all experiments. Two of them (SUM149 and L56BRC1)
have sustained nonsense mutations in BRCA1 exon 11 which pre-
vent them from expressing intact p220 but allow them to express
�11b (Fig. 1). HCC1937 cells carry a classical, disease-producing,
germ line BRCA1 mutation, an insertion of a C nucleotide at po-
sition 5383 (5382insC), in the sequence that encodes one of its
BRCT motifs. SUM1315 cells contain another classical disease-
producing mutation, a deletion of A and G nucleotides at position
185 (185delAG), which results in a severe truncation of p220.
Importantly, no readily detected BRCA1 protein was observed in
these two lines under the conditions that were used (Fig. 1).

Evidence of postdamage DNA repair responses in nuclear
foci. The repair of DSBs by HR and the repair of stalled or col-
lapsed replication forks are dependent upon BRCA1-containing
complexes concentrating at sites of DNA damage in a defined
temporal order (24, 32, 33). Thus, assessing the postdamage con-
centration of specific members of these protein complexes in IRIF
by immunofluorescent (IF) staining can be used as a surrogate
reporter of HR, at least up to the point of the arrival of the assayed
proteins.

(i) HR repair of DSBs. To study HR, we assayed the formation
or absence of post-gamma-irradiation Rad51, BRCA1, and 53BP1
nuclear foci (Fig. 2 and 3A and B; Table 1), and all of the sporadic
BLC cell lines and controls revealed post-gamma-irradiation
BRCA1- and 53BP1-containing foci. While variable in prevalence,
Rad51 foci were also regularly observed in all of these tumor cell
lines.

Because of the variability in the prevalence of Rad51 foci and
because Rad51 foci are a potential biomarker for sensitivity to
chemotherapeutic agents and targeted therapies that generate
DSBs (42–44), we quantified the number of cells containing three
or more Rad51 foci 8 h after treatment with 5 Gy of IR or mock
treatment for all cell lines in this study (Fig. 2B). More than half of
the sporadic BLC cell lines exhibited an abundance of Rad51 foci
similar to that of the normal breast epithelial cell controls (Fig.
2B), implying that these lines do not harbor an HR defect or that,
if they do, it is due to a malfunction downstream of Rad51 action.
A subset of the sporadic BLC cell lines tested revealed fewer post-
gamma irradiation Rad51 foci than the normal breast control
cells, but detectable amounts were still present, indicating a po-
tential HR defect that either is due to inefficient Rad51 loading or
is manifest downstream of the Rad51 function (Fig. 2B).

We also analyzed 53BP1 foci in the sporadic BLC cell lines,
because loss of 53BP1 expression in BRCA1 mutant cells led to the
restoration of HR in these cells (45). In cells deficient for both
53BP1 and BRCA1, DSB end excision can occur in an ATM-de-
pendent manner in such a way that it results in HR-mediated DSB
repair, despite the loss of BRCA1 (46). However, against the pos-
sibility that some or all of the sporadic BLC cell lines manifest a
BRCA1-related defect in HR that is rescued by 53BP1 deficiency
(46), 53BP1 foci were readily detected in all sporadic BLC cell lines
(Table 1). This implies that BRCA1-driven HR function and its

regulation by 53BP1 are intact in these sporadic BLC cell lines, at
least up to the point of Rad51 loading.

IRIF formation was also analyzed in the BRCA1 mutant lines.
53BP1 foci were observed in all four BRCA1 mutant lines (Table 1;
see also Fig. S1 in the supplemental material), implying that any
HR phenotypes observed in them are not a result of 53BP1 loss. In
addition, BRCA1 foci were observed in both the SUM149 and
L56BRC1 cell lines, the two lines that still express �11b (Table 1).
These foci were absent when these lines were analyzed by IF using
a BRCA1 antibody that recognizes an epitope in exon 11 (see Fig.
S2 to S4 in the supplemental material) and disappeared upon ex-
posure to �11b-specific but not p220-specific siRNAs (see Fig. S5
in the supplemental material). Therefore, it is likely that the
BRCA1 foci observed in these two lines contain �11b and lack
p220.

Finally, Rad51 foci were observed in all of the BRCA1 mutant
lines (Table 1; Fig. 2B). SUM1315 cells, which contain a greatly
truncated form of BRCA1 that cannot localize at breaks or interact
with any HR repair proteins, and HCC1937 cells, which contain a
truncated BRCA1 lacking one of the BRCT motifs that cannot
efficiently localize to DSBs, revealed the lowest percentages of
Rad51 foci post-gamma irradiation. This was expected, given the
poor ability of the former to localize at breaks and to bind impor-
tant BRCA1 interactors and of the latter to localize to DSBs.
SUM149 and L56BRC1 cells, which produce the �11b isoform
that can localize to DSBs, as demonstrated in Fig. S2 to S5 in the
supplemental material, exhibited post-gamma-irradiation Rad51
foci that were less abundant than they were in the normal controls
but more abundant than they were in BRCA1 mutant cells that
contained a truncated BRCA1 species that could not localize to
DSBs. Conceivably, SUM149 and L56BRC1 cells recruit Rad51
through �11b, or potentially, all four lines recruit it by a less effi-
cient process that may be independent of BRCA1 (47). The local-
ization of �11b to sites of DSBs, combined with percentages of
post-gamma-irradiation Rad51 foci higher than the percentages
observed in lines containing truncated BRCA1 polypeptides, hints
at a limited HR function for this isoform, and this possibility needs
to be explored further.

(ii) Stalled replication forks. We also assayed these cell lines
for their ability to repair stalled or collapsed replication forks,
another BRCA1 function (23, 24). This was undertaken by per-
forming UV micropore analysis (36, 48, 49) (Fig. 3C and D; Table
1). In these assays, BRCA1 concentrates in UV-irradiated micro-
pore territories approximately 30 min after UV-C exposure in a
replication-dependent manner (24). There it participates in the
repair of stalled/collapsed replication forks (24).

In all sporadic BLC cell lines and controls that were tested,
BRCA1 was readily attracted to micropore territories marked by
both cyclobutane pyrimidine dimers (CPDs) and �H2AX (Fig. 3C
and D and Table 1). This implies that the role of BRCA1 in stalled
fork repair is intact in these cell lines up to the point of its recruit-
ment to these territories. This does not mean that the function of
some other BRCA1 partner in this pathway acting at or after
BRCA1 recruitment to these areas of DNA damage is not altered.
In such a scenario, wild-type (wt) BRCA1 would concentrate at
genomic sites where stalled forks are located, but it might still not
contribute to the repair of stalled or collapsed forks due to the loss
of function of a relevant binding partner.

In contrast, no BRCA1 was observed in micropore territories
in the BRCA1 mutant lines HCC1937 and SUM1315, and only
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faint BRCA1 micropore staining (suspected of reflecting the pres-
ence of �11b) was observed in the SUM149 and L56BRC1 cell
lines, the two p220-negative, �11b-producing lines (Table 1).

DNA repair analysis: repair of mutagen-induced DNA dam-
age. Having accumulated these results, we searched for defects in
the repair of the DNA damage elicited by various mutagens. We
first assayed all BLC cell lines for proficiency in the response to the
damage elicited by four different mutagens by assessing colony
formation after exposure to a range of doses (Fig. 4).

To test DSB repair responses, we exposed the cell lines to
gamma irradiation (IR) (Fig. 4A). Half of the sporadic BLC cell
lines were supersensitive to gamma irradiation (meaning that they
were significantly more sensitive than the normal breast cell con-

trols), like all BRCA1 mutant cell lines, suggesting the possibility
of a functional defect in gamma irradiation-induced DNA damage
repair. For example, a BRCA1 partner protein(s) that operates in
DSB repair in these cells might be depleted or otherwise function-
ally defective. However, half of the sporadic BLC cell lines were
gamma irradiation resistant, like the controls. Since HR-incom-
petent cells are expected to be supersensitive to gamma irradia-
tion, these results suggested that not all of the sporadic BLC cell
lines are defective in HR, in keeping with the above-noted results
of IRIF analyses of these cells. It is particularly interesting to note
that the four sporadic BLC cell lines that were the most gamma
irradiation resistant exhibited an abundance of post-gamma-irra-
diation Rad51 foci very similar to that of the controls (Fig. 2B).

FIG 2 Postdamage Rad51 foci in sporadic BLC cells and controls. (A) MDA MB 231 cells treated or not treated with 5 Gy irradiation and stained with �H2AX
and Rad51 antibodies 8 h after treatment. An arrow has been placed next to a representative cell in which there is colocalization. The brightness was increased by
20% and the contrast was increased by 20% using PowerPoint in every panel to alleviate difficulties with the conversion of the images to PDF. DAPI,
4=,6-diamidino-2-phenylindole. (B) All sporadic BLC cell lines, normal controls, BRCA1 mutant lines, and non-BLC cell lines were treated with 5 Gy or mock
treated (0 Gy), allowed to recover for 8 h, and then fixed and stained for Rad51. The percentage of cells containing three or more Rad51 foci was calculated for
each cell line under each condition. This experiment was repeated 2 to 3 times for each cell line, and the bars in the bar graph represent the average percentage
of cells containing 3 or more Rad51 foci, as determined in these experiments. The error bars represent the standard deviations between the experiments.
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However, one of the gamma irradiation-sensitive lines also re-
vealed focus formation similar to that of the controls (HCC38
cells) (Fig. 2B and 4A). Given all of these results, it is unclear how
well the abundance of Rad51 foci and gamma irradiation sensitiv-

ity correlate with HR proficiency in these tumor cell lines. A more
definitive test of HR was, therefore, needed and was undertaken
(see below).

To test the responses to interstrand cross-link-associated

FIG 3 Representative immunofluorescence results after exposure to different DNA-damaging agents. (A) MDA MB 231 cells treated or not treated with 5 Gy
irradiation and stained with �H2AX and BRCA1 antibodies 8 h after treatment. (B) MDA MB 231 cells treated or not treated with 5 Gy irradiation and stained
with �H2AX and 53BP1 antibodies 8 h after treatment. (C and D) MDA MB 231 cells 4 h after 30-J UV irradiation through micropores stained with BRCA1 and
CPD antibodies (C) or BRCA1 and �H2AX antibodies (D). CPDs are known to mark sites of UV damage. Arrows are placed next to a few representative cells in
which there is colocalization. The brightness was been increased by 20% and the contrast was increased by 20% using PowerPoint in every panel to alleviate
difficulties with the conversion of the images to PDF.
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stalled and collapsed replication forks, we exposed the cell lines to
mitomycin C (MMC). All but one of the sporadic BLC cell lines
and all but one of the BRCA1 mutant cell lines were supersensitive
to MMC (Fig. 4C). This suggests that these sporadic BLC cell lines
are phenocopies of the BRCA1 mutant lines in manifesting a de-
fect in interstrand cross-link repair and/or the subsequent repli-
cation fork stalling that it elicits. BRCA1 contributes to the repair
of this mode of cross-linking by multiple mechanisms (23–27).

The responses to stalled and collapsed replication forks were
independently tested by exposing the cells to UV irradiation (a
source of intrastrand cross-linking). Here all sporadic BLC cell
lines were supersensitive to UV irradiation compared to the con-
trols (Fig. 4B). The BRCA1 mutant lines had previously been
tested for sensitivity to UV, and all were found to be supersensi-
tive, with IC50s being similar to or less than those of all the spo-
radic BLC cell lines shown here (24).

When taken together, these and the MMC sensitivity results
suggest that the sporadic BLC cell lines are phenocopies of BRCA1
mutant lines in their deficient responses to stalled replication fork
development. When normally executed, stalled fork repair and the
suppression of replication stress are known BRCA1 functions (23–
27). Since the sporadic BLC cell lines that were tested lack BRCA1
mutations (34, 39, 40), failed suppression of replication stalling
and failed repair of collapsed forks in these cells may be a product

of the defective function of a protein(s) that is active in these types
of repair or of a nongenetically derived alteration in BRCA1 func-
tion itself. These MMC and UV data suggest that stalled replica-
tion fork repair is a commonly encountered problem in sporadic
BLC cell lines. This is in keeping with the clinical findings that
certain cases of BLC are cisplatin sensitive (50–55).

Finally, in testing the cell lines for methyl methanesulfonate
(MMS) responsiveness and, thus, an ability to perform base exci-
sion repair (BER) (Fig. 4D), BRCA1 mutants and nearly all spo-
radic BLC cell lines revealed drug sensitivity similar to that of the
controls. In fact, only one sporadic BLC cell line exhibited super-
sensitivity. This suggests that most of these lines are competent for
base excision repair of MMS damage.

In contrast, most of these sporadic BLC cell lines and BRCA1
mutant controls are known to be supersensitive to hydrogen per-
oxide-induced oxidative damage, which can also be repaired by
BER, among other pathways (56). In addition, using an oxidative
damage repair reporter, a decrease in oxidative damage repair
efficiency has been observed in three of the sporadic BLC cell lines,
one of the BRCA1 mutant lines, and a BRCA1-depleted line (56).
Thus, loss of BRCA1 expression may result in a defect in oxidative
damage-induced BER, as opposed to base alkylation-induced BER
(56). Moreover, there may be a defect in this form of BER in
certain sporadic BLCs.

Sporadic BLC cell lines are proficient in HR. Given the mixed
gamma irradiation sensitivity and post-gamma-irradiation Rad51
focus-forming results (Fig. 2B and 4A), experiments were per-
formed to test whether or not the above-noted sporadic BLC cell
lines can perform HR, using a well-established HR reporter that
allows an assessment, by FACS analysis, of the ability of a cell line
in which it is integrated to perform HR (35).

Stably transfected derivatives of three of the cell lines analyzed
in the above-noted experiments were generated, with each bearing
a single, integrated copy of the above-noted HR reporter. One was
a BRCA1 mutant line (SUM149), one was a gamma irradiation-
resistant sporadic BLC cell line (MDA MB 231), and one was a
gamma irradiation-sensitive sporadic BLC cell line (HCC38).
Multiple clones of each were tested by Southern blotting in a
search for any that contained a single, integrated copy of the HR
reporter. One clone of each was identified (Fig. 5A). Each was then
studied for its ability to perform HR.

To test these cell lines for HR proficiency, we performed the
above-noted HR reporter assay in cells transfected with either a
firefly luciferase control siRNA (siGL2) or one of four different
BRCA1-specific siRNAs (Fig. 5C; see Table S1 in the supplemental
material). To target �11b, we generated an siRNA targeting the
unique junction sequence between the early part of exon 11, which
is present in the �11b mRNA, and the 5= region of exon 12 (Fig.
5B). An siRNA that targets exon 13 of BRCA1 was also employed
(Fig. 5B). It should deplete both full-length p220 and �11b (Fig.
5B). Finally, we employed two exon 11-specific siRNAs that de-
pleted p220 but not �11b (Fig. 5B).

IP-Western blot analyses performed with extracts of each of
these single-copy HR reporter-containing clones showed that
these siRNAs deplete the predicted BRCA1 isoforms (Fig. 5D).
The slight depletion of �11b in the MDA MB 231 clone observed
with exon 11 siRNA 1 is likely due to slowing of the cell cycle
caused by depletion of p220 and not an off-target effect of the
siRNA. Thus, with this possible exception, the siRNAs deplete the
appropriate BRCA1 isoforms.

TABLE 1 Postdamage IF results in all BLC cell lines and controlsa

Cell type and cell line

Result

Post-IR
BRCA1
foci

Post-IR
Rad51
foci

Post-IR
53BP1
foci

Post-UV
BRCA1-CPD
colocalization

Normal breast cells
BPE � � � �
HME � � � �

BLC cells
HCC38 � � � �
HCC1143 � � � �
MDA MB 157 � � � �
MDA MB 231 � � � �
MDA MB 468 � � � �
BT20 � � � �
BT549 � � � �
HS578T � � � �

BRCA1 mutant cells
HCC1937 � � � �
SUM1315 � � � �
SUM149 � � � �
L56BRC1 � � � �

ER-positive tumor cells
MCF7 � � � �
T47D � � � �

Her2-amplified tumor
cell line, SKBR3

� � � �

a Cell lines were exposed to various DNA-damaging agents on coverslips and then
stained for different DNA damage markers. For gamma irradiation (IR), one set was
treated with 5 Gy IR, while a second, control set was not. The cells were allowed to
recover at 37°C for 8 to 9 h. For UV treatment, cells were treated with 30 J through a
UV micropore filter and then allowed to recover for 4 h at 37°C.
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FIG 4 Sensitivity of cell lines to various DNA-damaging agents. Cells of each line were plated in triplicate at a density suitable for colony formation, allowed to
settle, treated with various doses of different DNA-damaging agents, and then allowed to recover and grow at 37°C until colonies became visible. After colonies
of the appropriate size had grown, the cells were stained with crystal violet staining solution and counted with a Microbiology International ProtoCOL colony
counter. IC50s for each cell line for each treatment were calculated on the basis of the dose-response curves generated from these counts. The bars in the bar graphs
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FIG 5 BLC cell lines are HR proficient regardless of gamma irradiation sensitivity status. (A) Southern blots were performed on multiple clones of the three cell
lines used in the HR reporter experiments in this figure to identify a clone from each line that carries a single, integrated copy of the I-SceI–GFP HR reporter.
Separate blots for the three clones studied in the HR reporter experiments are shown here. Based on the sequence of the reporter, we digested clonal genomic DNA
separately with two different enzymes to assess the reporter copy number. We digested with HindIII, which should give rise to a band of 812 bp and another single
band of various sizes in clones bearing a single copy of the reporter. We also digested with StuI, which should give rise to a band of 2,017 bp and another single
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BRCA1 siRNAs were employed in these experiments for mul-
tiple reasons. First, BRCA1 is a physiological contributor to nor-
mal HR function (16–18). Hence, its depletion should result in a
loss of HR capacity, if a given cell line produces the relevant
BRCA1 isoform (e.g., p220) and can perform this function (21,
22). Thus, in these experiments, BRCA1 depletion served as a
positive control employed to determine whether any GFP signals
that were observed were a product of BRCA1-driven HR function.
Second, the use of BRCA1 siRNAs made it possible to determine
whether any HR activity that was measured in a reporter cell line
was BRCA1 dependent. Finally, four different BRCA1 siRNAs,
each targeting a different region of the BRCA1 mRNA, were em-
ployed (Fig. 5B) to determine which isoform—p220, �11b, or
both—was responsible for any HR activity that was observed in a
given cell line. This question was particularly relevant for SUM149
cells, which express the �11b isoform but not the full-length p220
isoform. IRIS does not concentrate in post-gamma irradiation
foci or bind BARD1, both of which are HR-associated properties
(14). Therefore, it is not believed to be involved in HR and was not
tested here.

In the HR analyses that were performed, it was not possible to
compare, even semiquantitatively, the HR functionality of the
three lines that were tested. This is because the I-SceI-driven HR
reporter was integrated at different genomic sites in each cell line
and because the cell lines are not isogenic. However, these consid-
erations should not nullify the validity of an internal comparison
within each cell line of I-SceI-driven GFP production measured
before and after BRCA1 depletion.

The results of the HR assay were presented as both the percent-
age of GFP-positive cells for each cell line and the percentage of
GFP-positive cells relative to the number of GFP-positive siGL2-
transfected control cells for that line to facilitate their interpreta-
tion (Fig. 5C; see Table S1 in the supplemental material).

To control for variability in the transfection efficiency of I-
SceI, standardized Western blotting for I-SceI was performed in
conjunction with the HR assay (Fig. 5E). I-SceI levels were rela-
tively uniform in each cell line and were unaffected by the various
BRCA1-directed siRNA treatments (Fig. 5E). Thus, any differ-
ences in the percentage of GFP-positive cells within a single cell
line among the different siRNA transfections were not a product
of various transfection efficiencies and/or I-SceI expression levels.
In initial experiments, we also cotransfected mCherry with I-SceI
and scored only mCherry-positive cells in the FACS, also to con-
trol for transfection variability. There, too, the results were similar
to those noted above, regardless of mCherry cotransfection (data
not shown).

As shown in Fig. 5C (for other related results, see Table S1 in
the supplemental material), the SUM149 HR reporter-containing

clone, which synthesizes �11b and not p220, exhibited measur-
able BRCA1-dependent HR function. When the line was trans-
fected with the exon 13-specific siRNA, which depletes both p220
and the �11b BRCA1 isoform, or with the �11b-specific junction
siRNA, the percentage of GFP-positive cells decreased, reflecting
the presence of BRCA1 gene product-dependent HR in this line.
As expected, one of the exon 11 siRNAs (exon 11 siRNA 2) had no
effect on HR activity in this line, while the other one (exon 11
siRNA 1) caused a decrease. In light of the junction siRNA effect
and the lack of effect of exon 11 siRNA 2, one can hypothesize that
SUM149 cell HR activity is �11b dependent. Given the HR-sup-
pressing effect of the other exon 11 siRNA (exon 11 siRNA 1), it is
conceivable that a yet undetected, alternatively spliced BRCA1
mRNA is expressed in these cells and its product contributes to the
observed HR function. Alternatively, HR suppression by this
siRNA species represents an off-target effect. These results for
SUM149 cells correlate with the localization of �11b to DSBs ob-
served in Fig. S2 to S5 in the supplemental material and by others
(57), as well as the slight increase in post-gamma-irradiation
Rad51 foci in this line compared to the BRCA1 mutant lines con-
taining mutations that produce greatly truncated proteins. Thus,
they further support the hypothesis that �11b exhibits a limited
HR capacity.

Among sporadic BLC cell HR reporter-containing lines, MDA
MB 231, which was relatively gamma irradiation resistant (Fig.
4A) and revealed an abundance of post-gamma-irradiation Rad51
foci similar to that for the normal breast cell controls (Fig. 2B),
appeared to be HR proficient. When this line was transfected with
each of the exon 11-specific siRNAs or the exon 13-specific siRNA
that depletes both isoforms, HR proficiency decreased signifi-
cantly (Fig. 5C; see Table S1 in the supplemental material). In
contrast, the �11b-specific junction siRNA had no effect (Fig. 5C;
see Table S1 in the supplemental material). Thus, this line appears
to perform HR in a p220-dependent manner.

HCC38 cells were supersensitive to gamma irradiation (Fig.
4A) and also revealed an abundance of post-gamma-irradiation
Rad51 foci slightly reduced compared to that of the controls (Fig.
2B). However, HCC38 cells yielded a significant HR signal after
siGL2 transfection which decreased significantly after exposure to
either of the exon 11 siRNAs or the exon 13 siRNA (Fig. 5C; see
Table S1 in the supplemental material). Like MDA MB 231 cells,
its HR signal was unaffected by the �11b junction-specific siRNA
(Fig. 5C; see Table S1 in the supplemental material). Thus, al-
though it was supersensitive to gamma irradiation, HCC38 cells
are HR proficient, and they, too, perform HR in a p220-dependent
manner. This finding is interesting with regard to post-gamma-
irradiation Rad51 focus formation. The HCC38 cell line is the one
gamma irradiation-sensitive line that exhibited a post-gamma ir-

band of various sizes in clones bearing a single copy of the reporter. (B) Map of the target sites of the four BRCA1 siRNAs used in the HR experiments on p220
and �11b. (C) (Left) The average percentage of GFP-positive cells in the HR reporter assay for each cell line with each siRNA is represented in the bar graph. The
error bars represent the standard deviations from four experiments. (Right) The HR reporter results have been normalized to those for the siGL2 control for each
respective day in each respective cell line, and the bars in the graph represent the average percentage of GFP-positive cells relative to the number of GFP-positive
siGL2-transfected control cells for that cell line, with the error bars representing the standard deviations from the four experiments. (D) IP-Western blotting was
performed on extracts of each cell line transfected with each siRNA to demonstrate the efficacy of depletion of the specific isoform by each siRNA. IPs were
performed with a C-terminal BRCA1 antibody, and the blots were developed with an N-terminal BRCA1 antibody so that both the p220 and �11b isoforms could
be detected. Green arrow, �11b; red arrow, p220. (E) Western blotting (WB) assays were performed on half of the cells from one round of the HR reporter assay
to demonstrate that the I-SceI protein levels were the same in each cell line after each siRNA treatment. The I-SceI that was transfected was tagged with HA. After
loading of equivalent amounts of protein on the gel from each cell line transfected with each siRNA, the blots were stained with HA antibody to detect I-SceI.
Tubulin blotting was performed to show that equivalent amounts of protein were loaded in each lane. B1, BRCA1; ex, exon.
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radiation Rad51 focus-forming effect close to that of the control
cell lines (Fig. 2B).

Taken together, these results strongly suggest that in cells lack-
ing a BRCA1 mutation (39, 40), p220 is responsible for HR, but in
cells that express only �11b, the �11b isoform is itself capable of
supporting this function. In addition, these results and those de-
scribed earlier collectively show, or otherwise strongly suggest,
that the sporadic BLC cell lines tested, regardless of their gamma
irradiation sensitivity and post-gamma-irradiation Rad51 focus-
forming activity, are HR proficient and, where tested, this DNA
repair function is BRCA1 gene product dependent.

The SUM149, HCC38, and MDA MB 231 cell lines were the
only lines used in these studies into which we were able to success-
fully integrate a single copy of the HR reporter. However, we were
particularly interested in attempting to perform a more definitive
test of the HR proficiency of the HS578T and MDA MB 157 spo-
radic BLC cell lines. These two lines have been shown to express
large quantities of the microRNAs miR-146a and miR-146b-5p,
which have been shown to downregulate the expression of BRCA1
and to decrease HR when their precursors are transfected into an
unrelated cell line (RG37) that contains an HR reporter (58). The
HR proficiency of the MDA MB 157 and HS578T cell lines was not
definitively tested in the study, demonstrating that these lines
overexpress these BRCA1-regulating microRNAs. However, it is pos-
sible that one or both of these cell lines are defective in HR, given
the HR findings obtained when the above-noted microRNAs were
expressed ectopically in an unrelated cell line (58).

Our IP-Western blot analysis of BRCA1 protein expression
revealed that both of these cell lines express both p220 and �11b
(Fig. 1). However, these studies were not quantitative, so it is not
possible to know what levels were expressed compared to the lev-
els expressed by the other cell lines tested. The results of surrogate
HR assays in these lines were mixed. HS578T cells exhibited a
post-gamma-irradiation Rad51 focus response similar to that of
the normal breast cell controls and were gamma irradiation resis-
tant, while MDA MB 157 cells revealed a post-gamma-irradiation
Rad51 response below that of the normal breast cell controls but
still greater than that of the two least-effective Rad51 focus-pro-
ducing BRCA1 mutant lines (Fig. 2B and 4A). MDA MB 157 cells
were gamma irradiation sensitive (Fig. 4A). Based on these results,
one might have suspected that HS578T cells would be HR profi-
cient and MDA MB 157 cells would be HR defective.

Therefore, a more definitive test was needed. Despite numer-
ous attempts, we were unable to generate clones of these lines
bearing a single copy of the HR reporter. Thus, we assayed their
sensitivity to the poly(ADP-ribose) polymerase (PARP) inhibitor
olaparib with and without BRCA1 depletion. In this type of assay,
a cell line would be deemed HR proficient if it were more sensitive
to the PARP inhibitor in the setting of BRCA1 depletion than in
the wt setting (59). Hence, we transfected each cell line with a
control siRNA and two different BRCA1 siRNAs and then tested
its sensitivity to a range of concentrations of olaparib by colony
formation assay (Fig. 6). Though their baseline levels of sensitivity
to olaparib were different, each line became much more sensitive
to the PARP inhibitor upon BRCA1 depletion, indicating that
both lines are HR proficient and perform this HR in a BRCA1-
dependent manner (Fig. 6). Determining the amplitude of HR
proficiency is not possible in this assay, since one is comparing
entirely different nonisogenic cell lines. However, an internal
comparison of the results of different siRNA exposures within a

cell line remains a valid method of assessing whether or not the
line can perform HR.

Overall, these results indicate that these two cell lines are HR
proficient and perform HR in a BRCA1-dependent manner, de-
spite overexpressing microRNAs which downregulate BRCA1 ex-
pression (58). It also again demonstrates that gamma irradiation
sensitivity and post-gamma-irradiation Rad51 focus formation,
though capable of reflecting differences in HR capacity between
BRCA1�/� and BRCA1�/� cells, are not able to show definitively
whether or not a given non-BRCA1 mutant cell is capable of per-
forming HR.

DISCUSSION

This work was performed on a subset of human breast cancer cell
lines that collectively represent the BLC subtype (34). The results
fail to support the hypothesis that, as a general matter, sporadic
BLCs exhibit an HR defect and, therefore, are valid phenocopies of
BRCA1 mutant tumors in this regard. Rather, they suggest that
some other BRCA1-related DNA repair defect(s) exists in signifi-
cant numbers of sporadic, BRCA1 wt BLCs. Specifically, these
defects affect the responses of cells to stalled and collapsed repli-
cation forks (23–27). These data are supported by the results of
recent clinical trials and retrospective studies of this tumor sub-
type (50–55), and it suggests that therapeutic strategies aimed at
inducing replication stress in tumor cells may be useful in this
tumor type.

In keeping with this notion, PARP inhibitors, the toxicity of
which relies on tumor cells exhibiting an HR defect (59–61), have
been of particular interest. These agents have been tested in a wide
variety of tumors, but they have been most promising in the clinic
in the therapy of both BRCA1 and BRCA2 mutant breast and
ovarian tumors (62–64), as well as in certain sporadic ovarian
cancers (62, 63). The notion that sporadic BLCs manifest a defect
in HR and the success of these agents in BRCA1 mutant tumors
have spurred clinical trials with PARP inhibitors in sporadic BLCs.
However, sporadic BLCs have failed after treatment with single
agents (62, 64) and PARP inhibitor/antiangiogenic therapy com-
binations (63). We did not test our entire cell line panel for PARP
inhibitor sensitivity, because most of the cell lines, along with
others representing different subtypes, have already been tested
for sensitivity to two different PARP inhibitors (65). Five of the
sporadic BLC cell lines (MDA MB 231, MDA MB 468, BT20,
HCC1143, and HS578T), one of the BRCA1 mutant lines
(HCC1937), and the three non-BLC cell lines (MCF7, SKBR3, and
T47D) tested in our work were assayed in the PARP study (65).
The results are difficult to interpret without comparing the lines to
a normal breast control cell line, but there was no uniformity in
PARP inhibitor sensitivity among the different subtypes from
these data (65). Thus, on the basis of that work, it also appears that
not all BRCA1 mutant genotypes and breast tumor subtype des-
ignations are effective predictors of sensitivity to PARP inhibitors.
These results, taken together with the lack of an HR defect in
sporadic BLC cell lines observed in our results, may help to explain
why PARP inhibitors have failed in the therapy of sporadic BLCs.
In comparison, we did not test any ovarian cancer cell lines for HR
proficiency, but on the basis of the PARP inhibitor trial results,
this may be informative (62–64).

In contrast, clinical trials and retrospective studies examining
the efficacy of the interstrand cross-link-inducing and subsequent
replication fork-stalling drug cisplatin have been successful in a
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fraction of BLCs (50–55), and results presented here suggest a
mechanism that underlies this success. The data reveal that all of
the sporadic BLC cell lines tested were supersensitive to an inter-
strand cross-link-inducing agent and UV irradiation (Fig. 4), both

of which ultimately give rise to stalled and collapsed replication
forks. Moreover, BRCA1 participates in the repair of interstrand
cross-links and stalled and collapsed replication forks, in some
cases operating in conjunction with the Fanconi pathway (23–27).
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In addition, BRCA1 mutant cell lines proved to be supersensitive
to agents that cause stalled replication forks, such as MMC, cispla-
tin, and UV irradiation (24, 66).

Given these findings, we propose that sporadic BLCs are phe-
nocopies of BRCA1 tumors in manifesting a defect in various
forms of stalled and collapsed replication fork repair (23–27).
However, they do not appear to be uniformly defective in HR.
These considerations suggest that pursuing agents which elicit
replication fork stalling through a mechanism that threatens BLC
survival represents a rational therapeutic strategy in at least some
cases of sporadic BLC.

In addition, there may be a role for �11b in HR. We have
confirmed that �11b is recruited to post-gamma-irradiation
damage foci (Table 1; see Fig. S2 to S5 in the supplemental mate-
rial) (57), which suggests that �11b concentrates in a suitable
nuclear location to participate in HR function. Moreover, the
BRCA1 mutant cell lines that expressed �11b but not p220 re-
vealed post-gamma irradiation Rad51 focus formation levels that
were lower than those of normal breast cell controls but higher
than those of BRCA1 mutant cell lines that produced truncated
versions of p220 that cannot localize to DSBs (Fig. 2B). This im-
plies the existence of some HR function in these lines. In addition,
a BRCA1 mutant cell line that expresses �11b and not p220 ex-
hibited a measurable level of �11b-driven HR in an HR reporter
assay (Fig. 5C).

These data are supported by work in model organisms. �11b is
the only BRCA1 isoform expressed in Caenorhabditis elegans, and
it and the C. elegans BARD1 ortholog appeared to support DNA
damage repair in that organism (12). In addition, in HR reporter-
bearing mouse ES cells in which p220 but not �11b was absent,
HR levels were still detectable, suggesting that �11b is an HR
contributor in this setting, an observation that has also been made
by others (22, 67, 68).

The importance of this finding is highlighted by observa-
tions in patients and model organisms. Mice that express only
�11b in a p53 heterozygous setting developed normally but
exhibited early-onset breast tumors (69). Similarly, a patient
who had a biallelic mutation at the BRCA1 locus but who still
expressed intact �11b but not p220 exhibited multiple devel-
opmental abnormalities and was diagnosed with early-onset
ovarian cancer (70).

Taken together, these results suggest a scenario in which
�11b expression, in the absence of p220, generates enough
BRCA1 DNA repair function, manifest at least in part through
HR, to prevent embryonic lethality. However, it does not gen-
erate enough other BRCA1 function to prevent developmental
defects and BRCA1-related tumorigenesis. If validated, this
would further imply that, even if it is required to suppress
breast and ovarian cancer development, its HR function is in-
sufficient to do so alone.

In summary, the results of the studies reported here demon-
strate that tumor cell lines derived from multiple sporadic BLCs
(34) are BRCA1 mutant breast cancer cell phenocopies with re-
spect to a subset of BRCA1 functions that direct the repair of
stalled and collapsed replication forks (23–27). These findings are
consistent with successes observed in clinical trials (50, 52, 55) and
retrospective studies (51, 53, 54) of cisplatin in sporadic BLC and
support efforts to adapt knowledge of a state of increased, BLC-
specific replication stress to its therapy.
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