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Cross talk between the steroid hormone receptors for estrogen and progesterone (PR) and the ErbB family
of receptor tyrosine kinases appears to be a hallmark of breast cancer growth, but its underlying mechanism
remains poorly explored. Here we have highlighted signal transducer and activator of transcription 3 (Stat3)
as a key protein activated by heregulin (HRG), a ligand of the ErbB receptors, through co-opted, ligand-
independent PR function as a signaling molecule. Stat3 activation was an absolute requirement in HRG-
induced mammary tumor growth, and targeting Stat3 effectively inhibited growth of breast cancer cells with
activated HRG/ErbB-2 and PR. Our findings unravel a novel potential therapeutic intervention in PR- and
ErbB-2-positive breast tumors, involving the specific blockage of PR signaling activity.

Accumulated evidence indicates that the ErbB family (epi-
dermal growth factor receptor [EGFR]/ErbB-1, ErbB-2,
ErbB-3, and ErbB-4) of receptor tyrosine kinases is involved in
breast cancer growth. Particularly, ErbB-2 overexpression in
breast tumor samples is associated with increased metastatic
potential and a poor prognosis (34). A large number of ligands
for ErbBs have been described, including all isoforms of
heregulins (HRG), which bind to ErbB-3 and ErbB-4 and
recognize EGFR and ErbB-2 as coreceptors (35). Although
the molecular mechanisms through which ErbBs control breast
cancer growth have yet to be elucidated fully, the activation of
mitogenic intracellular signaling, such as the p42/p44 mitogen-
activated protein kinase (MAPK) pathway, seems to be caus-
ally involved in ErbB-induced breast cancer proliferation (27).
Notably, several research works, including our own with pro-
gesterone receptor (PR) and HRG (20), have demonstrated
that unliganded steroid hormone receptors (SHR) could in-
deed be transcriptionally activated through cross talk with
ErbB signaling pathways (22, 39), indicating that another likely
mechanism through which ErbBs induce breast cancer prolif-
eration is by ligand-independent activation of SHR. On the
other hand, several reports as well as our own findings with
HRG/ErbBs and PR have shown that steroid hormones are
able to activate ErbBs in breast cancer (2, 9, 21). Bidirectional
cross talk between steroid hormones and ErbB signaling path-
ways therefore seems to be a hallmark of mammary cancer
growth.

Over the last few years, a unique family of proteins, the
signal transducers and activators of transcription (Stats), were
found to be involved in cross talk with both steroid hormones
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and ErbB receptors (30, 38). Particularly, accumulating evi-
dence has revealed that one of the members of the Stat family,
Stat3, plays a key role in breast tumorigenesis (38).

We already demonstrated that HRG, acting via ErbB-2,
induced growth in C4HD cells from an experimental model of
hormonal carcinogenesis in which the synthetic progestin me-
droxyprogesterone acetate (MPA) induced mammary adeno-
carcinomas in female BALB/c mice (2). Notably, we found that
HRG proliferative effects in both C4HD cells (2) and the
human breast cancer cell line T47D (20) required PR activa-
tion. Interestingly, our previous work has unraveled that
ErbB-2 also plays a key role in C4HD and T47D cell growth
stimulated by progestins (1), disclosing the bidirectional nature
of the interaction between progestin/PR and HRG/ErbB-2.
Finally, we have recently shown that progestins are able to
induce Stat3 activation in C4HD and T47D cells (28) and that
the presence of activated Stat3 is an absolute requirement for
progestin/PR stimulation of breast cancer growth (28). In the
present study, we explored whether Stat3 might be yet another
player in the cross talk between PR and HRG/ErbBs that
drives breast tumor growth. Our present findings demonstrate
for the first time that HRG/ErbB-2 induces Stat3 activation in
breast cancer cells through the co-option of PR signaling.

MATERIALS AND METHODS

Animals and tumors. Experiments were carried out with virgin female BALB/c
mice raised at the Institute of Biology and Experimental Medicine of Buenos
Aires. All animal studies were conducted as described previously (28). The
C4HD tumor line expresses PR and estrogen receptor (ER) and lacks glucocor-
ticoid receptor and EGFR/ErbB-1 expression (2, 20).

Antibodies. Antibodies to the following proteins were used: phosphotyrosine
Stat3 (B-7), total Stat3 (C-20), phosphotyrosine Jak1 (Tyr1022/1023), total Jak1l
(HR-785), total Jak2 (C-20), ErbB-2 (C-18), ErbB-2 (9G6), ErbB-3 (C-17),
ErbB-4 (C-18), phosphotyrosine (PY99), phospho-p42/p44 MAPK (E-4), total
p42/p44 MAPK (C-14), p85 regulatory subunit of phosphatidylinositol 3-kinase
(Z-8), and retinoblastoma protein (C-15), all from Santa Cruz Biotechnology
(Santa Cruz, CA); phosphotyrosine Src (Tyr 416), c-Src (36D10), phospho-
ErbB2 (Tyr 1221/1222), phospho-ErbB-2 (Tyr 877), and phosphotyrosine Jak2
(Tyr 1007/1008), from Cell Signaling (Beverly, MA); hPR Ab-7 (clone 7), ErbB-
4/HER-4 oncoprotein (Ab-2), phosphoserine 294 PR (Ab-12), and actin (clone
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ACTNOS), from Neomarkers (Freemont, CA); v-Src (Ab-1), from Calbiochem;
and FLAG-M2 monoclonal antibody, from Sigma (St. Louis, MO).

Cell culture and treatments. Primary culture of epithelial cells from C4HD
tumors was performed as previously described (1, 2, 20). Cells were incubated in
the presence or absence of 20 ng/ml of recombinant human HRGB1 (Neomar-
kers, Freemont, CA). When indicated, cells were pretreated for 90 min with
RU486. To block c-Src, ErbB-2, and p42/p44 MAPK activation, cells were pre-
incubated with 10 pM 4-amino-5-(4-chlorophenyl)-7-(¢-butyl)pyrazolo[3,4-
d]pyrimidine (PP2) (Calbiochem, San Diego, CA), 50 uM tyrphostin AG825
(Calbiochem), and 10 uM UO126 (Sigma, St. Louis, MO), respectively, for 90
min before the addition of HRG. In experiments in which ErbB-2 was blocked,
cells were pretreated with 2 wM antisense oligodeoxynucleotides (ASODNs) to
ErbB-2 mRNA or, as a control, with 2 pM sense oligodeoxynucleotides
(SODN:E) for 48 h before the addition of HRG. Sequences of ODNs have already
been detailed (1). In experiments assessing the role of ErbB-3 or ErbB-4, cells
were preincubated with either an ErbB-3 mouse monoclonal antibody (oncopro-
tein Ab-5, clone H3.105.5; Neomarkers) or an ErbB-4 mouse monoclonal anti-
body (oncoprotein Ab-3, clone H4.72.8; Neomarkers) prior to HRG treatment,
as already described (20). As control, cells were also incubated with preimmune
mouse serum. T47D and SK-BR-3 cells were obtained from the American Type
Culture Collection. T47D-Y cells were a generous gift from K. Horwitz (Uni-
versity of Colorado Health Sciences Center, Denver, CO). In experiments as-
sessing the effect of HRGs on Stat3 activity, T47D cells, T47D-Y cells, T47D-Y
cells transfected with PR-expressing vectors, and SK-BR-3 cells were cultured in
Dulbecco’s modified Eagle’s medium (without phenol red) supplemented with
0.1% charcoalized fetal calf serum (ChFCS) and subjected to the treatments
described above for C4HD cells. Cell proliferation was evaluated by a [*H]thy-
midine incorporation assay as previously described (28). Assays were performed
in octuplicate, and differences between control and experimental groups were
analyzed by analysis of variance followed by a Tukey ¢ test between groups. In
former experiments, we had demonstrated that thymidine uptake correlates with
the number of cells/well (2).

Western blot analysis and immunoprecipitation assays. Lysates were pre-
pared from cells subjected to the different treatments described in each experi-
ment, as previously detailed, and proteins were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (28). Proteins were electroblotted
onto nitrocellulose, and membranes were immunoblotted with the indicated
antibodies as described previously (28). c-Src activity was studied by immuno-
precipitating 500 ug protein with anti-total-c-Src antibody and performing West-
ern blotting with a phosphotyrosine 418/423 c-Src antibody. ErbB-2 activity was
studied by immunoprecipitating 250 pg protein with an ErbB-2 antibody and
revealing the blot with a phosphotyrosine (p-Tyr) antibody. The association
among ErbB-2, c-Src, and Stat3 was studied by performing coimmunoprecipita-
tion experiments. Total cell lysates (1 mg protein) were immunoprecipitated
using either an ErbB-2 (C-18) or a Stat3 (C-20) antibody (both from Santa Cruz
Biotechnology, Santa Cruz, CA). As a control for the specificity of the protein
interaction, lysates were also immunoprecipitated with normal rabbit serum
(NRS) and a transforming growth factor beta receptor IT (TGF-BRII) antibody
(L-21; Santa Cruz Biotechnology).

Preparation of nuclear and cytosolic extracts. The NE-PER nuclear and
cytoplasmic extraction reagent technique (Pierce Biotechnology, IL) was used
per the manufacturer’s instructions.

siRNA transfections. Small interfering RNAs (siRNAs) targeting PR and
Stat3 mRNAs were synthesized by Dharmacon, Inc. (Lafayatte, CO) (PRsiRNA
antisense, 5'-AUAGGCGAGACUACAGACGUU-3'; Stat3siRNA#1 anti-
sense, 5'-CAACUCAGGAAAUUUGACCUU-3'; Stat3siRNA#?2 antisense, 5'-
CAUUCCCACAUCUCUGCUCUU-3"; and Stat3siRNA#3 antisense, 5'-UUA
UGAAACACCAACGUGGUU-3"). A nonsilencing siRNA oligonucleotide
from Dharmacon which does not target any known mammalian genes was used
as a negative control. Transfection of siRNA duplexes was performed by using
the DharmaFECT transfection reagent following the manufacturer’s directions,
using 100 nmol of siRNA, for 3 days.

Transient and stable transfections. In experiments assessing the role of Jakl
and Jak2 in HRG-induced effects on Stat3, C4HD and T47D cells were tran-
siently transfected with 2 pg of a dominant-negative (DN) Jak1 vector or with 2
pg of a DN Jak2 vector (26), kindly provided by O. Silvennoinen (Tampere
University Hospital, Finland) via N. Hynes (Friedrich Miescher Institute, Basel,
Switzerland). T47D-Y cells were transiently transfected with 2 pg of plasmid
encoding wild-type human PR-B (kindly provided by K. Horwitz), human PR-A
(a gift from D. Edwards, Baylor College of Medicine, Houston TX), an S294A
mutant PR-B which harbors a point mutation in which Ser 294 has been replaced
by alanine (T47D-Y-S294APR-B) (a gift from C. Lange, University of Minnesota
Cancer Center, Minneapolis, MN) (32), or a mutant PR-B engineered to convert

MoL. CELL. BIOL.

three key prolines (P422A, P423A, and P426A) to alanines (PR-BmPro), thus
abolishing PR binding to all of the SH3 domains and inhibiting activation of c-Src
family tyrosine kinases (5) (provided by D. Edwards). The Fugene 6 transfection
reagent technique (Roche Biochemicals, Indianapolis, IN) was used in accor-
dance with the manufacturer’s instructions. Transfection efficiencies were eval-
uated using the pEGFP-N1 vector (BD Biosciences Clontech, Palo Alto, CA)
and determined by the percentage of cells that exhibited green fluorescence 24 h
after transfection. Green fluorescent protein was visualized by direct fluores-
cence imaging using a Nikon Eclipse ES800 confocal laser microscopy system
(Nikon Instruments, Inc., Melville, NY). Transfection efficiencies varied between
60 and 70% (28). To study the role of Stat3 in proliferation, C4HD cells were
transiently transfected as described above for 48 h with 2 pg of a DN Stat3
expression vector, Stat3Y705-F (6, 23), which carries a tyrosine-to-phenylalanine
substitution at codon 705 that reduces phosphorylation on tyrosine of the wild-
type Stat3 protein, therefore inhibiting both dimerization and DNA binding of
Stat3 (7) (kindly provided by J. Darnell). As a control, cells were transfected with
2 pg of the empty pRc/CMV vector. Proliferation studies were done by also
transfecting cells for 72 h with siRNAs. To investigate HRG’s capacity to induce
the transcriptional activation of Stat3, C4HD cells were transiently transfected
with 2 pg of a luciferase reporter plasmid containing four copies of the m67
high-affinity binding site (7) and 10 ng of a Renilla luciferase expression plasmid,
RL-CMV (Promega, Madison, WI), used to correct variations in transfection
efficiency. In experiments assessing the role of Jaks in Stat3 transcriptional
activation, cells were cotransfected with 2 g DN Jakl or 2 pg DN Jak2 expres-
sion vector. The total amount of transfected DNA was standardized by adding
the pTATA-Luc reporter lacking the m67 insertion. Cells were then treated with
HRG or preincubated with RU486, PP2, or ErbB-blocking antibodies for 90 min
and then treated with HRG for 48 h, or they were left untreated. Transfected
cells were lysed and luciferase assays carried out using a dual-luciferase reporter
assay system (Promega). Duplicate samples were analyzed for each datum point.
T47D-Luc cells were obtained by cotransfection of T47D cells with a Stat3
luciferase reporter plasmid containing four copies of the m67 high-affinity bind-
ing site (4Xm67 pTATA TK-Luc) (7) and a neomycin resistance plasmid, using
Fugene (Roche) according to the manufacturer’s instructions, and selection with
the neomycin analog G418 (Sigma) (500 pg/ml). Individual clones were propa-
gated and screened for firefly luciferase activity, measured in total cell extracts
according to the manufacturer’s protocol (Promega, Madison, WI).

Immunofluorescence staining and confocal microscopy. C4HD cells grown on
glass coverslips were incubated in medium with 0.1% ChFCS in the presence and
absence of HRG (20 ng/ml) for 10 min. Cells were fixed and permeabilized in
ice-cold methanol and were then blocked with phosphate-buffered saline—1% bovine
serum albumin at room temperature. ErbB-2 was localized using either ErbB-2 C-18
or 9G-6 (Santa Cruz) antibody, and Stat3 was localized using a mouse monoclonal
Stat3 antibody (124H6; Cell Signaling, Beverly, MA), followed by incubation with
goat anti-rabbit immunoglobulin G-Alexa 488 (Molecular Probes, Eugene, OR)
secondary antibody for ErbB-2 and with a rhodamine-conjugated anti-mouse sec-
ondary antibody (Jackson Laboratories) for Stat3. Stained cells were analyzed using
a Nikon C1 confocal laser scanning microscope.

Cell cycle analysis. C4HD and T47D cells subjected to the different treatments
described in Results were harvested for flow cytometric analysis and fixed in 70%
ethanol for 24 h at 4°C. They were washed twice with phosphate-buffered saline,
followed by RNA digestion (RNase A at 50 U/ml) and propidium iodide (PT) (20
pg/ml) staining for 30 min at room temperature in the dark. Cell cycle analysis
was performed using a FACSCalibur flow cytometer (Becton Dickinson, Moun-
tain View, CA) and Modfit LT software.

RESULTS

HRG induces Stat3 tyrosine phosphorylation through a
mechanism requiring ErbB-2, ErbB-3, Jakl, Jak2, and c-Src
activation. We performed the present study with primary cul-
tures of C4AHD murine mammary tumor epithelial cells and the
T47D cell line. As we have already described, C4HD cells
express high levels of PR, overexpress ErbB-2 and ErbB-3, and
exhibit low ErbB-4 levels (2). Previous works have unraveled
the capacity of anti-progestins to fully inhibit in vitro C4HD
cell growth (13) as well as to abrogate in vivo C4HD tumor
proliferation in syngeneic mice (33). We have also revealed
Stat3 expression in C4HD cells (28). Our present findings
showed that HRG treatment of C4HD cells induced strong
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FIG. 1. HRG induces Stat3, Jakl, Jak2, and c-Src tyrosine phosphoryla-
tion. Cultures of C4HD (A to C) and T47D (D and E) cells were treated with
HRG for the indicated times. Cell lysates (50 .g) were analyzed by Western
blotting with phosphotyrosine 705 Stat3, phosphotyrosine 1022/1023 Jakl,
and phosphotyrosine 1007/1008 Jak2 antibodies. Membranes were stripped
and hybridized with total protein antibodies. c-Src activation was studied as
described in Materials and Methods in cells treated and untreated with PP2
before HRG treatment. As a control, lysates were immunoprecipitated with
normal mouse serum (NMS). Identical aliquots of each immunoprecipitate
were subjected to immunoblot analysis with total c-Src antibody as a loading
control. Phospho-protein bands underwent densitometry, and values were
normalized to total protein bands. Data analysis showed that the increases in
Stat3, Jak, and c-Src phosphorylation in cells treated for 10 min with HRG
compared with the levels in untreated cells and the inhibition of HRG-
induced c-Src phosphorylation levels caused by PP2 were significant (P <
0.001). Experiments shown were repeated five times with similar results. W,
Western blot; IP, immunoprecipitation.

Stat3 phosphorylation on tyrosine 705 (threefold), whose high-
est level was observed at 10 min (Fig. 1A). HRG also stimu-
lated tyrosine phosphorylation of two members of the Janus
(Jak) family of soluble tyrosine kinases, Jakl and Jak2 (Fig.
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1B). We recently reported that C4HD cells express c-Src (28).
Here we found that HRG treatment of C4HD cells for 10 min
induced strong c-Src tyrosine (Tyr) 423 phosphorylation (Tyr
423 in the mouse protein corresponds to the orthologous Tyr
418 in the human protein), which was significantly inhibited by
the selective Src family kinase inhibitor PP2 (Fig. 1C). Similar
results were found in T47D cells, in which HRG induced Stat3,
Jak, and Src tyrosine phosphorylation (Fig. 1D and E).

We then explored the participation of the different ErbB
family members in HRG-induced Stat3 tyrosine phosphoryla-
tion. Figure 2A shows that Stat3 phosphorylation in C4HD
cells was significantly inhibited by either blockage of ErbB-2
expression using ASODNSs to its mRNA or preincubation with
the specific ErbB-2 tyrosine kinase inhibitor AG825. We then
investigated the roles of ErbB-3 and ErbB-4 by blocking HRG
binding to these receptors by use of antibodies, as we previ-
ously described (20). As shown in Fig. 2A, abolishment of
HRG binding to ErbB-3 with the blocking antibody Ab-5 in-
hibited HRG capacity to induce Stat3 tyrosine phosphoryla-
tion. In contrast, disruption of HRG binding to ErbB-4 with
the Ab-3 antibody did not affect HRG-induced Stat3 phosphor-
ylation, showing that ErbB-2/ErbB-3 is the functional het-
erodimer in HRG-induced Stat3 tyrosine phosphorylation
(Fig. 2A). To investigate the involvement of Jaks in HRG-
induced Stat3 phosphorylation, C4HD cells were transiently
transfected with DN Jakl or DN Jak2 vector (26) and then
treated with HRG. Abolishment of Jakl and Jak2 activity
resulted in inhibition of HRG capacity to induce Stat3 tyrosine
phosphorylation, evidencing that both kinases are involved in
HRG effects (Fig. 2A). Finally, we found that inhibition of
c-Src activity by preincubation of cells with PP2 also blocked
HRG capacity to induce Stat3 phosphorylation (Fig. 2A). Sim-
ilar mechanisms of HRG-induced Stat3 tyrosine phosphoryla-
tion were observed in T47D cells (Fig. 2A). Controls for the
effects of AGS825, the effects of the ErbB-3 and ErbB-4 mono-
clonal antibodies, the high efficiency of transfection of the DN
Jakl and Jak2 vectors, the effects and specificity of DN Jaks,
and the specificity of ASODNs on ErbB-2 protein expression
are shown in Fig. S1 in the supplemental material. The above
results show that ErbB-2, Jaks, and Src all participate in HRG
induction of Stat3 tyrosine phosphorylation. To gain further
insight into the interplay among these proteins, we examined
the tyrosine phosphorylation state of Jakl and Jak2 in C4HD
cells pretreated with PP2. We found that Jakl and Jak2 ty-
rosine phosphorylation was effectively inhibited by PP2 (Fig.
2B, first and third panels, respectively). We also found that
blockage of ErbB-2 tyrosine phosphorylation by AG825 abol-
ished HRG capacity to activate Jakl and Jak2 (Fig. 2B, first
and third panels, respectively). Contrastingly, inhibition of Jak
activity did not affect HRG capacity to induce Src phosphory-
lation (Fig. 2B, fifth panel) or ErbB-2 activation (data not
shown). Comprehensively, our present findings indicate that by
hierarchically directing Jak activation, c-Src and ErbB-2 medi-
ate HRG-induced Stat3 tyrosine phosphorylation.

Assembly of a hierarchically activated multiprotein complex
between ErbB-2, c-Src, and Stat3 in HRG-induced Stat3 ty-
rosine phosphorylation. While the capacity of ErbB-2 to asso-
ciate with and activate Src is well acknowledged (19), c-Src
function as an upstream regulator of ErbB-2 remains poorly
studied (17, 18, 37). Therefore, we first explored the existence



1252 PROIETTI ET AL. MoL. CELL. BIOL.

A C4HD cells T47D cells
HRG 20 ng/ml R + + + + + + + HRG 20 ng/ml - + + + + + + + +
ErbB-2 ASODNs 2uM . ) + . . . . . AG825 50 .M - - + - - - B .
ErbB-2 SODNs 2uM . . ; + Anti-ErbB-3 (Ab-5) Spg/ml - - - * - - - -
AG825 50uM . . . . N Anti-ErbB-4 (Ab-3) 5ug/ml ~ - - - + - - -
- - - - - + - -
Anti-ErbB-3 (Ab-5) 5 ug/ml . . ; . . ' Jak1 DN
- - - - - - + -
Anti-ErbB-4 (Ab-3) 5 pgiml . . ) . ) . . . JakaDN
NMS ; . . ] ] ] ) ., PP210uM - . . . i .
NMS - - - - - - - - +
W:pStat3 G — — -?W W: pStat3 - —-—— L
L S i3 s A e . PRI P el S 0200 ol SSs
W: Stat3 — — S — — — — W: Stat3 e e R e WY S SR S e
HRG 20 ng/ml - + + + +
JAK1 DN . - + - .
JAK2 DN . . . + .
PP2 10uM . - . - +
W:pStat3 = - o—— - ere—

W — —— O— —

B HRG 20 ng/ml - + + + + +
DN Jak1 - - + - - -
DN Jak2 - - - + - -
PP2 10uM - - - - + -
AG825 50uM - - - - - +
W: pJaki [ ~ & 4
W: Jak1 — — D - ——— -
W: pJak2 sl "

W: Jak2 s W — e D = ey -
IP: c-Src e —

W: pc-Src

IP: c-Src

W: c-Src e D e waSwe o

FIG. 2. Participation of ErbBs, Jaks, and c-Src in HRG-induced Stat3 phosphorylation. (A) C4HD (left) and T47D (right) cells were
preincubated for 90 min with AG825, with monoclonal antibodies to either ErbB-3 or ErbB-4, and with normal mouse serum (NMS), transiently
transfected with 2 g of DN Jak1 or DN Jak2 vector for 2 days, and preincubated with PP2 for 90 min. C4HD cells were also pretreated for 48 h
with either ASODNs or SODNs to ErbB-2. Cells were then treated with HRG for 10 min or left untreated. Fifty micrograms of protein from C4HD
or T47D cell lysate was electrophoresed, and Western blots were performed with phosphotyrosine 705 Stat3 antibody. Membranes were stripped
and hybridized with total Stat3 antibody. Phospho-Stat3 bands underwent densitometry, and values were normalized to total protein bands. Data
analysis showed that the increase in Stat3 phosphorylation in cells treated with HRG compared with that in untreated cells and the inhibition of
HRG-induced Stat3 phosphorylation levels by ErbB-2 ASODNs, AG825, ErbB-3 antibody, DN Jaks, and PP2 were significant (P < 0.001). These
experiments were repeated five times with similar results. (B) Interplay among ErbB-2, Jaks, and Src. C4HD cells were preincubated with PP2 and
AGS825 or transiently transfected with 2 g of DN Jak1 or DN Jak2 vector, as described for panel A, before treatment with HRG. Fifty micrograms
of protein from cell lysates was immunoblotted with phosphotyrosine Jak1 and Jak2 antibodies. Membranes were stripped and hybridized with total
Jak antibodies. c-Src activity in cell lysates was determined as described in the legend to Fig. 1. Phospho- and total Jak and c-Src bands underwent
densitometry and were analyzed as detailed in the legend to Fig. 1, showing significant (P<< 0.001) induction of Jak and c-Src phosphorylation by
HRG and significant (P < 0.001) inhibition of HRG-induced Jak phosphorylation by PP2 and AG825. This experiment was repeated three times
with similar results.
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FIG. 3. HRG-induced interactions among ErbB-2, c-Src, and Stat3. (A and B) Interplay between ErbB-2 and c¢-Src in C4HD cells. (A) ErbB-2
expression and activation were blocked using ASODNs and AG825 respectively, as described in the legend to Fig. 2, and cells were treated with
HRG for 10 min or left untreated. c-Src activity in cell lysates was determined as described in the legend to Fig. 1. ErbB-2 was immunoprecipitated
from 250 wg protein with an ErbB-2 antibody, and the blot was revealed with a phosphotyrosine (p-Tyr) antibody. Identical aliquots of each
immunoprecipitate were subjected to immunoblot analysis with the ErbB-2 antibody to verify that nearly equal amounts of immunoprecipitated
proteins were loaded. Phospho-c-Src bands underwent densitometry, and values were normalized to total protein bands, showing that the increase
in c-Src phosphorylation levels by HRG compared with those in untreated cells and the inhibition of HRG-induced c-Src phosphorylation by
ErbB-2 ASODNs or AG825 were significant (P < 0.001). (B) Protein extracts from cells preincubated with PP2 before HRG treatment were
analyzed for ErbB-2 and c-Src activation as described for panel A Phosphotyrosine bands in ErbB-2-immunoprecipitated extracts underwent
densitometry and were normalized to total ErbB-2 bands, showing a significant (P<< 0.001) increase in ErbB-2 phosphorylation levels by HRG and
significant (P < 0.001) inhibition of HRG-induced ErbB-2 phosphorylation by PP2. The experiments shown in panels A and B were repeated three
times with similar results. (C and D) Association among ErbB-2, c-Src, and Stat3. (C) Protein extracts (1 mg) from C4HD cells preincubated with
AGS825 or PP2 before HRG stimulation were immunoprecipitated with an ErbB-2 antibody and analyzed by Western blotting with phosphotyrosine
705 Stat3, phosphotyrosine 418/423 c-Src, total phosphotyrosine, and ErbB-2 antibodies. Membranes were then stripped and revealed with total
Stat3, c-Src, and ErbB-2 antibodies. As controls for the specificity of the protein interactions, lysates were also immunoprecipitated with NRS and
with TGF-BRII antibody. Cell lysates were blotted in parallel using the indicated antibodies. (D) C4HD protein extracts (1 mg) treated as described
for panel C were immunoprecipitated with a Stat3 antibody and analyzed by Western blotting with phosphotyrosine 418/423 c-Src, ErbB-2, and
phosphotyrosine 705 Stat3 antibodies. Membranes were then stripped and revealed with total c-Src and Stat3 antibodies. As a control, lysates were
also immunoprecipitated with NRS. Cell lysates were blotted in parallel, using the indicated antibodies. The experiments shown in panels C and
D were repeated three times with similar results.

of an interplay between ErbB-2 and c-Src in the mechanism of ylation, clearly showing that c-Src plays a role as an upstream

HRG-induced activation of both kinases. As shown in Fig. 3A,
blockage of ErbB-2 expression by ASODNSs to its mRNA or
preincubation with AG825 resulted in significant inhibition of
HRG-induced c-Src phosphorylation in C4HD cells. On the
other hand, we found that inhibition of c¢-Src activity by PP2
significantly reduced HRG-induced ErbB-2 tyrosine phosphor-

ErbB-2 activator (Fig. 3B). We then explored whether a mul-
timeric protein complex was assembled in the mechanism of
HRG induction of Stat3 tyrosine phosphorylation. The physi-
cal association among proteins was explored by performing
coimmunoprecipitation experiments. First, whole-cell protein
extracts from C4HD cells treated and untreated with HRG for
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10 min were immunoprecipitated with an anti-ErbB-2 antibody
and immunoblotted with an anti-Stat3 antibody. As shown in
Fig. 3C, we observed a weak basal association between ErbB-2
and Stat3. HRG treatment for 10 min induced a strong asso-
ciation between ErbB-2 and Stat3, which was abolished by
inhibition of ErbB-2 phosphorylation with AG825 (Fig. 3C). In
addition, we found that HRG caused an association between
the phosphorylated forms of these proteins (Fig. 3C). As ex-
pected, since inhibition of ErbB-2 activity resulted in abolish-
ment of Stat3 phosphorylation on tyrosine 705, no association
between phospho-Stat3 and ErbB-2 was observed in the pres-
ence of AG825 (Fig. 3C). In the same protein complex, HRG
increased the ErbB-2 and c-Src physical association, which was
inhibited in the presence of PP2 (Fig. 3C). Interaction between
phosphorylated c-Src and ErbB-2 was also evident upon HRG
stimulation (Fig. 3C). Furthermore, as a consequence of the
interplay between ErbB-2 and c-Src shown in Fig. 3A and B,
inhibition of c-Src activity resulted in the abolishment of
ErbB-2 association with either total Stat3 or phospho-Stat3,
and conversely, inhibition of ErbB-2 activity inhibited total
¢-Src and phospho-c-Src association with Stat3 (Fig. 3C). As a
control for the specificity of the interaction, we immunopre-
cipitated cell lysates with an antibody against TGF-BRII, a cell
surface receptor which belongs to the family of transmembrane
serine/threonine kinases, and with NRS. When protein extracts
were immunoprecipitated with an anti-Stat3 antibody, HRG
was also readily observed to induce physical interaction be-
tween the phosphorylated forms of Stat3 and c-Src and be-
tween total Stat3 and c-Src (Fig. 3D). In addition, we observed
Stat3 and phosphorylated Stat3 physical interaction with
ErbB-2 upon HRG stimulation (Fig. 3D). Taken together, our
findings shown in Fig. 3C and D demonstrate that HRG stim-
ulates the formation of a protein complex among ErbB-2,
c-Src, and Stat3 in C4HD cells. In order to assess whether
assembly of this complex was a common pathway in HRG-
induced Stat3 activation in breast cancer, we performed similar
studies with T47D cells. As shown in Fig. S2A and B in the
supplemental material, physical interaction between Stat3, c-
Src, and ErbB-2 was also induced by HRG in T47D cells. In
addition, confocal microscopy studies with C4HD cells re-
vealed that after 10 min of treatment, HRG induced ErbB-2
migration to the cytoplasm (Fig. 4A, first row, lower panel), in
accordance with recent studies of cells overexpressing ErbB-2
(36). Antibodies against the carboxyl (Fig. 4A) and the amino
(not shown) ErbB-2 termini yielded the same results, evidenc-
ing full-length ErbB-2 cytoplasmic localization. Notably, this is
the first report of ligand-induced translocation of ErbB-2 to
the cytoplasm. Migration of Stat3 to the nucleus upon 10 min
of HRG treatment was also readily detected. Furthermore, our
finding evidenced a clear ErbB-2 colocalization with Stat3 in
the cytoplasmic compartment after HRG stimulation (Fig. 4A,
third row, lower panel). We also performed subcellular frac-
tionation and immunoblotting studies that further confirmed
HRG’s capacity to induce ErbB-2 migration to the cytoplasm
and Stat3 translocation to the nucleus after 10 min of stimu-
lation of C4HD cells (Fig. 4B).

HRG induces Stat3 tyrosine phosphorylation through the
co-option of PR signaling: role of c-Src activity as a nodal
convergence point between HRG-mediated ErbB-2 and PR
activation. Based on our previous findings that on the one
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hand HRG transactivates PR (20) and on the other hand PR
induces Stat3 activation in breast cancer (28), we here explored
whether PR might be yet another player in the mechanism of
HRG-induced Stat3 tyrosine phosphorylation. We found that
pretreatment of C4HD cells (Fig. 5A, first panel) with the
progestin antagonist RU486 abolished HRG effects, clearly
showing that PR is involved in Stat3 activation by HRG. The
same results were obtained by knockdown of PR gene expres-
sion with PR siRNAs (Fig. 5A, first panel). Our findings with
T47D cells also evidenced PR participation in HRG-induced
Stat3 activation (see Fig. S3 in the supplemental material). In
order to further explore the role of PR, we used PR-null T47D
cells (T47D-Y), in which we found that HRG was no longer
able to induce Stat3 tyrosine phosphorylation (Fig. 5B, first
panel). However, when we transfected T47D-Y cells with wild-
type human PR-B (T47D-Y-PR-B), HRG treatment resulted
in strong Stat3 activation (Fig. 5B, first panel).

Our results evidenced that both c-Src and PR participate in
HRG-induced Stat3 activation. Since PR has been found to
activate c-Src in response to progestins (5, 25), we explored the
PR role in c-Src activation induced by HRG. In our models
with endogenous PR expression, PR siRNA (C4HD cells) and
RU486 (C4HD and T47D cells) induced a significant but not
complete inhibition of HRG capacity to phosphorylate c-Src
(Fig. 5A; see Fig. S3 in the supplemental material). Typical
experiments (Fig. 5A; see Fig. S3 in the supplemental material)
indicated 60 to 70% inhibition of c-Src Tyr 418/423 phosphor-
ylation by blockage of PR expression/activation. The results
shown were obtained after 10 min of HRG stimulation at the
highest levels of c-Src phosphorylation. After 2 min of treat-
ment, we also observed a significant increase in HRG-induced
c-Src phosphorylation that remained unaffected by pretreat-
ment with RU486 in T47D and C4HD cells (not shown). Sim-
ilar results were found by assessing c-Src kinase activity, using
enolase as a substrate (data not shown). HRG was also able to
induce detectable levels of c-Src Tyr 418 phosphorylation in
PR-null T47D-Y and T47D-Y-PR-B cells (Fig. 5B, third
panel). Levels of HRG-induced c-Src Tyr 418 phosphorylation
after 10 min of treatment were significantly higher in T47D-
Y-PR-B cells than in T47D-Y cells, confirming that although
PR expression/activation is not an absolute requirement for
HRG stimulation of c-Src phosphorylation, a stronger degree
of c-Src phosphorylation is achieved through PR involvement.
We previously found that HRG induced both PR-B and PR-A
isoform phosphorylation on Ser 294 in C4HD and T47D cells
(20) and that HRG-activated p42/p44 MAPKs are the kinases
mediating this rapid phosphorylation of both PR isoforms (20).
Therefore, we here assessed the role of PR phosphorylation on
Ser 294 in HRG-induced Stat3 and c-Src activation. Blockage
of HRG capacity to activate MAPKs with the specific MEK1/
MEK?2 inhibitor UO126 (Fig. SA, fifth panel; see Fig. S3 in the
supplemental material), which abolishes PR Ser 294 phosphor-
ylation (Fig. 5A, seventh panel; see Fig. S3 in the supplemen-
tal material), resulted in inhibition of HRG-mediated Stat3
phosphorylation in C4HD (Fig. 5A, first panel) and T47D (see
Fig. S3, first panel, in the supplemental material) cells and
induced 50 to 60% abrogation of c-Src activation in both cell
types (Fig. 5A, third panel; see Fig. S3 in the supplemental
material). To further confirm the participation of Ser 294-
phosphorylated PR in HRG-induced Stat3 activation, we
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FIG. 4. HRG induces ErbB-2 and Stat3 cytoplasmic colocalization. (A) Cells were treated with HRG for 10 min or left untreated. ErbB-2
(green) and Stat3 (red) were localized as described in Materials and Methods. The same cells are shown in each row, and images in the right panel
were formed by superimposition of images from the other two panels in the same row. Nuclei were stained with DAPI (4',6-diamidino-2-
phenylindole) (blue). HRG-induced colocalization of ErbB-2 and Stat3 is denoted by yellow coloration in the cytoplasm. The images are
representative of three experiments. Bars, 5 pm. (B) C4HD cells were treated as described for panel A, and nuclear and cytosolic fractions were
prepared. Fifty micrograms of protein from nuclear extracts and 25 pg protein from cytosolic extracts were analyzed by Western blotting for ErbB-2
and Stat3 expression. Membranes were then stripped and hybridized with an anti-p85 phosphatidylinositol 3-kinase (PI-3K) subunit antibody or
an anti-retinoblastoma (Rb) antibody in order to control for cellular fractionation efficiency. W, Western blot. The data are representative of two

experiments.

transfected T47D-Y cells with an S294A mutant PR-B which
harbors a point mutation in which Ser 294 (T47D-Y-S294A-
PR-B) has been replaced by alanine (32). As shown in Fig. 5B
(first panel), HRG did not stimulate Stat3 tyrosine phosphor-
ylation in T47D-Y-S294A-PR-B cells but was still able to ac-
tivate c-Src to a significant extent in these cells (Fig. 5B, third
panel). We also transfected T47D-Y cells with the mutant
PR-BmPro, in which three prolines (P422A, P423A, and
P427A) were converted to alanines (T47D-Y-PR-BmPro
cells). Pioneering works defined the proline-rich domain of
human PR as an absolute requirement for interaction with
c¢-Src and consequent c-Src activation in response to progestins
(5). While we did not find Stat3 tyrosine phosphorylation in
response to HRG in T47D-Y-PR-BmPro cells (Fig. 5B, first
panel), HRG capacity to induce c-Src phosphorylation was
preserved (Fig. 5B, third panel). Interestingly, HRG induced

detectable levels of PR phosphorylation on Ser 294 in T47D-
Y-PR-BmPro cells (Fig. 5B, seventh panel), consistent with
recent reports showing low levels of progestin-induced PR
Ser 294 phosphorylation in T47D-Y cells stably expressing
PR-BmPro (14). Our findings indicate that in spite of significant
c-Src activation, phosphorylation of human PR at Ser 294 and
the presence of an intact PR proline-rich domain are required
by HRG to induce Stat3 activation in breast cancer cells. Fur-
ther support of the PR role in full c-Src activation was provided
by the demonstration that after 2 min of HRG treatment,
levels of activated c-Src were similar in T47D, T47D-Y-PR-B,
T47D-Y-S294A-PR-B, and T47D-Y-PR-BmPro cells, evidenc-
ing an early PR-independent c-Src activation (Fig. 5C). After
10 min of treatment, levels of c-Src phosphorylation in T47D-
Y-PR-B cells were significantly higher than those after 2 min of
treatment, but they remained unchanged in the other cell types
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FIG. 5. HRG co-opts PR signaling to induce Stat3 activation. (A) C4HD cells were pretreated with RU486 or UO126 and were also transfected
with specific PR or control siRNA before 10 min of HRG treatment. Cell extracts (50 pg protein) were electrophoresed, and Western blots were
performed with the indicated phospho-protein antibodies. Filters were stripped and reprobed with the respective total protein antibodies. c-Src
activity was studied as described in the legend to Fig. 1. Phospho-Stat3 and c-Src bands were subjected to densitometry and analyzed as described
in the legend to Fig. 1, showing that inhibition of the HRG-induced Stat3 or c-Src phosphorylation level by RU486, PR siRNA, or UO126 was
significant (P < 0.001). This experiment was repeated three times with similar results. (B) The indicated cells were treated with HRG or remained
untreated. Stat3, c-Src, MAPK, and PR phosphorylation and differences in c-Src phosphorylation levels were determined as described for panel
A. Data analysis showed that levels of c-Src phosphorylation in HRG-treated T47D-Y-PR-B cells were significantly higher than those in T47D-Y,
T47D-Y-PR-BmPro, and T47D-Y-S294A-PR-B cells (P < 0.001). (C) T47D-Y cells transiently transfected with the indicated PR vectors were
stimulated with HRG for the indicated times, and c-Src activation was studied as described in the legend to Fig. 1. (D) c-Src participates in
HRG-induced MAPK activation. C4HD cells were preincubated with PP2 before 2 min of HRG treatment. Cell extracts (50 wg protein) were
electrophoresed, and Western blots were performed with phospho-MAPK antibody. The filter was stripped and reprobed with total MAPK
antibody. c¢-Src activity (third and fourth panels) was studied as described in the legend to Fig. 1.
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(Fig. 5C). Our present findings also evidenced that the rapid,
PR-independent HRG stimulation of c-Src activity participates
in the mechanism of MAPK activation, since preincubation
with PP2 significantly inhibited HRG-stimulated MAPK acti-
vation at 2 min of treatment in C4HD (Fig. 5D) and T47D (not
shown) cells. Interestingly, HRG capacity to induce p42/p44
MAPK activation is independent of PR activity or expression,
since neither RU486 in C4HD (Fig. 5A, fifth panel) or T47D
(see Fig. S3, fifth panel, in the supplemental material) cells nor
PR siRNAs in C4HD cells (Fig. 5A, fifth panel) abolished
HRG stimulation of MAPK activity. This finding was further
confirmed with T47D-Y cells, in which HRG capacity to in-
duce MAPK activation remained unaffected in the absence of
PR expression (Fig. 5B, fifth panel). Our results for T47D-Y-
S294A-PR-B and T47D-Y-PR-BmPro cells (Fig. 5B, fifth
panel) also evidenced that HRG-induced MAPK activation is
independent of PR phosphorylation on Ser 294 and of the
presence of an intact polyproline motif. The studies shown in
Fig. 5A and B and in Fig. S3 in the supplemental material were
done after 10 min of HRG treatment, at the time of highest
HRG-induced Stat3 phosphorylation. However, it is notable
that the highest levels of HRG-stimulated MAPK phosphory-
lation were reached after 2 min of treatment and were main-
tained for 15 min (data not shown).

Taking into account our findings that inhibition of PR ac-
tivity significantly blocks c-Src activation in C4HD (Fig. 5A)
and T47D (see Fig. S3 in the supplemental material) cells and,
on the other hand, that blockage of c-Src activity results in
decreased HRG-induced ErbB-2 phosphorylation (Fig. 3B),
we reasoned that any strategy aimed at perturbing PR activa-
tion/phosphorylation at Ser 294 would in turn result in inhibi-
tion of HRG-induced ErbB-2 tyrosine phosphorylation. In-
deed, our results evidenced that preincubation with RU486 or
inhibition of PR phosphorylation on Ser 294 by abolishment of
MAPK activity or PR siRNAs significantly reduced the levels
of ErbB-2 tyrosine phosphorylation in C4HD cells (Fig. 6A),
providing striking evidence that not only PR expression/acti-
vation but also PR phosphorylation on Ser 294 is required for
HRG-induced ErbB-2 tyrosine phosphorylation. The same re-
sults were found with T47D cells (see Fig. S4A in the supple-
mental material). Most recently, it was shown that c-Src can act
as an upstream activator of ErbB-2, promoting its phosphory-
lation on residue Tyr 877 (Tyr 927 in the mouse protein), a site
different from the autophosphorylation sites and located in the
activation loop of the kinase domain (17, 37). Therefore, we
investigated the Tyr 877/927 phosphorylation state in our dif-
ferent model systems. As shown in Fig. 6B, HRG induced Tyr
877/927 ErbB-2 phosphorylation in C4HD cells, an effect that
was completely blocked by PP2, evidencing c-Src involvement.
Treatment of C4HD cells with RU486, knockdown of PR ex-
pression, or abolishment of PR Ser 294 phosphorylation with
UO126 also resulted in inhibition of HRG-stimulated Tyr 877/
927 ErbB-2 phosphorylation (Fig. 6B). Although diminished in
the absence of c-Src activation by preincubation with PP2,
HRG’s capacity to phosphorylate a major autophosphorylation
site of ErbB-2, Tyr 1222 (Tyr 1272 in the mouse protein), was
notably still evident in C4HD cells (Fig. 6B). Furthermore,
inhibition of PR activity with RU486 and blockage of PR Ser
294 phosphorylation with UO126 did not significantly affect
HRG phosphorylation of ErbB-2 at Tyr 1222/1272 in C4HD
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cells (Fig. 6B). Figure S4B in the supplemental material illus-
trates a similar mechanism of HRG-induced ErbB-2 phosphor-
ylation at Tyr 877 and Tyr 1222 in T47D cells. Taken together,
our results indicate that HRG-induced phosphorylation of
ErbB-2 on Tyr 877/927 occurs via c-Src and requires the pres-
ence of unliganded PR phosphorylated on Ser 294, with
ErbB-2 Tyr 877/927 phosphorylation being the molecular event
that couples HRG/ErbB-2 to Stat3 activation. To further ex-
plore the nature of the linkage between PR and c-Src leading
to ErbB-2 phosphorylation on Tyr 877, we performed recon-
stitution experiments with T47D-Y cells. In the absence of PR
expression, HRG was not able to induce ErbB-2 Tyr 877 phos-
phorylation (Fig. 6C). Contrastingly, HRG induced strong
ErbB-2 Tyr 877 phosphorylation (8- to 10-fold) in T47D-Y-
PR-B cells (Fig. 6C). In accordance with our findings for block-
ing PR phosphorylation on Ser 294 with UO126 (Fig. 6B),
HRG capacity to induce Tyr 877 phosphorylation was impaired
in T47D-Y-S294A-PR-B cells (Fig. 6C). In addition, HRG was
not able to induce phosphorylation of ErbB-2 Tyr 877 in
T47D-Y-PR-BmPro cells (Fig. 6C), providing additional evi-
dence of the requirement of c-Src interaction with PR for this
phosphorylation to occur. On the other hand, HRG induced
phosphorylation of ErbB-2 at Tyr 1222/1272 in all four cell
types (Fig. 6C). A ternary interaction among ErbB-2, PR, and
c-Src upon HRG stimulation was also evidenced by coimmu-
noprecipitation analysis with C4HD and T47D cells (Fig. 6D).
The presence of both PR-B and PR-A in this ternary complex
was clearly detected (Fig. 6D). This was an expected result for
T47D cells since the direct interaction of the polyproline motif,
present in both human PR-B and PR-A isoforms, with the SH3
domain of c¢-Src has already been unraveled (3-5). Mouse PR
lacks the polyproline motif, and therefore the association with
c-Src seen in C4HD cells must be due to another regulatory
modification of PR function induced by HRG. Our findings
showing that Ser 294 phosphorylation of PR-B and PR-A is
required for HRG-induced full levels of c-Src activation (Fig.
5A) prompted us to determine whether Ser 294 phosphoryla-
tion could mediate mouse PR-B and PR-A association with
c-Src. We performed coimmunoprecipitation studies with
C4HD cells in which PR Ser294 phosphorylation was abolished
by preincubation with UO126. As shown in Fig. 6D, the asso-
ciation of PR-B, PR-A, and c-Src with ErbB-2 was strongly
reduced in the absence of Ser 294 phosphorylation. Although
PR-A capacity to activate cytoplasmic signaling remains poorly
explored, pioneering findings evidenced human PR-A ability to
activate Src kinases in cell-free assays (5). Interestingly, PR-
A-induced Src and MAPK activation in response to progestin
within cells was highly reduced compared to that induced by
PR-B (3, 4). To address the role of PR-A in HRG-induced
Stat3 activation, we transfected T47D-Y cells with a human
PR-A expression vector (T47D-Y-PR-A). After 10 min of
treatment, HRG was able to stimulate c-Src activation in
T47D-Y-PR-A cells. However, levels of c-Src activation were
significantly lower than those observed in T47D-Y-PR-B cells
(Fig. 6E). Although strikingly reduced compared to that in
T47D-Y-PR-B cells, HRG-induced Stat3 tyrosine phosphor-
ylation was still observed in T47D-Y-PR-A cells (Fig. 6E).
Similarly, we found impaired but clearly detectable phosphor-
ylation of ErbB-2 Tyr 877 upon HRG stimulation in T47D-Y-
PR-A cells with respect to T47D-PR-B cells (Fig. 6E). Con-
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FIG. 6. PR and c-Src roles as upstream activators of ErbB-2.
(A) C4HD cells were pretreated with RU486 or UO126 and were also
transfected with PR or control siRNA before 10 min of HRG treat-
ment. ErbB-2 activation was studied as described in the legend to Fig.
3, and data analysis showed significant (P < 0.001) inhibition of
ErbB-2 total tyrosine phosphorylation levels by RU486, UO126, and
PR siRNA. (B) C4HD cells were treated as described for panel A,
protein extracts were electrophoresed (50 pg), and Western blots were
performed with ErbB-2 tyrosine 877/927 and 1222/1272 or total
ErbB-2 antibodies. Phospho-ErbB-2 bands were subjected to densi-
tometry, and values were normalized to total protein bands, showing
that the HRG-induced increase in ErbB-2 phosphorylation on the
indicated tyrosines compared with that in untreated cells, the PP2,
RU486, UO126, and PR siRNA inhibition of HRG-induced phosphor-
ylation of ErbB-2 on Tyr 927, and the PP2 abolishment of HRG-
stimulated ErbB-2 phosphorylation on Tyr 1272 were significant (P <
0.001). (C) The indicated cells were stimulated with HRG and studied
for levels of ErbB-2 phosphorylation on specific residues as detailed
for panel B. (D) Protein extracts (1 mg) from cells treated and not
treated with HRG for 10 min and preincubated with UO126 before
HRG stimulation were immunoprecipitated with an ErbB-2 antibody
and analyzed by Western blotting with PR and c-Src antibodies. As a
control, lysates were also immunoprecipitated with NRS. (E) The
indicated cells were treated with HRG for 10 min or left untreated.
Protein extracts were electrophoresed (50 pg), and Western blots were
performed with antibodies to the phosphorylated forms of Stat3 and
ErbB-2. Filters were stripped and reprobed with total Stat3 or ErbB-2
antibody. c-Src activity was studied as described in the legend to Fig. 1.
Phospho-protein bands underwent densitometry, and values were nor-
malized to total protein bands. Data analysis showed that the HRG-
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trastingly, similar levels of ErbB-2 phosphorylation at Tyr
1222/1272 were found in both cell types (Fig. 6E), consistent
with our findings evidencing that HRG stimulates the phos-
phorylation of this carboxy-terminal residue independently of
PR expression (Fig. 6C). These results indicate a differential
PR-A capacity to interact with signaling pathways for cells
stimulated with HRG compared to those for cells stimulated
with progestins.

Since our findings revealed that ErbB-2 and c-Src act hier-
archically as upstream Jak activators (Fig. 2B), we explored
whether full PR-mediated ErbB-2 and c-Src phosphorylation is
required for HRG-induced Jak activation. As shown in Fig. 6F,
HRG was able to induce Jak activation in T47D-Y, T47D-Y-
PR-B, and T47D-Y-S294A-PR-B cells.

To further demonstrate that c-Src-mediated phosphoryla-
tion of ErbB-2 on Tyr 877 is the key event that leads to Stat3
activation, we used another experimental model, human breast
cancer SK-BR-3 cells, which overexpress ErbB-2 and lack PR
(24). We found that SK-BR-3 cells display high levels of
ErbB-2 Tyr 877 and Tyr 1222 phosphorylation and that HRG
treatment for 10 min did not regulate the ErbB-2 phosphory-
lation state of any of these residues (Fig. 7). As previously
reported (31), we found constitutive Tyr 705 Stat3 phosphory-
lation in these cells, as well as c-Src activation (Fig. 7). As
happened in C4HD and T47D cells, c-Src inhibition with PP2
resulted in strong abrogation of ErbB-2 Tyr 877 phosphoryla-
tion but only slightly reduced Tyr 1222 phosphorylation levels
in SK-BR-3 cells (Fig. 7). Abolishment of ErbB-2 Tyr 877
phosphorylation resulted in a strong decrease in the level of
Stat3 phosphorylation, clearly showing the requirement of this
specific ErbB-2 phosphorylation for Stat3 activation (Fig. 7).
Among the Src family kinases, Fyn and Yes are also present in
cells with ErbB-2 expression (37), which theoretically raises the
possibility that they participate in the signaling described here.
However, it is notable that the Fyn SH3 domain has been
shown not to associate with PR (5), which would, in principle,
preclude its involvement.

HRG induces Stat3 transcriptional activation through an
ErbB-2-, ErbB-3-, Jakl-, Jak2-, Src-, and PR-dependent path-
way. We then explored the effects of HRG on Stat3 transcrip-
tional activation. C4HD cells were transiently transfected with
a luciferase reporter plasmid containing four copies of the m67
high-affinity binding site (7) and with a plasmid encoding Re-
nilla luciferase as an internal control. Treatment of C4HD cells
with HRG induced Stat3 transcriptional activation that was
completely inhibited by abrogation of ErbB-2 expression and

induced levels of Stat3, c-Src, and Tyr 877 ErbB-2 phosphorylation in
T47D-Y-PR-B cells were significantly higher than the levels in T47D-
Y-PR-A cells (P < 0.001). Controls for PR isoform expression are
shown in the lower panel. The experiment shown was repeated three
times. W, Western blot; IP, immunoprecipitation. (F) The indicated
cell types were treated with HRG for 10 min or remained untreated,
and Jak activity was determined as described in the legend to Fig. 1.
Phospho-Jak bands underwent densitometry, and values were normal-
ized to total protein bands. Data analysis showed that the increase in
Jak phosphorylation in cells treated with HRG compared with that in
untreated cells was significant (P < 0.001). The experiment shown was
repeated three times with similar results. W, Western blot.
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FIG. 7. ErbB-2 Tyr 877 phosphorylation is required for Stat3 activity.
SK-BR-3 cells were treated or not treated with HRG for 10 min or were
incubated with PP2. ErbB-2 phosphorylation was studied as described in the
legend to Fig. 6B, and Stat3 and c-Src phosphorylation was studied as de-
scribed in the legend to Fig. 1. Phospho-protein bands underwent densitom-
etry, and values were normalized to total protein bands. Data analysis showed
that the inhibition of ErbB-2 Tyr 877 phosphorylation and Stat3 activation by
PP2 was significant (P < 0.001). The experiment shown was repeated three
times. W, Western blot; IP, immunoprecipitation.

of ErbB-3 activation (Fig. 8A). Blockage of Src, Jakl, and Jak2
activities also inhibited HRG capacity to activate the m67-Luc
reporter plasmid (Fig. 8A), as did preincubation of C4HD cells
with RU486 (Fig. 8A). We also examined HRG capacity to
induce Stat3 transcriptional activation in T47D cells that we
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engineered to stably express a luciferase gene construct under
the control of a Stat3-specific promoter (T47D-Luc). Our re-
sults revealed that HRG was able to induce Stat3 transcrip-
tional activation in these cells by the same mechanisms as those
in C4HD cells (Fig. 8B).

Stat3 activity is a requisite in HRG-induced proliferation of
C4HD and T47D cells. To investigate the correlation between
HRG-induced Stat3 activation and cell growth, C4HD cells
were transiently transfected with a DN Stat3 expression vector,
Stat3Y705-F (6). We also examined the effects of Stat3 protein
knockdown, using four different siRNA sequences targeting
endogenous Stat3. Proliferation of transfected C4HD cells was
evaluated by incorporation of [*H]thymidine. As we previously
reported (2), HRG was able to induce a potent prolifera-
tive response on C4HD cells (Fig. 9A). Expression of the
Stat3Y705-F mutant had an inhibitory effect on HRG-induced
growth of C4HD cells compared with that of HRG-stimulated
C4HD cells transfected with the empty vector (Fig. 9A). Si-
lencing Stat3 expression with all four Stat3 siRNAs also sig-
nificantly inhibited HRG-stimulated proliferation. The results
shown in Fig. 9A were obtained with two of the siRNAs em-
ployed. Controls for Stat3 protein expression inhibition by the
two siRNAs used are shown in Fig. SSA in the supplemental
material. The expression, function, and specificity of the
Stat3Y705-F plasmid under the conditions described above, in
which it modulates C4HD cell growth, are also shown in Fig.
S5B to D in the supplemental material. Proliferation of trans-
fected C4HD cells was also evaluated by PI staining and flow
cytometry analysis. As shown in Fig. 9B, knockdown of Stat3
expression with Stat3 siRNA-1 had an inhibitory effect on
HRG-induced growth of C4HD cells compared with that of
C4HD cells transfected with control siRNA or of untreated
wild-type C4HD cells. We have also already shown that HRG
stimulates proliferation of T47D cells (2). Our present findings
demonstrate that Stat3 activation is an absolute requirement
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FIG. 8. HRG induces Stat3 transcriptional activation. (A) C4HD cells were transiently transfected with a luciferase reporter plasmid containing
the m67 high-affinity binding site and with a plasmid encoding Renilla luciferase. Cells were pretreated with the indicated inhibitors, ODNs, or
antibodies or cotransfected with the DN Jak1 and DN Jak2 expression vectors. Cells were also transfected with a pTATA-tk-Luc reporter lacking
the m67 insertion. After transfection, cells were treated with HRG for 48 h or were left untreated growing in medium with 0.1% ChFCS. (B) T47D
cells engineered to stably express the luciferase gene construct under the control of a Stat3-specific promoter (T47D-Luc) were treated as described
for panel A. Results are presented as the induction of luciferase activity with respect to that in cells growing in ChFCS. The data shown represent
the mean of six independent experiments for each cell type = the standard error of the mean (P < 0.001 for b versus a and c versus b).
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FIG. 9. Stat3 involvement in breast cancer proliferation in vitro. (A) C4HD cells were transiently transfected with the Stat3Y705-F vector, with the empty
PRc/CMV vector, or with siRNAs before HRG treatment for 48 h. Incorporation of [*H]thymidine was used as a measure of DNA synthesis. Data are presented
as means * standard deviations (P < 0.001 for b versus a and c versus b). The experiment shown is representative of a total of three. (B) C4AHD and T47D cells
were transfected with the indicated siRNAs before HRG treatment for 48 h and were then stained with PI and analyzed for cell cycle distribution by flow
cytometry. The percentages of total cells in the cell cycle phases are indicated. Mock, cells incubated with the transfection reagent. The experiments shown are

representative of a total of three.
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FIG. 10. Model of HRG/ErbB-2-induced Stat3 activation. HRG binding induces ErbB-2/ErbB-3 heterodimerization and the concomitant
phosphorylation of ErbB-2 at the Tyr 1222 autophosphorylation site (1), which couples ErbB-2 to the MAPK cascade (2). On the other hand, HRG
stimulates a first level of c-Src activation through a PR-independent mechanism (3). Jaks are also activated independently of PR (4). HRG-
activated p42/p44 MAPKs induce the rapid phosphorylation of PR on Ser 294 (5). PR phosphorylated on Ser 294 then promotes a second round
of c-Src activation (6). c-Src, dually activated firstly by ErbB-2 acting as an upstream effector and then by HRG-activated PR, acts in turn as an
upstream modulator of ErbB-2 and induces its phosphorylation on Tyr 877 (7), with the latter being the molecular event that couples HRG/ErbB-2

to Stat3 activation (8).

for the mechanism of HRG-induced T47D cell proliferation
(Fig. 9B). A control for the effect of siRNA-3 in T47D cells is
shown in Fig. S5A in the supplemental material.

DISCUSSION

The present study offers novel mechanistic insight into the
interaction of SHR and ErbBs in breast cancer, highlighting
the notion that HRG/ErbB-2 activates Stat3 through the co-
option of PR signaling. Activated Stat3 in turn acts as a down-
stream effector of both HRG/ErbB-2 and unliganded PR to
induce proliferation of mammary tumors.

We have identified the molecular mechanism involved in
HRG stimulation of Stat3 activity in mouse C4HD and human
T47D breast cancer cells. We provide evidence, firstly, that the
HRG effects on Stat3 tyrosine phosphorylation require both
functional ErbB-2 and ErbB-3. Our results also demonstrate
that HRG activates Jak1, Jak2, and c-Src in C4HD and T47D
cells and that all three participate in HRG-induced Stat3 ty-
rosine phosphorylation through a mechanism in which ErbB-2
and c-Src act hierarchically upstream of Jaks. In addition, we
found a bidirectional interplay between ErbB-2 and c-Src in
HRG-stimulated activation of these kinases in C4HD and
T47D cells. As previously described (19), our findings evi-
denced that c-Src activation is dependent on ErbB-2 in both
cell types. Notably, we found that c-Src also plays a role as an
upstream activator of ErbB-2. Stat3 activity has been reported
for models of constitutive ErbB-2 activation in Cos-7 and NIH
3T3 cells (30), similar to our present findings that ErbB-2
intrinsic tyrosine kinase activity, c-Src, and Jak2 are required to
maintain Stat3 activation. The involvement of Stat3 and

ErbB-2 in mammary tumorigenesis is well acknowledged, and
the correlation between constitutively activated Stat3 and high
levels of ErbB-2 expression has been found in breast tumor
samples (12). However, our study is the first to report the
effects of ligand-dependent ErbB-2 activation on Stat3 activity
in breast cancer. Until now, studies with mammary tumor cells
have shown two levels of Stat3 activation, namely, a constitu-
tive Stat3 activation that depends on Src and Jaks but remains
unaffected by inhibition of EGFR activity (29), and an EGF-
inducible Stat3 activity that is abolished by blockage of EGFR
and Jak activities (15, 23).

An exciting and novel finding of this study is that PR is a key
player in HRG-induced Stat3 phosphorylation through its ca-
pacity to differentially modulate c-Src activation. We have re-
vealed the coordinated responses involved in these multiple
regulatory steps, and our results are consistent with the model
shown in Fig. 10. Thus, we have identified a mechanism in
which rapid MAPK activation occurs, as described previously
(18), via HRG induction of ErbB-2/ErbB-3 heterodimeriza-
tion, followed by the activation of ErbB-2 intrinsic tyrosine
kinase and concomitant phosphorylation of ErbB-2 at the
autophosphorylation sites within its carboxy-terminal region.
Among these residues, we have identified Tyr 1222/1272 (Fig.
10, left panel, step 1), whose HRG-induced phosphorylation is
independent of PR and can occur to a significant extent in the
absence of c-Src activity, as reported for models of constitutive
ErbB-2 activation (17). Interestingly, our result is the first
demonstration of the capacity of HRG to induce ErbB-2 phos-
phorylation at a specific autophosphorylation site in breast
cancer. Phosphorylated tyrosines have been found to couple
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ErbB-2 to the MAPK cascade through a series of adaptor
proteins that link autophosphorylated ErbB-2 to the Sos/
p21ras/Raf/MEK/MAPK pathway (10, 11). Consistent with our
present results, the participation of c-Src in this pathway has
already been found (18). Our results for C4HD and T47D cells
as well as reconstitution experiments with T47D-Y cells show
that HRG capacity to induce rapid p42/p44 MAPK activation
(Fig. 10, left panel, step 2) is also independent of PR expres-
sion, activation, or Ser 294 phosphorylation or the presence of
an intact polyproline motif. These results are in agreement
with startling findings evidencing that EGF induces strong ac-
tivation of MAPKSs in T47D-Y cells expressing both wild-type
and mutant Ser294A PR-B (32).

Two levels of HRG-induced c-Src activation were found in
our model systems. First, HRG was able to induce c-Src acti-
vation through a PR-independent mechanism. This is consis-
tent with a model of direct c-Src activation in which ErbB-2,
phosphorylated at tyrosine residues by HRG stimulation, phys-
ically associates with the SH2 domain of c-Src, allowing c-Src
activation and Tyr 418/423 autophosphorylation (Fig. 10, left
panel, step 3), as previously described (19). The positions of
the ErbB-2 phosphorylated tyrosine residues that interact with
c¢-Src remain to be elucidated. As mentioned above, phosphor-
ylation of the Tyr 1222 carboxy-terminal site can occur in the
absence of c-Src activity, indicating that this residue is phos-
phorylated by HRG upstream of c-Src. This raises the possi-
bility of Tyr 1222 involvement in the association between
ErbB-2 and c-Src, leading to the rapid, PR-independent HRG
stimulation of c-Src phosphorylation. The roles of ErbB-2 and
c-Src as upstream hierarchical activators of Jaks indicate that
Jaks participate in Stat3 phosphorylation only after the two
former proteins have been activated. Our present findings also
indicate that full PR-mediated ErbB-2 or c-Src phosphoryla-
tion is not required for HRG-induced Jak activation. Conse-
quently, we have presented Jaks at step 4 in Fig. 10 (left panel).

The second level of c-Src activation observed in our model
systems requires PR expression, phosphorylation of PR on Ser
294 by HRG-activated p42/p44 MAPKs (Fig. 10, left panel,
step 5), and the presence of an intact PR polyproline motif.
Pioneering findings have demonstrated a direct interaction
between PR-B and the SH3 domain of c-Src (5). Thus, the
PR-dependent activation of c-Src (Fig. 10, right panel, step 6)
found in our study could be explained for human PR by a
mechanism in which PR interacts directly with c-Src by an SH3
domain displacement mechanism through the PR polyproline
motif. Notably, we have also demonstrated for the first time
that Ser 294 phosphorylation is another key regulatory modi-
fication of human PR function that leads to its association with
and concomitant activation of c-Src. Mouse PR lacks the
polyproline motif, which further highlights the importance of
phosphorylation on specific residues, such as Ser 294, in PR
regulation of c-Src activity.

Recent findings have demonstrated that c-Src acts as an
upstream activator of ErbB-2 by promoting its phosphorylation
at the Tyr 877 residue, which is different from the autophos-
phorylation sites and is located in the activation loop of the
kinase domain (17, 37). Here we found that HRG induced
ErbB-2 Tyr 877 phosphorylation in both C4HD and T47D
cells, an effect that was completely blocked not only by PP2 but
also by RU486 or UO126. These findings are consistent with a
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mechanism in which phosphorylation of ErbB-2 at Tyr 877 is
induced by c-Src only when the latter is activated by unligan-
ded PR phosphorylated at Ser 294 by HRG-activated MAPKs
(Fig. 10, right panel, step 7). ErbB-2 Tyr 877 phosphorylation
is thus the molecular event that couples HRG/ErbB-2 to Stat3
activation (Fig. 10, right panel, step 8). This finding is further
supported by our results with SK-BR-3 cells revealing that
ErbB-2 Tyr 877 phosphorylation is an absolute requirement for
Stat3 activation. In summary, our results identified a mecha-
nism in which c-Src, activated initially by the upstream effector
ErbB-2 and then by PR, acts as the nodal convergence point
between HRG-activated ErbB-2 and PR. Dually activated c-
Src then becomes an upstream modulator of ErbB-2, inducing
a differential phosphorylation of ErbB-2 that leads to Stat3
activation.

We have also revealed another aspect of PR biology in this
study. Our findings with T47D-Y-PR-A cells showed that
HRG is able to stimulate c-Src and Stat3 activation as well as
ErbB-2 Tyr 877 phosphorylation. Although readily detected,
the capacity of PR-A to modulate the activation of all three
molecules upon HRG stimulation was significantly reduced
compared to that of PR-B. A seminal study demonstrated the
ability of PR-A to activate Src kinases in cell-free assays (5).
However, PR-A-induced Src and MAPK activation in response
to progestin within cells was highly reduced compared to that
induced by PR-B (3, 4). The predominant localization of un-
liganded PR-A in the nucleus, which prevents its interaction
with cytoplasmic signaling molecules, appears to account for
this difference (3, 4). Our present findings disclose a differen-
tial PR-A capacity to interact with signaling pathways in re-
sponse to HRG versus progestin. The distinct mechanisms,
kinetics, and strength of signaling pathway activation induced
by growth factors in comparison to progestins may explain this
difference. For example, it was previously shown that EGF
induced a stronger and more prolonged activation of MAPKs
in breast cancer cells than progestins did (9, 14). Similarly, we
found that compared to MPA, HRG induced significantly
higher levels of MAPK activation in C4HD cells (data not
shown). Therefore, rapid, strong, and sustained HRG-stimu-
lated MAPK activation could result in a rapid increase of Ser
294 phosphorylation in the fraction of unliganded PR-A
present in the cytoplasmic compartment, allowing PR-A inter-
action with c-Src, as we found in this study. A distinct modu-
lation of the subcellular localization of PR by HRG relative to
progestin may also contribute to the capacity of PR-A to acti-
vate signaling pathways. Indeed, it has been found that after 30
min of EGF treatment, the majority of PR-B still remains in
the cytoplasmic fraction (9).

A recent study with a mutationally activated ErbB-2
mouse model of mammary cancer (Neu-B4-1355T) (17)
showed that ErbB-2 induces phosphorylation of the 4 in-
tegrin signaling domain through a Src family kinase to pro-
mote tumor growth. On the other hand, inhibition of Src
family kinases abolished ErbB-2 Tyr 877 phosphorylation in
cells with an intact B4 integrin signaling domain. Similarly,
deletion of the B4 integrin signaling domain resulted in
abrogation of ErbB-2 Tyr 877 phosphorylation. In our
model systems, PR plays essentially the same role as p4
integrin. Thus, PR is both a downstream target of ErbB-2,
which phosphorylates PR through HRG-activated MAPKs,
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and an upstream activator of ErbB-2 through its capacity
to induce c-Src activation leading to phosphorylation of
ErbB-2 at Tyr 877. Comparable to our present findings,
deletion of the B4 signaling domain impairs Stat3 activation
induced by constitutively activated ErbB-2 (17).

Finally, we found that Stat3 is a key player in HRG-
induced C4HD cell growth. These findings, which provide
the first evidence that Stat3 participates in HRG-induced
breast cancer growth, are in line with the accumulating
evidence demonstrating the involvement of Stat3 in the pro-
liferation of breast cancer cells (8, 15, 16, 23). Our present
work identifies two novel potential therapeutic interventions
for PR- and ErbB-2-positive breast tumors. The first in-
volves the specific blockage of PR signaling activity. The
second proposes that targeting Stat3 could become a valu-
able alternative therapy for a more effective treatment of
breast cancers that are resistant to first-line antihormonal
and second-line anti-tyrosine-kinase therapies, such as
blockage of ErbB-2 activity.
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