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Progesterone receptor (PR) and ErbB-2 bidirectional cross talk participates in breast cancer development.
Here, we identified a new mechanism of the PR and ErbB-2 interaction involving the PR induction of ErbB-2
nuclear translocation and the assembly of a transcriptional complex in which ErbB-2 acts as a coactivator of
Stat3. We also highlighted that the function of ErbB-2 as a Stat3 coactivator drives progestin-induced cyclin
D1 promoter activation. Notably, PR is also recruited together with Stat3 and ErbB-2 to the cyclin D1
promoter, unraveling a new and unexpected nonclassical PR genomic mechanism. The assembly of the nuclear
Stat3/ErbB-2 transcriptional complex plays a key role in the proliferation of breast tumors with functional PR
and ErbB-2. Our findings reveal a novel therapeutic intervention for PR- and ErbB-2-positive breast tumors
via the specific blockage of ErbB-2 nuclear translocation.

Progesterone receptor (PR) and the ErbB family of receptor
tyrosine kinases are major players in the breast cancer sce-
nario. In its classical mechanism of action, PR acts as a ligand-
induced transcription factor. Upon progestin binding, PR
translocates to the nucleus and binds to specific progesterone
response elements (PREs) in the promoter of target genes
(31). In addition to its direct transcriptional effects, PR acti-
vates signal transduction pathways in breast cancer cells
through a rapid or nongenomic mechanism (5, 22). On the
other hand, the ErbB family of membrane receptor tyrosine
kinases is composed of four members: epidermal growth factor
(EGF) receptor (EGF-R) (ErbB-1), ErbB-2, ErbB-3, and
ErbB-4. ErbB ligands include all isoforms of heregulins
(HRGs), which bind to ErbB-3 and ErbB-4 and recognize
EGF-R and ErbB-2 as coreceptors, and EGF, which binds to
EGF-R (33). Upon ligand binding, ErbBs dimerize, and their
intrinsic tyrosine kinase activity is stimulated, which leads to
the activation of signal transduction pathways that mediate
ErbB’s proliferative effects. Although ErbB-2 is an orphan
receptor, it participates in an extensive network of ligand-
induced formation of ErbB dimers. Notably, this dogma of the
ErbB-2 mechanism of action has been challenged by the most
exciting findings of Wang and coworkers, demonstrating that
ErbB-2 migrates to the nuclear compartment, where it binds
DNA at specific sequences, which those authors named HER-
2-associated sequences (HASs) (35). Through this function as
a transcription factor, ErbB-2 modulates the expression of the
cyclooxygenase-2 (COX-2) gene (35). The association of
ErbB-2 with the COX-2 promoter was detected in breast can-

cer cell lines overexpressing ErbB-2 as well as in ErbB-2-
positive human primary breast tumors (35).

Accumulating findings, including ours, have proven the pres-
ence of bidirectional interactions between PR and ErbB sig-
naling pathways in breast cancer. On the one hand, we showed
that PR activates the HRG/ErbB-2 pathway (2). On the other
hand, we found that HRG induces PR transcriptional activa-
tion in breast tumors through a mechanism that requires func-
tional ErbB-2 (16). Notwithstanding all these data, the identity
of the common downstream targets of PR and HRG/ErbB-2
remains poorly known. Notably, our work revealed that signal
transducer and activator of transcription 3 (Stat3) is indeed a
downstream target of both PR and HRG/ErbB-2. First, we
demonstrated that progestins induce the transcriptional acti-
vation of Stat3 in breast cancer (25). Most recently, we showed
that Stat3 is activated by HRG via ErbB-2 and through the
co-option of PR function as a signaling molecule (26). Partic-
ularly exciting is the fact that Stat3 itself has been found to play
a key role in mammary cancer. Within the framework of the
evidence revealing the function of ErbB-2 as a transcriptional
regulator and of our previous data showing PR modulation of
HRG/ErbB-2 signaling and considering on the other hand that
Stat3, the nodal convergence point between PR and ErbB-2,
acts as a transcription factor, we explored whether progestin
induces ErbB-2 nuclear localization and its interaction with
Stat3 in breast cancer. Our findings identified a new class of
transcriptional complex in which ErbB-2 acts as a coactivator
of Stat3 in progestin-induced breast tumor growth.

MATERIALS AND METHODS

Animals and tumors. Experiments were carried out with female BALB/c mice
raised at the Instituto de Biología y Medicina Experimental (IBYME). Animal
studies were conducted as described previously (25), in accordance with the
highest standards of animal care as outlined by the NIH Guide for the Care and
Use of Laboratory Animals (22a), and were approved by the IBYME Animal
Research Committee. The C4HD tumor line displays high levels of estrogen
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receptor (ER) and PR, overexpresses ErbB-2 and ErbB-3, exhibits low ErbB-4
levels, and lacks EGF-R expression (2). This tumor line does not express glu-
cocorticoid receptor (GR) or androgen receptor (AR) (2).

Reagents. Medroxyprogesterone acetate (MPA) and RU486 were purchased
from Sigma-Aldrich (St. Louis, MO). 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)
pyrazolo[3,4-d]pyrimidine (PP2), tyrphostin AG825, and Jak inhibitor I were
purchased from Calbiochem (San Diego, CA).

Antibodies. The following antibodies were used for Western blots: phospho-
Stat3 (pStat3) (Tyr 705) (B-7), total Stat3 (C-20), phospho-Jak1 (Tyr1022/1023),
total Jak1 (HR-785), total Jak2 (C-20), phospho-p42/p44 mitogen-activated pro-
tein kinase (MAPK) (E-4), total p42 MAPK (C-14), ErbB-2 (C-18, raised against
the C terminus), ErbB-2 (9G6, raised against the N terminus), and phosphoty-
rosine (PY99), all from Santa Cruz Biotechnology (Santa Cruz, CA); phospho-
ErbB2 (Tyr 1221/1222), phospho-ErbB2 (Tyr 877), phospho-Jak2 (Tyr 1007/
1008), c-Src, and phospho-Src (Tyr 416), all from Cell Signaling (Beverly, MA);
cyclin D1, PR (clone hPRa7), and actin (clone ACTN05), all from Neomarkers
(Freemont, CA); �-tubulin, from Sigma-Aldrich; histone H3, from Abcam (Cam-
bridge, MA); phospho-PR (Ser294), from Affinity BioReagents (Rockford, IL);
and horseradish peroxidase (HRP)-conjugated secondary antibody, from Vector
Laboratories (Burlingame, CA). The antibodies used for immunoprecipitation
experiments, chromatin immunoprecipitation (ChIP) assays, and sequential
ChIP assays were rabbit polyclonal anti-ErbB-2, anti-Stat3, and anti-PR antibod-
ies (C-18, C-20, and H-190, respectively; from Santa Cruz Biotechnology) and
CBP/KAT3A (ab2832), p300 (clone RW128), acetyl histone H4 (06-866), and
acetyl histone H3 (06-599) antibodies, from Millipore (Temecula, CA). Rabbit
IgG (Sigma-Aldrich) was used as a negative control.

Cell cultures, treatments, and proliferation assays. Primary cultures of epi-
thelial cells from C4HD tumors were performed as described previously (2).
T47D cells were obtained from the American Type Culture Collection, and
T47D-Y cells were a generous gift from K. Horwitz (University of Colorado
Health Sciences Center, Denver, CO). To evaluate the effects of the pharmaco-
logical inhibitors on MPA-induced protein phosphorylation or cyclin D1 expres-
sion, cells were starved in serum-free medium for 48 to 72 h and then also
preincubated in serum-free medium for 90 min with RU486, PP2, tyrphostin
AG825, or Jak inhibitor I before the addition of MPA. Cell proliferation was
evaluated by a [3H]thymidine incorporation assay, and cell cycle distribution was
analyzed by flow cytometry, as previously described (26), after a 48-h treatment
in serum-free medium.

Western blots and immunoprecipitations. Lysates were prepared from cells
subjected to the different treatments, and proteins were subjected to SDS-PAGE
as previously described (25). Membranes were immunoblotted with the antibod-
ies detailed in each experiment. When phosphoprotein antibodies were used,
filters were reprobed with total protein antibodies. Signal intensities of phospho-
ErbB-2 (pErbB-2), pStat3, pSrc, pPR, pJak1, pJak2, and pp42/p44 MAPK bands
were analyzed by densitometry and normalized to total protein bands. Similarly,
signal intensities of PR, cyclin D1, Stat3, and ErbB-2 bands were normalized to
actin or �-tubulin bands. Data analysis showed a significant increase in pErbB-2,
pStat3, pp42/p44 MAPK, and pSrc levels by MPA treatment in comparison with
untreated cells and a significant inhibition of MPA-induced protein phosphory-
lation when using the pharmacological inhibitors of ErbB-2 and Stat3 or PR and
ErbB-2 small interfering RNAs (siRNAs) (P � 0.001). A similar data analysis
showed that compared to control cells, the increase in cyclin D1 levels by MPA
treatment from 12 to 72 h was significant, as was the inhibition of MPA effects
by ErbB-2 and Stat3 inhibitors and siRNAs (P � 0.001). The NE-PER nuclear
and cytoplasmic extraction reagent technique (Pierce Biotechnology) was per-
formed according to the manufacturer’s instructions. The use of this technique
does not allow one to obtain the cytoplasmic membrane fraction. The nuclear
association between ErbB-2 and Stat3 was studied by coimmunoprecipitation
experiments using 200 �g of nuclear protein lysates as described previously (26).

Plasmids and transient transfections. The luciferase reporter plasmid down-
stream of the cyclin D1 human promoter region (�1745 cyclin D1-luc) and
constructs truncated at positions �963, �261, �141 were kindly provided by R.
Pestell (Northwestern University Medical School, Chicago, IL). These constructs
were generated by the truncation of the 1,745-bp-length promoter in order to
sequentially exclude 5� regions of the promoter. The �963 cyclin D1-luc con-
struct excludes one gamma interferon-activated sequence (GAS) site (position
�984), �261 cyclin D1-luc excludes three GAS sites (positions �984, �568, and
�475), and �141 cyclin D1-luc excludes four GAS sites (positions �984, �568,
�475, and �239). The empty vector pA3 Luc was also provided by R. Pestell. The
luciferase reporter plasmid containing four copies of the m67 high-affinity binding
site (p4xm67-tk-luc) and the pTATA-tk-Luc reporter lacking the m67 insertion were
a gift from J. Darnell (Rockefeller University, New York, NY). The Renilla lucifer-
ase expression plasmid RL-CMV was obtained from Promega (Madison, WI). A

dominant negative (DN) Stat3 expression vector, Stat3Y705-F, which carries a ty-
rosine-to-phenylalanine substitution at codon 705 that reduces the phosphorylation
on tyrosine of the wild-type (WT) Stat3 protein, therefore inhibiting both the dimer-
ization and DNA binding of Stat3 (6, 7, 18), was kindly provided by J. Darnell. The
empty pcDNA3.1 vector was also a gift of J. Darnell. A human wild-type ErbB-2
expression vector (hErbB-2WT) as well as the empty pMe18SM vector were a gift
from T. Yamamoto (University of Tokyo, Tokyo, Japan) (1). The green fluorescent
protein (GFP)-tagged human ErbB-2 mutant, which lacks the putative nuclear
localization signal sequence (676-KRRQQKIRKYTMRR-689), resulting in the se-
quence of KLM at the deletion junction (hErbB-2�NLS), was generously provided
by M. C. Hung (University of Texas M. D. Anderson Cancer Center, Houston, TX)
(13). The empty vector pEGFP-N1 was obtained from BD Biosciences-Clontech
(Palo Alto, CA). The plasmid encoding human wild-type hPR-B was kindly provided
by K. Horwitz. The plasmid encoding PR-B engineered to contain a point mutation
in a conserved cysteine in the first zinc finger of the DNA binding domain (C587A-
PR), which lacks the ability to bind to DNA, was also a gift of K. Horwitz (32).
Mutant PR-B engineered to convert three key prolines (P422A, P423A, and P426A)
to alanines (PR-BmPro), thus abolishing PR binding to all the SH3 domains and
inhibiting the activation of c-Src family tyrosine kinases (5), was generously provided
by D. Edwards (Baylor College of Medicine, Houston, TX). In experiments assessing
the capacity of MPA to induce the transcriptional activation of Stat3, C4HD and
T47D cells were transiently transfected for 48 h with 1 �g of �1745 cyclin D1-luc
reporter plasmid or the truncated position �963, �261, and �141 constructs or with
1 �g p4xm67-tk-luc and 10 ng of RL-CMV, used to correct variations in transfection
efficiency. As a control, cells were transfected with 1 �g of either the pA3 Luc or
pTATA-tk-Luc reporter. Cells were cotransfected with 2 �g of Stat3Y705-F when
indicated. The total amount of transfected DNA was standardized by the addition of
the empty pcDNA3.1 vector. In experiments assessing the role of ErbB-2 in Stat3
transcriptional activation, cells were cotransfected with 2 �g of hErbB-2WT, hErbB-
2�NLS, or the empty vectors pMe18SM and pEGFP-N1. Upon cotransfection with
p4xm67-tk-luc, 400 ng was added instead of 2 �g. Cells were then starved in serum-
free medium for 24 h and treated with MPA for 24 h or were left untreated. Fugene
6 transfection reagent (Roche Biochemicals) was used as described previously (26).
Transfection efficiencies, evaluated by using the pEGFP-N1 vector and determined
by the percentage of cells that exhibited GFP 4 days after transfection, varied
between 60 and 70%. Transfected cells were lysed, and luciferase assays were carried
out by using the Dual-Luciferase reporter assay system (Promega) in accordance
with the manufacturer’s instructions. Triplicate samples were analyzed for each
datum point. Differences between experimental groups were analyzed by analysis of
variance (ANOVA) followed by a Tukey test between groups.

siRNA transfections. siRNAs targeting ErbB-2, Stat3, and PR were synthe-
sized by Dharmacon, Inc. (Lafayette, CO) (ErbB-2 siRNA 5�-GAUGGUGCU
UACUCAUUGA-3�, designed to specifically knock down mouse ErbB2 but not
human ErbB-2; Stat3 siRNAs 5�-GGUCAAAUUUCCUGAGUUGUU-3�,
which targets mouse Stat3, and 5�-GAGCAGAGAUGUGGGAAUGUU-3�,
which targets human Stat3; and PR siRNA 5�-AUAGGCGAGACUACAGAC
GUU-3). A nonsilencing siRNA oligonucleotide from Dharmacon that does not
target any known mammalian gene was used as a negative control. The trans-
fection of siRNA duplexes was performed for 3 days by using DharmaFECT
transfection reagent according to the manufacturer’s directions. For reconstitu-
tion experiments, the cotransfection of 25 nM ErbB-2 siRNA with 2 �g of
expression vectors was performed by using DharmaFECT Duo transfection re-
agent (Dharmacon).

Immunofluorescence and confocal microscopy. Cells grown on glass coverslips
were fixed and permeabilized in ice-cold methanol and were then blocked with
phosphate-buffered saline (PBS)–1% bovine serum albumin (BSA). ErbB-2 was
localized by using either a rabbit polyclonal (C-18) or a mouse monoclonal
(F-11) ErbB-2 antibody (Santa Cruz Biotechnology), and Stat3 was detected by
using a mouse monoclonal antibody (124H6; Cell Signaling), followed by incu-
bation with a goat anti-rabbit IgG-Alexa 488 (Molecular Probes, Eugene, OR)
secondary antibody for ErbB-2 (C-18) and with a rhodamine-conjugated goat
anti-mouse secondary antibody (Jackson ImmunoResearch Laboratories, West
Grove, PA) for both ErbB2 (F-11) and Stat3. Negative controls were carried out
by using PBS instead of primary antibodies or 5� competitive peptide (Santa
Cruz Biotechnology) when ErbB-2 (C-18) was used. When cells were transfected
with hErbB-2�NLS, the green fluorescent protein from this expression vector
was visualized by direct fluorescence imaging. Approximately 100 to 200 cells
were analyzed for each treatment, of which around 80% showed the same
pattern of Stat3 and ErbB-2 cellular localization. Figures 2A and 3B and C, as
well as Fig. S3B at http://www.ibyme.org.ar/laboratorios/elizalde.htm, illustrate a
few cells representative of the ones examined. Cells were analyzed by using a
Nikon Eclipse E800 confocal laser microscopy system (26).
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ChIP and sequential ChIP assays. ChIP was performed as described else-
where previously (15), with minor modifications. Briefly, chromatin was soni-
cated to an average of about 500 bp. Sonicated chromatin was then immuno-
precipitated by using 4 �g of the indicated antibodies and IgG as a control. The
immunoprecipitate was collected by using either protein A or G beads (Milli-
pore, Temecula, CA), which were washed repeatedly to remove nonspecific
DNA binding. The chromatin was eluted from the beads, and cross-links were
removed overnight at 65°C. DNA was then purified and quantified by using
real-time PCR. For sequential ChIP experiments, chromatin immunoprecipitates
were eluted with dithiothreitol (DTT) and then subjected to a second round of
immunoprecipitation with the indicated antibodies or with IgG.

Real-time quantitative PCR. ChIP DNA was amplified by real-time quantita-
tive PCR (qPCR), performed with an ABI Prism 7500 sequence detector using
SYBR green PCR master mix (Applied Biosystems, Foster City, CA). The
primers used were as follows: 5�-TTCCGGTGGTCTGGTTCCT-3� and 5�-GA
GACACGATAGGCTCCTTCCTAA-3�, designed to amplify a region of the
mouse cyclin D1 promoter containing two GAS sites (positions �971 and �874),
and 5�-GGAACCTTCGGTGGTCTTGTC-3� and 5�-GAATGGAAAGCTGAG
AAACAGTGA-3�, designed to amplify a region of the human cyclin D1 pro-
moter containing one GAS site (position �984). These primers were designed
with Primer Express real-time PCR primer design software (Applied Biosys-
tems). The primers used to amplify a transcribed region of the cyclin D1 gene
(position �8000 in intron 4) were 5�-TGCCACACACCAGTGACTTT-3� and
5�-ACAGCCAGAAGCTCCAAAAA-3� (11). PCR was performed for 40 cycles
with 15 s of denaturing at 95°C and annealing and extension at 60°C for 1 min.

RNA preparation and real-time RT-PCR. Total RNA was isolated from
C4HD cells treated or transfected as indicated by using TRIzol reagent (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s protocol. One microgram of
RNA was reverse transcribed by using SuperScript III reverse transcriptase (RT)
(Invitrogen) according to the manufacturer’s instructions. The following primers
were used for mouse cyclin D1 cDNA: 5�-CGCCCTCCGTATCTTACT-3� and
5�-CGCACTTCTGCTCCTCAC-3�. The primers used to amplify glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as a normalization control were
5�-CCAGAACATCATCCCTGCAT-3� and 5�-GTTCAGCTCTGGGATGACC
TT-3�. These primers were designed with Primer Express software (Applied
Biosystems), and PCR conditions were the same as those described above. The
fold change of mRNA expression was calculated by normalizing the absolute
cyclin D1 mRNA amounts to GAPDH mRNA levels, used as an internal control,
and setting the value of untreated cells as 1.

In vivo inhibition of ErbB-2 nuclear localization. C4HD cells were transiently
transfected with the siRNAs and expression vectors detailed in Results. After
transfection, 106 cells from each experimental group were inoculated subcuta-
neously (s.c.) into animals treated with a 40-mg MPA depot in the flank opposite
of the cell inoculum. Tumor volume, growth rate, and growth delay were deter-
mined as previously described (25). Comparison of tumor volumes between the
different groups at specific times was done by analysis of variance followed by
Tukey’s test among groups. Linear regression analysis was performed on tumor
growth curves, and the slopes were compared by using analysis of variance
followed by a parallelism test to evaluate the statistical significance of differences.

RESULTS

MPA induces rapid ErbB-2 activation and nuclear translo-
cation. In this study we used primary cultures of C4HD
epithelial cells from a model of mammary carcinogenesis
induced by the synthetic progestin medroxyprogesterone ac-
etate (MPA) in female BALB/c mice (2) and human breast
cancer cell lines. C4HD cells display high levels of estrogen
receptor (ER) and PR, overexpress ErbB-2 and ErbB-3, ex-
hibit low ErbB-4 levels, and lack EGF-R expression (2). We
have long demonstrated that prolonged MPA treatment of
C4HD cells results in the upregulation of ErbB-2 expression as
well as in the stimulation of ErbB-2 tyrosine phosphorylation
(2). Here, we found that MPA treatment of C4HD cells in-
duces a rapid phosphorylation of a major ErbB-2 autophos-
phorylation site, tyrosine (Tyr) 1272 (Tyr 1222 in the human
protein) as well as of the residue Tyr 927 (Tyr 877 in human),
a site different from the autophosphorylation ones (14, 36)
(Fig. 1A). MPA effects were inhibited by preincubation with
the antiprogestin RU486 (Fig. 1A). The same results were
obtained by the knockdown of PR gene expression with PR
small interfering RNAs (siRNAs) (Fig. 1A). Our findings with
the human breast cancer cell line T47D also evidenced the
rapid activation of ErbB-2 by PR (Fig. 1A). In order to further
explore the role of PR, we used PR-null T47D cells (T47D-Y),
in which we found that MPA had no effect on ErbB-2 phos-
phorylation at either Tyr 1222 or Tyr 877 (Fig. 1A). However,
when we transfected T47D-Y cells with human PR-B (T47D-
Y-PR-B), MPA treatment markedly enhanced the ErbB-2
phosphorylation of both residues (Fig. 1A). These results in-
dicate that MPA regulates the rapid activation of ErbB-2 act-
ing through the classical PR. Progestin induction of rapid c-Src
activation in mammary tumor cells, including our C4HD tumor
model, is well acknowledged (5, 22, 25). On the other hand, a
series of recent findings, and ours as well, has shown that c-Src
acts as an upstream effector of ErbB-2 (14, 26, 36). Therefore,
we explored whether c-Src could be involved in MPA-induced
ErbB-2 phosphorylation. We found that the inhibition of c-Src
activity in C4HD and T47D cells with the c-Src kinase inhibitor
PP2 abrogated MPA stimulation of ErbB-2 phosphorylation at
Tyr 1272/1222 and Tyr 927/877 (Fig. 1B). In order to definitely

FIG. 1. MPA effects on ErbB-2 and Stat3 activation and cellular localization. (A) MPA induces rapid ErbB-2 phosphorylation via the classical
PR. Cells were treated with MPA or pretreated with RU486 and transfected with PR or control siRNAs before MPA stimulation. Western blots
(WB) were performed with pErbB-2 antibodies, and filters were reprobed with a total ErbB-2 antibody. The Western blot of C4HD cells at the
bottom shows the effects of siRNAs on PR expression. (B) c-Src mediates MPA-induced ErbB-2 activation. Cells were treated with MPA or
preincubated with PP2 before MPA treatment. Western blots were performed with phosphoprotein antibodies, and membranes were reprobed
with total protein antibodies. (C) Rapid progestin effects mediate the activation of ErbB-2. T47D-Y cells were transfected with either the
PR-BmPro or C587A-PR mutant and were then treated with MPA. Western blots were performed with pErbB-2 antibodies, and filters were
reprobed with total ErbB-2 antibody. (D) MPA induces ErbB-2 nuclear migration. (Top) Cells were treated with MPA for the time points shown,
and nuclear and cytosolic protein extracts were analyzed by Western blotting. The pTyr 1272/1222 ErbB-2 blot was reprobed with the ErbB-2
carboxy-terminal region antibody, and the pTyr 927/877 blot was reprobed with the antibody to the ErbB-2 amino terminus. Total cell lysates were
blotted in parallel. ErbB-2 in untreated cells remained in the cytoplasmic membrane, which was not analyzed in this Western blot (see Fig. 2A for
an image of ErbB-2 membrane localization in cells not treated with MPA). (Bottom) Western blot showing that the inhibition of ErbB-2
phosphorylation with AG825 blocks ErbB-2 nuclear migration. Histone H3 and �-tubulin were used to control cellular fractionation efficiency.
(E) MPA induces Stat3 activation via ErbB-2. Cells were treated with MPA or pretreated with AG825. C4HD cells were also transfected with
ErbB-2 siRNAs targeting mouse ErbB-2 and with control siRNAs. Western blots were performed with phospho-antibodies, and filters were
reprobed with the respective total protein antibody. (F) MPA stimulates Stat3 nuclear translocation. Nuclear and cytosolic protein extracts were
analyzed by Western blotting with pStat3 antibody. Blots were reprobed with total Stat3 antibody. The experiments for which the results are shown
were repeated five times, with similar results.
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demonstrate that the rapid effects of progestin mediate the
activation of ErbB-2, we transfected T47D-Y cells with a mu-
tant, PR-BmPro, in which three prolines (P422A, P423A, and
P427A) were converted to alanines (T47D-Y-PR-BmPro
cells). Previous works have defined the proline-rich domain of
human PR as an absolute requirement for the progestin inter-
action with c-Src (5) and the consequent rapid activation of
signaling cascades (5, 8). Consistent with our result showing
that progestin-activated c-Src acts as an upstream activator of
ErbB-2, we did not find ErbB-2 tyrosine phosphorylation in
response to MPA in T47D-Y-PR-BmPro cells (Fig. 1C). In
addition, in T47D-Y cells we restored the expression of a PR-B
engineered to contain a point mutation in a conserved cysteine
in the first zinc finger of the DNA binding domain (C587A),
which is transcriptionally crippled (32). C587A-PR possesses a
full ability to induce c-Src, p42/p44 MAPK, and Akt rapid
activation in response to progestins, as reported previously by
us and others (5, 8). Here, we found that MPA induces strong
ErbB-2 phosphorylation in T47D-Y-C587A-PR cells (Fig. 1C).
We then assessed whether MPA modulates ErbB-2 cellular
localization. Subcellular fractionation and immunoblotting
studies, using an antibody to the carboxy (C)-terminal region
of ErbB-2, showed that MPA treatment of C4HD and T47D
cells for 15 to 60 min induced strong ErbB-2 protein nuclear
translocation (Fig. 1D). Similar results were found when we
used an antibody against the amino (N) terminus of the recep-
tor (Fig. 1D). Full-length ErbB-2 protein nuclear translocation
was shown by the identical molecular mass of nuclear ErbB-2
compared to that of the ErbB-2 present in total cell extracts,
corresponding to the entire 185-kDa protein (Fig. 1D), and
was also shown by our findings with both the ErbB-2 carboxyl-
and amino-terminal antibodies. Interestingly, this is the first
report of steroid hormone receptor induction of endogenous
ErbB-2 migration to the nucleus. Our findings also showed
high levels of nuclear ErbB-2 phosphorylation at Tyr 1272/
1222 and Tyr 927/877 in C4HD and T47D cells (Fig. 1D). The
preincubation of cells with the specific ErbB-2 tyrosine kinase
inhibitor AG825, which prevented MPA-induced ErbB-2 Tyr
phosphorylation (see Fig. S1 at http://www.ibyme.org.ar
/laboratorios/elizalde.htm), significantly inhibited ErbB-2 mi-
gration to the nucleus (Fig. 1D), indicating that ErbB-2 acti-
vation is an absolute requirement for this process. Our
previous studies demonstrated that MPA induced rapid Stat3
Tyr 705 phosphorylation via a Jak- and c-Src-dependent path-
way in breast cancer (25). Here, we found that the blockage of
ErbB-2 activity in C4HD and T47D cells and the transfection
of C4HD cells with ErbB-2 siRNAs designed to selectively
knock down mouse ErbB-2 expression inhibited MPA-induced
Stat3 phosphorylation (Fig. 1E), evidencing that ErbB-2 is also
involved in MPA-induced Stat3 activation. To assess whether
ErbB-2 and Stat3 are simultaneously present in the nucleus, we
studied the kinetics of MPA-induced Stat3 nuclear transloca-
tion. We found that upon the stimulation of C4HD and T47D
cells with MPA for 30 and 60 min, Stat3 is present at the
nuclear compartment and is strongly phosphorylated at Tyr
705 (Fig. 1F). The inhibition of Stat3 tyrosine phosphorylation
by blocking the activity of its upstream effector ErbB-2 with
AG825 absolutely prevented Stat3 nuclear migration (Fig. 1F).

MPA induces ErbB-2 and Stat3 nuclear colocalization. We
then explored whether MPA treatment induces the nuclear

colocalization of Stat3 and ErbB-2 by immunofluorescence
staining and confocal microscopy. In the absence of MPA
stimulation, the vast majority of ErbB-2 was localized in the
cytoplasmic membrane of C4HD and T47D cells (Fig. 2A).
MPA treatment of both cell types for 30 min resulted in
ErbB-2 nuclear localization, detected as nuclear green foci
(Fig. 2A). These results were obtained with an antibody against
the ErbB-2 C terminus. The inhibition of ErbB-2 Tyr 1222/
1272 and Tyr 877/927 phosphorylation by AG825 abrogated
ErbB-2 nuclear translocation (Fig. 2A), which is consistent
with results of our cellular fractionation studies. On the other
hand, in the absence of MPA treatment, Stat3 was located
diffusely throughout the cytoplasm (Fig. 2A). MPA stimulation
induced the nuclear translocation of Stat3 in both cell lines
(Fig. 2A). The inhibition of Stat3 tyrosine phosphorylation
with AG825 absolutely prevented its nuclear migration (Fig.
2A). As expected, the abolishment of MPA-induced ErbB-2
and Stat3 activation with RU486 resulted in the abrogation of
the migration of both proteins to the nucleus (Fig. 2A). Nota-
bly, our findings also demonstrated that MPA treatment of
C4HD and T47D cells resulted in a strong nuclear colocaliza-
tion of ErbB-2 and Stat3, as shown by the yellow foci in the
merged images (Fig. 2A). Similar nuclear colocalization find-
ings were obtained for T47D cells using an antibody raised
against the NH2 terminus of ErbB-2 (data not shown). Signif-
icant ErbB-2 and Stat3 nuclear colocalization was also de-
tected with up to 60 min of MPA stimulation (not shown). We
did not observe Stat3 and ErbB-2 colocalization in the cyto-
plasm after MPA treatment for 30 min (Fig. 2A). Since we did
not find significant levels of cytoplasmic phosphorylation in
either protein at this time point (Fig. 1D and F), our results
indicate that ErbB-2 and Stat3 colocalize only when both pro-
teins are phosphorylated. To further demonstrate that PR’s
rapid, nongenomic activation of ErbB-2 induces its nuclear
migration, we explored the ErbB-2 intracellular distribution in
T47D-Y-PR-BmPro and T47D-Y-C587A-PR cells. While a
clear MPA-stimulated ErbB-2 nuclear localization was de-
tected in T47D-Y-C587A-PR cells, we did not observe ErbB-2
nuclear translocation upon MPA treatment of T47D-Y-PR-
BmPro cells (Fig. 2A). The MPA-induced physical association
between ErbB-2 and Stat3 in the nucleus was demonstrated
through our coimmunoprecipitation studies with nuclear ex-
tracts from C4HD cells (Fig. 2B).

In order to study whether the inhibition of ErbB-2 nuclear
localization affected Stat3 transport, we used an RNA inter-
ference (RNAi) reconstitution strategy. We transfected C4HD
cells with ErbB-2 siRNAs specifically targeting mouse ErbB-2
(see Fig. S2A at http://www.ibyme.org.ar/laboratorios/elizalde
.htm) in combination with either wild-type (WT) human
ErbB-2 (ErbB-2siRNA-C4HD-hErbB-2WT cells) or a human
ErbB-2 nuclear localization domain mutant (hErbB-2�NLS)
(13), which is unable to translocate to the nucleus (ErbB-
2siRNA-C4HD-hErbB-2�NLS cells) (see Fig. S2B at http:
//www.ibyme.org.ar/laboratorios/elizalde.htm). The character-
ization of the hErbB-2�NLS response to MPA showed levels
of hErbB-2�NLS phosphorylation on Tyr 1222 and Tyr 877
comparable to those of hErbB-2WT and of endogenous
ErbB-2 (Fig. 3A). Similarly, hErbB-2�NLS induced p42/p44
MAPK activation and Stat3 tyrosine phosphorylation upon
MPA stimulation (Fig. 3A). On the one hand, these results
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indicate that ErbB-2�NLS retains its intrinsic tyrosine kinase
activity, as described previously (13), as well as the capacity to
activate classical ErbB-2 cascades, such as p42/p44 MAPKs,
upon the treatment of mammary cancer cells with MPA. On
the other hand, they also for the first time identify the role of
ErbB-2�NLS as an upstream activator in the mechanism of
MPA-induced Stat3 phosphorylation. In accordance with the
pioneering work describing this mutant (13), our confocal mi-

croscopy studies revealed that hErbB-2�NLS did not translo-
cate to the nucleus upon MPA treatment of ErbB-2siRNA-
C4HD-hErbB-2�NLS cells, while a clear MPA-stimulated
Stat3 migration to the nuclear compartment was detected in
these cells (Fig. 3B). This finding indicates that the nuclear
import of Stat3 mediated by MPA occurs independently of
ErbB-2 nuclear localization. The merged image of MPA-
treated cells, showing a lack of protein colocalization in the

FIG. 2. MPA induces Stat3 and ErbB-2 nuclear colocalization and physical association. (A) Cells were treated with MPA or pretreated with
AG825 and RU486 before MPA stimulation. ErbB-2 (green) and Stat3 (red) were localized by immunofluorescence and confocal microscopy (see
Materials and Methods for antibody specifications). Merged images in the third panels of the second rows show MPA-induced ErB-2 and Stat3
nuclear colocalization, evidenced by the yellow foci. The boxed areas are shown in detail in the right inset. (Bottom) T47D-Y cells were transfected
with either PR-BmPro or C587A-PR mutants and were then treated with MPA. ErbB-2 (green) was localized by immunofluorescence as described
above. Nuclei were stained with 4�,6-diamidino-2-phenylindole (DAPI) (blue). (B) Nuclear extracts from C4HD cells treated and untreated with
MPA for 30 min were immunoprecipitated (IP) with ErbB-2 or Stat3 antibodies and analyzed by Western blotting with the indicated phospho-
tyrosine antibodies. Membranes were reprobed with total protein antibodies. As a control for the specificity of these protein interactions, lysates
were immunoprecipitated with rabbit immunoglobulin G (IgG). Total cell lysates were blotted in parallel. The experiments from which the results
were obtained were repeated three times, with similar results.
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FIG. 3. Nuclear import of Stat3 mediated by MPA occurs independently of ErbB-2 nuclear localization. (A) The ErbB-2�NLS mutant induces
Stat3 phosphorylation in response to MPA. Cells were transfected with siRNAs targeting mouse ErbB-2 or with control siRNAs and cotransfected
with hErbB-2WT or hErbB-2�NLS plasmids when indicated and then treated with MPA for 10 min. Cell lysates were analyzed by Western blotting
with pTyr ErbB-2 and Stat3 antibodies and with pThr/Tyr p44/p42 MAPK antibody, and the membranes were then reprobed with the respective
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cytoplasm (Fig. 3B), further supports our finding that the phos-
phorylation of both ErbB-2 and Stat3 is mandatory for their
colocalization. Thus, although both proteins are present in the
cytoplasmic compartment, only hErbB-2�NLS is phosphory-
lated there, given that Stat3, which remains in the cytoplasm, is
unphosphorylated, as shown in Fig. 1F. We then explored the
effect of hErbB-2�NLS on the cellular localization of endog-
enous ErbB-2. For this purpose, we transfected the hErbB-
2�NLS mutant into C4HD cells retaining endogenous ErbB-2
expression. Since hErbB-2�NLS is GFP tagged (13), this mu-
tant was visualized through direct green fluorescence imaging.
On the other hand, we visualized endogenous ErbB-2 by using
an antibody that specifically recognizes mouse ErbB-2 and a
rhodamine-labeled secondary antibody. Interestingly, our re-
sults showed that the expression of hErbB-2�NLS absolutely
prevented the nuclear translocation of endogenous mouse
ErbB-2 (Fig. 3C, bottom row, second panel; as an example,
some cells are marked with solid arrows), for the first time
revealing the function of hErbB-2�NLS as a dominant nega-
tive (DN) inhibitor of endogenous ErbB-2 nuclear migration.
The merged image in Fig. 3C (bottom row, third panel) shows
the cytoplasmic presence and the colocalization (yellow spots)
of hErbB-2�NLS and mouse ErbB-2 in cells transfected with
the hErbB-2�NLS (solid arrows), in contrast with the clear
migration of mouse ErbB-2 to the nucleus in the cells that did
not take up hErbB-2�NLS (dashed arrows). To explore
whether Stat3 cellular localization regulates the nuclear import
of ErbB-2 mediated by MPA, we inhibited Jak activity, which
resulted in the abolishment of MPA-induced Stat3 phosphor-
ylation without affecting ErbB-2 activation (see Fig. S3A at
http://www.ibyme.org.ar/laboratorios/elizalde.htm). The inhi-
bition of Stat3 tyrosine phosphorylation did not affect the mi-
gration of ErbB-2 to the nucleus (see Fig. S3B at http://www
.ibyme.org.ar/laboratorios/elizalde.htm).

ErbB-2 acts as a Stat3 coactivator. We then explored the
nature of the nuclear interaction between ErbB-2 and Stat3.
Although the Stat3 function as a transcription factor is well
acknowledged, the coactivators that modulate Stat3 activity
remain poorly studied. On the other hand, even though sem-
inal findings unraveled the role of ErbB-2 as a transcription
factor (35), the capacity of ErbB-2 to act as a transcriptional
coactivator remains completely unknown. We consequently
built up a novel hypothesis, namely, that ErbB-2 could modu-
late breast cancer growth acting as a coactivator of Stat3.
Through database (MatInspector [http://www.genomatix.de])
and literature searches, we first identified cancer-related genes
that contain Stat3 response elements but lack HAS sites. We
found that cyclin D1 was a prospective gene to analyze, since it
contains Stat3 binding sites in its proximal 1-kb promoter but
lacks HASs. Cyclin D1 is a particularly attractive gene because

its involvement in breast cancer growth as well as progestin
induction of cyclin D1 gene expression have long been shown
(4, 12, 27, 29). Importantly, the cyclin D1 promoter lacks a
canonical PRE in its 1-kb promoter-proximal region. This
turns cyclin D1 into an ideal model to investigate whether
progestins may regulate gene expression through the assembly
of a nonclassical transcriptional complex between Stat3 and
ErbB-2, independently of PR binding to PREs. Here, we found
that MPA treatment of C4HD cells induced a significant in-
crease in cyclin D1 protein levels (Fig. 4A). Preincubation with
RU486 and silencing of PR expression abrogated the effects of
MPA (Fig. 4B). Constitutively activated Stat3 and ErbB-2 were
recently found to stimulate cyclin D1 promoter activity in
breast and prostate cancer cells, respectively (9, 17). There-
fore, we sought to determine the participation of ErbB-2 and
Stat3 in the upregulation of cyclin D1 expression by MPA. The
inhibition of ErbB-2 activity or knockdown of ErbB-2 expres-
sion significantly inhibited the capacity of MPA to induce cy-
clin D1 expression (Fig. 4B). The abolishment of MPA-in-
duced Stat3 activation or the silencing of Stat3 expression with
Stat3 siRNAs also abrogated the upregulation of cyclin D1
protein levels by MPA (Fig. 4B). These findings demonstrate
that both ErbB-2 and Stat3 are key players in the mechanism
of MPA-induced cyclin D1 expression. We also found that
MPA modulates cyclin D1 protein expression in T47D cells via
ErbB-2 and Stat3 (see Fig. S4 at http://www.ibyme.org.ar
/laboratorios/elizalde.htm). Next, we explored the regulation
of cyclin D1 mRNA levels by MPA by quantitative real-time
RT-PCR. MPA induced a 3- to 4-fold increase of cyclin D1
mRNA expression levels in C4HD cells (Fig. 4C), and this
effect was abrogated by the silencing of the expression of
ErbB-2, Stat3, and PR (Fig. 4D). We then assessed whether
MPA regulates the transcriptional activity of the cyclin D1
promoter directly via the induction of Stat3 binding to its
response elements. C4HD and T47D cells were transiently
transfected with a 1,745-bp human cyclin D1 promoter lucif-
erase construct containing Stat3 binding sites, named GAS
sites, at positions �984, �568, �475, �239, �68, and �27
(Fig. 4E, top) (17). MPA treatment of both cell types resulted
in a 3-fold increase of cyclin D1 promoter activity, which was
completely abrogated by RU486 (Fig. 4E). Cotransfection with
a DN Stat3 expression vector, Stat3Y705-F, absolutely inhib-
ited the effects of MPA (Fig. 4E). In order to further demon-
strate that MPA activates the cyclin D1 promoter via direct
Stat3 binding to the GAS sequences, C4HD cells were trans-
fected with cyclin D1 promoter constructs truncated at posi-
tions �963, �261, and �141, in which one, three, or four GAS
sites, respectively, were excluded (Fig. 4E, top). Interestingly,
the capacity of MPA to induce cyclin D1 promoter activation
significantly decreased when the Stat3 binding site at position

total protein antibody. Membranes were also probed with an anti-GFP antibody. (B) Cellular localization of Stat3 in ErbB-2-siRNA-C4HD-hErbB-
2�NLS cells treated with MPA. Green fluorescent protein from the ErbB-2�NLS vector was visualized by direct fluorescence imaging (green). Nuclei
were stained with DAPI (blue). (C) Effect of hErbB-2�NLS on endogenous ErbB-2 nuclear migration. C4HD cells retaining endogenous ErbB-2
expression were transfected with the hErbB-2�NLS mutant and treated with MPA. Green fluorescent protein from the hErbB-2�NLS expression vector
was visualized as described above for B (green), and mouse ErbB-2 (red) was localized by using an antibody that specifically recognizes the mouse protein.
Solid arrows indicate cells transfected with hErbB-2�NLS, and dashed arrows indicate wild-type C4HD cells that did not take up the hErbB-2�NLS
mutant. See Materials and Methods for specifications of antibodies used in panels B and C. The experiments from which the data were obtained are
representative of three independent experiments (see also Fig. S3 at http://www.ibyme.org.ar/laboratorios/elizalde.htm).
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FIG. 4. ErbB-2 acts as a Stat3 coactivator in MPA-induced cyclin D1 promoter activation. MPA induces cyclin D1 expression at the protein
and mRNA levels via ErbB-2 and Stat3. (A) Cyclin D1 protein expression was analyzed by Western blotting. (B) Cells were preincubated with the
indicated pharmacological inhibitors or transfected with Stat3, ErbB-2, and PR siRNAs and were then treated with MPA for 48 h. Cyclin D1 levels
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�984 was eliminated, and no further effects were found by the
loss of the rest of the GAS sites (Fig. 4E).

We then specifically evaluated whether ErbB-2 acts as a
transcriptional coactivator of Stat3 in the mechanism of MPA-
induced cyclin D1 promoter activation. As shown in Fig. 4F, we
found that the overexpression of hErbB-2WT significantly en-
hanced cyclin D1 promoter activation induced by MPA via
Stat3. In the absence of MPA, ErbB-2WT did not modulate
basal levels of Stat3 transcriptional activity under the assay
conditions used. On the other hand, the transfection of C4HD
cells with hErbB-2�NLS resulted in the abrogation of the
MPA-stimulated Stat3 activation of the cyclin D1 promoter
(Fig. 4F). This finding is consistent with the function of ErbB-
2�NLS as a DN inhibitor of endogenous ErbB-2 nuclear mi-
gration, as we identified here (Fig. 3C), resulting in a scenario
in which Stat3 is located in the nucleus and binds to the cyclin
D1 promoter but in which ErbB-2 is not available to act as a
coactivator. Notably, we are here defining a new class of tran-
scriptional complex in which the transcription factor itself
(Stat3) is a downstream target of its coactivator (ErbB-2).
Therefore, simultaneously with the transient transfection as-
says, we also performed Western blots in which we studied
Stat3 activation levels in cells transfected with hErbB-2WT or
hErbB-2�NLS by assessing Stat3 Tyr 705 phosphorylation. As
shown in Fig. 4F, the transfection of C4HD cells with hErbB-
2WT or hErbB-2�NLS resulted in higher levels of Stat3 Tyr
705 phosphorylation upon MPA stimulation than those ob-
served for wild-type C4HD cells also stimulated with MPA. To
normalize for this modulation in Stat3 Tyr 705 phosphoryla-
tion levels, which is directly involved in Stat3 transcriptional
activity (7), phospho-Stat3 bands in the immunoblots under-
went densitometry analysis, and values were normalized to
total Stat3 bands. The luciferase units obtained with the trans-
fection assays were then divided by the densitometric values
for phosho-Tyr 705/total Stat3. Figure 4F shows the data anal-
ysis thus performed, clearly evidencing that Stat3 activation of
the cyclin D1 promoter was not due to an increase in Stat3
phosphorylation at Tyr 705 but to the ErbB-2 enhancement of
MPA-induced Stat3 transcriptional activity (luciferase levels
without normalization for differences in Stat3 phosphorylation
are not shown). These findings identify a novel function of

ErbB-2 as a Stat3 coactivator. In order to further explore the
ErbB-2 action as a coactivator, we took advantage of our RNAi
reconstitution model with C4HD cells. The expression of
ErbB-2�NLS in C4HD cells in which endogenous ErbB-2 was
abolished by ErbB-2 siRNAs failed to reconstitute the Stat3
activation of the cyclin D1 promoter (data not shown). To
confirm that the role of ErbB-2 as a Stat3 coactivator is not
restricted to the cyclin D1 promoter or to a specific cell line, we
transfected C4HD and T47D cells with a luciferase reporter
plasmid containing four copies of the m67 high-affinity Stat3
binding site (7). The MPA-induced Stat3 transcriptional acti-
vation measured using this reporter was significantly enhanced
by cotransfection with hErbB-2WT (data not shown).

In vivo binding of a ternary transcriptional complex among
Stat3, ErbB-2, and PR to the cyclin D1 promoter. To assess the
specific association of Stat3 and ErbB-2 in the context of living
cells, we used a ChIP assay. Our findings with C4HD cells
using primers spanning two GAS sites showed a significant and
specific MPA-induced binding of both nuclear Stat3 and
ErbB-2 to the mouse cyclin D1 promoter after 30 min of
treatment (Fig. 5A). Importantly, both proteins associated with
the cyclin D1 promoter at the same time, suggesting that they
function together in the process of MPA-mediated cyclin D1
promoter activation. We also found that MPA caused a strik-
ing increase in the occupancy, by both Stat3 and ErbB-2, of the
human cyclin D1 promoter in T47D cells using a pair of prim-
ers flanking the GAS site at position �984 (Fig. 5A). PR was
found to induce the expression of genes that lack PREs in their
promoters by a nonclassical transcriptional mechanism via PR
tethering to other transcription factors in the promoter of said
genes (23). Our present identification of a progestin-induced
Stat3/ErbB-2 transcriptional complex raises the exciting ques-
tion of whether PR is recruited along with Stat3 and ErbB-2 to
the cyclin D1 promoter. ChIP analysis with C4HD and T47D
cells demonstrated that, indeed, PR is recruited to the GAS
sites in the cyclin D1 promoter along with Stat3 and ErbB-2
(Fig. 5A). We then assessed whether Stat3 and ErbB-2 bind
simultaneously to the cyclin D1 gene promoter by using a
sequential ChIP assay with a Stat3 antibody in the first immu-
noprecipitation and an ErbB-2 antibody in the sequential ChIp
(re-ChIP). Quantitative real-time PCR analysis clearly showed

were studied by Western blotting. (Bottom) Control of inhibition of Stat3 expression by siRNAs (see also Fig S4 at http://www.ibyme.org.ar/laboratorios
/elizalde.htm). Experiments from which the results in A and B were obtained were repeated three times, with similar results. (C) Cyclin D1 mRNA
expression levels were determined by RT-qPCR. The fold change of mRNA expression levels upon MPA treatment for the indicated times was calculated
by normalizing the absolute levels of cyclin D1 mRNA to GAPDH levels, which were used as an internal control, and setting the value of untreated cells
as 1. (D) C4HD cells were transfected with Stat3, ErbB-2, PR, and control siRNAs and were then treated with MPA for 18 h. Cyclin D1 mRNA levels
were studied by RT-qPCR, and data analyses were performed as described above for panel C. Data shown in panels C and D represent the means of
data from three independent experiments 	 standard errors of the means (SEM) (P � 0.001 for b versus a). (E) MPA induces cyclin D1 promoter
activation via Stat3. Cells were transfected with a 1,745-bp-length human cyclin D1 promoter luciferase construct containing the GAS sites indicated at
the top. C4HD cells were also transfected with constructs truncated at positions �963, �262, and �141, as shown in the diagram. When indicated, cells
were cotransfected with the Stat3Y705-F expression vector. After transfection, cells were treated with MPA for 24 h. Results are presented as the fold
induction of luciferase activity with respect to control cells not treated with MPA. The data shown represent the means of data from six independent
experiments for each cell type 	 SEM (P � 0.001 for b versus a and for c versus b). (F) ErbB-2 acts as a Stat3 coactivator. (Top) C4HD cells were
transfected with the 1,745-bp cyclin D1 promoter construct as described above for panel E and were also cotransfected with the hErbB-2WT or
hErbB-2�NLS vector when indicated and treated with MPA as described above for panel E. The relative light units of luciferase obtained in the transient
transfection assays were normalized by the arbitrary densitometric values of phosho-Tyr 705/total Stat3 obtained in the Western blot shown at the bottom,
and data are presented as the fold induction of cyclin D1 promoter activity relative to cells not treated with MPA. Data shown represent the means of
data from three independent experiments 	 SEM (P � 0.001 for b versus a, c versus b, and d versus b). (Bottom) Cells were transfected with hErbB-2WT
or hErbB-2�NLS and were then treated with MPA for 10 min. Stat3 phosphorylation was studied by Western blotting as described in the legend to Fig.
1E (see also Fig. S5 at http://www.ibyme.org.ar/laboratorios/elizalde.htm).
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FIG. 5. MPA induces in vivo binding of Stat3, ErbB-2, and PR to the cyclin D1 promoter. (A) Recruitment of Stat3, ErbB-2, and PR to the cyclin
D1 promoter was analyzed by ChIP of cells treated with MPA for 30 min. Immunoprecipitated DNA was amplified by qPCR using primers (red arrows)
flanking the GAS sites (green arrows) indicated at the top. The arbitrary qPCR number obtained for each sample was normalized to the input, setting
the value of the untreated sample as 1. Data are expressed as fold chromatin enrichment over untreated cells (P � 0.001 for b versus a, d versus c, and
f versus e). (B) Sequential ChIP. Chromatins from cells treated as described above for panel A were first immunoprecipitated with Stat3, PR, or ErbB-2
antibodies, as indicated, and were then reimmunoprecipitated using either an ErbB-2 or a PR antibody. qPCR and data analysis were performed as
detailed above for panel A (P � 0.001 for b versus a, d versus c, f versus e, and h versus g). Results in panels A and B are means 	 SEM from three
independent experiments. IgG was used as a negative control. (C, top) PR tethering to Stat3 at the GAS sites of the cyclin D1 promoter is required for
ErbB-2 loading at these sites. T47D-Y cells were transfected with the C587A-PR mutant and were then treated with MPA for 30 min. (Middle) ErbB-2
recruitment to the GAS sites of the cyclin D1 promoter is mandatory for PR tethering to Stat3. T47D cells were transfected with the hErbB-2�NLS
mutant and were treated with MPA for 30 min. (Bottom) T47D cells are shown as a control. The recruitment of Stat3, ErbB-2, and PR to the cyclin D1
promoter was analyzed by ChIP. Immunoprecipitated DNA was amplified by qPCR using primers flanking the GAS site at position �984 shown in panel
A. A second pair of primers flanking the site at bp �8000 in intron 4 of the cyclin D1 gene was used as a negative control for transcription factor and
coactivator binding. Amounts of immunoprecipitated DNA were normalized to inputs and are reported relative to the amount obtained by IgG
immunoprecipitation, which was set to 1 (P � 0.001 for b versus a). (D) Recruitment of CBP and p300 and H3 and H4 acetylation levels (AcH3 and
AcH4, respectively) at the sites described above for panel C for all three cell types was studied by ChIP, and data were also analyzed as described above
for panel C (P � 0.001 for b versus a). Results in panels C and D are means 	 SEM from two or three independent experiments. (E) C4HD cells were
treated with MPA for 48 h or transfected with increasing amounts of the hErbB-2�NLS expression vector before MPA stimulation. Cyclin D1 protein
levels were analyzed by Western blotting. (F) C4HD cells were treated with MPA for 18 h or transfected with increasing amounts of the hErbB-2�NLS
expression vector before MPA stimulation, and cyclin D1 mRNA levels were studied by RT-qPCR. Data analysis was performed as described in the
legend to Fig. 4C. Data represent the means of data from three independent experiments 	 SEM (P � 0.001 for b versus a and c versus b).
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that Stat3 and ErbB-2 co-occupy the cyclin D1 promoter after
30 min of stimulation of both cell types with MPA (Fig. 5B).
Similarly, when Stat3-immunoprecipitated chromatin was re-
immunoprecipitated with a PR antibody, we found a significant
MPA-stimulated corecruitment of Stat3 and PR (Fig. 5B). The
ErbB-2 and PR co-occupancy of the cyclin D1 promoter was
shown by re-ChIPs using a PR antibody in the first chromatin
immunoprecipitation and an ErbB-2 antibody in the sequential
ChIP (re-ChIP), and vice versa (Fig. 5B illustrates the results
with T47D cells). These findings clearly show that progestin
induces the assembly of a ternary transcriptional complex
among Stat3, ErbB-2, and PR at the GAS sites of the cyclin D1
promoter in breast cancer cells. We then evaluated whether
PR tethering to Stat3 is an absolute requirement for the as-
sembly of the Stat3/ErbB-2 transcriptional complex. For this
purpose, we took advantage of the C587A-PR mutant. In the
original description of this mutant (32), it was reported that PR
tethering mechanisms require the two proteins to be involved,
the one that binds DNA and its associated protein, to possess
a DNA binding domain. Because the C587A-PR mutant lacks
a functional DNA binding domain, we hypothesized that its
capacity to be recruited to the GAS sites of the cyclin D1
promoter through tethering with Stat3 will be strongly im-
paired compared with that of wild-type PR-B. Figure 5C shows
that while a clear Stat3 recruitment was observed upon the
stimulation of T47D-Y-C587A-PR cells by MPA (left),
C587A-PR was not loaded at this promoter (right). Interest-
ingly, ErbB-2 was not recruited to the cyclin D1 promoter in
T47D-Y-C587A-PR cells (Fig. 5C, middle). We then ques-
tioned whether ErbB-2 recruitment to the GAS sites of the
cyclin D1 promoter is mandatory for PR tethering to Stat3 at
this site. To address this issue, we transfected T47D cells with
hErbB-2�NLS, which is unable to migrate to the nucleus and
which functions as a DN inhibitor of endogenous ErbB-2 nu-
clear translocation (Fig. 3C). In the absence of ErbB-2 recruit-
ment (Fig. 5C, middle), PR was not loaded at the GAS site at
position �984 of the cyclin D1 promoter after MPA treatment
of T47D-hErbB-2�NLS cells (Fig. 5C, right). MPA-induced
Stat3 binding at this site remained unaffected (Fig. 5C, left).
The recruitment of all three proteins to the site at bp �8000
was used as a negative control for transcription factor and
coactivator binding, as described previously (11). Histone acet-
ylation positively correlates with active gene transcription (21).
Therefore, to gain insight into the mechanisms of the ErbB-2
coactivation of Stat3, we investigated whether coactivators with
histone acetyltransferase (HAT) activity, such as p300 and
CBP, are recruited along with Stat3, ErbB-2, and PR to the
cyclin D1 promoter. We found that CBP and p300 were loaded
at the GAS site at position �984 of the cyclin D1 promoter
upon MPA treatment (Fig. 5D). Consistently, histone H3 and
H4 acetylation at this site was significantly enhanced by MPA
treatment (Fig. 5D). In T47D-hErbB-2�NLS and T47D-Y-
C587A-PR cells, in which the Stat3/ErbB-2/PR transcriptional
complex was not assembled, neither recruitment of CBP or
p300 nor modification of histone acetylation levels was ob-
served (Fig. 5D). To further confirm that the role of ErbB-2 as
a Stat3 coactivator within the nuclear Stat3/ErbB-2/PR com-
plex regulates cyclin D1 expression in breast cancer cells, we
explored the levels of the cyclin D1 protein and mRNA in
C4HD cells transfected with increasing amounts of hErbB-

2�NLS. Our results showed that levels of MPA-induced cyclin
D1 expression were significantly reduced by hErbB-2�NLS
transfection compared to those found for wild-type C4HD cells
(Fig. 5E and F).

The nuclear Stat3/ErbB-2/PR complex regulates breast can-
cer cell proliferation. To investigate the correlation between
the MPA-induced assembly of the nuclear Stat3/ErbB-2/PR
complex and cell growth, we examined the in vitro proliferative
response of ErbB-2-siRNA-C4HD-hErbB-2�NLS cells to
MPA. As shown in Fig. 6A, ErbB-2-siRNA-C4HD-ErbB-

FIG. 6. The nuclear Stat3/ErbB-2 complex regulates in vitro breast
cancer proliferation. (A) Endogenous ErbB-2 expression was silenced
by transfection with ErbB-2 siRNAs, and expressions of either hErbB-
2WT or hErbB-2�NLS were restored by cotransfection with the re-
spective plasmids. Cells were treated with MPA for 48 h, and the
incorporation of [3H]thymidine was used as a measure of DNA syn-
thesis. Data are presented as means 	 standard deviations (P � 0.001
for b versus a). (B) C4HD cells were transfected with control siRNA
(top) and cotransfected with hErbB-2�NLS (bottom) before MPA
stimulation for 48 h and were then stained with PI and analyzed for cell
cycle distribution by flow cytometry. The data from the experiments
shown are representative of data from a total of three experiments.
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2�NLS cells were completely unresponsive to MPA stimula-
tion. This finding reveals a direct correlation between ErbB-2
nuclear localization and progestin-induced breast cancer
growth. Since we found that hErbB-2�NLS acts as a DN in-
hibitor of endogenous ErbB-2 nuclear translocation, we next
addressed whether the transfection of hErbB-2�NLS into
C4HD cells expressing ErbB-2 (control siRNA-C4HD-ErbB-
2�NLS) affects MPA-induced growth. Our results showed that
under these cell conditions, the response to MPA was abro-
gated (Fig. 6A), for the first time identifying the function of
hErbB-2�NLS as a DN inhibitor of endogenous ErbB-2 pro-
liferative effects in breast cancer cells. Proliferation was also
evaluated by propidium iodide staining and flow cytometry
analysis, with similar results. Figure 6B shows our results for
control siRNA-C4HD-ErbB-2�NLS cells indicating their lack
of a proliferative response to MPA.

Abrogation of ErbB-2 nuclear localization inhibits in vivo
growth of breast tumors expressing steroid hormone receptors
and ErbB-2. Our breast cancer model has unique features that
make it particularly attractive for in vivo studies targeting
ErbB-2. Since C4HD tumors overexpress ErbB-2 and also have
high levels of ER and PR, they resemble a phenotype present
in approximately 50% of human breast cancer cells that over-
express ErbB-2 and associated with resistance to hormonal
treatment (24). In this study, control siRNA-C4HD, ErbB-
2-siRNA-C4HD, and ErbB-2-siRNA-C4HD-hErbB-2�NLS
cells were inoculated subcutaneously (s.c.) into mice treated
with MPA. Here, we describe a representative experiment of a
total of three. All mice (n 
 6) injected with control siRNA-
C4HD cells developed tumors, which became palpable after 12
days of inoculation. On the contrary, only four out of six mice
injected with ErbB-2-siRNA-C4HD cells or with ErbB-2-
siRNA-C4HD-hErbB-2�NLS cells developed tumors, with a
delay of 4 days in tumor latency compared with tumors from
the control group. The mean volumes (Fig. 7A) and growth
rates (Table 1) of tumors that developed from either ErbB-2-
siRNA-C4HD or ErbB-2-siRNA-C4HD-hErbB-2�NLS cells
were significantly lower than those of tumors from the control
group. We then used a second experimental protocol in which
we addressed whether the transfection of hErbB-2�NLS into
C4HD cells maintaining the expression of endogenous ErbB-2
could modulate the in vivo proliferative response to MPA. For
this purpose, C4HD cells were transiently transfected with the
hErbB-2�NLS vector (C4HD-hErbB-2�NLS) or with the
empty pcDNA 3.1 vector (C4HD), and cells from each exper-
imental group were inoculated s.c. into mice treated with
MPA. Here, we show the results of a representative experi-
ment of a total of four. All mice (n 
 6) injected with C4HD-
hErbB-2�NLS cells and with C4HD cells developed tumors
that became palpable after 5 days of inoculation. As shown in
Fig. 7B, the expression of hErbB-2�NLS in C4HD cells
strongly inhibited MPA-induced proliferation. The mean vol-
umes (Fig. 7B and Table 1) and growth rates (Table 1) of
tumors that developed from C4HD-hErbB-2�NLS cells were
significantly lower than those of tumors from the control
group. Tumors were excised at day 32 in the first protocol and
at day 20 in the second protocol, and the results are summa-
rized in Table 1. Histopathological analysis revealed that tu-
mors from mice receiving ErbB-2-siRNA-C4HD, ErbB-2-
siRNA-C4HD-hErbB-2�NLS, or C4HD-hErbB-2�NLS cells

showed a significantly lower histological grade (grade II), with
3 to 4 mitoses per 10 high-power fields (HPF), than tumors
from animals receiving control siRNA-C4HD or C4HD cells,
both of which showed histological grade III, with over 10 mi-
toses per 10 HPF (see Fig. S6 at http://www.ibyme.org.ar
/laboratorios/elizalde.htm). The experimental strategies used
here relied on transient transfections with the hErbB-2�NLS
expression vector. Therefore, we explored its intratumoral ex-
pression at the end of the experiments. We chose to study
samples of the second protocol because of the far-reaching
implications of the use of hErbB-2�NLS as a single-agent
therapy. Since hErbB-2�NLS is GFP tagged, we analyzed its
content by flow cytometry. Figure 7C shows that at day 20,
approximately 30% of the cells still expressed the hErbB-
2�NLS mutant. Next, we examined the state of activation of
ErbB-2, Stat3, p42/p44 MAPKs, and PR in tumor samples.
Comparable ErbB-2, Stat3, and p42/p44 MAPK phosphor-
ylation levels were found in tumors that developed in mice
injected with C4HD-hErbB-2�NLS and C4HD cells (Fig. 7D).
Similar levels of PR phosphorylation at Ser 294, which corre-
lates directly with PR transcriptional activity (28), were present
in tumors that developed from C4HD-hErbB-2�NLS and
C4HD cells. ChIP analysis demonstrated comparable levels of
Stat3 recruitment to the cyclin D1 promoter in tumors arising
from C4HD-hErbB-2�NLS and C4HD cells (Fig. 7E). On the
contrary, we found no ErbB-2 recruitment to the cyclin D1
promoter in C4HD-hErbB-2�NLS cells (Fig. 7E). These re-
sults further support the direct involvement of the nuclear
Stat3/ErbB-2 transcriptional complex in the in vivo growth of
breast tumors expressing both PR and ErbB-2.

DISCUSSION

Our present findings for breast cancer cells demonstrate that
a steroid hormone receptor, PR, induces ErbB-2 nuclear trans-
location, its colocalization and physical association with Stat3
at the nuclear compartment, and the assembly of a transcrip-
tional complex in which ErbB-2 acts as a coactivator of Stat3.
In this newly discovered class of complex, the transcription
factor (Stat3) is first phosphorylated at the cytoplasmic level
via its coactivator (ErbB-2) function as an upstream effector.
Notably, PR is also loaded onto the Stat3/ErbB-2 complex.
Our results also highlight that in the frame of this Stat3/ErbB-
2/PR transcriptional complex, the function of ErbB-2 as a Stat3
coactivator drives progestin-induced cyclin D1 promoter acti-
vation. Importantly, our findings also reveal a new and unex-
pected feature of the nonclassical PR genomic mechanisms.
Thus, we showed that the corecruitment of ErbB-2 is an ab-
solute requirement for PR tethering to Stat3. A model of PR
action consistent with our findings is shown in Fig. S7 at http:
//www.ibyme.org.ar/laboratorios/elizalde.htm.

In addition to ErbB-2, all ErbB family members have been
detected in the nucleus (34). Since ErbBs lack a putative DNA
binding domain, it was proposed that other transcription fac-
tors with DNA binding capacities cooperate with ErbBs to
regulate gene expression. Although pioneering findings dem-
onstrated that ErbB-2 modulates COX-2 promoter activation
functioning as a transcription factor (35), the capacity of
ErbB-2 to act as a transcriptional coactivator had so far re-
mained completely unknown. Our series of functional studies
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FIG. 7. In vivo blockage of ErbB-2 nuclear localization. (A and B) Cells (106) from each experimental group were inoculated subcutaneously
(s.c.) into mice treated with MPA, and tumor volume was calculated as described in Materials and Methods. (Bottom) Decrease in tumor mass
in mice injected with C4HD-hErbB-2�NLS cells compared to mice injected with C4HD cells. Each point represents the mean volume 	 SEM for
six independent tumors for all experimental groups except for the ErbB-2-siRNA-C4HD and ErbB-2-siRNA-C4HD-hErbB-2�NLS groups, which
contained four tumors. (C) Content of hErbB-2�NLS. GFP expression levels were determined by flow cytometry. Shown is a representative sample
of each tumor type. (D) Tumor lysates were analyzed by Western blotting with the indicated phosphoprotein antibodies, and membranes were
reprobed with their respective total protein antibodies. Shown are two representative samples of mice injected with C4HD cells (lanes 1 and 2)
and with C4HD-hErbB-2�NLS cells (lanes 3 and 4). Lane 5, C4HD cells not treated with MPA, used as a control for the protein phosphorylation
state. (E) ChIP analysis of tumor samples. DNA-protein complexes were pulled down with Stat3 and ErbB-2 antibodies or with control IgG, and
the resulting DNA was amplified by qPCR using primers indicated in Fig. 5. Results are expressed as n-fold over the IgG control and represent
the averages of data from three replicates 	 SEM. Shown are data for a representative sample of each tumor type.
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with mouse and human breast cancer cells have provided the
first evidence that ErbB-2 indeed acts as a transcriptional co-
activator of Stat3. As previously shown for constitutively acti-
vated ErbB-2 (35), our data now show that PR induces full-
length ErbB-2 protein translocation to the nucleus. We also
revealed a new feature of the ErbB-2 nuclear status, as we
identified its specific phosphorylation at Tyr 1222/1272 and Tyr
877/927, induced by progestins via c-Src.

The nuclear interaction of EGF-R and Stat3 in the promoter
of the inducible nitric oxide synthase (iNOS), containing both
EGF-R binding sites (AT-rich sequences [ATRSs]) and Stat3
response elements, was identified in a seminal study (20). In
that work, the nature of the EGF-R and Stat3 nuclear interplay
was explored by a different strategy than that used here, since
it relied on identifying genes containing both ATRS and Stat3
response elements in their promoters. The presence of two
clusters of ATRS and Stat3 binding sites was essential for the
EGF-R regulation of the iNOS promoter (20). This highlights
a major difference with respect to the nuclear ErbB-2/Stat3
transcriptional complex function in the cyclin D1 promoter,
which we found requires only Stat3 binding to the GAS sites
and ErbB-2 recruitment to those sites in order to act as a Stat3
coactivator. A likely interpretation of this difference is that
EGF-R/Stat3 and ErbB-2/Stat3 complexes regulate chromatin
targets by distinct mechanisms as a general rule. It may also
indicate that the nature of the interaction between ErbBs and
Stat3 within intact cells depends on the set of Stat3/ErbB
binding motifs available in the target gene promoter/enhancer
regions as well as on the specific sequences and unique struc-
tural features of the DNA neighboring the Stat3/ErbB binding
sites. Consistent with the latter, Stat3 and EGF-R do not
associate at the cyclin D1 promoter, which was first found to be
regulated by nuclear EGF-R (19) and which also contains a
cluster of ATRS/Stat3 sites (20).

Our data showed that the nuclear import of Stat3 mediated
by MPA occurs independently of ErbB-2 nuclear localization,
as reported previously for Stat3 and EGF-R (20). The comi-
gration of Stat3 and EGF from the cell surface to the perinu-
clear region via receptor-mediated endocytosis was previously
described (3). Our results are consistent with those previous
findings since we revealed here that hErbB-2�NLS moves
from the cytoplasmic membrane to the perinuclear region in

response to MPA and thus retains the potential capacity to
cotransit with Stat3. Interestingly, our findings identified yet
another level of interaction between Stat3 and ErbB-2 showing
that the specific entrance of Stat3 to the nucleus, once located
in the perinuclear cytoplasm, is not associated with ErbB-2
nuclear translocation.

It has long been acknowledged that progestins, acting
through the classical PR, induce cyclin D1 gene expression in
breast cancer cells (4, 12). However, the contribution of rapid
PR signaling and of PR transcriptional mechanisms still re-
mains to be elucidated. The cyclin D1 proximal promoter lacks
a canonical PRE, for which this gene has become a model to
investigate the mechanisms through which progestins/PR reg-
ulates the expression of genes independently of PR binding to
PREs. Seminal works have demonstrated that the rapid pro-
gestin activation of p42/p44 mitogen-activated protein kinases
(MAPKs) and of phosphatidylinositol (PI) 3-kinase (PI-3K)/
Akt pathways mediates the PR regulation of cyclin D1 expres-
sion in breast cancer cells (4, 12, 27). Another study suggested
that progestins induce cyclin D1 promoter activation via PR
tethering to the AP-1 transcription factor at an AP-1 binding
site encoded in the proximal promoter (10). Our data provide
completely novel insights into the mechanism of PR induction
of cyclin D1 expression in breast tumors, which integrates the
rapid PR activation of ErbB-2 and Stat3 and a nonclassical PR
transcriptional mechanism consisting of the assembly on the
cyclin D1 promoter of a nuclear complex in which ErbB-2 acts
as a coactivator of Stat3. Moreover, our finding that PR is
recruited along with Stat3 and ErbB-2 to the cyclin D1 pro-
moter reveals a new aspect of the nonclassical PR tethering
mechanisms. Thus, we found here that ErbB-2 coloading is an
absolute requirement for PR tethering to Stat3 at the GAS
sites of the cyclin D1 promoter, for the first time revealing a
functional cooperation between a steroid hormone receptor,
PR, and a receptor tyrosine kinase, ErbB-2, to induce cyclin
D1 promoter activation via Stat3 binding to its response ele-
ments in said promoter. We have also provided a mechanistic
explanation for the mutual dependence of ErbB-2 and PR in
Stat3 transcriptional activity at the cyclin D1 promoter. We
showed that the corecruitment of coactivators with chromatin-
remodeling activity, such as p300 and CBP, occurs only upon
the assembly of the Stat3/ErbB-2/PR multiprotein complex.

TABLE 1. Tumor growth ratesa

Protocol and treatment Mean tumor vol
(mm3) 	 SEM

Mean growth rate 	
SEM (mm3/day)

% growth
inhibition

Delay in tumor
growth (days)

First protocol
Control siRNA-C4HD 516.7 	 67.1* 23.1 	 1.5*
ErbB-2-siRNA-C4HD 237.1 	 50.1# 11.2 	 0.9# 54.1b 7b

ErbB-2-siRNA-C4HD-hErbB-2�NLS 218.7 	 55.5# 10.2 	 1.6# 57.6b 7b

Second protocol
C4HD 491.8 	 64.0* 32.1 	 3.5*
C4HD-hErbB-2�NLS 123.1 	 21.8# 8.5 	 1.0# 74.9c 6.5c

a Growth rates were calculated as the slopes of growth curves. In the first protocol, volume, percentage of growth inhibition, and delay in tumor growth (days) in
tumors from mice injected with ErbB-2-siRNA-C4HD or ErbB-2-siRNA-C4HD-hErbB-2�NLS cells with respect to mice injected with control siRNA-C4HD cells were
calculated at day 32, as described in Materials and Methods. In the second protocol, comparisons between tumors that developed from C4HD-hErbB-2�NLS and
C4HD cells were performed at day 20. # versus �, P � 0.001.

b With respect to control siRNA cells, for growth inhibition, P � 0.001.
c With respect to C4HD cells, for growth inhibition, P � 0.001.
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The molecular mechanisms of the ErbB-2 and Stat3 inter-
action that lead to breast cancer growth remain almost com-
pletely unexplored. Most recently, we found that HRG-bound
ErbB-2 activates Stat3 through the co-option of PR signaling
(26). Activated Stat3 in turn acts as a downstream effector of
both HRG/ErbB-2 and unliganded PR to induce the prolifer-
ation of mammary tumors (26). On the other hand, a startling
study showed that the targeting of Stat3 inhibits the growth of
ErbB-2-overexpressing mammary cancer cells (30). It has also
been found that the overexpression of ErbB-2 correlates with
Stat3 activation and binding to its response elements in the
p21Cip1 promoter and that this is involved in chemotherapy
resistance in breast tumors (15). An exciting and novel finding
of our study is the demonstration of a direct correlation be-
tween nuclear ErbB-2 function as a Stat3 transcriptional coac-
tivator and breast cancer growth. Indeed, we found that cells
expressing the mutant hErbB-2�NLS showed a strongly re-
duced response to progestin-induced in vitro and in vivo pro-
liferation. In support of a key role of nuclear ErbB-2 in mam-
mary tumorigenesis, we found here that upon progestin
stimulation, hErbB-2�NLS retains an intact, intrinsic tyrosine
kinase activity and the capacity to activate p42/p44 MAPKs, a
classical ErbB-2 signaling cascade, and induce Stat3 phosphor-
ylation. This finding indicates that in spite of an intact function
as a membrane tyrosine kinase and activator of mitogenic
signaling cascades, the abolishment of ErbB-2 nuclear function
significantly impairs its proliferative effects in breast cancer.
Notably, the transfection of hErbB-2�NLS into C4HD cells
expressing endogenous ErbB-2 (C4HD-hErbB-2�NLS cells)
abrogated their proliferative response to progestins, consistent
with our results identifying the role of hErbB-2�NLS as a DN
inhibitor of wild-type ErbB-2 nuclear translocation. Our mo-
lecular studies of tumors from mice injected with C4HD-
hErbB-2�NLS cells revealed high levels of ErbB-2, p42/p44
MAPK, and Stat3 tyrosine phosphorylation as well as a signif-
icant degree of PR phosphorylation at Ser294, which was
found to correlate directly with PR transcriptional activity (28).
We also detected strong Stat3 binding to the cyclin D1 pro-
moter in tumors arising from C4HD-hErbB-2�NLS cells. Most
challenging was our finding that ErbB-2 recruitment to the
cyclin D1 promoter was completely abrogated in these tumors.
These results have far-reaching therapeutic implications, since
they indicate that the growth of breast tumors with intact
ErbB-2 tyrosine kinase function and PR transcriptional activity
can be abolished by the blockage of ErbB-2 nuclear transloca-
tion. At present, COX-2 is the only gene whose expression has
been shown to be modulated through the role of ErbB-2 as a
transcriptional activator (35). Interestingly, COX-2 inhibition
in MCF-7 cells overexpressing ErbB-2 and in parental MCF-7
cells had no effect on the proliferation of the latter but sup-
pressed the invasive activity of ErbB-2-overexpressing MCF-7
cells (35). Undoubtedly, other as-yet-unidentified genes regu-
lated by ErbB-2 through its role as a transcription factor may
be involved in ErbB-2 proliferative effects. On the other hand,
our present results support the exciting notion that the func-
tion of ErbB-2 as a transcriptional coactivator may be the one
directly involved in the ErbB-2 stimulation of breast cancer
growth.

Approximately 50% of human breast cancer cells that over-
express ErbB-2 also display ER and PR, a phenotype associ-

ated with resistance to hormonal therapy whose clinical man-
agement still remains to be established (24). Although clinical
data indicate that combined antihormonal and anti-ErbB-2
therapies, such as the blockage of ErbB-2 with the recombi-
nant humanized anti-ErbB-2 monoclonal antibody trastu-
zumab (Herceptin), improve outcome compared to endocrine
treatment alone, other studies suggested that this dual strategy
might in fact render worse results than those obtained with the
combination of trastuzumab with chemotherapy (24). This
confronts us with a significant number of patients requiring
new therapies for ErbB-2-overexpressing breast tumors. Our
present findings provide a strong rationale for a potential novel
gene therapy intervention in PR- and ErbB-2-positive breast
tumors consisting of the transfer of hErbB-2�NLS to be used
as a single-agent therapy.
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