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A drastic reduction in BRCA1 gene expression is a characteristic feature of aggressive sporadic breast
carcinoma. However, the mechanisms underlying BRCA1 downregulation in breast cancer are not well under-
stood. Here we report that both in vitro and in vivo HMGA1b protein binds to and inhibits the activity of both
human and mouse BRCA1 promoters. Consistently, murine embryonic stem (ES) cells with the Hmga1 gene
deleted display higher Brca1 mRNA and protein levels than do wild-type ES cells. Stable transfection of MCF-7
cells with the HMGA1b cDNA results in a decrease of BRCA1 gene expression and in a lack of BRCA1 induction
after estrogen treatment. Finally, we found an inverse correlation between HMGA1 and BRCA1 mRNA and
protein expression in human mammary carcinoma cell lines and tissues. These data indicate that HMGA1
proteins are involved in transcriptional regulation of the BRCA1 gene, and their overexpression may have a role
in BRCA1 downregulation observed in aggressive mammary carcinomas.

BRCA1 was isolated as the gene responsible for increased
susceptibility to familial breast and ovarian cancer (31). Germ
line mutations of BRCA1 have been detected in approximately
90% of familial breast and ovarian cancers and in approxi-
mately 50% of familial breast cancers alone. Full-length
BRCA1 is a nuclear protein of 220 kDa and 1,863 amino acids.
The BRCA1 gene is highly expressed in rapidly proliferating
mammary epithelial cells during pregnancy and is downregu-
lated during lactation (30, 39). BRCA1 has pleiotropic biolog-
ical functions, possibly playing a role in transcriptional regula-
tion, chromatin remodeling, DNA damage repair, cell cycle
regulation, and checkpoint control (reviewed in reference 43).

Although BRCA1 mutations play a critical role in familial
breast carcinomas, sporadic breast carcinomas rarely show mu-
tations in the BRCA1 gene (21). However, reduced expression
of BRCA1 has been frequently observed in sporadic breast
carcinomas, and reduced expression of BRCA1 has shown a
positive correlation with increased invasiveness of human
breast carcinomas (49, 51).

Many studies have examined the downregulation of BRCA1
expression in advanced sporadic cancer, but the mechanisms
for this remain poorly understood. Alterations of methylation
patterns are rarely detected in the vicinity of the major tran-
scription initiation site of the BRCA1 gene (9, 11, 16, 29, 36),
and loss of heterozygosity is not related with BRCA1 mRNA
and protein expression level (26, 40, 49). Therefore, different

mechanisms may account for the inactivation of BRCA1 func-
tion in sporadic breast cancer.

HMGA1 is a structural gene that encodes a nonhistone chro-
matin protein. Two isoforms, HMGA1a and HMGA1b, are
produced through an alternative splicing mechanism. Both iso-
forms are able to bind DNA in AT-rich regions and interact
with various transcription factors to enhance or inhibit gene
transcription by acting as architectural proteins (reviewed in
reference 35). HMGA1 protein is abundant during embryo-
genesis (12, 53) but is absent or present only at low concen-
tration in normal adult tissues.

Induction of HMGA1 expression occurs in several human
malignant neoplasias, including thyroid (13, 15), colon (1, 14,
19), prostate (46), cervix (5), and pancreas (2) carcinomas.
HMGA1 protein expression significantly correlates with pa-
rameters indicating a poor prognosis in patients with colon
carcinomas (1, 14). Increased expression of the HMGA1 gene
in mouse (33) and human (28) breast carcinomas has been
demonstrated, with a direct correlation between HMGA1 pro-
tein levels and the metastatic phenotype of human breast can-
cer cell lines (28).

Inhibition of HMGA synthesis prevented the neoplastic
transformation induced by the myeloproliferative sarcoma vi-
rus or by the Kirsten murine sarcoma virus, suggesting that
HMGA overexpression plays a key role in the induction of the
malignant phenotype (6). Moreover, suppression of HMGA1
protein synthesis by an adenovirus construct carrying the
HMGA1b cDNA in antisense orientation led several carci-
noma cell lines to death (41).

Here we report that HMGA1b protein directly binds to the
BRCA1 promoter, resulting in the downregulation of BRCA1
promoter activity both in vitro and in vivo. Murine embryonic
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stem (ES) cells with the Hmga1 gene deleted have higher Brca1
mRNA and protein levels than do wild-type ES cells. More-
over, MCF-7 cells stably transfected with HMGA1 cDNA show
decreased BRCA1 gene expression. Finally, we demonstrate an
inverse correlation between HMGA1 and BRCA1 expression
levels in human breast carcinoma cell lines and tissues, sug-
gesting that downregulation of BRCA1 expression by HMGA1
may account for the low BRCA1 levels observed in aggressive
mammary carcinomas.

MATERIALS AND METHODS

Expression vectors. pCMV–�-Gal was purchased from Invitrogen. The
pCEFL-hemagglutinin (HA)-tagged HMGA1b expression plasmid (20) and re-
porter constructs containing the BRCA1 promoter region (48) have been previ-
ously described. BRCA1-198 and -198Mut were generated by PCR using as the
5�primer the follow sequence: 5�-TCCTCTTCCGTCTCTTTCCTTTTACGTC
A-3� or TCCTCTTCCGTCTCTTTCCTTggACGTCA, respectively. The point
mutations generated in the HMGA binding site of the BRCA1 promoter are
shown in lowercase type. As 3� primer, the region between base �5 and �36 was
used as described previously (48). pCMV-YT, which contains the first 79 amino
acids, including the three AT hook domains, was obtained by PCR amplification
and subcloned into the pcDNA3 myc-His vector (Invitrogen). The mouse Brca1
promoter region �266/�45 was PCR amplified (based on the sequence pub-
lished in reference 8 [GenBank accession no. AF080589]) and cloned in the
pGL3 reporter vector (Promega).

Cell culture. Tumor cell lines were obtained from American Type Culture
Collection, and H-MEC cells were purchased from Clonetics. Cell media and
reagents were obtained from GIBCO, except as noted. H-MEC cells were cul-
tured in MGEM bullet kit medium (Clonetics) according to manufacturer in-
structions. All the experiments involving H-MEC cells were performed using
cells between passages 9 and 10.

MCF-7 cells were maintained in minimum essential medium (MEM) supple-
mented with 10% fetal bovine serum, 2 mM sodium pyruvate, 2 mM glutamine,
100 nM insulin, 1� MEM nonessential amino acids, penicillin (100 IU/ml), and
streptomycin (100 �g/ml). The other mammary carcinoma-derived cell lines were
grown in Dulbecco’s MEM, supplemented with 10% fetal bovine serum, 2 mM
glutamine, penicillin (100 IU/ml), and streptomycin (100 �g/ml). Stably trans-
fected cell lines MCF-7 CMV, MCF-7 YHA, and MCF-7 YT were selected for
neomycin resistance in medium containing G418 (800 �g/ml) and maintained in
medium containing G418 (200 �g/ml). Cells were incubated in a humidified
atmosphere of 95% air and 5% CO2 at 37°C.

For estrogen induction experiments, MCF-7 cells were plated in supplemented
MEM with no insulin and with 10% charcoal-stripped serum instead of fetal
bovine serum. After 3 days, the medium was replaced with the same medium
containing 10 nM (final concentration) 17-�-estradiol (E2). Cells were harvested
at 0, 3, 6, 9, 11, 12, 18, 24, and 48 h and divided in three aliquots for flow
cytometry analysis, RNA extraction, and protein extraction.

Culture of murine ES cells. Murine ES cells AB2.1 have been described
elsewhere (44). For targeted disruption of the Hmga1 gene, exons 6 and 7 were
replaced with a Neo cassette (S. Battista et al., unpublished data). Double-
knockout clones, also indicated as Hmga1�/�, were obtained by selecting
Hmga1�/� clones with higher doses (6 mg/ml) of G418. ES cells were grown on
a fibroblast feeder layer, as described elsewhere (44). Before transient transfec-
tion, fibroblasts were removed, by three passages on gelatin-coated plates. Leu-
kemia inhibiting factor (100 U/ml) was added to maintain the pluripotent un-
differentiated state.

For functional assays of mouse and human BRCA1 promoter ES cells were
cultured in six-well plates at a density of 2 � 105 cells/well. Cells were transfected
48 h later using FuGENE 6 transfection reagent (Roche Diagnostic Corporation,
Indianapolis, Ind.), according to the manufacturer’s instructions. Wild-type or
Hmga1�/� ES cells were transfected with a mixture of 500 ng of reporter con-
struct, 1 �g each of the HMGA1b and HMGA1b/T constructs, and 0.5 �g of
pCMV–�-Gal construct. The vector alone was transfected as a control. Cells
were lysed and processed after 36 h as described below.

Transient-transfection experiments. MCF-7, T47D, and H-MEC cells were
transfected using FuGENE 6, using a total of 5 �g of DNA per transfection (0.5
�g of promoter construct and 0.5 �g of pCMV–�-Gal, plus a total of 4 �g of
HMGA1b vectors and/or control cytomegalovirus vector). Transfections were
optimized for six-well plates. Cells were harvested 48 h posttransfection, and
lysates were analyzed for luciferase activity. Transfection efficiency was normal-

ized using �-galactosidase activity. All assays were performed in triplicate and
repeated in at least three independent experiments.

For the experiments involving E2 stimulation, 2 � 105 cells were plated in
steroid-free medium (see above) and transfected 2 days later. Twenty-four hours
posttransfection, E2 was added at a final concentration of 10 nM. Cells were then
cultured for 24 h and processed as described above.

RNA isolation reverse transcription (RT)-PCR and Northern blot analysis.
Total RNA was extracted using either the RNAeasy kit (Qiagen) or TriReagent
(Molecular Research Center, Cincinnati, Ohio) solution, according to the man-
ufacturer’s instructions. Northern blot hybridization was performed as described
previously (20) using Hybond-XL membranes (Amersham Pharmacia BioTech).
All cDNA probes were radiolabeled with [�-32P]dCTP (NEN) using a random
prime synthesis kit II (Stratagene). The entire HMGA1b coding region was used
as a molecular probe for the HMGA1 gene. A 3,035-bp EcoRI/BamHI fragment
of human BRCA1 cDNA (47) was used as a probe for human BRCA1. A 335-bp
PstI fragment of pS2 cDNA (obtained from the American Type Culture Collec-
tion) was used as a probe for human pS2, and a radiolabeled internal oligonu-
cleotide (5�-CTC CTG ACA ACA TAA ATC AGG GAA CTG ACC-3�) was
used as a specific probe for the mouse Brca1 cDNA. Glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) expression was used as an internal control.

Protein extraction, Western blotting, and antibodies. Cells were washed twice
in ice-cold phosphate-buffered saline (PBS) and lysed in NP-40 lysis buffer (2)
supplemented with Complete protease inhibitors cocktail (Roche Diagnostic
Corporation). Total proteins were separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes
(Bio-Rad). Membranes were blocked with 5% nonfat milk and incubated with
the appropriate antibodies. Anti-HMGA1 antibodies were previously described
(20) or purchased from Santa Cruz Biotechnology. Antibodies against human
BRCA1 included Ab1 mouse monoclonal antibody (Oncogene Science), rabbit
polyclonal antibodies raised against epitopes between amino acids 768 and 793
and amino acids 1847 and 1863 of the human BRCA1 protein (PharMingen),
and K-18 rabbit polyclonal antibody (Santa Cruz Biotechnology). Anti mouse-
BRCA1 M-20, anti-HA epitope Y-11 rabbit polyclonal, anti-myc 9E10 mouse
monoclonal antibody, and antitubulin mouse monoclonal antibody were pur-
chased from Santa Cruz Biotechnology. Bound antibodies were detected by the
appropriate secondary antibodies and revealed with an enhanced chemilumines-
cence system (Amersham Pharmacia Biotech).

Flow cytometry. Cells were analyzed for DNA content as described previously
(3). After the cells were collected, washed in PBS, and fixed in ethanol, the DNA
was stained with propidium iodide (50 �g/ml) and the cells were analyzed using
a FACScan flow cytometer (Becton Dickinson). Cell cycle data were analyzed
with the XLII system program (Becton Dickinson).

Production of recombinant proteins. The full-length or the truncated versions
of HMGA1 cDNAs were cloned in the pET2c vector (Novagen). BL21/DE3 cells
transformed with each vector were grown in Luria-Bertani medium, induced with
IPTG (isopropyl-�-D-thiogalactopyranoside, and washed in PBS. The cells were
then sonicated and purified using the His-Trap purification kit (Amersham
Pharmacia Biotech) following the manufacturer instructions as previously de-
scribed (4).

DNase I footprinting assays. A 242-bp (�208 to � 36) fragment representing
a portion of the human BRCA1 promoter radiolabeled on either the top strand
or the bottom strand, was incubated with recombinant HMGA1b protein and
digested with DNase I, using the DNase footprinting kit (Promega). The optimal
enzyme concentration and digestion time were determined empirically. Single-
stranded DNA cleavage products were loaded onto a 6% polyacrylamide se-
quencing gel. Electrophoresis was performed at room temperature for roughly
2 h at 45 W, after which the gels were dried and autoradiographed.

DNA binding assays. Electrophoretic mobility shift assays (EMSA) were per-
formed essentially as described previously (4, 48). The oligonucleotides used
in the assays corresponded to the region of nucleotides (nt) �209 to �169 and
the region of nt �198 to �177 of the human BRCA1 gene. Five to 100 ng of
recombinant proteins was incubated in the presence of radiolabeled oligonucle-
otide, with 0.5 �g of poly(dC-dG) (Sigma) serving as a nonspecific competitor. In
some experiments a 50- or 100-fold excess of specific or nonspecific unlabeled
competitor oligonucleotides was added. The DNA-protein complexes were re-
solved on 5% nondenaturing acrylamide gels and were visualized by exposure to
autoradiographic films.

Formaldehyde cross-linked chromatin preparation. Subconfluent plates of
wild-type and Hmga1�/� ES cells and of MCF-7 cells transfected with YHA6 or
YHA7 were formaldehyde cross-linked for 10 min at room temperature by
adding 0.1 volume of cross-linking solution (11% formaldehyde, 50 mM HEPES
[pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA). Cross-linking was
stopped by the addition of glycine to a final concentration of 125 mM. Cells were
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washed twice with ice-cold PBS and then harvested in lysis buffer (10 mM
Tris-HCl [pH 8.0], 0.25% Triton X-100, 10 mM EDTA, 0.5 mM EGTA, 10 mM
sodium butyrate, 100 mM sodium chloride, 20 mM �-glycerophosphate, 100 �M
sodium orthovanadate, protease inhibitors Complete) and left on ice for 10 min.
Cells were centrifuged at 800 � g for 4 min at 4°C. Nuclei were washed in wash
buffer (10 mM Tris-HCl [pH 8.0], 200 mM NaCl, 1 mM EDTA, 0.5 mM EGTA,
10 mM sodium butyrate, 20 mM �-glycerophosphate, 100 �M sodium orthovana-
date, protease inhibitors Complete), resuspended in sonication buffer (10 mM
Tris-HCl [pH 8.0], 1 mM EDTA, 0.5 mM EGTA, 100 mM NaCl, 10 mM sodium
butyrate, 20 mM �-glycerophosphate, 100 �M sodium orthovanadate, protease
inhibitors Complete), and sonicated. SDS was added to a final concentration of
1%, and the chromatin solutions were rotated at room temperature for 1 h.
Insoluble material was removed, and the soluble supernatant chromatin was used
for immunoprecipitation as described below.

ChIP. Chromatin immunoprecipitation (ChIP) experiments were carried out
as described previously (10, 32) with a few modifications. Cross-linked released
chromatin fractions were adjusted to RIPA buffer (10 mM Tris-HCl [pH 8.0], 1%
Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate, 1 mM EDTA, 0.5 mM
EGTA, 140 mM NaCl, 10 mM sodium butyrate, 20 mM �-glycerophosphate, 100
�M sodium orthovanadate, protease inhibitors Complete). For immunoprecipi-
tation, chromatin was mixed with anti-HMGA1, anti-HA, or normal rabbit im-
munoglobulin G (IgG) and incubated with rotation for 2 h at 4°C. Protein
A/G-Sepharose beads (Santa Cruz Biotechnology) were added, and the mixture
was incubated with rotation at 4°C for a further 15 h. The beads were harvested
by centrifugation and then washed sequentially with (i) RIPA buffer; (ii) RIPA,
500 mM NaCl; (iii) RIPA, 1 M NaCl; (iv) 0.25 M LiCl, 10 mM Tris-HCl (pH 8.0),
1 mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 20 mM
�-glycerophosphate, 10 mM sodium butyrate, 100 �M sodium orthovanadate,
and protease inhibitors Complete; and (v) Tris-EDTA (TE) (pH 7.5), 10 mM
sodium butyrate, 20 mM �-glycerophosphate, and protease inhibitors Complete.
The antibody-bound chromatin was eluted from the beads with 200 �l of elution
buffer (Tris-EDTA [pH 7.5], 10 mM sodium butyrate, 20 mM �-glycerophos-
phate, 30 mM NaCl) containing 1.5% SDS, and this was followed by elution with
200 �l of elution buffer containing 0.5% SDS. Formaldehyde cross-links were
reversed, and the DNA was ethanol precipitated, resuspended in water, and
treated with RNase A (50 �g/ml), and this was followed by proteinase K treat-
ment (100 �g/ml). The DNAs were extracted with phenol-chloroform and chlo-
roform, precipitated with ethanol, and dissolved in water. Input DNA and im-
munoprecipitated DNAs were analyzed by PCR for the presence of BRCA1
promoter sequences.

PCR analysis of immunoprecipitated DNA. All PCRs were performed using a
Perkin-Elmer GeneAmp 2400 thermal cycler and Takara Taq DNA polymerase.
The primers used to amplify the human BRCA1 promoter were (forward) 5�-
ACG CGT TAG AGG CTA GAG GGC AGG-3� and (reverse) 5�-CTC GAG
GGA AGT CTC AGC GAG CTC-3�. The primers used to amplify the mouse
Brca1 promoter were (forward) 5�-ACG CGT TCT TTC TCT TCC GTC TCT-3�
and (reverse) 5�-CTC GAG CCG AGG ACG GAG AAG CCC CAA-3�. PCR
products were resolved on agarose gels, transferred to nylon membrane, and
hybridized with the �202 to �36 region of human BRCA1 promoter or the �236
to �44 region of the mouse Brca1 promoter.

RESULTS

HMGA1 proteins bind to the BRCA1 promoter region. The
positive regulatory region of BRCA1 promoter encompasses
nt �202 to �177, and in this region has been located the
binding site of some yet-unidentified proteins that may posi-
tively regulate the activity of BRCA1 promoter (48). This re-
gion is flanked upstream and downstream by AT-rich se-
quences which represent a preferential binding site for the
HMGA proteins.

To investigate whether the HMGA1 proteins were able to
bind the BRCA1 promoter, an EMSA was performed using a
42-bp oligonucleotide spanning nt �209 to �169 of the human
BRCA1 promoter, encompassing the positive regulatory region
(48). As shown in Fig. 1A, recombinant HMGA1b protein can
directly bind to this region. Binding specificity is demonstrated
by competition experiments showing loss of binding with the
addition of a 100-fold molar excess of a specific, unlabeled

oligonucleotide, but not with the addition of an unrelated,
unlabeled oligonucleotide at the same concentration (Fig. 2A,
compare lane 12 with lanes 13 and 14). Moreover, the addition
of a 100-fold molar excess of an unlabeled oligonucleotide
encompassing the CD-28 responsive element of the interleu-
kin-2 (IL-2) promoter region (4) that contain an HMGA bind-
ing site, was able to displace the HMGA1 binding. To verify
that the binding to the BRCA1 promoter was due to the ability
of HMGA1b protein to bind the DNA we used a truncated
HMGA1b protein, which retains only the three AT hook do-
mains and lacks the carboxyl-terminal tail (HMGA1b/T).
HMGA1b/T recombinant protein displayed almost the same
binding capacity as the wild-type protein (Fig. 1A), demon-
strating that the presence of the DNA binding domains is
important while the presence of the carboxyl-terminal tail is
not. Deletion of the putative HMGA1 binding site (using an
oligonucleotide spanning nt �198 to �177 of human BRCA1
promoter) in the 42-bp oligonucleotide resulted in loss of bind-
ing activity for both the wild type and the truncated recombi-
nant HMGA1b proteins (Fig. 1B).

HMGA1 proteins inhibit BRCA1 promoter activity. To de-
fine the functional consequences of the interaction between
the HMGA1 protein and the BRCA1 promoter, we cotrans-
fected a luciferase reporter construct regulated by the human
BRCA1 promoter (pGL2-BRCA1) (48) in MCF-7 cells
with increasing amounts of an HMGA1b expression vector
(HA-HMGA1b). The expression of HMGA1b protein in
MCF-7 cells resulted in a three- to fourfold decrease of the
activity of BRCA1 promoter in the luciferase reporter con-
struct. This effect was dose dependent (Fig. 1C) and was not
observed in cells transfected with the control vector pGL3
(data not shown). No decrease in BRCA1 promoter activity was
obtained when the cells were transfected with a construct ex-
pressing HMGA2 (Myc-HMGA2), the other member of the
HMGA family (Fig. 1C). To confirm the specificity of the
HMGA1 activity on the BRCA1 promoter we also analyzed
the activity of the IL-15 receptor � promoter in MCF-7, and we
obtained a little stimulation rather than inhibition of the ac-
tivity of this promoter, transfecting 2 to 4 �g of HMGA1b
expression vector together with the pGL3 IL-15 receptor �
reporter vector (data not shown).

Plasmid pGL3-202 is a reporter vector containing nt �202
through �36 of the BRCA1 gene, a region that retains full
promoter activity (48). HMGA1b overexpression resulted in
threefold reduction of the BRCA1 promoter activity on plas-
mid pGL3-202 in MCF-7 cells (Fig. 1D). The truncated
HMGA1b/T (Myc-HMGA1b/T) protein was as active as the
wild-type protein in inhibiting pGL3-202 activity (Fig. 1D).
This finding demonstrates again that the presence of the DNA
binding domains in the HMGA1b protein is sufficient to obtain
the donwregulation of BRCA1 promoter. These data were
further confirmed using the H-MEC and T47D cell lines that
express low levels of HMGA1 protein (Table 1). In both the
cell lines overexpression of either HMGA1b or HMGA1b/T
protein resulted in a strong reduction in the activity of the
pGL3-202 construct (Fig. 1E). Interestingly, the T47D cell line
has been reported to have a p53 mutation (42), suggesting that
downregulation of the BRCA1 promoter by HMGA1b is inde-
pendent from p53 activity.

HMGA1b protein binds to and inhibits the mouse Brca1
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promoter. To define the DNA sequences in the BRCA1 pro-
moter interacting with HMGA1b, we performed a DNase I
footprinting assay using the purified HMGA1b protein and the
BRCA1promoter region nt �202 to �43. The recombinant

HMGA1b protein protected the region spanning the positive
regulatory site between nt �198 and �166 (highlighted by
asterisk in Fig. 2A).

A comparative analysis of human and murine BRCA1 pro-

FIG. 1. HMGA1 protein binds to and downregulates the human BRCA1 promoter. (A) EMSA performed with a radiolabeled oligonucleotide
spanning from nt �209 to �169 of the human BRCA1 promoter incubated with increasing amounts of recombinant HMGA1b or HMGA1b/T
proteins as indicated. To assess the specificity of the binding, 50 ng of recombinant protein was incubated in the presence of a 100-fold excess of
unlabeled nonspecific oligonucleotide (lane 12), in the presence of a 50- to 100-fold excess of the nt �209 to �169 unlabeled oligonucleotide as
specific competitor (lane 13 and 14), or a 100-fold excess of the IL-2 CD28RE unlabeled oligonucleotide (lane 15). (B) EMSA performed with
a radiolabeled oligonucleotide spanning from nt �209 to �169 and from nt �198 to �177 of the human BRCA1 promoter incubated with
increasing amounts of recombinant HMGA1b protein as indicated. (C) Effect of increasing amounts (as indicated) of the HMGA1b expression
vector on the human BRCA1 promoter region (pGL2-BRCA1) transfected in the MCF-7 cells. (Error bar, standard deviation.) (D) Effect of
HMGA1b and HMGA1b/T constructs on the activity of the BRCA1 minimal promoter region (pGL3-BRCA1-202) transfected in the MCF-7 cells.
(Error bar, standard deviation). (E) Effect of HMGA1b and HMGA1b/T constructs on the activity of the pGL3–BRCA1-202 reporter vector
transfected in the H-MEC and in the T47D cell lines.
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moters revealed that the pyrimidine-rich region, first identified
as a positive regulatory region in the human BRCA1 promoter
(48), is highly conserved at nearly the same position of the
mouse Brca1 promoter (data not shown). Experiments using
the mouse promoter region nt �266 to �45 cloned in the
pGL3 luciferase reporter vector indicated that the negative
effect of HMGA1b overexpression on this vector was compa-
rable to the inhibition exerted on the pGL3-202 construct
containing the human BRCA1 promoter, as tested in two dif-
ferent mammary carcinoma-derived cell lines (Fig. 2B). Inter-
estingly, deletion of the putative HMGA1 binding sites from
the BRCA1 promoter impaired the HMGA1 activity on the
human BRCA1 promoter. In fact, we generated a deletion

mutant of BRCA1 promoter that starts from base �166, in
the pGL3 reporter vector. This fragment lacks the putative
HMGA1 binding sites. Transfection of increasing amount of
HMGA1 vector, together with the pGL3-166 BRCA1 pro-
moter, did not significantly affect the luciferase activity of this
vector when compared with the activity obtained transfecting
the pGL3-166 BRCA1 promoter with a control expression
vector (Fig. 2C). Finally, we generated a point mutation in the
putative binding site for the HMGA1 protein present in the
BRCA1 promoter spanning between base �185 and �176 by
replacing thymidines �177 and �178 with two guanines. To
this aim we inserted by PCR these point mutations in the
pGL3-198 construct that displays an activity similar to that

FIG. 2. HMGA1 protein interferes with the activity of mouse Brca1 promoter. (A) DNase I footprinting assay of human BRCA1 promoter
fragment nt �209 to �45. The asterisks indicate the regions of binding between the human BRCA1 promoter and the HMGA1b recombinant
protein flanking the positive regulatory region. (B) Effect of HMGA1b and HMGA1b/T overexpression on the activity of human and mouse
BRCA1 minimal promoter regions transfected in the MCF-7 and in the T47D cell lines. (C) Effect of HMGA1b overexpression on the activity of
human BRCA1 promoter mutant �166, which lacks the putative HMGA1 binding sites, transfected in the MCF-7 cells. (D) Effect of HMGA1b
overexpression on the activity of human BRCA1-198 and BRCA1-198Mut, in which T �177 and �178 were replaced with G in MCF-7 cells. (B
to D) Error bar, standard deviation.
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obtained by transfecting the pGL3-202 construct (48). Over-
expression of HMGA1 was able to reduce the activity of the
wild-type pGL3-198 but it completely failed in its inhibitory
effect if the HMGA1 binding site of this construct was mutated
(Fig. 2D).

Constitutive expression of HMGA1b in MCF-7 cells results
in endogenous BRCA1 downregulation. To better understand
the role of the HMGA1b-mediated BRCA1 down regulation in
breast cancer cell lines, we generated MCF-7 cell lines stable
transfected with the full-length or truncated HMGA1b con-
structs. As control MCF-7 cells were transfected with the vec-
tor alone (MCF-7 CMV). Several clones were isolated and
analyzed for HMGA1 protein expression (Fig. 3A). Since the
effects of the full-length (YHA) or the truncated (YT)
HMGA1b constructs were comparable, only the results ob-
tained with two different full-length MCF-7 YHA clones
(YHA6 and YHA7) are presented here.

Examination of BRCA1 mRNA levels in several different
MCF-7 HMGA1b clones showed an inverse relation between
HMGA1b and BRCA1 expression. Northern blot analysis dem-
onstrated that overexpression of HMGA1b resulted in down-
regulation of BRCA1 mRNA in a dose-dependent manner
(Fig. 3B). Similarly, transient-transfection experiments with
the human and mouse BRCA1 promoter regions cloned in the
pGL3 vector (described above) revealed a 70 to 80% decrease
in BRCA1 promoter activity in both MCF-7 YHA6 and MCF-7
YHA7 transfectants compared to parental MCF-7 cells (Fig.
3C). No effect was observed on the basal activity of the pGL3
vector, indicating the specificity of the effect on the BRCA1
promoter. Taken together, these results suggest that the inhi-
bition of BRCA1 expression in MCF-7 YHA clones is due to
the direct action of the HMGA1b protein on the endogenous
BRCA1 promoter.

ChIP experiments confirmed that the exogenous HMGA1b

protein was able to bind in vivo the human BRCA1 promoter.
Chromatin prepared as previously described (10, 32) from
MCF-7 YHA6 and YHA7 cells was immunoprecipitated with
an anti-HA polyclonal rabbit antibody or with normal rabbit
IgG. As shown in Fig. 3D the �202 to �36 region of the
human BRCA1 promoter was amplified only from the DNA
recovered with the anti-HA antibody and not from the DNA
recovered using the normal rabbit IgG (Fig. 3D, compare lanes
3 and 5 with lanes 6 and 7).

Overexpression of HMGA1b proteins in MCF-7 cells in-
creases the S phase population. HMGA1b-transfected MCF-7
cells showed a change in morphology, with the acquisition of a
round-like shape, and were less adherent to the plate; by con-
trast, no changes in morphology were noticed in MCF-7 cells
transfected with the vector alone (MCF-7 CMV) (Fig. 4A).
Since an increased growth rate in the MCF-7 YHA clones
compared to control cells was observed (Fig. 4B), we used flow
cytometry to analyze the DNA content of the different cell
lines under exponential growth conditions. Parental MCF-7
cells and vector-transfected MCF-7 cells showed 16% of cells
in S phase when analyzed in exponential phase of growth (Fig.
4C, first and second panels). Under the same culture condi-
tions, 28 to 30% of MCF-7 cells transfected with HMGA1b
were in S phase, with a corresponding reduction of the G0/G1

population (Fig. 4C, third and fourth panels). These results
indicate that overexpression of HMGA1b protein in MCF-7
cells is associated with an increased proliferation rate and a
less-differentiated phenotype. It is worthwhile to observe that
the differences in BRCA1 expression could not be ascribed to
a decreased number of cells in S phase in MCF-7 cell clones,
since the percentage of cells in S phase was higher in HMGA1
transfected cells. It is known, in fact, that BRCA1 is a cell-
cycle-regulated protein that is expressed at highest levels dur-
ing the S phase of the cell cycle (39). Therefore, the flow cy-
tometry analysis confirms that the downregulation of BRCA1
expression is not related to a decreased proliferation rate.

Brca1 expression is higher in Hmga1�/� ES cells than in
wild-type ES cells. Since the mouse Brca1 promoter and the
human BRCA1 promoter were similar in their response to the
HMGA1 proteins, we used a mouse system for further studies
of the interaction of the Hmga1 protein and the Brca1 gene.
We investigated the transcription of Brca1 in murine ES cells
in which both Hmga1 alleles had been deleted by targeted
homologous recombination (Battista et al., unpublished data).
Figure 5A shows the absence of Hmga1 mRNA in two different
Hmga1�/� ES cells. Northern blot analysis, shown in the Fig.
5B, demonstrated a fivefold increase of Brca1 mRNA expres-
sion levels in homozygous Hmga1�/� ES cells when compared
to the wild-type ES cells. Western blot analysis results paral-
leled the data obtained with Northern blot and RT-PCR anal-
yses (data not shown). Two different clones of Hmga1�/� ob-
tained from two different parental Hmga�/� ES cells showed
the same difference in Brca1 mRNA levels (data not shown).
Interestingly, ES cells lacking only one allele of the Hmga1
gene (i.e., Hmga1�/� ES cells) showed a threefold reduction in
Brca1 mRNA when compared to wild-type ES cells (Fig. 5B),
suggesting a dose-dependent effect of Hmga1 proteins on
Brca1 gene expression. Conversely, when we tested the expres-
sion of cyclin E, another gene whose expression is S-phase
dependent, no change was observed in the same cell lines (Fig.

TABLE 1. Relationship between HMGA1 expression, BRCA1
expression, and cell cycle distribution in normal mammary

and mammary carcinoma-derived cell lines

Cell line
Expressiona of: Cell cycle

distributionb (%)

HMGA1 BRCA1 G1 S G2/M

H-MEC � ������ 72 18 5
MCF-7 � ��� 70 18 11
T47D � ���� 79 9 11
HBL-100 � ���� 70 13 14
MDA-MB-453 � � 67 22 8
BT-549 �� ���� 58 16 20
BT-20 �� �� 57 18 19
MDA-MB-436 ��� � 59 16 20
SK-BR-3 ��� � 73 11 7
MDA-MB-231 ���� � 51 23 14
MDA-MB-361 �� �� NT NT NT

a The expression of HMGA1 and BRCA1 is indicated in arbitrary units and
was evaluated by Western blot analysis and normalized using the tubulin expres-
sion levels. The results reported are the means of four different independent
experiments carried out using three different anti-BRCA1 antibodies and two
different anti-HMGA1 antibodies. Symbols: �, no expression; �, low expression;
��, moderate expression; ���, high expression; ����, very high expression.

b The cell cycle distribution observed in the different cell lines represents the
value obtained in a single experiment and reflects the distribution observed in
two other independent assays. In each case the cell lines were cultured to 70 to
80% of confluence, and harvested 15 to 18 h after the addition of fresh medium.
NT, not tested.
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5B). The activities of both the human and mouse promoters
were twofold higher in the Hmga1�/� ES cells than in the
wild-type cells, as measured by luciferase activity (Fig. 5C).
Cotransfection of Hmga1�/� ES cells with a vector carrying
either the full-length or the truncated HMGA1b cDNA de-
creased the activity of the human BRCA1 promoter to levels
comparable to those seen in the parental ES cells (Fig. 5D).
These results clearly demonstrate that for both the human and
murine genes, the difference in BRCA1 promoter activity in
Hmga1�/� and wild-type ES cells was due to the presence of
Hmga1 proteins.

ChIP experiments demonstrated that Hmga1 proteins bind
the mouse Brca1 promoter in vivo. A specific anti-Hmga1
antibody was able to recover the DNA from wild-type ES cells
but not from the Hmga1�/� ES cells (Fig. 5E), indicating that
endogenous Hmga1 protein binds the Brca1 promoter in vivo.

HMGA1b overexpression prevents estrogen-induced BRCA1
expression. MCF-7 cells are estrogen-receptor positive cells,
and it has been reported that BRCA1 expression is enhanced

by estrogen treatments (22, 30). We investigated whether
HMGA1b overexpression could somehow interfere with the
estrogen activity on the BRCA1 promoter. As shown in Fig.
6A, overexpression of HMGA1b protein completely abolished
the estrogen-mediated induction of the BRCA1 promoter ac-
tivity. Interestingly, the elimination of endogenous HMGA1
protein expression (obtained using an expression vector carry-
ing the full length of HMGA1b in antisense orientation) re-
sulted in an increase of BRCA1 promoter activity induced by
estrogen treatment (Fig. 6A). Similarly, the activity of the
pGL3-202 vector on the MCF-7 YHA6 and MCF-7 YHA7
transfectants was fourfold lower in MCF-7 cells overexpressing
the HMGA1b construct than in control cells (Fig. 6B). More-
over, estrogen-induced upregulation of BRCA1 promoter ac-
tivity was strongly inhibited in both MCF-7 YHA clones (Fig.
6B).

Expression of endogenous BRCA1 was analyzed in MCF-7
cells and in the HMGA1b transfectants over a period of 48 h
of treatment with estrogen. In MCF-7 control cells, BRCA1

FIG. 3. Impaired expression of BRCA1 in MCF-7 Y-HA cells. (A) Expression of HMGA1b and HMGA1b/T proteins in MCF-7 cells stable
transfected with the full-length (YHA) or the truncated HMGA1b (YT) expression vectors. (B) Northern blot analysis of BRCA1 (upper panel)
and HMGA1 (middle panel) expression in MCF-7 cells and in seven MCF-7 YHA clones expressing different levels of HMGA1b mRNA. Levels
of 18S rRNA were used to monitor RNA amounts in each lane (lower panel). (C) Activity of the human and mouse BRCA1 minimal promoter
regions transfected in MCF-7 YHA6 and YHA7 cell lines. The pGL3 vector was transfected as a control. The activity is expressed as a percentage
of the activity exhibited in the MCF-7 cells. (D) The ChIP assay was performed on MCF-7 YHA6 and YHA7 cells. The purified DNA was used
as a template for PCRs with primers that amplify the human BRCA1 promoter region comprised between base �202 and �36.
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messenger levels started to increase after 6 h of estrogen treat-
ment and progressively increased, peaking at 24 h (Fig. 6C,
lanes 1 to 4). In contrast, E2-mediated BRCA1 upregulation
was almost completely prevented in the stable HMGA1b trans-
fectants (Fig. 6C, lanes 5 to 12). The expression of pS2 gene, a
typical estrogen-responsive gene used as control, was essen-
tially comparable in the MCF-7 and MCF-7 YHA cells (Fig.
6C, third panel).

Results of the Western blot analysis paralleled those of the
Northern blot analysis (Fig. 6D). We report the comparison
between the MCF-7 and the MCF-7 YHA6 cell lines, which is
representative of all the others cell lines examined. As it is
clearly visible in Fig. 6D, in MCF-7 cells BRCA1 protein began
to accumulate after 6 h of treatment, with progressive accu-
mulation until 24 h after E2 addition (Fig. 6D). By contrast, in
the MCF-7 YHA6 cells BRCA1 protein was virtually absent
for the first 12 h and then slightly increased (Fig. 6D). The cell
cycle distribution of the different cell lines revealed that the
MCF-7 cells accumulate in the G1 phase of the cell cycle after
3 days of starvation and enter the S phase after 12 to 18 h of E2

treatment. In contrast, MCF-7 YHA6 and MCF YHA7 trans-
fectants failed to accumulate in G1 and/or entered the S phase
6 to 12 h earlier than the control cells (Fig. 6E). Thus, also in

the case of estrogen stimulation the difference in BRCA1 ex-
pression could not be ascribed to a defect of the HMGA1b-
transfected cells to enter in S phase.

HMGA1 gene overexpression in human breast carcinoma
cell lines and tissues: inverse correlation with BRCA1 protein
expression. Finally, we analyzed the expression of the HMGA1
and BRCA1 genes in a panel of 10 human mammary carcino-
ma-derived cell lines (Table 1). HMGA1 expression was in-
creased in all tumor-derived cell lines tested when compared to
normal primary cultured H-MEC cells used as a control. The
highest level of HMGA1 proteins was found in the highly
tumorigenic MDA-MB 231 cells (Fig. 7A). Conversely, BRCA1
mRNA expression level was lower in most of the breast carci-
noma cell lines compared to normal H-MEC cells (Fig. 7B). In
fact, Northern blot analysis showed that BRCA1 gene expres-
sion was reduced by 5- to 10-fold in SK-BR3, BT-20, BT-549,
MDA-MB 436, MDA-MB 361, MDA-MB 453, and MDA-MB
231 cell lines in comparison to the MCF-7 and H-MEC cells.
The highest levels of BRCA1 mRNA were observed in the
MCF-7, T47D, and HBL-100 cell lines, which express the low-
est levels of HMGA1 protein among the tumor-derived cell
lines. Therefore, an inverse correlation between HMGA1 pro-
tein levels and BRCA1-specific mRNA expression was ob-

FIG. 4. Increased growth ability in MCF-7 overexpressing the HMGA1b protein. (A) Light microscopy photograph of parental MCF-7 cells
(MCF-7) and cells transfected with the backbone vector (MCF-7 CMV1), or with the HMGA1b-HA tagged construct (YHA6 and YHA7).
(B) Monolayer growth curves compare the growth abilities of MCF-7, MCF-7 YHA6, and MCF-7 YHA7 cell lines. (C) Flow cytometry analysis
of MCF-7 cells and its derivative clones CMV-1, YHA6, and YHA7. A representative experiment is reported.
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served in mammary carcinoma cell lines analyzed, with the
exception only of the MDA-MB 453 carcinoma cells (Fig. 7A
and B). BRCA1 protein levels essentially paralleled the
mRNA levels (data not shown), suggesting that the downregu-
lation of BRCA1 expression occurs at the transcription level.

Patterns of BRCA1 and HMGA1 gene expression were subse-
quently examined in 14 surgically removed human breast car-
cinomas (Fig. 7D shows a typical Western blot for HMGA1).
An inverse correlation between HMGA1 protein and BRCA1
mRNA levels was clearly present. HMGA1 protein levels were

almost undetectable in normal breast tissue (Fig. 7D, lane NB)
but they were highly expressed in most of the tumors analyzed
(Fig. 7D, lanes 1 to 14). By contrast, BRCA1 expression was
strongly diminished in tumor samples compared to normal
breast tissue, as determined by RT-PCR on the RNAs ex-
tracted from the same samples (Fig. 7E). The results were
analyzed statistically by linear regression analysis. The expres-
sion of HMGA1 protein was determined by Western blotting,
quantified by densitometric analysis, and normalized for uni-
form gel loading with the signals obtained with antitubulin

FIG. 5. Hmga�/� cells express higher levels of BRCA1 mRNA and protein. (A) Hmga1 expression in wild-type (WT) ES cells and in two
different Hmga1�/� ES cell clones analyzed by Northern blotting. (B) Northern blot showing the expression of Brca1 (top panel), cyclin E (middle
panel), and GAPDH (lower panel) mRNA in WT Hmga1�/� and Hmga1�/�1 ES cell lines. (C) Activity of the human and mouse BRCA1 minimal
promoter regions transfected in WT or Hmga1�/�1 ES cells. pGL3 vector was transfected as a control. Error bar, standard deviation. (D) Effect
of HMGA1b overexpression on the activity of the human BRCA1 minimal promoter region transfected in WT or Hmga1�/�1 ES cells (Error bar,
standard deviation.) Each transfection assay was performed in triplicate and repeated in at least three independent experiments and using two
different Hmga1�/� ES cell clones. (E) ChIP assay performed on WT and Hmga1�/� (Hmga1�/�1) ES cells. The purified DNA untreated (input)
or immunoprecipitated with an anti-HMGA1 antibody (IP �-HMGA1) was used as a template for the PCRs with primers that amplify the mouse
Brca1 promoter region comprised between nt �236 and �44.
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antibody. The levels of BRCA1 mRNA were determined by
Northern blotting (cell lines) or RT-PCR (primary tumors),
quantified by densitometric analysis, and normalized with lev-
els of 18S rRNA and GAPDH mRNA, respectively. Then, the
linear regression plots between HMGA1 proteins ad BRCA
mRNA levels were calculated by using the GB-STAT program.
The correlation coefficients were �0.8945, with P � 0.005, for
the cell lines (Fig. 7C) and �0.6202, with P � 0.018, for the
mammary tumors (Fig. 7F). Since these values are statistically
significant, these data suggest that, also in vivo, the HMGA1
proteins are likely candidates for negative regulators of the
BRCA1 expression.

DISCUSSION

Several reports have demonstrated that BRCA1 protein lev-
els are decreased in a subset of sporadic breast carcinomas
compared to normal breast tissues (7, 37, 48, 45, 51, 52). The
majority of high-grade ductal carcinomas lack BRCA1 protein
or have low levels (51), supporting the idea of a potentially
central role for BRCA1 in the pathogenesis of a significant
percentage of noninherited breast cancers. Epigenetic loss of
BRCA1 may occur at the level of transcription or in a subse-
quent process affecting RNA accumulation (45, 49). Acceler-
ated growth of normal and malignant mammary cells occurs
following experimental inhibition of BRCA1 expression with
antisense oligonucleotides, suggesting that BRCA1 protein
functions as a negative growth regulator in mammary epithelial
cell (49).

One possible mechanism for the low levels of BRCA1 ex-
pression in breast carcinomas could be the hypermethylation
of the BRCA1 promoter. The methylation status of BRCA1
promoter in sporadic breast cancer specimens was extensively
investigated by several laboratories (9, 11, 16, 29, 36). How-
ever, only the 11% (19 of 178) of breast cancer specimens
displayed aberrant methylation of BRCA1, indicating that hy-
permethylation alone could not explain the 82% of aggressive
breast cancer specimens that were reported to have weak or no
BRCA1 protein expression (51). Similarly, loss of heterozygos-
ity at the BRCA1 locus proved insufficient as an explanation for
the low levels of BRCA1 expression in breast carcinomas, since
studies showed that loss of heterozygosity correlated with re-
duced BRCA1 expression in only a few cases (7, 37, 45, 49).

A possible mechanism responsible for the low BRCA1 pro-
tein levels was suggested by our data (Fig. 7) showing an
inverse relation between HMGA1 and BRCA1 expression in a
panel of 10 mammary carcinoma-derived cell lines and in 15
primary breast cancer tissues. Overexpression of HMGA1 pro-
teins significantly correlated with parameters known to indi-

cate a poor prognosis in patients with colon carcinoma (1, 14).
Liu et al. (28) demonstrated a direct correlation between
HMGA1 protein levels and the metastatic phenotype of breast
human cancer cell lines (28). Moreover, BRCA1 downregula-
tion has been observed primarily in high-grade ductal breast
tumors (51), and preliminary data also suggest that HMGA1
overexpression is a common feature in advanced breast can-
cers (Chiappetta et al., unpublished data).

The data presented here clearly demonstrate that the
HMGA1 protein overexpression results in the downregulation
of the BRCA1 promoter activity as assessed using different
model systems, including primary cultured mammary epithelial
cells, two different mammary carcinoma-derived cell lines, and
ES cells carrying a targeted deletion of Hmga1 gene.

In both human and mouse model systems BRCA1 expression
peaks during S phase and is linked to estrogen and progester-
one stimulation (22, 23, 30, 38, 39, 50), suggesting that human
and mouse BRCA1 promoters are similarly regulated. The
positive regulatory region of BRCA1 promoter described by
Thakur and Croce (48) is highly conserved in the mouse Brca1
promoter and located almost in the same position as in the
human promoter. This pyrimidine-rich sequence is preceded
and followed (both in the human and mouse promoters) by
different AT stretches typically bound by the HMGA1 proteins
(reviewed in reference 35).

We demonstrated by various techniques that HMGA1b pro-
tein inhibits BRCA1 promoter activity in both the human and
mouse genes by directly binding to the promoter regions. In-
terestingly, the promoter region that seems to be necessary for
the regulation of BRCA1 transcription in humans is highly
conserved in the mouse, suggesting that the mechanisms reg-
ulating this promoter are conserved in different species. At this
time we cannot completely explain the mechanism by which
HMGA1 binding to the BRCA1 promoter downregulates its
activity. The possibility that binding of HMGA1 proteins to the
DNA somehow impairs the activity of some positive regulatory
proteins of the BRCA1 promoter and the possibility that there
exists a repressor which is helped by HMGA1 are hypotheses
currently under investigation.

It is noteworthy that under physiological conditions, like
puberty and pregnancy, both estrogens and BRCA1 expression
are significantly increased. Under these conditions, the func-
tion of BRCA1 may be to protect the breast from estrogen-
induced proliferation or genetic instability (25). In breast can-
cer the decreased expression of BRCA1 protein could result in
the loss of its caretaker role (27) and ultimately in a trans-
formed phenotype. We demonstrated that constitutive expres-
sion of HMGA1b protein in MCF-7 cells results in the down-

FIG. 6. HMGA1b protein interferes with estrogen-induced upregulation of BRCA1. (A) Effect of HMGA1b, HMGA1b/T, and HMGA1bAS
constructs on the activity of the pGL3-BRCA1-202 reporter vector transfected in the MCF-7 cells grown for three days in medium deprived of
steroid hormones and stimulated (�E2) or not (�E2) with 10 nM of 17-�-estradiol. (B) Activity of the pGL3-BRCA1-202 vector transfected in the
MCF-7, MCF-7 YHA6, and MCF-7 YHA7 cells grown for 3 days in medium deprived of steroid hormones and stimulated (�E2) or not (�E2)
with 10 nM of 17-�-estradiol. (C) Northern blot analysis of BRCA1 (upper panel), HMGA1 (second panel), and pS2 (third panel) expression in
MCF-7, MCF-7 YHA6, and MCF-7 YHA7 cells grown for 3 days in medium deprived of steroid hormones (lane 0) and stimulated with 10 nM
of 17-�-estradiol (E2) for the indicated time. Levels of rRNA were used to monitor RNA amounts in each lane (lower panel). (D) Western blot
analysis of BRCA1 (upper panel) expression in MCF-7 and MCF-7 YHA6 cells treated as described for panel C. �-Tubulin expression confirmed
the equal amount of loaded proteins (lower panel). (E) Flow cytometry analysis of MCF-7 cells (first row) and its derivative clones, YHA6 (second
row) and YHA7 (third row), treated as described in panel C.

VOL. 23, 2003 DOWNREGULATION OF BRCA1 BY HMGA1 2235



regulation of endogenous BRCA1 mRNA and protein and in
the prevention of BRCA1 upregulation following estrogen
treatment. Flow cytometry analysis coupled to analysis of RNA
and proteins revealed that, at least in MCF-7 cells, HMGA1b
overexpression was able to disjoint the proliferation induced by
estrogen from E2-dependent BRCA1 upregulation. The obser-
vation that BRCA1 expression is high during physiological con-
ditions like puberty and pregnancy could be related to the
notion that expression of HMGA proteins is very low or com-
pletely absent in all normal adult tissues examined so far (12,
53). Perhaps in the absence of HMGA1 proteins, estrogen
stimulates both cell proliferation and BRCA1 production in
the mammary gland, whereas upregulation of HMGA1 gene

expression impairs these two effects of estrogen. The low ex-
pression of BRCA1 in highly proliferating cells (like mammary
epithelial cells stimulated with estrogen) could result in im-
paired DNA repair activity and thus could represent an im-
portant mechanism acting in mammary gland tumorigenesis.
Accordingly, Hartman and Ford suggest that decreased expres-
sion of BRCA1 leads to an initial decline in DNA repair activ-
ity, resulting in an accumulation of additional mutations that
may initiate a set of downstream genetic events, resulting in
additional genetic alterations which lead the cells to an inva-
sive cancer phenotype (24). Preliminary results from our lab-
oratory indicate that MCF-7 cells overexpressing HMGA1 are
more sensitive to DNA damage agents with respect to the

FIG. 7. Expression of HMGA1 and BRCA1 in primary breast tumors and in tumor-derived cell lines. (A) Expression of HMGA1 proteins in
primary cultured epithelial cells (HMEC) and in 10 different mammary carcinoma-derived cell lines. As shown in the lower panel, �-tubulin
expression was used to normalize the amount of the loaded proteins. (B) In the upper panel is the Northern blot of the BRCA1 expression in the
indicated cell lines. In the lower panel, levels of 18S rRNA were used to monitor RNA amounts in each lane. (D) Western blot analysis of HMGA1
expression in a normal breast tissue (lane NB) and 14 different mammary carcinomas (lanes 1 to 9). �-Tubulin (lower panel) was used to normalize
the blot. (E) RT-PCR analysis of BRCA1 expression in a normal breast tissue (lane NB) and 14 different mammary carcinomas. GAPDH
expression (lower) was used as internal control of RNA quantity and status. (C and F) Statistical analysis of the HMGA1 protein and BRCA1
mRNA levels in the cell lines (C) and in the primary mammary tumors (F) by linear regression analysis. The expression of HMGA1 protein was
determined by Western blot, quantified by densitometric analysis, and normalized for uniform gel loading with the signals obtained with antitubulin
antibody. The levels of BRCA1 mRNA were determined by Northern blot (cell lines) or RT-PCR (primary tumors), quantified by densitometric
analysis, and normalized. The linear regression plots between HMGA1 proteins ad BRCA1 mRNA levels were calculated by using the GB-STAT
program.
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parental MCF-7 cell line (Baldassarre and Fusco, unpublished
observation), thus confirming the hypothesis of a central role
for BRCA1 expression levels in mammary tumorigenesis.

It has been proposed that wild-type BRCA1 suppresses es-
trogen-dependent transcriptional pathways related to mam-
mary epithelial cell proliferation, with loss of this function
contributing to tumorigenesis (17, 18). Our data seem to con-
firm this hypothesis, suggesting that HMGA1 overexpression
facilitates the estrogen-induced proliferation of MCF-7 cells,
at least in part preventing the upregulation of the BRCA1
tumor suppressor gene. Interestingly, Reeves and coworkers
reported that MCF-7 cells overexpressing the HMGA1b pro-
tein acquire the ability to form both primary and metastatic
tumors in nude mice when injected directly into the mammary
fat pads, indicating that HMGA1 protein may have a role in
the process of mammary carcinogenesis (34).

In conclusion, our data suggest a critical role of the HMGA1
proteins in the negative regulation of BRCA1 gene expression.
Since an inverse correlation between HMGA1 and BRCA1
protein expression has been observed in human breast carci-
noma cell lines and tissues, it is likely that this mechanism
occurs also in vivo and may account, at least in part, for the low
amounts of BRCA1 protein observed in advanced breast can-
cer.
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