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Heregulins are a family of ligands for the ErbB3/ErbB4 receptors that play important roles in breast cancer
cell proliferation and tumorigenesis. Limited information is available on the contribution of Rho GTPases to
heregulin-mediated signaling. In breast cancer cells, heregulin 31 (HRG) causes a strong activation of Rac;
however, it does so with striking differences in kinetics compared to epidermal growth factor, which signals
through ErbB1 (epidermal growth factor receptor [EGFR]). Using specific ErbB receptor inhibitors and
depletion of receptors by RNA interference (RNAi), we established that, surprisingly, activation of Rac by HRG
is mediated not only by ErbB3 and ErbB2 but also by transactivation of EGFR, and it is independent of ErbB4.
Similar receptor requirements are observed for HRG-induced actin cytoskeleton reorganization and mitogenic
activity via extracellular signal-regulated kinase (ERK). HRG-induced Rac activation was phosphatidylinositol
3-kinase dependent and Src independent. Furthermore, inactivation of Rac by expression of the Rac GTPase-
activating protein 32-chimerin inhibited HRG-induced ERK activation, mitogenicity, and migration in breast
cancer cells. HRG mitogenic activity was also impaired by depletion of Racl using RNAi. Our studies
established that Rac is a critical mediator of HRG mitogenic signaling in breast cancer cells and highlight
additional levels of complexity for ErbB receptor coupling to downstream effectors that control aberrant

proliferation and transformation.

The human ErbB/Her receptor family comprises four ty-
rosine kinase receptors (Herl/ErbB1 or epidermal growth fac-
tor receptor (EGFR), Her2/ErbB2, Her3/ErbB3, and Her4/
ErbB4) that play important roles in the progression of various
types of cancers, including breast, prostate, and colon cancer.
It is well established that dysregulation of ErbB receptor sig-
naling leads to enhanced cell proliferation, migration, and ma-
lignant transformation (22). Overexpression of ErbB2 is often
associated with breast cancer progression, metastasis, and poor
prognosis, and a blocking antibody for ErbB2 is widely used for
breast cancer therapy. Overexpression of EGFR or ErbB3 is
also correlated with reduced survival of breast cancer patients
(35, 51, 54). In contrast, studies show that ErbB4 mediates
antiproliferative and differentiation responses in breast cancer
cells (42), and its expression is correlated with better survival in
breast cancer patients (51). One of the features of ErbB re-
ceptors is their diverse coupling to signaling pathways that
control mitogenicity as well as the progression and mainte-
nance of the malignant phenotype. This is exemplified by the
EGFR, which, upon binding of a specific ligand (such as epi-
dermal growth factor [EGF] or transforming growth factor
alpha), becomes activated by homodimerization and autophos-
phorylation and couples to multiple SH2 domain-containing
adaptor molecules and effectors, including PLCy, phosphati-
dylinositol 3-kinase (PI3K), Shc, and Grb2 (43). The four ErbB

* Corresponding author. Mailing address: Department of Pharma-
cology, University of Pennsylvania School of Medicine, 816 Biomedical
Research Building II/III, 421 Curie Blvd., Philadelphia, PA 19104-
6160. Phone: (215) 898-0253. Fax: (215) 573-9004. E-mail: marcelo
(@spirit.gcrc.upenn.edu.

831

receptors differ in their pattern of phosphorylation sites (55)
and thus couple to distinct (but overlapping) sets of down-
stream effectors. Diversity in ErbB signaling activation is fur-
ther enhanced by combinatorial heterodimerization of the var-
ious receptors (55).

Heregulins (also called neuregulins) are a group of EGF-
like ligands for the ErbB3 and ErbB4 receptors (13) and are
often expressed in breast cancer tissues (11). Accumulating
evidence indicates that heregulins increase breast cancer cell
proliferation and promote tumorigenesis, aggressive and inva-
sive phenotypes (3, 13). Moreover, blockade of heregulin ex-
pression inhibits tumorigenicity and metastasis of breast cancer
cells (49). Heregulins activate PI3K-Akt and Erk mitogen-
activated protein kinase (MAPK) in breast cancer cells (14, 34,
50), pathways that are critical in the mitogenic and tumorigenic
effects of heregulins. The individual ErbB receptors and effec-
tors responsible for MAPK activation by heregulins are a sub-
ject of intense investigation. Heregulins also promote marked
changes in cytoskeleton reorganization accompanied by the
formation of membrane ruffles, filopodia, and stress fibers, and
they confer a motile phenotype (2). Thus, it is predictable that
heregulin stimulation leads to the activation of Rho G proteins
known to cause such phenotypic changes. Rac, one Rho family
member, plays a major role in control of actin cytoskeleton but
also controls cyclin expression, cell cycle progression, and ma-
lignant transformation (37, 39, 53). Some reports have shown
Rac to be overexpressed or hyperactivated in breast cancer
tissues (16, 44), and one Rac guanine nucleotide exchange
factor (GEF) (Tiaml) is overexpressed in highly invasive
breast tumors (1). Moreover, recent studies from our labora-
tory have demonstrated that inactivation of Rac by the Rac
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GTPase-activating protein (GAP) B2-chimerin inhibits breast
cancer cell migration and proliferation, as well as actin cytoskel-
eton reorganization in response to growth factors (30, 53). The
finding that Tiam1 activation by heregulin leads to a motile phe-
notype further points to Rac as a downstream player in heregulin
signaling (1). However, while it is well established that EGF
signaling activates Rho, Cdc42, and Rac, there is no direct evi-
dence that heregulins activate Rho GTPases or of what the func-
tional consequences of such activation might be. Given the com-
plexities in ErbB receptor coupling to downstream effectors, one
might expect differences in Rac regulation by heregulin relative to
well-established paradigms, such as the EGFR- or PDGFR-
mediated activation of Rho GTPases.

In this paper we explore the activation of Rac by heregulin
Bl (HRG) in breast cancer cell lines. Our objectives in this
study were threefold. First, we wanted to determine whether
HRG indeed promotes Rac activation. Our results reveal that
HRG is a strong activator of Rac and show that the time course
of this activation is markedly different from that seen with
EGF. Second, we determined which ErbB receptors are in-
volved in Rac activation by HRG. Studies using a wide range of
pharmacological and molecular approaches revealed that
ErbB2, ErbB3, and EGFR (but not ErbB4) are required for
HRG-induced activation of Rac. Last, we established a func-
tional link between HRG-induced activation of Rac and mito-
genic signaling.

MATERIALS AND METHODS

Materials. HRG was purchased from Lab Vision (Fremont, CA). EGF was
obtained from Sigma (St. Louis, MO). Wortmannin and AG1478 were from LC
Laboratories (Woburn, MA). PP2, U0126, and SP600125 were from Calbiochem
(San Diego, CA). The EGFR blocking monoclonal antibody C225/cetuximab
(Erbitux) was a generous gift from Kathryn M. Ferguson (University of Penn-
sylvania). Blocking antibodies for ErbB3 and ErbB4 were from Upstate Biotech-
nology (Lake Placid, NY).

Cell lines and cell culture. Human breast cancer cell lines MCF-7 and T-47D
were purchased from ATCC. MCF-7-Tet-on cells were purchased from Clontech
(Palo Alto, CA) and cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine, and G418
(100 pg/ml) at 37°C in a humidified 5%- CO, atmosphere. Generation of MCF-7
V12Racl cells was described elsewhere (53).

Generation of adenoviruses. The generation of adenoviruses (AdVs) for B2-
chimerin and LacZ (B2-chimerin-AdV and LacZ-AdV) was described elsewhere
(53). Serum-starved (8 h) MCF-7 cells were infected with AdVs for 16 h. AdVs
were then removed by extensive washing. Maximum expression was observed at
24 h and remained stable for at least three additional days. Experiments were
performed 24 or 48 h after infection.

RNA interference (RNAi). Small interfering RNA (siRNA) duplexes were
purchased from Dharmacon Research, Inc. (Chicago, IL). The target sequences
were as follows: AACCCCGAGGGCAAATACAGC (EGFR), AAGGTGCTT
GGATCTGGCGCT (ErbB2), AAGAGACAGAGCTAAGGAAGC (ErbB3),
and AATCCAGTGGAGGAGAACCCT (ErbB4). The siRNA sequences for
Racl were as follows: AAGGAGATTGGTGCTGTAAAA (Racl-RNAil) and
AACCTTTGTACGCTTTGCTCA (Racl-RNAi2). As a control, duplexes used
were either a green fluorescent protein duplex (Dharmacon, Inc.) or a random
control siRNA duplex (AACATCGCTGTAGCATCGTCT). siRNA duplexes
(100 to 200 nM) were transfected using Oligofectamine (Invitrogen) in serum-
free medium, and after 4 h the medium was supplemented with 10% FBS.
Twenty hours later, cells were subjected to 48 h of serum starvation followed by
various designated treatments.

Western blot. Cells were lysed using Tris-sodium dodecyl sulfate (SDS) as
described by Yang et al. (53) and subjected to SDS-polyacrylamide gel electro-
phoresis (10 to 40 wg of protein/lane). The following antibodies were used:
anti-Rac, anti-Cdc42, anti-ErbB3, and anti-ErbB4 (Upstate Biotechnology); anti-
RhoA (Santa Cruz Biotechnology, Inc., Santa Cruz, CA); anti-hemagglutinin
(anti-HA) tag, anti-phospho-tyrosine (p-Tyr-100), anti-EGFR, anti-phospho-
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EGFR (Tyr992), anti-Her2, anti-phospho-ErbB2 (Tyr1248), anti-phospho-
ErbB3 (Tyr1289), anti-Src, anti-phospho-Src (Tyr416), anti-Akt, anti-phospho-
Akt (Serd473), anti-Erkl/2, anti-phospho-Erk1/2 (Thr202/Tyr204), anti-c-Jun
N-terminal protein kinase (JNK), anti-phospho-JNK (Thr183/Tyr185), and anti-
phospho-ATF2 (Thr71) (Cell Signaling Technology, Beverly, MA); anti-B2-chi-
merin (53); and anti-B-actin (Sigma).

Pull-down assays. After serum starvation (48 h), cells were stimulated with
either HRG or EGF for different times. Rac GTP and Cdc42 GTP levels were
determined with a pull-down assay using the p21-binding domain (PBD) of
p21-activated kinase, as described previously (53), and using either anti-Rac or
anti-Cdc42 antibodies for Western blot detection, respectively. RhoA-GTP levels
were determined with a pull-down assay using the rhotekin binding domain (40)
and an anti-RhoA antibody for Western blot detection.

IP assay. After 48 h of serum starvation, cells were stimulated with HRG (10
ng/ml) for different times. Cells were lysed at 4°C for 10 min in 500 .l of buffer
containing 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, and protease inhibitor cocktail (1:500) (Sigma). After
preclearing with Gammabind G-Sepharose (Pharmacia Biotech) for 2 h at 4°C,
the supernatant was used for immunoprecipitation (IP) using 4 wg of anti-ErbB4
polyclonal antibody (2 h, 4°C). Gammabind G-Sepharose (40 ul) was then added
(overnight, 4°C). Samples were resolved in an 8% SDS-polyacrylamide gel and
analyzed by Western blotting.

Phalloidin staining. After 48 h of serum starvation, cells cultured in cover
slides were pretreated with various inhibitors or blocking antibodies for 1 h and
then stimulated with either EGF (100 ng/ml, 5 min) or HRG (10 ng/ml, 10 min).
Cells were washed twice with phosphate-buffered saline (PBS), fixed in 4%
formaldehyde in PBS for 10 min, and then permeabilized using 0.1% Triton
X-100 in PBS for 3 min. Cells were stained with phalloidin (Molecule Probes) in
PBS containing 1% bovine serum albumin (BSA) (20 min, room temperature)
and then counterstained with 4',6'-diamidino-2-phenylindole (1 pg/ml, 20 min,
4°C). Cells were visualized with a Nikon TE2000-U fluorescence microscope.

Cell migration. HRG-induced cell migration was determined using a Boyden
Chamber (Neuro Probe, Inc., Gaithersburg, MD) according to instructions from
the manufacturer. Briefly, after 8 h of serum starvation, cells were infected with
AdVs at different multiplicities of infections (MOIs), washed, and serum starved
for 24 h. Cells were then trypsinized and suspended in serum-free DMEM
supplemented with 0.1% BSA. A polycarbonate filter with 12-um pores (Neu-
roProbe) coated overnight with type IV collagen in cold PBS was placed on the
lower-chamber wells filled with serum-free DMEM with or without HRG (20
ng/ml), and 2 X 10° cells were loaded into the upper-chamber wells. After
incubation at 37°C in 5% CO, for 5 h, the upper side of the filter was wiped free
of cells and the filter was fixed and stained with Wright Giemsa staining buffer
(Sigma). Migrating cells were counted under a phase-contrast microscope. For
each treatment, at least four randomly selected high-magnification fields (10 X
20) were counted. Each treatment was performed in quadruplicate. To evaluate
the effect of Racl depletion on HRG-induced cell migration, siRNA duplexes
(100 nM) were transfected into MCF-7 cells as described above. After 48 h of
serum starvation, cells were trypsinized and suspended in serum-free DMEM
supplemented with 0.1% BSA for the cell migration experiment, as described
above. Parallel samples were used to determine Racl expression by Western
blotting.

BrdU incorporation. 5-Bromo-2'-deoxyuridine (BrdU) incorporation was de-
termined using flow cytometry (53) 24 h after incubation with HRG (10 ng/ml).

Statistical analysis. Data are presented as means * standard deviations and
were analyzed using either a Student ¢ test or one-way analysis of variance with
Scheffe’s test. A P value of <0.05 was considered statistically significant.

RESULTS

Differential temporal activation of Rac by HRG and EGF in
breast cancer cells. Two breast cancer cell lines, MCF-7 and
T-47D, were used to examine if HRG activates Rac. Figure 1A
shows that HRG triggered Rac activation in a dose-dependent
manner. At 30 ng/ml, HRG caused 7.5-fold = 0.6-fold and
8.6-fold = 1.1-fold increases in Rac GTP levels in MCF-7 and
T-47D cells, respectively (Fig. 1B). A time course analysis with
MCEF-7 cells revealed significant Rac activation at 2 min and
maximum stimulation at 10 min. Rac GTP levels remained
high (64% of maximum) 60 min after HRG stimulation (Fig.
1C and D). Sustained Rac activation by HRG was also ob-
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and T-47D cells. (A) Dose-dependent activation of Rac by HRG. MCF-7

and T-47D cells were serum starved for 48 h and then stimulated with HRG (0 to 30 ng/ml) for 10 or 5 min, respectively. Rac GTP levels were
determined using a PBD “pull-down” assay. (B) Densitometric analysis of Rac activation, normalized to the corresponding total Rac levels. Data
are presented as means * standard deviations (n = 3). (C) Time-dependent activation of Rac by HRG and EGF. Rac activation was determined
in serum-starved cells after HRG (10 ng/ml) or EGF (100 ng/ml) treatment. (D and E) Densitometric analysis of time-dependent activation of Rac.
Data are presented as means =+ standard deviations (n = 3). (F) Cdc42 and RhoA activation by HRG (10 ng/ml) in MCF-7 and T-47D cells. Similar

results were observed in three independent experiments.

served in T-47D cells. In this case, maximum Rac activation
was observed at 5 min, and Rac GTP levels remained elevated
(72% of maximum) 60 min after stimulation (Fig. 1C and E).
A comparison with EGF revealed striking differences in the
kinetics of Rac activation. EGF-induced maximum activation
of Rac occurred at earlier times than with HRG (1 min in
T-47D cells and 2 min in MCF-7 cells). The effect of EGF was
not as persistent as that caused by HRG, with EGF-induced
Rac GTP levels dropping by ~50% at 5 min and returning to
near-basal levels at 30 to 60 min. The sustained activation of
Rac by HRG was long lasting even after extensive washing with
serum-free medium (data not shown). Thus, while both EGF
and HRG strongly activate Rac in breast cancer cells, the
activation by HRG is slightly slower and much more sustained.
HRG also caused sustained activation of Cdc42 and RhoA
(Fig. 1F).

ErbB3, ErbB2, and EGFR are all required for HRG-induced
Rac activation. HRG is a specific ligand for ErbB3 and ErbB4,

but it can also transactivate ErbB2 and/or EGFR through
receptor heterodimerization (55). To define which ErbB re-
ceptors are involved in HRG-induced Rac activation, we used
multiple approaches that include pharmacological inhibitors,
ErbB receptor blocking antibodies, and RNAi for individual
ErbB receptors. As shown in Fig. 2A and B, each ErbB recep-
tor was successfully knocked down by >70% upon delivery of
specific siRNA duplexes into T-47D cells. Interestingly, HRG-
induced Rac activation was significantly blunted by depletion
of ErbB3, ErbB2, or EGFR (Fig. 2A and C). RNAI depletion
of either ErbB3 or ErbB2 led to a reduction in ErbB2 phos-
phorylation (activation), as expected if ErbB2/ErbB3 het-
erodimers form a major HRG receptor (9). More surprisingly,
knock-down of ErbB2 as well as ErbB3 or EGFR reduced
HRG-induced EGFR phosphorylation, whereas a reduction in
EGFR expression only reduced the activation of EGFR, with-
out obvious effect on ErbB2 phosphorylation. Remarkably,
ErbB4 depletion had no effect on HRG-induced activation of
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FIG. 2. Effect of siRNA knock-down individual ErbB receptors on Rac activation by HRG. (A) siRNA duplexes for each ErbB receptor were
transfected into T-47D cells. Twenty-four hours later, cells were serum starved for 48 h, and Rac activation was determined after stimulation with
HRG (10 ng/ml, 5 min). ErbB2 and EGFR phosphorylation after HRG (10 ng/ml, 10 min) were analyzed by Western blotting using specific
anti-phospho-ErbB2-Tyr1248 or anti-phospho-EGFR-Tyr992 antibody. Similar results were observed in three independent experiments. (B and C)
Densitometric analysis of the effect of individual ErbB receptor knock-down and its effect on HRG-induced Rac activation, respectively, shown
as percentages of expression relative to that for control (nontransfected) cells. Data are presented as means *+ standard deviations (n = 3). *, P

< 0.05, compared to results with nontransfected HRG-stimulated cells.

Rac, ErbB2, or EGFR (Fig. 2A and C). Moreover, Rac acti-
vation by HRG could be blocked by an ErbB3 blocking anti-
body but not by an ErbB4 blocking antibody (data not shown).
These results argue that ErbB2, ErbB3, and EGFR are all
involved in HRG-induced Rac activation, whereas ErbB4 is
not.

To further explore the EGFR requirement for HRG-in-
duced Rac activation, we used the specific EGFR inhibitor
AG1478. As shown in Fig. 3A, AG1478 impaired HRG-trig-
gered Rac activation in a dose-dependent manner. Another
EGFR tyrosine kinase inhibitor, Iressa (ZD1839), also com-
pletely blocked HRG-induced Rac activation (data not
shown). Thus, inhibition of EGFR kinase activity blocks the
ability of HRG to activate Rac. There are several possible
explanations for this finding, which will be considered further
in the Discussion.

Immunoblotting with antibodies against phosphorylated
forms of the ErbB receptors showed that HRG treatment
induces phosphorylation of all family members (Fig. 3C), so
understanding its signaling consequences requires consider-
ation of the entire ErbB network. Importantly, the kinetics of
HRG-induced receptor phosphorylation matched that of Rac
activation only for ErbB2, ErbB3, and EGFR. Despite not
playing any clear role in HRG-induced Rac activation, ErbB4
became significantly autophosphorylated upon HRG treat-

ment but with a time course that was significantly less sustained
than that of any other ErbB receptor (Fig. 3C). Interestingly,
the kinetics of EGFR phosphorylation following HRG treat-
ment was strikingly different from that seen following EGF
stimulation. Whereas EGF promotes rapid and transient
EGFR phosphorylation, HRG treatment of cells leads to
slower and more sustained phosphorylation of the EGFR (Fig.
3C). To exclude the possibility that EGF agonists are respon-
sible for (indirect) EGFR activation by HRG (e.g., through an
autocrine loop), we showed that cetuximab, an anti-EGFR
antibody that blocks the ligand binding site on the receptor
(29), could not prevent HRG-induced EGFR and Rac activa-
tion, even at concentrations that completely block EGFR and
Rac activation by saturating levels of EGF (Fig. 3B).
HRG-induced Rac activation is Src independent and PI3K
dependent. To understand the mechanism of Rac activation by
HRG in breast cancer cells, we next assessed the roles of Src
and PI3K, which are well-established effectors of the ErbB
receptor network. Figure 4A shows that HRG triggers robust
Src activation in T-47D cells, as determined using a specific
anti-phospho-Src antibody. However, we find that this effect on
Src is not required for Rac activation. Indeed, whereas HRG-
induced Rac activation peaks at 5 min after HRG treatment
(Fig. 1), the effect of HRG on Src activity is minimal at this
time, peaking instead at 10 min after HRG addition. More-
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over, the Src inhibitor PP2 had no effect on HRG-induced Rac
activation even at concentrations that completely block Src
phosphorylation (Fig. 4B). On the other hand, the PI3K inhib-
itor wortmannin completely blocked the HRG-induced eleva-
tion in Rac GTP levels (Fig. 4C). In T-47D cells, HRG strongly
activates Akt (a PI3K effector), an effect that persisted for at
least 60 min (Fig. 4D). EGF strongly activates Akt, although
the effect lasted for less than 60 min (data not shown). As
shown in Fig. 4E, wortmannin abolished the activation of Akt
by HRG. Interestingly, the EGFR tyrosine kinase inhibitor
AG1478 also impaired Akt activation by HRG. Neither
AG1478 nor wortmannin significantly affected phosphorylation
of ErbB2; and wortmannin did not inhibit EGFR activation
(Fig. 4E). The inhibitors of EGFR and PI3K also prevented
HRG-triggered Akt and Rac activation in MCF-7 cells (data
not shown). Together, these results indicate that HRG activa-
tion of Rac in breast cancer cells is dependent on PI3K and
also requires EGFR kinase activity but is independent of Src.

Rac is required for HRG-induced activation of Erkl/2 and
JNK. HRG activates MAPK cascades (14, 34), which are
known effectors of Rac (12). As shown in Fig. 5A, HRG caused
a marked activation of Erk1/2 and JNK, which was detectable
within 2 to 5 min and remained sustained for at least 60 min in
both MCF-7 and T-47D cells. On the other hand, EGF-in-

duced activation of Erk1/2 and JNK was transient, peaking at
2 to 10 min and returning to basal levels within 30 to 60 min.
The characteristic kinetics of Erk1/2 and JNK activation by
each ligand strongly resembled the time course of Rac activa-
tion for that ligand shown in Fig. 1.

Activation of Erkl/2 and JNK by HRG was completely
blocked by the EGFR kinase inhibitors AG1478 (Fig. 5B) and
Iressa (data not shown), suggesting that the HRG-induced
EGFR activation shown in Fig. 2A and 3B is required for this
response. On the other hand, cetuximab did not affect HRG-
induced activation of ERK, JNK, and Akt, although it com-
pletely impaired their activation by EGF (Fig. 5C). Wortman-
nin blocked Erk1/2 and JNK activation by HRG very efficiently
(Fig. 5B), indicating that HRG-induced MAPK activation is
also PI3K dependent. Similar results were observed with
MCEF-7 cells (data not shown).

To further investigate the role of Rac in HRG-induced
MAPK activation, we employed B2-chimerin, a Rac-specific
GAP that inactivates Rac both in cell-free systems and in cells,
including breast cancer cells (7, 53). HA-tagged B2-chimerin
was delivered into MCF-7 cells using an adenoviral approach.
As shown in Fig. 6A (lanes 1 to 6), expression of B2-chimerin
in MCF-7 cells inhibited Rac activation by HRG. The effect
was proportional to the expression level of B2-chimerin
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FIG. 4. HRG-induced Rac activation is Src independent and PI3K dependent. (A and D) Time course of Src and Akt activation by HRG.
T-47D cells were serum starved for 48 h and then treated with HRG (10 ng/ml). Cell extracts were subjected to Western blot analysis using specific

anti-phospho-Src and anti-phospho-Akt antibodies. (B and C) After 48 h of

serum starvation, T-47D cells were treated either with PP2 (0 to 5 uM)

or wortmannin (0 to 5 wM) for 1 h and stimulated with HRG (10 ng/ml) for 5 min, and Rac GTP levels were then determined. (E) Effect of AG1478

and wortmannin (Wortm) pretreatment on the activation of EGFR, ErbB2,

and Akt. After 48 h of serum starvation, T-47D cells were treated with

either AG1478 or wortmannin for 1 h and stimulated with HRG (10 ng/ml) for 10 min. Cell extracts were subjected to Western blotting. Similar

results were observed in three independent experiments.

achieved by varying the MOIs of the B2-chimerin-AdV. A
LacZ-AdV, on the other hand, was ineffective. Overexpressed
B2-chimerin did not affect the levels of phospho-Akt induced
by HRG treatment, arguing that PI3K/Akt activation by HRG
occurs upstream of Rac. On the other hand, B2-chimerin sig-
nificantly impaired HRG-induced activation of JNK and
Erk1/2, arguing that these events are downstream of Rac ac-
tivation. To confirm that the effects of B2-chimerin are Rac
specific, we also assessed activation of Cdc42 and RhoA by
HRG and found that these were unchanged even at high levels
of B2-chimerin expression (Fig. 6B).

To further assess the Rac-MAPK link in our experimental
model, we used MCF-7 cells stably expressing a constitutively
active Racl mutant (HA-tagged V12Racl). We hypothesized
that cells retaining high levels of this active Rac mutant should
be insensitive to the effect of the Rac GAP. Although we could
readily detect V12Racl expression using an anti-HA antibody,
total Rac levels remained basically unchanged, arguing that
V12Racl was expressed at low levels compared with the en-
dogenous wild-type protein, although it comprised the majority
of the Rac GTP. As expected, HA-tagged Rac GTP levels
remained high even after infection with the f2-chimerin-AdV
(note that endogenous Rac GTP levels were reduced by B2-
chimerin). Remarkably, expression of HA-tagged V12Racl

largely overcame the inhibitory effect of B2-chimerin on HRG-
induced Erk1/2 and JNK activation (Fig. 6A, lanes 7 to 12).
Thus, Rac appears to be required for HRG-induced activation
of Erk1/2 and JNK. An additional important observation is
that Rac activation does not appear to be sufficient for Erk1/2
or JNK signaling, since levels of phospho-Erk or phospho-JNK
were not elevated in cells expressing V12Racl in the absence
of HRG treatment. Thus, our studies suggest that in breast
cancer cells, Rac activation is necessary but not sufficient for
the activation of these signaling pathways.

Rac dependence of HRG-induced cell migration and prolif-
eration. HRG is known to cause morphological changes, in-
cluding the formation of filopodia and membrane ruffles (2).
When T47-D cells were treated with either HRG or EGEF,
characteristic ruffles were observed (Fig. 7A), which is consis-
tent with the activation of Rac. Inhibition of EGFR with
AG1478 impaired not only ruffle formation caused by EGF but
also the effect of HRG. On the other hand, cetuximab inhib-
ited only the morphological changes caused by EGF, without
affecting the HRG effect. Consistent with our signaling studies,
the effect of HRG was also blocked by the anti-ErbB3 blocking
antibody but was not affected by the anti-ErbB4 blocking an-
tibody or PP2. Wortmannin completely inhibited ruffle forma-
tion caused by EGF and HRG. Thus, these results parallel
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and wortmannin (Wortm) on HRG-induced Erk1/2 and JNK activation in
and cell extracts were subjected to Western blot analysis. (C) T-47D cells

T-47D cells. Cells were treated as described in the legend to Fig. 4E,
were serum starved for 48 h, pretreated with different concentrations

of cetuximab for 1 h, and then stimulated with EGF (100 ng/ml, 2 min) or HRG (10 ng/ml, 10 min). Cell extracts were subjected to Western blot

analysis. Similar results were observed in three independent experiments.

those in which Rac GTP levels were determined. To further
examine the biological significance of HRG-induced Rac acti-
vation, we also examined cell migration and proliferation. Con-
sistent with its potent and sustained effect on Rac activation,
HRG significantly enhanced MCF-7 cell migration, as deter-
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HRG _ -
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mined with a Boyden chamber (Fig. 7B). Expression of the Rac
GAP B2-chimerin significantly inhibited this effect. This inhi-
bition was proportional to the expression levels of f2-chimerin.
As expected, V12Racl significantly enhanced migration of
MCEF-7 cells. The expression of constitutively active Rac sig-

B
MCF-7

AdV p2chim LacZ
(MOl) 25 50 100100

HA-Rac-GTP e e ek 3
Endogenous Rac-GTP

e e pronmaan

HA-V12Rac1

Cde42-GTP
Total Cde42

RhoA-GTP
Total Rac Total RhoA
Ak L ——— imaenn
Total Akt
p-Erk1/2
p-JNK
Total Erk1/2

FIG. 6. Inhibition of B2-chimerin on HRG-induced Rac, Erk1/2, and JNK activation. (A) MCF-7 and HA-V12Racl-MCF-7 cells were serum
starved for 8 h and then infected with either HA-B2-chimerin-AdV (B2-chim) or LacZ-AdV (LacZ) for 16 h in serum-free DMEM. After extensive
washing, cells were grown for 24 h in serum-free DMEM and then stimulated with HRG (10 ng/ml) for 10 min. Activation of Rac, Akt, Erk1/2,
and JNK was then determined. Expression of HA-B2-chimerin and HA-V12Racl was examined by Western blotting using an anti-HA antibody.
(B) MCF-7 cells were treated as described for panel A. Cdc42-GTP and RhoA-GTP levels were determined using pull-down assays.
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on HRG-induced cell migration. Migration of MCF-7 or HA-V12Rac1-MCF-7 cells infected with HA-B2-chimerin-AdV or LacZ-AdV (see Fig.
6) was determined using a Boyden chamber. Data are presented as means *+ standard deviations (n = 4). *, P < 0.05, compared to results for
non-AdV-infected HRG-stimulated cells. (C) Effect of Rac1 depletion on HRG-induced cell migration. MCF-7 cells were transfected with siRNA
duplexes for Racl (RNAil or RNAI2) or a control duplex (CONT), and cell migration was determined 72 h after transfection. Data are presented
as means * standard deviations (n = 4). *, P < (.05, compared to results for nontransfected, HRG-stimulated cells. Rac expression is shown in

a representative Western blot. HMF, high-magnification field.

nificantly overcame the inhibitory effect of B2-chimerin. Fur-
thermore, HRG-induced cell migration was impaired by de-
pletion of Racl using two different Racl siRNA duplexes (Fig.
70).

Rac is involved in proliferation control through the regula-
tion of G,/S progression (37). We found that it plays an essen-
tial role in HRG stimulation of MCF-7 cell proliferation, as
determined by BrdU incorporation (Fig. 8A). Expression of
B2-chimerin dose-dependently inhibited the ability of HRG to
stimulate proliferation. V12Racl-expressing cells showed
slightly higher levels of BrdU incorporation than control cells,
and this was greatly further enhanced by treatment with HRG,
in agreement with the finding in Fig. 6A that Rac activation is
necessary but not sufficient for proliferative signaling. With
V12Racl overexpression, 2-chimerin had no detectable in-
hibitory effect (Fig. 8A). The requirement for Rac in HRG-
stimulated proliferation was further demonstrated using

RNAI, with HRG-induced cell proliferation being significantly
inhibited when Racl levels were depleted (Fig. 8B and C).

In order to determine the contribution of MAPKs in HRG-
induced mitogenesis, we used a MEKI1 inhibitor (U0126) and
a JNK inhibitor (SP600125). Figure 8D shows that U0126
inhibited HRG-induced cell proliferation in T-47D cells by
72%, while SP600125 had little effect. The activity and selec-
tivity of the inhibitors for each pathway was confirmed by their
ability to inhibit Erk1/2 phosphorylation (U0126) or ATF2
phosphorylation (SP600125) in response to HRG (Fig. 8E).

Last, we examined the effect of ErbB receptor siRNA on the
proliferative response of HRG in T-47D cells. This analysis
revealed that the HRG effect was dependent on ErbB3, ErbB2,
and EGFR (Fig. 8F), which are the receptors required for Rac
activation (Fig. 2). Taken together, these results suggest a
critical role for multiple ErbB receptors and Rac activation in
HRG-stimulated cell proliferation.
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DISCUSSION

Our results reveal that HRG causes a strong and sustained
activation of Rac and provide strong evidence that Rac is a
critical component of the mitogenic and motile responses in-
duced by HRG in breast cancer cells. While substantial evi-
dence exists in support of a role for ErbB3 and ErbB2 as
mediators of the mitogenic and oncogenic activities of heregu-
lins, our results introduce a more complex paradigm, since
HRG-mediated proliferation via Rac also depends on the
EGFR (ErbB1) receptor. Remarkably, the ErbB4 receptor is
not involved in Rac activation and mitogenicity, despite be-
coming significantly activated by HRG.

Multiple ErbB receptors mediate HRG-induced activation
of Rac. It is generally believed that heterodimers formed by
ErbB2 and ErbB3 constitute the primary receptor for HRG
and elicit potent mitogenic and oncogenic signals (9). These
two members of the ErbB receptor family are unique. ErbB2
has no known direct ligand, and ErbB3 appears to have a
catalytically inactive or substantially impaired tyrosine kinase
domain. Thus, ErbB2 and ErbB3 are thought to require het-
erodimerization for signaling activity. Our results using RNAi

and blocking antibodies clearly establish a requirement for
both ErbB2 and ErbB3 in HRG-induced Rac activation, as
anticipated. On the other hand, ErbB4 was found to be dis-
pensable for HRG-induced Rac activation and proliferation,
despite being efficiently activated by HRG (as evidenced by its
autophosphorylation). This finding is consistent with reports
that ErbB4 has only a weak capacity to mediate proliferative
signals or promotes antiproliferative responses to HRG (8, 42).

More surprisingly, our studies suggest an essential (rather
than accessory) role for EGFR in HRG signaling in breast
cancer cells. EGFR RNAI or inhibition of its tyrosine kinase
activity with AG1478 (or Iressa) blocked the ability of HRG to
activate Rac, Akt, Erk1/2, and JNK or to promote cell prolif-
eration. The fact that HRG promotes robust tyrosine phos-
phorylation of EGFR (Fig. 3C) argues that this is a direct effect
and that EGFR activation plays a key role in mediating the
HRG response. Several other studies have demonstrated
EGFR activation by HRG in cells expressing multiple ErbB
receptors (10, 41, 56), although there are reports in which this
was not seen, including some studies with T-47D cells (18). The
mechanism of EGFR involvement in HRG signaling in our
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studies is of interest. HRG treatment leads to phosphorylation
of ErbB2, ErbB3, and EGFR, and each of these receptors
plays an important role in Rac activation and cell proliferation.
HRG is thought to stabilize (and activate) ErbB2/ErbB3 het-
erodimers. We initially hypothesized that EGFR activation
could result from its heterodimerization with HRG-bound
ErbB3. However, cetuximab had no effect at all on HRG-
induced EGFR phosphorylation (Fig. 3B), despite the fact that
this antibody prevents EGFR from adopting its dimerization
(homo- or hetero-)-competent configuration (29). The failure
of cetuximab to inhibit HRG-induced EGFR activation also
rules out autocrine mechanisms, since this antibody directly
occludes the ligand binding site in EGFR. Our results there-
fore suggest a mechanism for “transactivation” of EGFR in
this system that differs from the view of ErbB receptor het-
erodimerization suggested by recent structural studies (5). It
has alternatively been suggested that blockade of ErbB2/
ErbB3 heterodimer signaling by EGFR kinase inhibitors can
result from sequestration of ErbB2 in inactive EGFR/ErbB2
heterodimers and a consequent dominant-negative effect (33).
We suggest that this mechanism is not relevant in our studies.
The robust HRG-induced phosphorylation of EGFR (depen-
dent on the presence of ErbB2 and ErbB3) argues for a pos-
itive role for EGFR in HRG signaling, as does the fact that
RNAI knock-down of EGFR significantly impaired Rac acti-
vation and cell proliferation in response to HRG.

One possible mechanism for EGFR activation by HRG is
that HRG-activated ErbB2 or ErbB3 forms “secondary” het-
erodimers with EGFR, as suggested by Gamett et al. (17), and
these differ in structure from EGFR dimers observed crystal-
lographically (so are unaffected by cetuximab). Alternatively,
HRG could promote the formation of heterotetramers that
include EGFR, ErbB2, and ErbB3, leading to phosphorylation
of all three receptors through mechanisms that have yet to be
defined (21, 43). A third possibility that is consistent with the
failure of cetuximab to have an inhibitory effect is that EGFR
becomes activated simply as a substrate for phosphorylation by
activated ErbB2 in a manner similar to the JAK2-mediated
EGFR phosphorylation promoted by growth hormone (52).

Differential kinetics of Rac activation by HRG and EGF. A
particularly striking observation, illustrated in Fig. 1 and 3C, is
that HRG stimulates the activation of EGFR and Rac with a
different time course from that seen with EGF-induced acti-
vation. The sustained Rac activation seen with HRG tracks
precisely with the time course of EGFR phosphorylation. By
contrast, EGF causes a rapid and short-lived activation of Rac,
an effect that we have also observed in other models, including
COS-1, HeLa, and colon cancer cells (unpublished studies).
The sustained Rac activation by HRG in breast cancer cells
predicted a prominent role for this small GTPase in heregulin
signaling. Indeed, interfering with Rac signaling, either by Rac
RNAI or by the expression of the specific Rac GAP B2-chi-
merin, significantly impaired HRG-induced activation of Rac
as well as Rac-dependent responses. B2-chimerin accelerates
GTP hydrolysis from Rac, leading to its inactivation, and mark-
edly impairs Rac-dependent signaling, motility, and prolifera-
tion in various cellular models including breast cancer cells (6,
30, 53).

The contrasting time courses of Rac activation in response
to HRG and EGF stimulation could reflect the distinct inter-
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nalization characteristics of different ErbB receptor dimers.
EGFR that has been activated by EGF-induced homodimer-
ization is rapidly internalized and targeted to the lysosome,
and this explains the transient activation seen in Fig. 3B. By
contrast, EGFR that has been activated through heterodimer-
ization with other ErbB receptors (or possibly by other mech-
anisms) is internalized less efficiently (4) and/or is more readily
recycled (28). These effects may be responsible for the different
time courses for Rac activation seen in Fig. 1.

Rac as a mediator of HRG mitogenic signaling. The require-
ment of Rac and other Rho GTPases for mitogenic signaling
has been defined in earlier studies (26, 37). Rac plays a crucial
role in G,/S transition through the control of cyclin D1 expres-
sion (24, 38). Growth factor-induced activation of cyclin D1
expression in breast cancer cells is dependent on Rac and is
highly sensitive to the effect of the Rac GAP 2-chimerin (53).
Here we observed that inhibition of Rac by B2-chimerin or Rac
depletion using RNAi markedly inhibits BrdU incorporation in
response to HRG, thus placing Rac as an essential mediator of
HRG mitogenic signaling.

The inhibition of HRG-induced BrdU incorporation by the
MEK-1 inhibitor UO126 supports the involvement of ERK
activation in the HRG proliferative response, which is in agree-
ment with previous studies (34, 50). While multiple ErbB re-
ceptors have been found to activate ERKs through the Ras-
Raf pathway (31, 45), a distinctive aspect of our studies is that
they underscore the absolute requirement of the EGFR in
ERK activation in response to HRG. ERK activation by HRG
was completely blocked by treatment with AG1478. While the
mechanistic basis by which Rac modulates the activation of
MAPK cascades is beyond the goals of these studies, our re-
sults using V12Racl (Fig. 6A) argue that in breast cancer cells
Rac is required but is not sufficient for ERK (and JNK) acti-
vation. The fact that HRG treatment is needed even in
V12Racl-expressing cells to cause ERK activation and to pro-
mote the maximum proliferative response instead suggests a
cooperative role for Rac signaling with inputs from the Ras
cascade. Indeed, recent studies with smooth muscle cells show
that the association of the Rac effector p21-activated kinase
with ERK and Raf facilitates ERK signal transduction (47).
Further studies would be required to understand the nature of
those events in the context of HRG stimulation in breast can-
cer cells.

Recent studies have shown that Src is a mediator of Rac
activation in response to various stimuli (25, 46). Consistent
with other reports, we also observed Src activation by HRG,
although it is delayed by comparison with Rac activation, and
inhibition of Src by PP2 did not affect HRG-induced Rac
activation. Thus, in this particular cellular context, Src is not
involved in Rac activation by HRG. Instead, we found that Rac
activation by HRG is PI3K dependent. ErbB receptor coupling
to PI3K probably involves multiple mechanisms: while ErbB3
can recruit the p85 regulatory subunit of PI3K directly via an
SH2-dependent mechanism (20, 36), PI3K activation by EGFR
is primarily mediated by the docking protein Gabl1 (32). A role
for Gab proteins in ErbB3-mediated activation of PI3K has
also been described recently (23). PI3K can activate Tiam1 and
Vav Rac GEFs (15, 19), and activated Ras and Tiaml can
cooperate to activate Rac in a PI3K-independent manner (27).
To our knowledge the activation of Rac GEFs by ErbB2 and
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ErbB3 has not been reported. On the other hand, Vav ex-
change activity is stimulated in response to EGF through a
PI3K-dependent mechanism (48), which would fit well with our
paradigm of HRG-induced activation of Rac signaling via
EGFR. Interestingly, Tiam1 becomes activated in response to
HRG, leading to a motile phenotype (1). We determined that
HRG not only caused Rac activation but also activated other
Rho GTPases, such as Cdc42 and RhoA. Moreover, the PI3K
inhibitor wortmannin also dose-dependently and efficiently in-
hibited Cdc42 activation by HRG (data not shown), suggesting
that HRG is capable of activating multiple GEFs and/or GEFs
with specificity for multiple Rho GTPases.

Final remarks. The results presented here establish that
HRG is a strong activator of Rac in breast cancer cells and that
there is an absolute requirement for Rac in HRG-induced
breast cancer cell proliferation. With the exception of ErbB4,
all of the ErbB family members are required for HRG-induced
Rac activation. Indeed, the requirement of EGFR for HRG-
induced Rac activation and Rac-mediated responses, including
mitogenesis, argues for an additional level of receptor cross
talk in HRG signaling. Given the implications of ErbB recep-
tors in cancer progression, the identification of Rac as a key
transducer of HRG mitogenic and motogenic signaling high-
lights a role for this Rho GTPase in breast tumorigenesis.
Since inactivation of ErbB receptors represents a promising
strategy for cancer treatment, including treatment for breast
cancer, our results may have great implications for understand-
ing the mechanistic basis of the action of targeted ErbB recep-
tor therapy and for considering additional signaling pathways
to target in combination.
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