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Dynamics of DNA Repair Suggested by the
Subcellular Localization of Brcal and Brca2 Proteins
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Abstract The localization of proteins to specific subcellular compartments often reveals clues regarding their
biological functions. Although significant progress has been made towards understanding how damaged DNA is repaired,
experiments to date have primarily focused on signal transduction pathways that activate DNA repair protein complexes
and on how these complexes are assembled. Current evidence suggests that certain DNA repair processes are spatially
organized such that aberrant DNA structures can be brought into proximity with DNA repair proteins at fixed sites. Since
biochemical evidence suggests that the tumor suppressor proteins, Brcal and Brca2, may mediate the assembly of protein
complexes involved in the repair of damaged DNA, we have performed subcellular fractionation experiments to
determine the subnuclear localization of these proteins. The majority of Brcal and Brca2 proteins were found to interact
tightly with the nuclear matrix. Furthermore, within the limits of detection, localization of Brcal and Brca2 to the nuclear
matrix was not altered following treatment of cells with DNA damaging agents that activate homology-mediated double-
stranded DNA break and transcription-coupled repair pathways. Our findings suggest that Brcal and Brca2 may perform
their DNA repair-related functions from positions that are anchored to the nuclear matrix. These data are consistent with
proposed models that suggest that components of specific repair complexes residing on the nuclear matrix function to
recruit damaged DNA. J. Cell. Biochem. 96: 47-55, 2005.  © 2005 Wiley-Liss, Inc.

Key words: Brcal; Brca2; nuclear matrix localization; DNA Repair

The Brcal and Brca2 tumor suppressor
proteins play a functional role in DNA damage
repair pathways including the homology-direc-
ted repair of double-stranded DNA breaks and
transcription-coupled repair [Venkitaraman,
2002]. Brcal also interacts with proteins asso-
ciated with transcription, chromatin remodel-
ing, mRNA processing, and cell cycle checkpoint
control [Venkitaraman, 2002]. In addition,
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Brecal has been shown to bind directly to specific
DNA structures [Paull et al., 2001]. These
findings implicate Breal in the activities asso-
ciated with DNA repair protein complexes as
well as cellular processes that are dependent on
intact DNA repair pathways.

During the S-phase of the cell cycle, both
Brcal and Brca2 colocalize to discrete nuclear
foci with the strand transferase Rad51 [Scully
et al., 1997]. In addition, Brcal and Brca2
colocalize with proteins involved in replica-
tion-associated repair, including PCNA and
RPA, following treatment of cells with hydro-
xyurea or ionizing radiation [Scully et al., 1997,
Wang et al., 2000; Choudhary and Li, 2002].
Moreover, DNA damage-dependent Rad51
focus formation is impaired in cells harboring
either mutant Brcal or Breca2 [Yuan et al., 1999;
Bhattacharyya et al., 2000; Huber et al., 2001].
These findings are consistent with the fact that
proteins involved in homologous recombination
also appear to contribute to the resolution of
aberrant replication forks [Kuzminov, 1999;
Marians, 2000; Michel, 2000].
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During the replication process, DNA has been
shown to move through discrete structures that
are anchored in the nucleus [Hozak et al., 1993].
Though attached, these structures change in a
dynamic manner and assemble and disassemble
throughout S-phase [Leonhardt et al., 2000].
These findings prompted us to consider the
possibility that the subnuclear localization of
Brecal and Brca2 may provide clues as to how
specific repair processes are organized. Accord-
ingly, we have determined the localization of
Brcal and Brca2 in cell extracts fractionated
into soluble, chromatin, and nuclear matrix
compartments. Our results demonstrate that
the majority of Brcal and Brca2 protein exists
in stable association with the nuclear matrix.
We also demonstrate that the nuclear matrix
association of Brcal and Brca2 does not change
following various genotoxic insults known to
stimulate the activities of these proteins.

MATERIALS AND METHODS
Cell Culture

HC11 cells were grown in RPMI medium
containing 10% bovine calf serum, 5 pg/ml
insulin (Sigma, St. Louis, MO), 10 ng/ml
epidermal growth factor (Sigma), 2 mM L-
glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin. HeLa cells were grown in DMEM
media containing 10% fetal calf serum, 2 mM
L-glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin (Gibco-BRL, Rockville, MD).

Treatment With DNA Damaging Agents

Gamma irradiation was administered using a
CIS bio international (IBL 437c) source. Ultra-
violet (UV) doses were administered using a
Stratalinker (Stratagene, La Jolla, CA). Hydro-
xyurea (HU; Sigma) was used at a final
concentration of 1 mM.

Cellular Fractionation

Fractionation methods included a high salt
method, preparation by amine modification,
and a low-salt method [Mirkovitch et al., 1984;
Reyes et al., 1997; Wan et al., 1999]. High salt
method: cells were washed in phosphate buf-
fered saline (PBS) and extracted in cytoskeleton
buffer (CSK): 10 mM Pipes, pH 6.8, 100 mM
NaCl, 300 mM sucrose, 3 mM MgCl,, 1 mM
EGTA, 1 mM DTT, 0.5% Triton X-100 contain-
ing 100 pg/ml Pefabloc (Roche, Indianapolis,

IN), 20 pg/ml aprotonin, 10 pg/ml leupeptin,
0.1 mM B-glycerophosphate, 50 mM NaF, and
1 mM sodium orthovanadate. After 5 min of
incubation at 4°C, the insoluble fraction was
obtained by centrifugation at 5,000g for 5 min
and the supernatant (soluble fraction) was
removed. In order to solubilize the chromatin,
RNAse-free DNAse I (Roche) was added at a
final concentration of 1 mg/ml in CSK buffer
with protease and phosphatase inhibitors and
extracts were incubated at 37°C for 15 min.
Ammonium sulfate was added at a final con-
centration of 0.25M and samples were incu-
bated for 5 min at 4°C followed by centrifugation
at 5,000g¢ for 5 min. The pellet was further
extracted with 2M NaCl in CSK buffer. The
combined supernatants were considered the
chromatin fraction. Urea buffer was added
to solubilize the final pellet (nuclear matrix
fraction).

Amine modification method: cells were wash-
ed in PBS and extracted in CSK buffer. Follow-
ing a 5 min incubation at 4°C, the insoluble
fraction was separated from the soluble fraction
by centrifugation at 5,000g for 5 min. The
supernatant was removed and labeled the
soluble fraction. In order to solubilize chroma-
tin, RNase free-DNase I (Roche) was added
at a final concentration of 1 mg/ml in CSK
buffer with protease and phosphatase inhibi-
tors and samples were incubated at 37°C for
15 min. Samples were then exposed to 2 mg/ml
of sulfo-N-hydroxysulfosuccinimide acetate
(sulfo-NHS, Pierce) for 20 min at room tem-
perature. This step was repeated and cells were
then washed with 10 mM glycine in CSK buffer.
Urea buffer was added to the final pellet.

Low-salt method: nuclei were obtained using
NE-PER (Pierce, Rockford, IL) and stabilized in
isolation buffer: 3.756 mM Tris-HCl, pH 7.4,
0.05 mM spermine, 0.125 mM spermidine, 1%
(v/v) thiodyglycol, 20 mM KCIl, 0.1% digitonin
and incubated for 20 min at 37°C. RNase-free
DNase I was added at final concentration of
1 mg/ml and samples were incubated for 15 min
at 37°C. Samples were then extracted with
LIS buffer containing 5 mM HEPES/NaOH,
pH 7.4, 0.25 mM spermidine, 2 mM EDTA/
KOH, pH 7.4, 2 mM KCl, 0.1% digitonin, 25 mM
3,5-diiodosalicylic acid for 5 min at room
temperature. Pellets were resuspended in urea
buffer.

To confirm the extent of chromatin removal,
cells were labeled with 10 pCi/ml methyl [*H]
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thymidine (NEN) for 24 h prior to fractionation.
Trichloroacetic acid precipitated samples from
each fraction were analyzed for radioacti-
vity. Extraction buffers contained 100 pg/ml
Pefabloc, 20 pg/ml Aprotonin, 10 pg/ml leupep-
tin, 0.1 mM B-glycerophosphate, 50 mM sodium
fluoride, and 1 mM sodium orthovanadate. Cells
grown on chamber slides for in situ fractiona-
tion were treated in an identical manner as cell
pellets. To confirm the removal of chromatin
from cells fractionated in situ preparations
were stained with 4’,6-diamidino-2-phenylin-
dole (DAPI). Samples were processed for immu-
noflourescence according to published protocols
[Scully et al., 1997]. Affinity purified Breal
antibody (mAb1) was used at a 1:1,000 dilution.
Rad51 antibody Ab-1 (Oncogene Science, La
Jolla, CA), and Mrell antibody (Novus Biol-
ogicals, Littleton, CO), were used at a 1:1,000
dilution. Tetramethyl rhodamine (TRITC) was
used at a dilution of 1:250. Images were obtain-
ed by laser scanning confocal microscopy.

Immunoblotting

Laemmli sample buffer (LSB) was added to
the soluble and chromatin fractions. Insoluble
fractions were resuspended in 8M urea. Equal
fraction volumes were subjected to SDS—-PAGE
electrophoresis. Transfer to nitrocellulose was
performed in buffer containing 192 mM glycine,
25 mM Tris base, and 20% methanol. Mem-
branes were blocked for 1 h in phosphate
buffered saline containing 5% nonfat dried milk
and 0.5% NP-40. Primary antibodies were used
at the following dilutions: Brcal antibody
(mAbl; [Huber et al., 2001]) 1:1,000, Brca2
(Ab1; [Sarkisian et al., 2001]) 1:1000, Lamin B
(Santa Cruz Biotechnology, Santa Cruz, CA)
1:1,000, Histone H3 (Upstate Biotechnology,
Charlottesville, VA), Rb (BD Biosciences Phar-
mingen, San Diego, CA), BRG1 1:2,000. Perox-
idase conjugate goat anti-rabbit IgG and goat
anti-mouse IgG secondary antibodies (H + L),
(Jackson Immunoresearch, West Grove, PA)
were used at a 1:3,000 dilution.

RESULTS

Brcal and Brca2 Localize to
the Nuclear Matrix

Although the cellular localization of Brcal
has been controversial, it is currently accepted
that both Brcal and Brca2 are localized exclu-

sively within the nuclear compartment. To
determine the subnuclear localization of Brcal
and Brca2, exponentially growing HC11 cells
were subjected to nuclear fractionation by
amine modification. Fractions were analyzed
by immunoblotting for proteins that localize to
specific subnuclear compartments in order to
verify the success of the fractionation proce-
dure. As expected, Lamin B localized exclu-
sively to fractions containing the nuclear matrix
(Fig. 1). As a marker of the chromatin fraction
we employed antibodies directed against His-
tone H3, since histones can be released from
their tight association with chromatin by diges-
tion with restriction enzymes or DNase I and
extraction with high salt. Immunoblotting
revealed that most, if not all, Histone H3
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Fig. 1. Brcal and Brca2 localize predominantly to the nuclear
matrix. Nuclear extracts from exponentially growing HC11 cells
were subjected to fractionation by amine modification to yield
soluble, chromatin, sulfo-NHS (S-NHS), and nuclear matrix
fractions. Digested chromatin, including DNA and histones,
readily elutes under physiological salt conditions after sulfo-NHS
treatment [Wan et al., 1999]. Equal fraction volumes were
subjected to immunoblotting with the indicated antibodies.
Similar results were obtained using human cells including HeLa
cell as well as MCF7 cells transfected with myc-tagged human
BRCA1 (data not shown).
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cofractionated with chromatin (Fig. 1). Consis-
tent with this result, experiments in which [3H]
thymidine-labeled cells were fractionated in an
identical manner demonstrated the segregation
of greater than 95% of label in the chromatin
fraction (data not shown).

Thelocalization of Histone H3 and Lamin B to
the chromatin and nuclear matrix fractions,
respectively, was observed using high-salt (2M
NaCl) elution, low-salt (LIS) elution, and amine
modification fractionation protocols (Figs. 1 and
2 and data not shown). Fractionation by amine
modification, which involves treatment with
sulfo-NHS, has been shown by high resolution
electron microscopy to preserve the ultrastruc-
ture of the nuclear matrix, presumably due to
the fact that digested chromatin readily elutes
under physiological salt conditions following
sulfo-NHS treatment. Fractionation by amine
modification otherwise yields results similar to
those obtained by other methods [Wan et al.,
1999]. Notably, some differences in protein
content have been reported for nuclear matrix
fractions generated using amine modification as
compared to high-salt elution [Wan et al., 1999].
Consequently, it has been suggested that in
addition to removing residual chromatin and its
associated proteins, high-salt elution may also
disrupt the interactions of a subset of matrix
bound proteins.

Previous experiments have determined that
the retinoblastoma protein (Rb) is present in the
soluble fraction in its hyperphosphorylated
state, whereas the majority of hypophosphory-
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Fig. 2. Brcal and Brca2 remain associated with the nuclear
matrix following genotoxic insult. A: Extracts derived from
exponentially growing HC11 cells subjected to fractionation by
amine modification (upper panels) and high-salt methods (lower
panels) were probed with antibodies listed on the right-hand
side of the figure. Doses of DNA damaging agents are indicated.
Lanes 1-4 represent the soluble, chromatin, wash, and matrix
fractions, respectively. Samples shown were harvested at 3 h

= _] Breal

Huber and Chodosh

lated Rb, as is found during the G; phase of the
cell cycle, is associated with the nuclear lamina
or nuclear matrix [Mancini et al., 1994]. Con-
sistent with this, immunoblotting analysis of Rb
in fractionated extracts derived from exponen-
tially growing HC11 cells indicated that the
majority of Rb is present in the soluble fraction
(Figs. 1 and 3).

Components of the SWI/SNF chromatin-
remodeling complex, such as BRG1, have been
shown to be associated both with active chro-
matin and the nuclear matrix [Reyes et al.,
1997]. In addition to these associations, we
detected a small amount of soluble nuclear
BRG1 (Fig. 1). This may represent the pool of
BRG1 derived from mitotic cells since the SWI/
SNF complex is excluded from condensed
chromatin during this phase of the cell cycle
[Sif et al., 1998]. We also found that a subset of
BRG1 molecules were released from the nuclear
matrix following elution with amine modifica-
tion or high-salt suggesting that a subset of
BRG1 molecules are bound to residual chroma-
tin or are loosely associated with the nuclear
matrix (Fig. 1).

Having confirmed the fractionation of the
soluble, chromatin, and matrix components of
the nuclear compartment, we wished to anal-
yze the subnuclear localization of Brcal and
Brca2. Immunoblotting of fractionated extracts
revealed that the majority of Brcal is associated
with the nuclear matrix (Fig. 1). The remaining
fraction of Brcal protein in the nucleus was
found to be present in a soluble form. Since
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following treatment with DNA damaging agents, however
samples harvested at 1 or 6 h following treatment gave similar
results (data not shown). B: HeLa cells subjected to 200 J m ™ UV
were fractionated using the high-salt method as described above
and were subjected to immunoblotting. The appearance of the
additional band inthe UV treated nuclear matrix fraction is due to
the presence of phosphorylated BRCAT1. Each treatment/fractio-
nation condition is shown in duplicate.
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Fig. 3. Brcal foci localize to the nuclear matrix. A: Exponen-
tially growing HC11 cells grown in chamber slides were
subjected to fractionation by amine modification followed by
indirect immunofluorescence analysis using a murine Brcal
antibody as described in ““Materials and Methods.”” Extraction
procedures were initiated 1 h following treatment with 50 ) m~?2
UV, T mM HU, or 10 Gy y-irradiation. Staining with DAPI was

BRG1 associates with human BRCAL, it is
possible that Brcal, like BRGI, is excluded
from condensed chromatin during mitosis.
Alternatively, although Brecal localizes predo-
minantly to nuclear foci, the subset of Brecal
molecules that is detected in the soluble fraction
may represent protein that is localized in a
diffuse pattern throughout the nucleus.
Further experiments in which cells are fractio-
nated during the phases of the cell cycle may
distinguish between these possibilities. Lastly,
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used to confirm successful removal of chromatin. B: Exponen-
tially growing HC11 cells grown in chamber slides were
subjected to fractionation followed by immunofluorescence
analysis using Rad51 and Mre11 antibodies as described in
“Materials and Methods.”” Extraction procedures were initiated
3 h following treatment with 12 Gy y-irradiation.

immunoblotting of Brca2 revealed a similar
fractionation pattern to Brcal: the majority of
Brca2 was found to be associated with the
nuclear matrix fraction whereas a smaller
amount was present in a soluble form (Fig. 1).

Brcal and Brca2 Remain Associated With the
Nuclear Matrix Following DNA Damage

Specific DNA repair proteins have been
shown to bind more tightly to damaged com-
pared tointact DNA. Brcal is phosphorylated in
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response to DNA damage, relocalizes to nuclear
focialong with Brca2, and is the target of several
checkpoint kinases [Gately et al., 1998]. As
such, we considered the possibility that the
subnuclear compartmentalization of Brcal
might change following treatment with DNA
damaging agents that induce its phosphoryla-
tion. To address this possibility, we performed a
comparison of fractionated nuclear extracts
derived from untreated HC11 cells and cells
treated with 12 Gy-irradiation, 1 mM hydro-
xyurea, or 50 J m 2 ultraviolet light. Analysis of
subnuclear fractions prepared both by amine
modification and high salt methods revealed
that the majority of Brcal remains tightly
associated with the nuclear matrix following
DNA damage (Fig. 2A). Similar to Brcal, the
subnuclear distribution of Brca2 was not
altered following y-irradiation, exposure to UV
or treatment with HU when examined by either
fractionation procedure (Fig. 2A).

To confirm and extend these findings, we
examined the subnuclear localization of human
BRCAL in HeLa cells treated with 200 J m 2 UV
radiation using the high-salt elution method.
This analysis demonstrated that, similar to
murine Brcal, the bulk of human BRCA1l
protein is associated with the nuclear matrix,
although a fraction of BRCA1 protein was found
associated with chromatin (Fig. 2B). As demon-
strated for murine Brcal, the subnuclear
localization of human BRCA1l was not signi-
ficantly altered following treatment with
DNA-damaging agents (Fig. 2B and data not
shown).

Brcal Foci Are Associated
With the Nuclear Matrix

Brcal has previously been demonstrated
by indirect immunofluorescence to reside in
nuclear foci in S-phase cells and to relocalize to
distinet nuclear foci following DNA damage
[Scully et al., 1997]. Therefore, we wished to
determine the relationship between these foci
and the biochemical fractionation methods
employed in this study. Cells were grown in
chamber slides and were subjected to biochem-
ical fractionation procedures as described
in “Materials and Methods” to sequentially
extract soluble and chromatin fractions in situ.
Following each fractionation step, in situ pre-
parations were fixed for 10 min in 4% para-
formaldehyde prior to being processed for

immunofluorescence analysis. DAPI staining
confirmed the successful removal of chromatin
from cells. HC11 samples from which soluble
and chromatin fractions had been extracted
were probed with antibodies to murine Breal.
This analysis revealed discrete Brcal nuclear
fociin untreated cells that remained essentially
unchanged following extraction of soluble
nuclear components as well as following extrac-
tion of chromatin (Fig. 3A). These observations
strongly suggest that Brcal nuclear foci are
tightly associated with the nuclear matrix.
Furthermore, these patterns of immunofluor-
escence and nuclear foci did not vary signifi-
cantly in cells treated with a variety of genotoxic
insults, including UV, HU, and IR. These
findings suggest that Brcal foci remain asso-
ciated with the nuclear matrix following treat-
ment with DNA damaging agents.

Interestingly, we observed that following
irradiation Rad51 nuclear foci are associated
predominantly with the chromatin fraction
rather than the nuclear matrix in irradiat-
ed cells. In contrast, only a subset of Mrell
foci was associated with the nuclear matrix
(Fig. 3B). These results suggest that DNA
repair proteins that function in specific repair
pathways may operate within distinct nuclear
compartments.

DISCUSSION

We have demonstrated that the majority of
Brcal and Brca2 protein in epithelial cells is
tightly associated with the nuclear matrix. In
addition, treatment of cells with agents known
to generate DNA lesions that are repaired by
Brcal and Breca2-dependent pathways does not
result in detectable changes in the subnuclear
localization of either of these proteins. Notably,
although phosphorylation of Brcal is required
for DNA repair, our results indicate that
phosphorylation of Brcal is not accompanied
by movement of Brcal or Brca2 from the nuclear
matrix into the soluble or chromatin nuclear
fractions. However, our results do not rule out
the possibility that Brcal or Brca2 may translo-
cate from one position to another within this
compartment, as has been observed for Mrell
following DNA damage [Nelms et al., 1998]. In
addition, we can not exclude the possibility
that a minor fraction of the total Brcal and
Brca2 protein redistributes following genotoxic
insult.
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Importantly, Brcal-interacting proteins do
not necessarily undergo changes in compart-
mentalization in response to DNA damage. For
example, the distribution of the ATM kinase
within nuclear matrix and chromatin fractions
does not change following exposure to ionizing
radiation [Gately et al., 1998]. In addition,
proteins that physically interact with Brecal
either directly or indirectly may localize to a
compartment other than the nuclear matrix.
This is suggested by our fractionation experi-
ments in which the Rad51 protein, which
physically interacts with Brcal and Brca2,
was found to elute with the chromatin fraction.
This may be relevant to the variability in
subunit composition of Brcal-associated com-
plexes that have been reported to date. It may
be particularly difficult to extract intact com-
plexes containing Brca bound to soluble or
chromatin-bound proteins; Brcal may remain
associated with the nuclear matrix whereas
other components of these complexes may
be more readily solubilized. Importantly, in
human cells we detect a fraction of the total
BRCA1 protein in the soluble and chromatin
fractions and in the murine HC11 cell line a
relatively small amount in the soluble fraction.
We speculate that this readily extracted protein
represents the fraction of BRCA1l measured
using standard extraction and immunoblotting
procedures.

It has previously been demonstrated that
damaged DNA isrecruited to the nuclear matrix
[Koehler and Hanawalt, 1996]. Moreover, cells
that are defective in transcription-coupled
repair (TCR) exhibit a decreased ability to
recruit DNA damaged by UV to the nuclear
matrix [Mullenders et al., 1988]. Consistent
with these results, proteins involved in excision
repair have been found in the nuclear matrix
including Cockayne’s syndrome A (CSA), which
rapidly translocates to the matrix following
UV irradiation [Kamiuchi et al., 2002]. These
data are consistent with the idea that compo-
nents of specific repair complexes residing on
the nuclear matrix function to recruit damag-
ed DNA to sites within the matrix. Brecal is
specifically implicated in TCR and it will be
informative to determine if the nuclear matrix
translocation of proteins involved in this repair
pathway is compromised in Brcal-deficient
cells.

Another link between Brcal and Brca2 and
the concept of a protein scaffold that recruits

damaged DNA to the nuclear matrix is the
occurrence of BRCA1 and BRCAZ2 nuclear foci
during the S-phase of the cell cycle. These foci
have been suggested to reflect the presence of
stalled replication forks, which are recognized
as aberrant DNA structures by specific repair
proteins. Replicating DNA has been shown to
move through replication complexes that are
stably anchored in the nucleus. Consistent with
these data is the possibility that replication
complexes that encounter stalled or collapsed
replication forks contain DNA repair proteins
such as BRCA1 or BRCAZ2. This idea is sup-
ported by the finding that the replication
protein PCNA colocalizes with BRCA1 and
BRCA2 following genotoxic insult during the
S-phase of the cell cycle.

We propose a model in which BRCA1 and
BRCA2, when present in damaged-provoked
replication foci, aid in the recruitment and
positioning of proteins involved in repair by
bringing appropriate regions of DNA into
proximity. Consistent with this model, several
proteins that physically interact with Brecal
undergo changes in subnuclear compartmenta-
lization following DNA damage. For example,
the Bloom’s syndrome helicase (BLM) changes
its localization from an NP-40 soluble to an
NP-40 insoluble fraction following treatment of
cells with ionizing radiation [Dutertre et al.,
2002]. BLM has been shown to associate with
the nuclear matrix, interact with RAD51, and
colocalize with RADS51 foci [Bischof et al., 2001].
Similarly, treatment of cells with mitomycin
C results in enhanced association of Fanconi
anemia proteins with nuclear matrix and
chromatin fractions [Qiao et al., 2001]. BRCA1
is required for DNA damage-induced foci for-
mation of FANCD2 and, interestingly, is
impaired in Fanconi anemia primary fibro-
blasts, as has been observed in Breal ™~ cells,
Rad51 foci formation [Garcia-Higuera et al.,
2001; Digweed et al., 2002]. Thus, it is pos-
sible that nuclear matrix-associated Brcal may
serve as a scaffold to facilitate the recruitment
or assembly of repair-associated protein com-
plexes such as those proposed here as well as the
BRCA1l-associated genome surveillance com-
plex (BASC) [Wang et al., 2000].

Interestingly, the expression profiles of
nuclear matrix proteins are reported to be
altered in human breast cancer [Spencer et al.,
2001]. In addition to determining if Breal
or Brca2 are required for the appropriate
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localization of known interacting proteins, it
will be informative to determine if loss of
function of these tumor suppressors leads to
aberrant expression profiles of nuclear matrix
proteins in human breast cancers.
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