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Loss of function of BRCA1 caused by inherited mutation and tissue-
specific somatic mutation leads to breast and ovarian cancer. Nearly
all BRCA1 germ-line mutations involve truncation or loss of the
C-terminal BRCT transcriptional activation domain, suggesting that
transcriptional regulation is a critical function of the wild-type gene.
The purpose of this project was to determine whether there is a link
between the role of BRCA1 in transcriptional regulation and its role
in tumor suppression. We developed a cell line (in which BRCA1 can
be induced) and used microarray analysis to compare transcription
profiles of epithelial cells with low endogenous levels of BRCA1 vs.
transcription profiles of cells with 2-4-fold higher induced levels of
expression of BRCA1. At these levels of expression, BRCA1 did not
induce apoptosis. Undirected cluster analysis of six paired experi-
ments revealed 373 genes, the expression of which was altered
significantly and consistently by BRCA1 induction. Expression of 62
genes was altered more than 2-fold. BRCA1-regulated genes associ-
ated with breast tumorigenesis included the estrogen-responsive
genes MYC and cyclin D1, which are overexpressed in many breast
tumors; STAT1 and JAK1, key components of the cytokine signal
transduction pathway; the extracellular matrix protein laminin 3A;
ID4, an inhibitor of DNA-binding transcriptional activators, which in
turn negatively regulates BRCA1 expression; and the prohormone
stanniocalcin, expression of which is lost in breast tumor cells. Coor-
dinated expression of BRCA1 with ID4 and with stanniocalcin was
confirmed in primary breast and ovarian tumors.

RCAI is a tumor-suppressor gene in which germ-line mutations

predispose to breast and ovarian cancer (1, 2). Tumorigenesis
in individuals with germ-line BRCAI mutations requires somatic
inactivation of the remaining wild-type allele (3). In breast and
ovarian tumors of patients with no BRCAI germ-line mutation,
expression of BRCAI is reduced also (4-6). BRCAI null cells are
severely aneuploid with unstable karyotypes (7). BRCA1 regulates
multiple nuclear processes including DNA repair and recombina-
tion, checkpoint control of the cell cycle, and transcription (re-
viewed in ref. 8). Much of the evidence for involvement of BRCA1
in these processes is based on identification of multiprotein com-
plexes in which BRCAL is found. BRCAL associates with RAD51
and BRCAZ2 in nuclear foci induced by ionizing radiation (9, 10).
RAD 51 catalyzes strand exchange during homology-directed re-
pair of DNA double-strand breaks by gene conversion, suggesting
a role for BRCALI in DNA repair by homologous recombination.
BRCAL also associates directly with the MRE11-RAD50-NBS1
complex, which is responsible for end-processing of double-strand
breaks (11, 12). In addition, BRCALI is involved in the repair of
oxidative DNA damage by transcription-coupled repair (13, 14).
BRCAL is found in two large complexes involved in DNA repair
and chromatin remodeling. BRCA1 is a component of BASC, a
BRCAl-associated genome surveillance complex that contains
proteins implicated in both DNA-damage sensing and repair (15),
and of a large SWI/SNF-related complex that has chromatin
remodeling capacity (16). BRCA1 is known to be involved in
transcriptional regulation in that it acts in concert with the RNA Pol
II holoenzyme, transcription factors, acetylases, and deacetylases
and their associated proteins CBP/p300 and CtIP (reviewed in ref.
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17). Overexpression of BRCAI induces genes in the apoptotic
pathway (18, 19). Increased expression of BRCA1 leads to repres-
sion of estrogen receptor (ER)-mediated transcription (20-22).

Our purpose in this project was to determine whether there is a
link between the role of BRCALI in transcriptional regulation and
its role in tumor suppression by identifying transcriptional targets
of BRCAL that are involved in breast tumorigenesis. We developed
an epithelial cell line in which BRCAL1 could be induced at modest
levels and then used microarray technology to investigate changes
in the cellular transcription profile in response to induction of
BRCAL. In six replicate experiments, after induction of BRCA1
expression levels of 373 genes were altered consistently, 62 of them
at least 2-fold. Among those implicated in breast tumorigenesis are
cyclin D1,JAKI and STAT1, MYC, and ID4. These experiments also
revealed that BRCA1 induction was highly correlated with expres-
sion of the extracellular matrix protein laminin A3 (LAMA3) and
with stanniocalcin (S7TC1), a prohormone whose loss may serve as
a marker of breast and ovarian cancer.

Materials and Methods

Generation of Cell Lines with Inducible BRCA1 Expression. A full-
length BRCAI cDNA was assembled from partial cDNA clones
kindly provided by I. M. Verma (The Salk Institute, La Jolla, CA).
Sequence-verified, full-length wild-type BRCA1 was cloned down-
stream of the ecdysone-inducible promoter in pIND (Invitrogen).

EcR-293 (Invitrogen) is a human embryonal kidney epithelial
cell line that stably expresses pVgRXR, which encodes a het-
erodimer of the ecdysone receptor and the retinoid X receptor.
EcR-293 was used to generate stably transfected clonal cell lines
EcR-293 pIND-BRCAI. The EcR-293 cell line was chosen to
evaluate BRCA1 effects on expression in noncancerous epithelial
cells, in particular to evaluate the effect of BRCAL in cells with
modest endogenous levels of BRCAL expression (Fig. 1). ER status
of EcR-293 cells was tested with an ERa monoclonal antibody
(Immunotech, Westbrook, ME). EcR-293 cells are positive for ER«
(see Fig. 4, which is published as supporting information on the
PNAS web site, www.pnas.org) and hence may provide results
similar to breast epithelial cells in these expression experiments.
Ideally, experiments would have been carried out in a BRCAI-null
breast or ovarian cell line, but from HCC1937 (7), the only such cell
line currently available, we were unable to isolate stable clones
expressing pVgRXR. Noncancerous breast and ovarian cell lines
have high endogenous expression of BRCA1 and thus were not
suited for this project.

In EcR-293 cells with the pIND-BRCA I vector, BRCAI expres-
sion was induced by addition of varying concentrations of ponas-
terone A in 100% ethanol. Control lines were generated by trans-
fecting EcR-293 cells with pIND lacking BRCAI. These control
lines were developed to control for the possibility of leaky expres-
sion of BRCAI in pIND-BRCAI-transfected but uninduced cell
lines. Control lines were mock-induced by treating with ethanol
alone. Growth rates of EcR-293 cells were not affected by induction

Abbreviations: ER, estrogen receptor; STC1, stanniocalcin.
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Inducible expression of BRCA1 in kidney epithelial cell line EcR-293. (A) Western analysis of total cell lysates showing induction of BRCA1 protein by increasing

concentrations of ponasterone A. BRCA1 was detected by using BRCA1 polyclonal antibody Ab-1 (PharMingen) to residues 768—793 of exon 11. To control for loading,
samples were probed also with an actin antibody (I-19, Santa Cruz Biotechnology). Cells were induced with increasing concentrations of ponasterone A in 100% ethanol,
and levels of BRCA1 protein were compared. Cells represented in the first lane were mock-induced with ethanol alone. (B) Expression of BRCA1 protein at 0, 4, 8, 12,
24, and 48 h after induction by 10 uM ponasterone A. Maximal induction of BRCA1 was seen at 12 h. (C) Modest increase of BRCA1 protein expression in three
pIND-BRCA1 clones (+) induced with 10 uM ponasterone A and harvested at 12 h. Control (—) cells contain pIND vector alone.

of BRCAL1 by 10 uM ponasterone A (see Table 3, which is published
as supporting information on the PNAS web site)

Oligonucleotide Array-Based Expression Profiling. Hybridization
was to HuGeneFL probe arrays (Affymetrix, Santa Clara, CA)
containing probe sets representing ~6,800 genes (http://
www.netaffx.com/index2.jsp). The arrays were synthesized by using
light-directed combinatorial chemistry as described (23, 24). The
target was labeled and hybridized to probe arrays, washed, stained,
and scanned as described (25). GENECHIP 3.2 software (Affymetrix)
was used to scan and quantitatively analyze image data (26).

Statistical Analyses. To compare signal intensities of cRNA samples
from BRCAI-induced lines vs. control lines, a Student’s paired ¢
statistic and corresponding two-tailed P value were calculated for
each probe set. The ¢ test had a value of P < 0.01 for 549 of the 6,800
probe sets. To evaluate robustness of the observed differences, a
simulation was carried out for each gene. A random number drawn
from a normal distribution with the observed mean intensity of the
gene of interest and an SD of 29 was added or subtracted to each
expression level for all experiments involving that gene. [An SD of
29 was chosen because this was the SD of background intensity for
the HuGeneFL probe arrays (Stefan Bekiranov, personal commu-
nication).] A ¢ statistic was calculated for each of 10,000 simulated
sets of values. Probe sets with >80% of simulated ¢ statistics with
significance levels of P < 0.01 were retained in the analysis. The
result of this approach was to exclude probe sets with inconsistent
differences in expression and/or very low expression levels. A total
of 373 probe sets remained (see Table 4, which is published as
supporting information on the PNAS web site). For 62 of these
probe sets, expression was altered at least 2-fold after induction of
BRCAL (Table 1).

Immunohistochemical Analysis. Tissues from 168 sporadic breast and
ovarian cancers were obtained from the University of Washington
and the Women’s Health Hospital in Baton Rouge, LA. Of the 104
breast tumors, 83 were infiltrating ductal carcinoma, 12 were
lobular carcinoma, 7 were ductal carcinoma in situ (DCIS), and 2
were cancers of unknown pathology. Of the 64 ovarian tumors, 54
were papillary serous adenocarcinoma, and 10 were other adeno-
carcinomas. Sections were deparaffinized and heated to induce
epitope retrieval, and endogenous peroxidases were inactivated by
using the Dako LSAB+ kit as directed by the manufacturer.
Specimens stained with the BRCA1 and ID4 antibodies were
washed in three changes of PBS and blocked in 29%BSA/PBS for
3 h while those stained with the STC1 antibody were blocked in
2%BSA/10% goat serum (Vector Laboratories)/PBS for 3 h.
Specimens were exposed to BRCA1 and ID4 antibodies for 16 h at
4°C and to STC1 antibody for 2 h at room temperature and then
washed again in several changes of PBS. Secondary antibody
incubation and signal amplification were performed by using the
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Dako LSAB+ kit. Samples were counter-stained with methyl
green.

Results and Discussion

Inducible Expression of BRCA1. Induction of BRCA1 protein expres-
sion in the experimental system was characterized by Western blot
(Fig. 1). Ponasterone A (10 uM) induced BRCAL protein ~2-4-
fold over endogenous levels (Fig. 1A4). At this level of induction,
maximal BRCALI protein expression occurred ~12 h after the
addition of ponasterone A (Fig. 1B). Using the conditions described
above, we assayed induced BRCA1 protein in three Ecr-293 lines
and found BRCA1 protein to be induced ~2-4-fold in each (Fig.
1C). BRCAL induction at this level did not stimulate apoptosis
(Table 3). Total RNA was isolated from each clone 16-18 h after
the addition of ponasterone A. This window was chosen to follow
maximal BRCALI protein induction and before induced BRCA1
protein levels decreased, thereby capturing a large proportion of the
genes regulated by BRCA1. RNA from three induced and three
control cell lines was labeled, and each preparation was hybridized
to two microarrays for a total of six parallel experiments. To identify
those genes with expression consistently altered by BRCA1, we
carried out the tiered statistical analysis described above.

The profile of genes transcriptionally responsive to BRCA1 is
shown in Fig. 2. The profile comprises 373 genes that met our
statistical criteria for significance and consistency. The impact of
BRCAL1 on expression differed by gene function. Hormones and
receptors and genes encoding structural proteins were more likely
to be transcriptionally activated by BRCA1, and those involved in
DNA replication and translation were more likely to be repressed
after BRCAI induction (see Table 5, which is published as sup-
porting information on the PNAS web site). Genes with expression
levels that were altered at least 2-fold are listed in Table 1; all 373
BRCAIl-responsive genes are listed in Table 4.

BRCA1 and Estrogen-Regulated Genes. Induction of BRCAL led to
more than 3-fold reduction in expression of cyclin D1 (CCNDI,
Table 1). CCND1 is a component of the core cell-cycle machinery
that is expressed in all proliferating cell types (27). Transcriptional
activation of cyclin D1 involves cis-acting promoter elements that
bind ER« (28). Several lines of evidence suggest that CCND! plays
an important role in breast cancer development. CCND/ is genomi-
cally amplified in ~20% of breast cancers, and the protein is
overexpressed in more than 50% of breast tumors (29-31). Trans-
genic mice engineered to overexpress cyclin D1 in mammary glands
succumb to breast cancer (32). Mammary tumors in mice carrying
a conditional disruption of Brcal overexpress cyclin D1 (33).
However, cyclin D1 is not genomically amplified in tumors of
patients with BRCAI mutations (34). Hence, overexpression of
CCND1 in inherited or sporadic breast cancer may be caused by loss
of transcriptional repression of CCNDI by BRCAL.

Induction of BRCAL led to 4.2-fold reduction in expression of
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Table 1. Genes with expression altered =2-fold by induction of BRCA1

FC P
Genes up-regulated at least 2-fold
PBP Progesterone-binding protein 2.1 0.000000001
XIST X inactivation-specific transcript 2.0 0.000000021
JAK1 Janus kinase 1 2.4 0.000000120
H1FO H1 histone family member 0 4.6 0.000000143
SEPP1 Selenoprotein plasma protein 1 3.2 0.000000167
TSNAX Translin-associated factor X 2.2 0.000000169
MGAT2 UDP-N-acetylglucosamine 2.3 0.000000207
STC1 Stanniocalcin 1 * 0.000000335
CALD1 Caldesmon 1 2.6 0.000000878
D4 Inhibitor of DNA binding 4 2.1 0.000001982
SEC23A Yeast coat protein complex homolog 4.6 0.000003792
HSEC10L1 Saccharomyces cerevisiae Sec10 homolog 2.0 0.000006669
STAT1 Signal transducer/activator of transcription 1 2.5 0.000006687
VAMP3 Vesicle-associated membrane protein 3 2.3 0.000006743
FSTL1 Follistatin-like 1 2.6 0.000007804
EXTL2 ER-localized transmembrane glycoprotein 3.6 0.000009654
CCNG2 Cyclin G2 2.8 0.000022558
CITED2 CBP/p300 transactivator 2 2.1 0.000030661
ZNF138 Zinc-finger protein 138 2.2 0.000034285
IDH1 Isocitrate dehydrogenase 1 2.7 0.000044311
RDX Radixin 3.1 0.000049391
LIPA Lipase A 2.0 0.000077373
TFPI2 Placental tissue factor pathway inhibitor 2 2.6 0.000085673
GALNT3 N-acetylgalactosaminyltransferase 3 4.2 0.000104696
ZNF148 Zinc-finger protein 148 2.0 0.000162264
IL16 Interleukin 16 3.5 0.000164512
Clone 23654 2.7 0.000206851
ADD1 Adducin 1 2.3 0.000214371
COP9 COP9 subunit 3 2.0 0.000303657
NFYC Nuclear transcription factor Y, y 2.1 0.000324739
RRM2 Ribonucleotide reductase subunit 2 3.0 0.000330498
WRB Tryptophan-rich basic protein 2.0 0.000497318
PPP1R1A Protein phosphatase 1, regulatory subunit 1A 3.2 0.000555381
CLTB Clathrin, light polypeptide B 2.1 0.000636264
KCNK1 Inward rectifier potassium channel 4.6 0.000859100
MAP2K1 Mitogen-activated protein kinase kinase 1 2.0 0.000927703
KIF2 Kinesin heavy chain 2 24 0.001087503
LIMS1 LIM and senescent cell antigen-like domain 1 2.5 0.001222557
ENPP2 Ectonucleotide phosphodiesterase 2 2.2 0.001490592
P2RX1 Ligand-gated ion channel receptor P2X * 0.001500864
LAMA3 Laminin, a-3 2.5 0.001766256
TITF1 Thyroid transcription factor 1 2.2 0.001914450
ELANH2 Protease inhibitor 2 2.0 0.001961468
HTATIP HIV tat-interacting protein 2.0 0.002684862
MICA1 MHC complex, class I-related gene A 2.3 0.002696680
APP Amyloid B-A4 precursor protein 2.3 0.002849816
TCRA T-cell antigen receptor, a-subunit 2.3 0.003462359
Genes down-regulated at least 2-fold
HRC1 HRAS-related cluster 1 2.7 0.000003770
NDRG1 NMYC downstream-regulated gene 1 2.1 0.000005786
CCND1 Cyclin D1 3.2 0.000006137
RCD8 Autoantigen RCD8 2.7 0.000045533
BOP1 Block of proliferation 1 2.0 0.000065637
SLC19A1 Folate transporter 3.1 0.000078335
NUP214 Nucleoporin 214 KD 2.1 0.000120736
HSF1 Heat-shock transcription factor 1 3.5 0.000226709
MYC MYC oncogene 4.2 0.000284874
RXRA Retinoid X receptor-a 2.0 0.000422080
SLC6A10 Solute carrier family 6, member 10 2.4 0.000709731
CHD4 Chromatin helicase DNA-binding protein 4 2.3 0.002507142
GCN5L2 Control of amino acid synthesis homolog 2 2.0 0.002548543
SKIV2L Superkiller viralicidic activity 2 3.0 0.005094432
EIFAG1 Eukaryotic translation initiation factor 4y 2.4 0.007209999

FC, fold change in expression caused by induction of BRCAT.
*Expression was not detectable in any control lines but was significantly above background in BRCA1* lines. Details
are shown in Table 4.

MYC. MYC affects normal and neoplastic cell proliferation by  result in reduced growth-factor requirements and increased growth
altering gene expression. Approximately 20% of breast tumors  rates that may circumvent cell-cycle arrest. BRCAL interacts with
overexpress MYC (35). Constitutively high levels of MYC expression ~ MYC to repress MYC-mediated transcription (36). MYC expres-
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Fig. 2.  Profile of genes with altered expression in response to induction of
BRCA1. Matrices were constructed by using the programs cLuster and TREEVIEW (62,
63). Each row represents a single probe set; each column represents cRNA from a
control cell line (left-hand six columns of each matrix) or after induction of BRCA1
(right-hand six columns of each matrix). BRCA1~ cell lines and BRCA1™ cell lines
were clearly distinguished by undirected cLuster analysis. The color of each cell in
the matrix is determined by the ratio of expression in that cell compared with
expression of the same probe set in other experiments in the same row. Red
represents higher expression levels, green represents lower expression levels, and
black represents expression near the median for that probe set. Genes with the
most similar expression profiles across experiments are clustered, as are experi-
ments with the most similar expression profiles across genes. Clustering of ex-
periments with different clones reflects parallel response to induction in the
three clones. Fold change in expression level and Pvalues (all P< 0.01) for the 373
genes altered in response to BRCA1 induction are listed in Table 4.

sion is known to be stimulated by estrogen in human breast cancer
cell lines, noncancerous estrogen-dependent tissues, and normal
human breast epithelial cells in culture (37-40). However, it is not
clear how estrogen regulates MYC expression, because the MYC
promoter does not contain a canonical estrogen-responsive element
(41). It is possible that estrogen stimulation of MYC is mediated by
BRG1, a component of the SWI/SNF chromatin-remodeling com-
plex, which directly interacts with BRCAL1 (16). It has been shown
that ER-mediated transcriptional activation requires functional
BRG1 (42). When complexed with BRG1, BRCA1 may prevent
ERa from associating with BRG1, thereby inhibiting ERa-
mediated transcriptional activation of MYC. Hence, loss of BRCA1
might enable BRG1 to interact with ERe, activating MYC
transcription.

Given that DNA-damage response pathways are conserved
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between cell types, it is paradoxical that germ-line inactivation of
BRCAI leads predominantly to breast and ovarian cancer. There is
increasing evidence that this specificity may be related to the
capacity of BRCALI to modulate transcriptional activity of steroid
receptors and hence expression of hormone-responsive genes
(20, 22, 43, 44). One model for the tissue specificity of tumor
suppression by BRCA1 invokes a role for BRCA1 in the modula-
tion of estrogen-signaling pathways. BRCAL1 inhibits the transcrip-
tional activation function of ER« through direct interaction with
promoter-bound ERa (20, 22). In addition, BRCA1 functions as a
barrier to transcriptional activation by unliganded ERa (21). In
ER-positive cell lines, transcription of cyclin D1 and MYC were
stimulated by estrogen (37, 38, 40, 45). In the cell lines used in our
studies, which also are ER-positive (Fig. 4), cyclin D1 and MYC
are transcriptionally repressed in response to BRCAL. It is possible
tha BRCALI represses transcription of these estrogen-responsive
genes by blocking transcriptional activation by ERa. In estrogen-
responsive tissues, it is possible that loss of BRCA1 promotes
ERa-mediated activation of MYC and CCND/ and hence increased
production of these proteins. BRCA1 may function as a tissue-
specific tumor suppressor by regulating expression of estrogen-
responsive genes in breast and ovarian epithelial cells. Interestingly,
MYC represses transcription of CCNDI (46). Therefore, BRCA1
may repress CCNDI by interacting with MYC. Inversely, loss of
BRCAL1 could result in increased MYC expression and subsequently
increased CCND1 activity.

It is well documented that overexpression of BRCAL1 induces the
DNA damage-responsive gene GADD45 and initiates apoptosis
(18, 19). In our microarray experiments, GADD45 was up-regulated
on average 1.3-fold in response to induction of BRCAI, but the
response was not consistent across experiments. The difference
between our results and those previously reported are likely caused
by differences in induced levels of BRCAI expression. Induction of
GADDA45 followed 60-fold overexpression of BRCAI message and
10-fold overexpression of BRCA1 protein (18). In our experiments,
the BRCAI message was overexpressed 8-fold and BRCAL protein
2-4-fold. No growth inhibition caused by these modest levels of
BRCALI induction was detected over 7 days of continuous induction
(Table 3).

Correlated Expression of BRCA1 and ID4. BRCA1 regulates expres-
sion of numerous genes involved in transcription (Tables 1 and 4).
Among these, ID4 is especially intriguing because ID4 has been
shown already to regulate transcription of BRCAI (47). ID4 is a
member of the ubiquitiously expressed family of ID helix-loop—
helix proteins that function as dominant negative regulators of basic
helix-loop-helix transcription factors (reviewed in ref. 48). The
reciprocal regulation of /D4 by BRCA1 may establish a regulatory
loop to enable appropriately cycling levels of expression of both
genes during normal cell division. To determine whether coordi-
nated expression of BRCAI and ID4 on the microarrays would be
reflected in correlated expression of BRCAL and ID4 proteins in
primary breast and ovarian cancer, we evaluated expression by
immunohistochemistry of BRCA1 and ID4 proteins in primary
infiltrating ductal breast tumors and primary ovarian adenocarci-
nomas (Fig. 3, Table 2). The staining intensities of BRCA1 and ID4
were highly correlated for breast tumors (2 = 0.72, P < 0.0001)
and modestly correlated for ovarian tumors (> = 0.28, P = 0.03).
The BRCAI1-ID4 regulatory loop may be a molecular pathway
disrupted in many breast and ovarian cancers.

BRCA1 and Growth Inhibition. Induction of BRCA1 up-regulates
expression of STATI (2.5-fold) and JAKI (2.4-fold). JAK and STAT
proteins mediate cytokine and growth-factor signal transduction
pathways that govern cellular proliferation, differentiation, apopto-
sis, and transformation. In response to extracellular ligands, STAT
proteins, a family of latent transcription factors, become activated
through phosphorylation by their associated kinases (JAKs). Acti-
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Fig. 3. Expression of BRCA1, ID4, and STC1 proteins in normal breast ductal
epithelium, primary breast cancer, normal ovarian epithelium, and primary ovar-
ian cancer. Adjacent 4-um tissue sections were stained with hematoxylin/eosin to
reveal cellular structure, with BRCA1 monoclonal antibody MS 110 (Oncogene
Science) to amino acid 1-304, diluted 1:250, with ID4 polyclonal antibody L-20
(Santa Cruz Biotechnology), which recognizes the C terminus of ID4, diluted
1:200, and with STC1 polyclonal antibody (Human Genome Sciences, Rockville,
MD). BRCAT1 is expressed strongly in the nuclei of epithelial cells surrounding the
normal breast duct and in the nuclei of the single layer of epithelial cells lining the
normal ovary. In contrast, in the primary breast tumor, BRCA1 expression is
absent; a few darkly stained stromal cells are present. In the primary ovarian
cancer, most cells have no BRCA1 expression; a few tumor cells have low levels of
staining. ID4 is expressed in normal breast and ovarian epithelial cells but is
reduced greatly in these breast and ovarian cancers. STC1 is expressed in normal
breast and ovarian epithelial cells but not in these breast or ovarian tumor cells;
acluster of darkly stained stromal cells are present in the ovarian cancer specimen
stained for STC1.

vated STATs dimerize and accumulate in the nucleus where they
recognize specific DNA elements in promoters of genes to activate
transcription. BRCAL1 directly interacts with STAT1 dimers to
activate a family of IFNvy-regulated genes involved in growth
inhibition (49). Together IFNy and BRCA1 induce expression of
the cyclin-dependent kinase inhibitor p21. In BRCAI-null cells,
IFNYy induction of p21 was impaired, suggesting involvement of
BRCA1 in the IFNy-dependent antiproliferative response. [In our
experiments, BRCAL1 induction was associated with a consistent

significant increase in p21 expression (P = 0.005), but this increase
was only 1.4-fold (Table 4).]

The importance of STAT1 activation to growth control is sup-
ported by observations in StatI-null mice and STAT1-deficient cells
in culture. Over time, Stat1-deficient mice develop spontaneous and
chemically induced tumors more readily than do normal animals
(50). Stat 1—/— p53—/— mice undergo greatly enhanced tumor
formation. In cell culture systems, S7AT1-deficient cells exhibit a
defective response to INFv, suggesting that STAT1 plays an im-
portant role in ligand-mediated growth arrest and apoptosis (51,
52). The slower growth of cultured cells after treatment with INFry
depends on fully transcriptionally activated STATI (53). The ob-
servation that STAT1 is known to promote growth inhibition and
apoptosis in breast epithelial cells suggests that loss of STAT1 may
lead to increased breast tumor formation (reviewed in ref. 54). Loss
of this important cellular signaling pathway in breast epithelial cells
may be caused in part by loss of BRCAL if transcriptional activation
of STATI and JAKI were reduced in breast epithelial cells lacking
BRCAL. Together, these observations suggest that STAT1 activa-
tion plays an important role in suppressing proliferation and
promoting apoptosis. Our observation that BRCA1 up-regulates
STATI expression suggests that loss of BRCA1 may contribute to
reduction of STAT1, which in turn would promote cellular prolif-
eration and suppress apoptosis, ultimately leading to increased
tumor formation.

BRCALI regulates expression of a wide variety of genes involved
in maintenance of cell structure and extracellular matrix. BRCA1
increases expression of laminin-5 subunit-a3A (LAMA3). Lami-
nin-5, a heterotrimeric protein consisting of three subunits (a3A,
B3, and v2), is the major extracellular matrix protein produced in
mammary epithelial cells. Laminin-5 is found in the basement
membrane, a dense sheet of proteins that separates the breast
epithelium from connective tissue. Laminin-5, in conjunction with
many other pathways, mediates the differentiation of mammary
epithelial cells. Laminin-5 is down-regulated markedly in breast
cancer cells (55, 56). Loss of laminin-5 likely contributes to the
undifferentiated phenotype of breast cancer cells. Little is known
about how laminin expression is regulated in normal breast epi-
thelial cells or about the mechanism responsible for loss of lami-
nin expression in breast cancer cells. LAMAS3 is not expressed in
breast cancer cells (57). Hence, loss of BRCA1 in primary breast
tumors may contribute in part to down-regulation of laminin-5,
ultimately facilitating migration and invasion during breast cancer
progression.

A Possible Indicator of Breast or Ovarian Cancer. Loss of BRCAI
expression occurs in all inherited and many sporadic breast and
ovarian cancers. Hence genes regulated by BRCAL also may
undergo altered expression in these tumors. Ideally, such genes
would include some that encode proteins that are secreted or found
on the surface of mammary or ovarian epithelium such that
fluctuations in their expression would serve to indicate the presence
of tumor cells. One promising gene with these features is STC1. Of
all of the genes evaluated, expression of STCI was associated most
strongly with BRCAL induction (Table 1). No expression of STCI

Table 2. Expression of BRCA1 and ID4 and of BRCA1 and STC1 in breast and ovarian cancers

Breast cancers: BRCA1 Ovarian cancers: BRCA1

Breast cancers: BRCA1 Ovarian cancers: BRCA1

ID4 0 1 2 3 4 ID4 0 1 2 3 4 STC1 0 1 2 3 4 STC1 0 1 2 3 4
0 3 1 0 0 0 0 1 1 1 0 0 0 5 1 2 0 0 0 1 0 1 0 1
1 1 7 1 1 0 1 1 2 4 2 2 1 3 4 2 3 0 1 1 6 2 2 4
2 2 3 14 4 0 2 2 3 8 0 3 2 2 5 16 8 1 2 3 4 10 1 1
3 1 1 2 8 4 3 1 5 4 3 1 3 0 0 3 8 1 3 1 2 6 6 2
4 2 1 2 9 13 4 1 1 5 4 7 4 0 1 0 2 10 4 0 0 2 1 3
Staining intensity was scored on a five-point scale from no visible expression (0) to intensity equal to that in normal epithelial cells (4).
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was detectable in control lines without exogenous BRCA1, whereas
all BRCAl-induced cells revealed levels of expression of STCI
substantially above the background intensity on the microarrays
(Table 1). STCL1 is a secreted polypeptide hormone that first was
discovered to play an integral role in maintaining calcium and
phosphate homeostasis in fish (58). Independently, in a study
designed to identify genes differentially expressed in human breast
tumor cells vs. normal cells, a then-anonymous transcript was
identified that was detectable only in normal mammary epithelial
cells and not in breast tumor cells (59). This transcript is STCI.
STCI also is expressed differentially in normal ovarian epithelial
cells compared with ovarian cancer cell lines (60).

The mammalian STC1 hormone probably functions as a local
mediator. STC! is most highly expressed in ovary with expression
dramatically increased during pregnancy and lactation (61). During
pregnancy, STCI expression is up-regulated 15-fold and becomes
detectable in the serum, suggesting an endocrine role during
gestation. Ovarian STC1 expression is induced also during lactation.
Developing oocytes lack STCI message; however, they stain
strongly for STC1 protein, implicating STC1 in oocyte maturation.
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Together, these observations suggest that regulation of STCI
expression is critical to normal breast and ovarian physiology.

We screened primary breast and ovarian cancers for altered
expression of STC1 protein. Fig. 3 illustrates normal BRCA1 and
STC1 expression in a breast duct and ovarian epithelium and
reduced expression of both BRCAL1 and STC1 in primary sporadic
breast and ovarian cancers. Levels of BRCA1 and STC1 protein
expression in each of 141 breast and ovarian tumors are indicated
in Table 2. BRCA1 and STC1 expression were highly correlated in
breast tumors (> = 0.71, P < 0.0001) but not in ovarian tumors
(* = 022, P = 0.09). The observations that STC1 is a secreted
hormone, BRCA1 regulates STC1 expression, and loss of BRCA1
and STCI protein expression are correlated in primary breast
tumors suggest that loss of STCI expression and protein may be a
marker of early breast tumorigenesis.
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