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The BRCA1 gene product and its stoichiometric binding partner, BARDI1, play a vital role in the cellular
response to DNA damage. However, how they acquire specific biochemical functions after DNA damage is
pootrly understood. Following exposure to genotoxic stress, DNA damage-specific interactions were observed
between BRCA1/BARD1 and the DNA damage-response proteins, TopBP1 and Mrel1/Rad50/NBS1. Two
distinct DNA damage-dependent super complexes emerged; their activation was dependent, in part, on the
actions of specific checkpoint kinases, and each super complex contributed to a distinctive aspect of the DNA
damage response. The results support a new, multifactorial model that describes how genotoxic stress enables
BRCAL to execute a diverse set of DNA damage-response functions.
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The mechanisms underlying certain inherited human
cancer syndromes provide clear evidence that loss of ge-
nome integrity control is a predisposing factor in carci-
nogenesis. Testament to this relationship is the observa-
tion that a significant fraction of inherited cancer syn-
dromes stem from germline mutations in DNA repair
and checkpoint control genes (Lengauer et al. 1998; Ves-
sey et al. 1999). A particularly striking example is the
development of breast cancer.

Women who inherit inactivating mutations in one al-
lele of the BRCA1I gene (17q21) have an estimated life-
time risk of breast and/or ovarian carcinoma as high as
85% (King et al. 2003). BRCALI is required to maintain
genomic integrity, in part, through its contributions to
the efficient repair of DNA double-strand breaks (DSBs)
(Venkitaraman 2002). Inappropriate repair of DSBs can
result in genomic instability, including chromosomal re-
arrangements and deletions, both of which have been
implicated in oncogenesis. Cells expressing clinically
relevant BRCA1 mutations are deficient in the G2/M
and intra-S-phase checkpoints (Xu et al. 2001; Yarden et
al. 2002), and in homologous repair (HR) of DSBs
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(Moynahan et al. 1999). BRCAL1 is thus a key mediator of
multiple cellular responses required to efficiently repair
DNA damage, although the detailed biochemical steps
underlying its activities are largely unknown.
Clinically relevant mutations that occur at diverse lo-
cations in the BRCA1 gene can each elicit a similar de-
fect in DNA double-strand break repair (DSBR) (Scully et
al. 1999). This observation is consistent with the hypoth-
esis that BRCALI acts to integrate the activities of mul-
tiple protein partners during the response to DSBs, an as
yet unproven proposal. In its support, BRCA1 interacts
with a multitude of proteins engaged in DNA damage
responses (Scully et al. 1997b; Wang et al. 2000) and has
been proposed to form a megacomplex containing all of
these factors that is responsible for genome integrity sur-
veillance (Wang et al. 2000). However, the majority of
these proteins interact substoichiometrically with
BRCAI, and the extent of their contribution to BRCA1
repair and checkpoint function is largely unknown.
Furthermore, the nature of BRCAI1 intranuclear dy-
namics suggests that it acquires additional properties in
response to diverse genotoxic insults. Together with cer-
tain partner proteins, including BARD1, BRCA2, and
Rad51, BRCA1 forms discrete nuclear foci during the S
and G2 phases of the cell cycle in undamaged cells. Upon
DNA damage, these foci largely disappear, and new,
larger foci containing these proteins and other DNA
damage-response polypeptides form several hours later
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(Scully et al. 1997b; Chen et al. 1998; Rogakou et al.
1999). The existence of these phenomena supports an as
yet untested model in which, after damage, BRCA1
leaves its S/G2 phase, focal nuclear locations and mi-
grates to DNA damage sites with selected partner pro-
teins in support of appropriate DNA repair and/or check-
point activities.

In support of this DNA damage-inducible, gain of
BRCAI1 function hypothesis, BRCA1 is a substrate of at
least three DNA damage-activated protein kinases
(ATM, ATR, CHK2), each of which plays a pivotal role in
S and G2-focused checkpoint control events (Cortez et
al. 1999; Lee et al. 2000; Tibbetts et al. 2000). In particu-
lar, following IR, the PI3-kinase-like kinase (PIKK),
ATM, is activated and phosphorylates BRCA1 at mul-
tiple specific serine residues that are essential for execu-
tion of the G2/M and intra-S-phase checkpoints (Cortez
et al. 1999; Xu et al. 2001, 2002b). In addition, BRCA1
phosphorylation at Ser 988 by CHK2 is required for HR
activity (Zhang et al. 2004), activation of the G2/M
checkpoint, and suppression of DNA damage-induced
mammary and uterine cancers (Kim et al. 2004).

The study reported here examines the dynamic bio-
chemical and cellular localization activities of BRCA1/
BARDI1 heterodimers following genotoxic stress. Soon
after the onset of DNA damage, BRCA1/BARDI attract
certain constitutive interacting partner proteins to sites
of acute DNA damage. At those sites, BRCA1/BARDI1
enter distinctive, new super complexes together with the
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BRCA1/BARDI1 activation by DNA damage

checkpoint proteins, TopBP1 and the Mrell/Rad50/
NBS1 (M/R/N) complex. The formation of these super
complexes is dependent upon the activity of PIKKs
and CHK2, respectively. Each ensuing BRCA1/BARDI-
containing super complex is biochemically distinct,
and each performs its own special repertoire of check-
point and repair functions. These results support a new,
multicomponent model of BRCA1 function during an
acute DNA damage response. Furthermore, they provide
the biochemical basis for an initial understanding of the
gain of function conferred on BRCAI1 following DNA
damage.

Results

BRCA1 is required for DSB recruitment of certain
partner proteins

BRCA1 migrates to genomic locations containing acute
DNA damage and has been hypothesized to coordinate
repair events at these sites (Scully et al. 1997a). To test
this hypothesis, we asked whether the ability of mul-
tiple, BRCAl-interacting proteins to localize at DSBs
soon after their creation is BRCA1 dependent. A 355-nm
UV laser was used to generate linear arrays of subnuclear
DNA DSBs (stripes). Stripe localization for a given pro-
tein was monitored 15-30 min after damage (Fig. 1). The
method has been used extensively to study DSB recruit-
ment processes (Rogakou et al. 1999; Celeste et al. 2003;
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BRCAI1 is required for DSB localization of BARD1, Rad51, and BRCA2. (A-D) Laser microirradiation was performed on

HCC1937 cells reconstituted with empty vector (top panels) or wild-type BRCAL1 (bottom panels). Cells were fixed ~30 min after laser
treatment, and laser stripe localization for BARDI (A), Rad51 (B), BRCA2 (C), and NBS1 (D) assessed by dual color immunofluorescence
with specific Ab to each protein (Rhodamine-Red) and Ab to H2AX-phosphate (FITC-Green).
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Lukas et al. 2003). Stripes—as visualized by their
decoration with antibodies (Abs) to damage-response
proteins like yH2AX and BRCAIl—appear within a
few minutes or less after microirradiation and represent
topologically defined collections of acutely damaged
DNA. BRCAl-containing foci also emerge after DNA
damage by ionizing radiation (IR), but they develop hours
later (Scully et al. 1997a). Therefore, unlike stripes,
they may not accurately portray molecular events asso-
ciated with the acute development of DSBs and the im-
mediate consequences thereof. For example, in H2AX-
deficient cells, BRCAL1 is attracted to stripes (i.e., DSB)
but not post-damage dots (Celeste et al. 2003), implying
that these two structures do not reflect equivalent
phenomena.

To test the BRCA1 dependency for stripe localization
of a number of known BRCA1 partner proteins, stripes
were generated in isogenic HCC1937 cells reconstituted
with either empty vector control or wild-type BRCAL.
HCC1937 is a BRCA1”/~ human breast cancer-derived
cell line that contains a mutant allele of BRCA1 bearing
a C-terminal truncation that results in a frameshift at
amino acid 1755. The wild-type allele was deleted. For
BRCAI, stripe localization required elements of both
BRCT domains, since, by comparison with the wild-type
protein, BRCA1 1755A displayed minimal stripe local-
ization (Supplementary Fig. 2A). However, two com-
pletely intact BRCT motifs were not required, since a
truncated form of the protein lacking residues
1816-1863 (i.e., the second BRCT is truncated) localized
at stripes in the BRCA1 mutant ovarian cancer cell line,
SNU-251 (Supplementary Fig. 2B). HCC1937 cells dis-
played barely detectable association of four BRCA1-as-
sociated proteins, BARD1, Rad51, BRCA2, and BACH],
at stripes (Fig. 1A-C; Supplementary Fig. 2C). However,
reconstitution of these cells with wild-type BRCAI re-
stored stripe localization of all four proteins (Fig. 1A-C;
Supplementary Fig. 2C). The converse appeared not to be
true. BRCAI1 stripe localization following BACH1 small
interfering RNA (siRNA) was not compromised (Supple-
mentary Fig. 3A). Similarly, BRCA2 mutant CAPAN-1
cells displayed readily appreciable BRCA1 and BACH1
stripe localization (Supplementary Fig. 3B).

Not all BRCAl-interacting proteins, however, dis-
played BRCA1 dependency. Rad50, Mrell, and NBSI,
components of the M/R/N complex, and known to asso-
ciate with BRCA1 (Zhong et al. 1999), localized at stripes
in both vector and wild-type BRCA1 reconstituted
HCC1937 cells (Fig. 1D; data not shown). Likewise,
BRCA1 and BACHI were both attracted to stripes in
Mrell mutant ATLD-1 cells reconstituted with either
empty vector or wild-type Mrell (Supplementary Fig. 4).
Thus, it can be argued that the M/R/N complex is at-
tracted to stripes in a BRCAl-independent manner and
vice versa. These results imply that, immediately after
damage, BRCALI is required for the transport of certain
associated proteins (i.e., BARD1, BRCA2, Rad51, and
BACHL]1) to, or stable binding at acutely developing sites
of DNA damage, and likely associates with others at
these sites (e.g., M/R/N, cf. Supplementary Table 1).
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BARDI1-BRCA1 heterodimers exhibit DNA
damage-inducible interactions with the M/R/N
complex and TopBP1

BRCALI1 is engaged in both DNA repair and checkpoint
control functions after damage. Specific phosphorylation
by PIKK family enzymes is a major component of the
process that permits it to operate in this variegated man-
ner (Cortez et al. 1999; Tibbetts et al. 2000). We hypoth-
esized that DNA damage-induced changes in BRCA1 lo-
calization and phosphorylation initiate dynamic alter-
ations in its interactions with partner proteins. If so,
identification of the relevant changes might lend new
insight into the molecular mechanisms that enable
BRCAI1 to respond to genotoxic stress.

To address this question, purification of BRCA1 and
its stoichiometric binding partner, BARDI, was per-
formed before and after 10 Gy IR using a previously es-
tablished immunoaffinity strategy (Nakatani and Ogry-
zko 2003). A stable line of HeLa S3 cells was created by
retroviral transduction using a vector encoding the hu-
man BARDI protein fused to N-terminal Flag and HA
epitope tags. This double-tagged BARDI species
(eBARD1), was expressed at less than or equal to twofold
above endogenous BARDI levels and exhibited colocal-
ization with BRCA1 before and after IR in nuclear foci
(Supplementary Fig. 5A,B), implying that it operates in a
manner similar to the endogenous protein. eBard]l was
sequentially immunopurified from nuclear extracts de-
rived from ~6 x 10° eBARD-producing cells (cf. Materials
and Methods). Proteins were eluted from the second im-
munoaffinity column with a cognate, epitope-containing
peptide. A small portion (5%) of the eluted protein was
visualized by silver staining (Fig. 2A), revealing the pres-
ence of proteins that specifically copurified with
eBARDI1. The remainder of the eluate (95%) was subse-
quently electrophoresed in a preparative SDS-polyacryl-
amide gel, and Coomassie-stained bands were excised for
analysis. Identification by mass spectrometry (LC-MS/
MS) was achieved for all readily detected bands in the
gel. Proteins already known to be BRCA1/BARDI part-
ners are indicated in black. Candidate partners that were
heretofore unappreciated are denoted with a red asterisk
(Fig. 2A).

To determine whether the same repertoire of proteins
exists in complex with BRCA1/BARD1 heterodimers be-
fore and after DNA damage, Flag/HA double-affinity pu-
rification of BARD1-BRCA1-containing complexes was
performed 3 h after exposure of eBARDI-expressing
HeLa cells to 10 Gy IR (Fig. 2B). Following IR, two new
bands were detected in a Coomassie-stained gel loaded
with eBARDI1-associated complex (Fig. 2B, each denoted
by a red asterisk). The slower migrating species proved to
be Topoisomerase II3-Binding Protein I (TopBP1), while
the other contained Rad50 as indicated in red. NBS1 was
also detected in the immunoaffinity eluate in a damage-
induced manner, although it was not evident as a unique
band due to its comigration with BARDI (Fig. 2B). To
determine whether these IR-induced, BRCA1/BARDI1
protein-binding phenomena also occurred following
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other forms of genotoxic insult, we searched for them
following replication stress with inhibitors of DNA rep-
lication. BRCA1 migrates to stalled replication forks in
response to replication stress arising from nucleotide
depletion (Scully et al. 1997a). This state was induced by
exposure of cells to pharmacologic doses of thymidine,
which mimics dCTP depletion and results in stalled rep-
lication forks and blockade of cells in early S phase. In
this state, all four of the above-noted proteins exhibited
increased association with BARD1/BRCAIl-containing
complexes (Fig. 2D). Notably, TopBP1 was reproducibly
more abundant in the immunoaffinity eluate after a thy-
midine block than in asynchronous, IR-treated cells (Fig.
2D). Similar increases were observed following hydroxy-
urea (HU) and UV irradiation (data not shown). Collec-
tively (Fig. 2B-D), these results indicate that BRCA1/
BARDI-containing complexes acquire new DNA dam-
age-inducible protein partners in response to different
genomic lesions, potentially implicating TopBP1 and the
M/R/N complex in a BRCA1l gain-of-function pheno-
type. Furthermore, the fact that these interactions were
readily observable by Coomassie staining attests to the
level of their relative abundance vis a vis BRCAI and
BARDI after DNA damage.

Interestingly, TopBP1, like the other DNA damage-
specific, BRCA1/BARDI-interacting proteins (M/R/N),
also displayed BRCAI1 independence for DSB homing
(Fig. 2E). In return, BRCA1 localization at DSBs was un-
affected by siRNA-mediated TopBP1 depletion (data not
shown). These results are, again, consistent with a model
that envisions post-damage complex formation by these
various proteins occurring at sites of acute DNA damage.

PIKKs and CHK2 are required for damage-inducible,
BRCA1 super-complex formation

ATM is known to phosphorylate BRCA1 during a DNA
damage response, and this process is important to certain
elements of post-damage BRCA1 function (Xu et al.
2002b). To learn whether ATM is required for the post-
damage association of BRCA1/BARD1 with TopBP1 and
the M/R/N complex, endogenous BRCA1 immunopre-
cipitation (IP) was performed on extracts of IR-treated,
ATM mutant (ATM /") and wild-type ATM (ATM*/*)
lymphoblasts. While TopBP1/BRCA1 coimmunoprecipi-
tation (co-IP) was unaffected by ATM perturbation (Fig.
3A), the Mrell association was partially reduced in the
ATM mutant cells (Fig. 3A). Post-IR BRCA1 gel migra-
tion was detectably faster in ATM-null cells from what
was observed in wild-type cells, implying the existence
of ATM-dependent post-DNA damage phosphorylation
as previously reported (Cortez et al. 1999). However, IR-
dependent phosphorylation at several ATM consensus
sites including S1423 was evident in both wild-type and
mutant cells (Supplementary Fig. 6A).

To address the possibility of compensatory phosphory-
lation by a second PIKK, ATM mutant and wild-type
cells were incubated with an inhibitor of DNA-PK,
LY294002, prior to delivering 10 Gy of IR. BRCA1 IP was
performed 3 h later. This drug is reported not to inhibit
either ATR or ATM at the concentrations used in our
experiments (100 uM) (Stiff et al. 2004). BRCA1 gel mo-
bility significantly increased in ATM mutant cells, but
not ATM wild-type cells following exposure to the drug
(Fig. 3A). Concomitantly, the BRCA1 association with
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TopBP1 was greatly reduced in the ATM-mutated cells,
but not the ATM wild-type cells after drug treatment
(Fig. 3A; Supplementary Fig. 6B). Similarly, low-dose caf-
feine or wortmannin-mediated PIKK inhibition in DNA-
PK mutant glioblastoma cells also abolished BRCA1-
TopBP1 binding (Fig. 3B). The low concentration of caf-
feine or wortmannin used inhibits ATM, but not ATR
(Sarkaria et al. 1998, 1999). These data suggest that
DNA-PK (or another PIKK enzyme that is LY-sensitive)
and ATM can both phosphorylate BRCA1, and that these
events are needed for damage-specific binding of BRCA1/
BARDI complexes to TopBP1. Redundant phosphoryla-
tion of ATM consensus sites after IR by ATM and DNA-
PK has been reported for y-H2A.X (Stiff et al. 2004). In
addition, phosphorylation of other known ATM sub-
strates can occur in ATM-null cells (Bakkenist and Kas-
tan 2004).

BRCAI1 binding to Mrel1 appeared to rely on a distinct
damage-dependent signal. ATM deficiency partially re-
duced M/R/N association with BRCA1 after IR, suggest-
ing that at least one other kinase was involved in this
process (Fig. 3A). In this regard, CHK2 activation is par-
tially dependent on ATM (Fernandez-Capetillo et al.
2002; Bartek and Lukas 2003) and was also observed after
delivery of 10 Gy to the ATM ™/~ lymphoblasts used in
these experiments (Supplementary Fig. 6C). This led us
to ask whether CHK2 activity contributes to the post-
damage association of BRCA1 with the M/R/N complex.
A CHK2-deficient colon cancer line, HCT115, was re-
constituted with wild-type CHK2 or a vector control and
then stably transduced with eBARDI (Wu and Chen
2003). After IR, eBARDI IP was performed with anti-Flag
Ab. Both Rad50 and Mrell coprecipitated with eBARDI1
in the CHK2-reconstituted, but not the vector-reconsti-
tuted control extract, indicating that BRCA1 binding to
the M/R/N complex depends on CHK?2, possibly down-
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stream of ATM (Fig. 3C). In contrast, BRCAl and
TopBP1 were coimmunoprecipitated to a similar extent
in both extracts (Fig. 3C).

Biochemically distinct BRCAI-BARD1 complexes
form after DNA damage

The above-noted evidence is consistent with a model in
which BRCAL is a central component of multiple differ-
ent super complexes, rather than of a single entity dedi-
cated to a variety of different DNA damage-control func-
tions. To test this possibility further, glycerol gradient
sedimentation was performed on Flag-purified eBARD1/
BRCA1 complex(es) derived from IR-treated HeLa S3
cells. Alternate fractions (numbered serially) were ana-
lyzed by immunoblotting with Abs directed at certain
eBARDI1-associated proteins. Figure 4A shows that
BRCA1 and eBARDI coeluted as two peaks, one cen-
tered at fractions 2 and 3 and the second smaller peak at
fraction 8. The elution patterns of TopBP1 and Rad50
were largely nonoverlapping. The former migrated as a
single peak centered at fraction 3, while the latter mi-
grated as a peak centered at fraction 8. Moreover, BACH1
coeluted with TopBP1, while CtIP comigrated with
Rad50. BRCA?2 migrated in a fashion similar to CtIP and
Rad50. These results imply that TopBP1/BACHI and
Rad50 (or M/R/N)/CtIP-BRCA1/BARDI1 complexes rep-
resent distinct biochemical entities.

To test this possibility further, Flag-purified, eBARD1-
containing complexes from IR-treated cells were immu-
noprecipitated with Ab to BACHI1 or Rad50. (Fig. 4B).
BACH1 Ab coimmunoprecipitated TopBP1, and the
mismatch repair proteins, MLHI1 (Fig. 4B, red) and
MSHG6 (data not shown), but not members of the M/R/N
complex. Rad50 Ab coimmunoprecipitated Mrell,
NBS1, and CtIP (Fig. 4B, blue), but not BACHI1. TopBP1
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was barely detectable in the Rad50 IP, suggesting it
is largely not associated with this particular super
complex. Taken together with the results of sedimenta-
tion velocity analysis, these results strongly suggest
that, after IR, TopBP1 associates with BARD1-BRCA1
together with BACHI, while M/R/N associates with
BARDI-BRCALI in a largely separate complex together
with CtIP.

Given that TopBP1 and BACHI1 are present in the
same BARD1-BRCA1 complex, we asked whether the
IR-inducible BRCA1 interaction with TopBP1 is depen-
dent on BACHI. Stable knockdown of luciferase,
BACHI1, or CtIP expression was achieved in Hela
cells by retroviral transduction of relevant hairpin-en-
coding retroviral vectors. While BRCA1 Ab efficiently
coprecipitated TopBP1 in cells expressing luciferase- or
CtIP-targeted short hairpin RNA (shRNA), co-IP was
significantly diminished in cells depleted of BACHI1
(Fig. 4C). Similarly, in HCC1937 (which synthesize a C-
terminally truncated BRCA1 species that does not inter-
act with BACH1), the association of BRCA1 and TopBP1
was significantly decreased (albeit not absent) compared
with cells that were reconstituted with a wild-type
BRCALI1 allele (Fig. 4D). BACHLI likely does not directly
bridge the BRCAI1-TopBP1 association, however, as
the BACH1 S990A mutant, known to be deficient in
binding BRCA1 (Manke et al. 2003; Yu et al. 2003),
revealed reduced biochemical association with TopBP1
compared with wild-type BACHI or the K52R, catalyti-
cally inactive BACHI point mutant, which can bind
BRCA1 normally (Cantor et al. 2001) (Fig. 4E). Taken

together, the data suggest that an intact BRCA1/BARD/
BACHI1 complex is required for post-damage interaction
of either BRCA1 or BACH1 with TopBP1.

BRCAZ2 appears to be in a third distinct complex. Nei-
ther a BACH1 nor a Rad50 IP contained BRCA2 (Fig. 4B).
Similarly BRCA2 Ab did not co-IP either Rad50 or
BACHI, but did co-IP Rad51 from the BRCA2-contain-
ing gradient fractions (data not shown), consistent with
the view that BRCA2 (and Rad51) exist in a third, dis-
tinct complex together with BARDI-BRCAL.

BRCA1/BARD]1 super complexes contribute to distinct
cell cycle checkpoint functions

The BRCA1 BRCT motif directly binds the BACHI he-
licase and CtIP proteins and is required to inhibit cell
cycle progression in the G2 and S cell cycle phases after
DNA damage (Xu et al. 2001). Since BACHI and CtIP are
mutually exclusive partners of the BRCA1 BRCT do-
main (Yu and Chen 2004), siRNA for each protein made
it possible to achieve specific perturbation of a particular
BRCAI1/BARDI super complex.

The impact of siRNA depletion of either BACHI or
CtIP was assessed on the G2/M checkpoint 1 h after IR.
The number of 4N cells that are positive for the mitotic
marker, phosphohistone H3, as a proportion of the total
number of cells in a given culture, allows one to calcu-
late the percentage of mitotic cells in that population. By
1 h after IR, fivefold to 10-fold reductions in mitotic cell
number are typically observed in cells with an intact
G2/M checkpoint (Xu et al. 2002a). siRNA-mediated
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knockdown of BRCA1 or CtIP, but not BACHI, resulted
in a significantly enhanced rate of mitotic accumulation
in an IR-treated population compared with control cells
(Fig. 5A). This result implies that the BRCA1/BARDI-
RMN-CtIP complex is required for activation of the
G2/M checkpoint.

BRCALI also participates in the S-phase checkpoint via
unknown mechanisms (Xu et al. 2001). Certain features
of the BARD1-BRCA1-BACHI1 complex suggest that it
might support S-phase checkpoint activity. BACHI and
BRCALI interact during much of S phase (Yu and Chen
2004), and the TopBP1-BRCA1/BARDI association was
even more prominent after replication stress than after
IR (Fig. 2D). In this regard, there was a 50%-60% reduc-
tion in deoxynucleotide uptake 1 h after IR in U20S cells
transfected with luciferase siRNA. A less-extensive
diminution in DNA synthesis occurred following
siRNA-mediated knockdown of BRCAI1l, BACHI, or
TopBP1, implying that each of these proteins contributes
to the S-phase checkpoint (Fig. 5B). Conversely, siRNA
depletion of CtIP led to a small, but insignificant, affect
on the S-phase checkpoint, indicating that some BRCA1-
interacting partners are dispensable for this process.
Consistent with a role for the BRCAI-BACHI1 complex
in S-phase DNA damage responses, BACHI-depleted
cells exhibited a reproducibly elevated S-phase accumu-
lation compared with CtIP-deficient or control cells after
a low dose (1 uM) of aphidicolin, an inhibitor of DNA
polymerase-«, (Fig. 5C). Low doses of aphidicolin are
known to activate intra-S-phase DNA damage responses
in a PIKK-dependent manner (Luciani et al. 2004). The
above-noted defect in BACHI1-depleted cells and its ab-
sence in CtIP-deficient cells is further evidence support-
ing the view that the BRCA1-BARD1-BACHI1-TopBP1
complex responds to DNA damage in S phase.

Figure 5. BRCAI super complexes control A
distinct cell cycle checkpoints after DNA
damage. (A) HeLa cells were transfected with
siRNA to BRCAI1, BACHI, or CtIP, as indi-
cated; and the G2/M checkpoint assay was
performed. (B) U20S cells were transfected
with siRNA as indicated, and the radiation-
resistant DNA synthesis (RDS) assay was per-
formed. DNA synthesis after 10 Gy is plotted
graphically as a percentage of DNA synthesis

a @ o~ ®

redyctioq in mitotis

BRCALI is required for efficient ATM- and ATR-medi-
ated phosphorylation of CHK1 kinase at serine residues
317 and 345 after DNA damage (Yarden et al. 2002).
Since CHKI1 is also known to contribute to the intra-S-
phase checkpoint (Bartek and Lukas 2003; Xiao et al.
2003), we wondered whether CHKI1 participates in the
BRCAIl-mediated S-phase checkpoint. Knockdown of
BACHI1 did not affect IR-dependent phosphorylation of
CHKI1 at Ser 317 (Fig. 5D), nor did it suppress CHK2
phosphorylation after genotoxic insult (data not shown).
Conversely, CtIP siRNA greatly diminished post-IR
CHKI1 phosphorylation (Fig. 5D). These results point to a
CHK1/CHK2-independent  mechanism  underlying
BRCA1/BACHI1/TopBP1-mediated S-phase checkpoint
activity. They also suggest that at least part of the
BRCA1/BARDI1/CtIP contribution to G2/M checkpoint
activity is through CHKI1 activation.

BRCA1/BARD1/BACH]1-containing complexes
influence replication initiation events after
DNA damage

The post-IR intra-S-phase checkpoint requires inhibition
of DNA synthesis at late-firing sites of replication ini-
tiation (i.e., replication origins) (Merrick et al. 2004).
This is, in part, controlled by blockade of the Cdc45 rep-
lication initiation factor loading onto late-firing replica-
tion origins (Tercero et al. 2000), thereby contributing to
a major reduction in DNA synthesis rate after DNA
damage (Falck et al. 2002). Failure of Cdc45 to associate
with replication initiation sites after DNA damage is
PIKK dependent and has been shown to require CHK1/
CHK2 signaling to Cdc25a (Falck et al. 2002; Xiao et al.
2003). However, BACH1 deficiency did not appear to in-
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of adherent HeLa cells expressing shRNA to
luciferase, or either of two different shRNAs
targeting BACHI. (Bottom) Quantitation of S
phase in HeLa S3 cells targeted by shRNAs to
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analysis was performed 18 h after exposure of
the relevant cells to 1 pg/mL aphidicolin (+).
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fluence the CHK1/CHK2 pathway(s), suggesting that it
controls origin firing through a different mechanism.

TopBP1 plays an essential role in normal S-phase pro-
gression by loading the replication licensing factor,
Cdc45, onto chromatin (Van Hatten et al. 2002; Hashi-
moto and Takisawa 2003), allowing the initiation of
DNA synthesis at replication origins. These facts sug-
gested a more direct role for BRCA1 and BACHI in pre-
venting replication initiation after DNA damage. To test
this hypothesis, chromatin immunoprecipitation (ChIP)
was performed with Ab to BRCA1, BACHI, or CtIP, and
precipitated genomic DNA was amplified for sequences
of the B-globin gene-associated replication origin. The
results revealed specific association for BRCA1l and
BACH]1, but not CtIP with sites of replication initiation
(Fig. 6A). Similar results were observed at a second, in-
dependent replication origin located near the HSP70 lo-
cus (data not shown).

To determine whether BRCA1 and BACHI reside in a
complex at replication origins or are independently pres-
ent at such sites, ChIP was performed for e BARDI1 with
Flag IP followed by elution with Flag peptide. The eluate
was subsequently reimmunoprecipitated with poly-
clonal Abs (reChIP) to BRCA1, BACHI, or CtIP. Each of
these Abs successfully co-IP eBARDI1 from whole-cell
extracts using the ChIP buffer conditions (Supplemen-
tary Fig. 7A). The reChIP results (Fig. 6B) demonstrated
similar amounts of B-globin origin DNA associated with
either BRCA1 or BACHI1, while insignificant amounts
were detected in the anti-CtIP reimmunoprecipitation
(reIP) (Fig. 6B). These results strongly suggest the pres-
ence of a BARDI-BRCAI1-BACHI1 complex at replica-
tion initiation sites in the genome. In contrast, they do
not support the existence of a BRCAI-BARDI-CtIP
complex at such sites.

In addition, ChIP was performed prior to and 30 min
after 10 Gy IR to examine the behavior of the BRCA1-
BARDI1-BACHI1-containing complex at replication ori-
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gins in response to genotoxic stress. The induction of
DNA damage resulted in the substantial dissociation of
the BRCA1-BACHI1 complex from both the g-globin and
HSP70 replication origins (Fig. 6C; data not shown). Fur-
thermore, caffeine, an inhibitor of both PIKK activity
and the S-phase checkpoint inhibited this IR-dependent
dissociation of BACHI and BRCAL1 (Fig. 6D), as has been
previously demonstrated for Cdc45 at replication origins
(Falck et al. 2002).

In an effort to further assess the functional signifi-
cance of BRCA1-BACHI association with replication
origins, ChIP was performed for Cdc45 in isogenic HeLa
S3 cells expressing a stable shRNA against either Lucif-
erase or BACHI. The precipitated DNA was interrogated
for the core B-globin-associated origin (Aladjem et al.
1998). In control cells, Cdc45 had left this origin by 30
min after IR. However, in cells expressing either of two
independent BACHI1 hairpins, Cdc45 remained at the
B-globin origin under these conditions (Fig. 6E displays a
representative example). These results suggest that the
BRCA1/BARD1 complex containing TopBP1 and
BACHI participates in replication origin- and initiation-
related events critical for the activation of the S-phase
checkpoint through a noncanonical, CHK1/CHK2-inde-
pendent pathway.

Discussion

With the onset of acute DNA damage, it appears that
BRCAI1 plays a set of dynamic roles that individually and
collectively contribute to a proper damage response. It is
attracted to sites of acutely damaged DNA and is respon-
sible for the colocalization there of a subset of its con-
stitutive binding partners (Fig. 1). Damage-dependent
BRCAI-interacting partners (e.g., TopBP1 and the M/R/
N) reach these sites independently. Three distinctive
BRCA1/BARD-containing super complexes subse-
quently form at damage sites, each with a particular

Figure 6. BRCAI1-BACHI1 control Cdc45
association with sites of replication initia-
tion after DNA damage. (A) ChIP was per-
formed with Ab to BRCA1, BACHI, or CtIP,
and precipitated genomic DNA was PCR
amplified for B-globin replication origin core
sequences. (B) ChIP was performed for
eBARDI1 with Flag Ab, followed by Flag pep-
tide elution. ReChIP on eluted material was
performed with the indicated Abs as in A. (C)
ChIP was performed as indicated in A, but in
BACHA1 this experiment, it was undertaken both be-
=% fore and after 10 Gy. (D) ChIP was performed

1gG
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CtIP

)
CHIP; <
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BACH1
BRCA1(Ab1)
BRCA1(Ab2)

1gG

oG for BRCA1 and BACHI1 in the absence or
gb- presence of 5 mM caffeine. (E) ChIP was per-
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formed with rabbit IgG (negative control) or
rabbit polyclonal antibodies to Cdc45 before
and after IR in HeLa cells stably tranduced

a-Cdc45

B-globin origin

o-BACH1

with retrovirus encoding shRNA for Lucifer-

Input ase (Luc) or BACHIL. PCR for the B-globin

B-globin origin
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origin of replication was performed on input
genomic DNA (input) and ChIP samples.
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DNA damage response-associated function. At the cur-
rent level of insight, the operations of these super com-
plexes extend to control of the G2/M checkpoint
(BRCA1-CtIP), replication origin firing (BRCAI-
BACHI1), and DSB localization of the Rad51 recombinase
(BRCA1-BRCA2). The data strongly suggest that BRCA1
serves as a focal point in the formation of multiple, func-
tionally distinct complexes at sites of DNA damage (Fig.
7). Such a model is consistent with earlier genetic evi-
dence implying that the protein operates as a scaffold
during cellular DNA damage responses (Scully et al.
1999).

Very recently, mutation of the BACHI gene has been
identified as the underlying genetic defect responsible
for the Fanconi Anemia J complementation group (for
review, see Thompson 2005). The types of BACHI-de-
pendent DNA damage control implied by these results
are not likely related to Rad51 DSB localization, since
BACHI1 deficiency, unlike BRCA1 or BRCA2 deficiency,
did not affect Rad51 focus formation or laser-stripe hom-
ing (Litman et al. 2005; data not shown). Considering the
established roles of BRCA1 and BRCA2 (FANCDI)
(Howlett et al. 2002; Venkitaraman 2002) in resolving
DNA interstrand cross-links, it is possible that distinct
BRCA1 complexes involving BACH1 and BRCA2 play a
cooperative role in repairing forms of DNA damage in-
volving such cross-links.

Molecular basis for the BRCA1 contribution to certain
cell cycle checkpoints

A DNA damage-dependent interaction of endogenous
BRCA1/BARDI1 and TopBP1 was observed in multiple

BRCA1

BRCA2/Rad51

BRCA1 TopBP1 BRCA1
RIMN Gtp ‘ L9 BACH1

ATM/CHK2

BRCA1

Sites of DNA damage

l '

G2/M CHKPNT. |
CHK1 activation

HR/Rad51 S phase
localization CHKPNT./repair

Figure 7. Model for BRCA1 checkpoint function. Model pro-
posing that prior to DNA damage, BRCAl-containing com-
plexes (dotted circles) fail to interact efficiently with TopBP1
and the M/R/N. Upon genotoxic stress, specific kinase signaling
pathways enable BRCA1 super-complex assembly (colored
circles). DSB recruitment of proteins that constitutively inter-
act with BRCAI (i.e., BARDI1, BACHI1, BRCA2, Rad51) is
largely BRCA1 dependent, while damage-inducible BRCA1-as-
sociated proteins (M/R/N and TopBP1) access DNA damage
sites in a BRCAl-independent manner. Each BRCA1-BARDI1
super complex is responsible for executing distinct elements of
BRCA1-dependent damage response activity.
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cell lines, implying that BRCA1/TopBP1 interactions are
broadly important in the response to multiple forms of
genotoxic insult. It was previously reported that TopBP1
colocalizes, but does not biochemically associate, with
BRCAI1 (Makiniemi et al. 2001). However, it is unclear
whether, at that time, this interaction was examined af-
ter DNA damage. Mammalian TopBP1 contains eight
BRCT repeats, making it an obvious candidate to bind
multiple phosphorylated target proteins (Manke et al.
2003; Yu et al. 2003). Although we have not defined a
specific phosphoserine residue on either BACHI1 or
BRCA1/BARDI needed for TopBP1 binding, the loss of
its interaction with BRCA1/BARDI1 complexes follow-
ing PIKK inhibition is consistent with super-complex
formation arising from one or more specific phosphory-
lation events (Fig. 3A,B).

TopBP1 has been implicated in a BRCA1l-independent
manner in both CHK1 kinase activation and the regula-
tion of G2/M checkpoints (Yamane et al. 2003). As dem-
onstrated above, BACHI1 is largely required for the
TopBP1 association with BRCAI and, in that context,
execution of the S-phase checkpoint. RNAi-mediated
knockdown of BACHI did not affect CHK1 phosphory-
lation, suggesting that the BACHI-dependent associa-
tion between BRCA1 and TopBP1 is not vital to the ac-
tivation of CHKI1. Thus, while TopBP1 may be involved
in activating CHK1 independently of BRCA1, a BACHI-
driven, CHK1-independent step is likely required to al-
low TopBP1 to support the S-phase checkpoint in a
BRCA1-dependent manner.

The data presented here are consistent with a hereto-
fore unappreciated role for BRCA1-BACHI1-containing
complexes in modulating replication origin firing. This
is evidenced by the fact that (1) BRCA1-BACHI1 com-
plexes can be detected at several origin sites in the ge-
nome; (2] they dissociate from these sites after IR in a
caffeine-sensitive manner; and (3) BACHI is necessary
for exclusion of Cdc45 from replication initiation sites
after DNA damage. We have also observed TopBP1 at
replication origins prior to DNA damage, although the
available data are consistent with a scenario in which all
of the TopBP1 normally at origins is not necessarily
bound to BRCAI1/BARDI1/BACHI-containing super
complexes. Furthermore, it is not clear whether TopBP1
undergoes dissociation from origins after DNA damage,
as is the case for BRCA1-BACHI.

A relevant subject for future study will be the detailed
mechanism by which the BRCAI/BARDI-BACHI-
TopBP1 complex prevents radiation-resistant DNA
synthesis (RDS), a signature of the S-phase checkpoint.
While CHK1 and CHK2 kinases have been clearly dem-
onstrated to be essential for the S-phase checkpoint
pathway (Bartek et al. 2004), BACH1 depletion after IR
resulted in persistence of Cdc45 at the B-globin origin
of replication after IR in a CHKI1/CHK2-independent
manner (Figs. 5D, 6E). This suggests that, after damage,
BRCAI1-BACHI1-TopBP1 complexes inhibit replica-
tion origin firing independent of the action of these ki-
nases. This possibility is buttressed by recent evidence
that supports the existence of a caffeine-sensitive,



CHKI1-independent S-phase checkpoint mechanism in
response to low doses of aphidicolin in Xenopus laevis
extracts (Luciani et al. 2004). Notably BACHI-deficient
cells displayed an elevated S-phase accumulation
after low-dose aphidicolin treatment, suggesting a failure
to appropriately respond to S-phase DNA damage
(Fig. 5C).

The observation that, following DNA damage, either
caffeine (Falck et al. 2002) or BACHI1 deficiency (Fig. 6E)
is associated with Cdc45 accumulation at origins may
seem paradoxical, given that caffeine also results in
BRCA1-BACHI origin retention after IR (Fig. 6D). How-
ever, this scenario is consistent with the notion that
pharmacologic doses of the PIKK inhibitor, caffeine, in-
terfere with the upstream signaling pathway to origin-
associated BRCA1/BACH-containing complexes, nulli-
fying their ability to prevent cdc45 loading. This may be
because they cannot bind to TopBP1 in the presence of
caffeine (Fig. 3B). In such a setting, the super complex
would not form and, although some of its subunits (e.g.,
BRCA1, BARD, BACH; cf. Fig. 6D) would be localized at
origins, they would also be deficient with respect to
negative regulation of Cdc45. Similarly, TopBP1-con-
taining BRCA1/BARD/BACH super-complex formation
is impaired after damage in the absence of BACH1 (Fig.
4C). In BACHI1-deficient cells, this would leave origin-
associated TopBP1 free to load Cdc45.

While the full nature of the BRCA1 contribution to the
S-phase checkpoint mechanism remains to be clarified,
its dependency on BACH1 and TopBP1 strongly suggests
that the BRCA1/BARDI1/BACHI1/TopBP1 complex con-
tributes to retardation of DNA replication after DSB for-
mation (Fig. 7).

The M/R/N complex plays key roles in activating
the intra-S-phase and G2/M checkpoints (Kim et al.
2002; Xu et al. 2002a; Carson et al. 2003). The M/R/N
association with BRCA1 has been reported previously
(Zhong et al. 1999), however it was not appreciated at
that time as a damage-enhanced interaction, and its
functional significance was unclear. While some associa-
tion with BRCA1/BARDI1 was detected in the absence of
DNA-damaging agents (Fig. 2A), following IR or replica-
tion stress each member of the M/R/N complex in-
creased its association with BRCA1-BARD1 complexes
markedly (Fig. 2B-D). Such a finding raises speculation
that at least some of its association with BRCA1 before
the active introduction of DNA damage may arise from
a low level of spontaneous DNA damage known to affect
cultured cells (Zhou and Elledge 2000). While our find-
ings support a role for the M/R/N in association with
BRCA1-BARDI1-CtIP in the G2/M checkpoint, we do
not exclude the possibility that its damage-induced
BRCA1 association also plays a role in inhibiting S
phase.

BRCA1 complex formation and its role in tumor
suppression

A number of gene products (BARD1, BRCA2, BACHI,
CHK2, ATM) implicated in suppressing breast cancer (1)

BRCA1/BARDI1 activation by DNA damage

interact with BRCA1 and (2) are involved in the response
to DSBs. This constitutes a body of circumstantial evi-
dence supporting the view that certain pathways of DNA
repair and/or checkpoint control to which BRCA1 con-
tributes are necessary to prevent malignancy in breast
epithelial cells.

While BRCA1 interacts with many proteins engaged in
DNA damage responses (Scully et al. 1997b; Wang et al.
2000), most do not co-IP with BRCA1 in stoichiometric
quantities. For example, ~5% of the total BRCAI ap-
peared to associate with BRCA2 in such an experiment
(Chen et al. 1998). Moreover, where studied, loss-of-
function mutations in genes encoding some BRCA1-as-
sociated proteins only partially recapitulate BRCA1 de-
ficiency with respect to DNA damage responses and in
vivo tumor suppression. These observations suggest a
scenario in which checkpoint and repair activities are
executed by distinct BRCAl-containing super com-
plexes, as has been shown in this report (cf. Fig. 7). In
such a setting, a functional defect in the operation of a
particular complex might not be expected to fully phe-
nocopy true BRCAT nullizygosity. Consistent with this
notion, BRCA2 mutations confer lower penetrance
breast and ovarian cancer phenotypes than do BRCA1
mutations (King et al. 2003).

Against this backdrop, BACHI, too, appears to be a
breast (and possibly other) cancer-associated protein,
and its contribution to DSBR/checkpoint function de-
pends upon its ability to interact directly with the
BRCA1 BRCT domains (Cantor et al. 2001). Thus, one
wonders whether the BRCA1/BACH1/TopBP1 axis con-
tributes to cancer suppression by responding to genomic
lesions during S phase. In this regard, it is now known
that signs of chronic genome damage characterize rela-
tively early and late-stage human tumor species, alike
(Bartkova et al. 2005; Gorgoulis et al. 2005). This implies
a common role for this abnormal state in tumor devel-
opment, much as is suspected of being the case in
BRCA1-associated breast and ovarian cancer (Scully and
Livingston 2000).

A second contributor to BRCA1 checkpoint function
is its specific phosphorylation by certain checkpoint ki-
nases following a genotoxic insult. The work reported
here has illuminated a molecular link between the ac-
tivities of certain checkpoint kinases and BRCA1 DNA
damage-induced interactions with TopBP1 and with the
M/R/N complex. The relevance of these findings might
well extend to tumor suppression, given that both ATM
and CHK2 are suppressors of breast cancer in humans
(Bell et al. 1999; Lu et al. 2001; Chenevix-Trench et al.
2002; Scott et al. 2002). In this regard, it will be espe-
cially interesting to learn whether failure to activate the
BRCA1/BARDI-CtIP and/or -BACH1 checkpoint path-
ways contributes to breast cancer development in cer-
tain ATM and/or CHK2 heterozygous females. If so, this
would further support the notion that the breast is a
particularly susceptible organ to carcinogenesis follow-
ing a breakdown in certain aspects of the DNA damage
response (Scully and Livingston 2000; Elledge and Amon
2002).
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Materials and methods

Laser-induced DNA DSBs

Cells were treated with 10 uM 5-iodo-2-deoxyuridine (IdU;
Sigma) for 24 h prior to laser irradiation on a TE2000 inverted
microscope (Nikon) integrated with the Molecular Machines
and Industries laser microdissection workstation (MMI AG). For
a more complete description of microirradiation experiments,
please see Supplemental Material.

Purification of BARD1-containing complexes

BARDI complexes were purified from nuclear extracts (NE) de-
rived from ~6 x 10° HeLa cells stably expressing eBardl by two-
step affinity chromatography according to the standard method
(Nakatani and Ogryzko 2003). Flag-HA double-purified material
was electrophoresed in a 4%-12% bis-tris SDS gel from Invit-
rogen. Individual Coomassie-stained bands were excised and
subsequently analyzed by tandem mass spectrometry at the
Harvard Medical School Taplin Biological Mass Spectrometry
facility.

Radiation-resistant DNA synthesis assay

Analysis of DNA synthesis was performed at 30 min following
10 Gy IR according to Xu et al. (2001).

G2/M checkpoint assay

G2/M checkpoint assays were performed at 1 h following 3 Gy
IR according to Xu et al. (2002a). Mitotic cell populations were
detected using a rabbit polyclonal Ab to phosphorylated histone
H3 at 1:100 dilution (Upstate Biotechnology).

ChIP

ChIP assays were carried out according to Avni et al. (2003).

Antibodies

Please see Supplemental Material for a detailed description of
all antibodies.

Cells

HCC1937 reconstituted with wild-type BRCA1 and derivatives
thereof were cultured as previously described (Scully et al.
1999). Phoenix A retroviral packaging lines were used to pro-
duce eBARDI retrovirus and all shRNA encoding retroviruses.
Hctl115 cells reconstituted with either a vector control or HA-
CHK2 were cultured in RPMI supplemented with 10% fetal
bovine serum and penicillin/streptomycin (100 U mL™! each).

siRNA oligos and shRNA constructs

siRNA oligos were purchased from Dharmacon. shRNA con-
structs were created by cloning target sequences into pStuffer
Hygro vector downstream of a RNA pollll promoter. BRCA1
and TopBP1 were suppressed by siRNA oligos (Smartpool from
Dharmacon). Please sece Supplemental Material section for the
BACHI1 and CtIP siRNA target sequences.
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