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The growth factor heregulin (HRG), a ligand of ErbB3 and ErbB4 receptors, contributes to breast cancer development and the
promotion of metastatic disease, and its expression in breast tumors has been associated with poor clinical outcome and resis-
tance to therapy. In this study, we found that breast cancer cells exposed to sustained HRG treatment show markedly enhanced
Rac1 activation and migratory activity in response to the CXCR4 ligand SDF-1/CXCL12, effects mediated by P-Rex1, a Rac-gua-
nine nucleotide exchange factor (GEF) aberrantly expressed in breast cancer. Notably, HRG treatment upregulates surface ex-
pression levels of CXCR4, a G protein-coupled receptor (GPCR) implicated in breast cancer metastasis and an indicator of poor
prognosis in breast cancer patients. A detailed mechanistic analysis revealed that CXCR4 upregulation and sensitization of the
Rac response/motility by HRG are mediated by the transcription factor hypoxia-inducible factor 1� (HIF-1�) via ErbB3 and
independently of ErbB4. HRG caused prominent induction in the nuclear expression of HIF-1�, which transcriptionally acti-
vates the CXCR4 gene via binding to a responsive element located in positions �1376 to �1372 in the CXCR4 promoter, as re-
vealed by mutagenesis analysis and chromatin immunoprecipitation (ChIP). Our results uncovered a novel function for ErbB3
in enhancing breast cancer cell motility and sensitization of the P-Rex1/Rac1 pathway through HIF-1�-mediated transcriptional
induction of CXCR4.

ErbB receptors are known to play key roles in cell proliferation,
survival, and motility and have been widely implicated in the

initiation and progression of cancer. Members of this family of
transmembrane tyrosine kinases include epidermal growth factor
receptors (EGFR) (ErbB1/HER1), ErbB2/HER2, ErbB3/HER3,
and ErbB4/HER4. Ligands with distinctive affinities for ErbB re-
ceptors promote their homo- and heterodimerization, leading to
stimulation of intrinsic tyrosine kinase activity; recruitment of
adaptors and effectors to autophosphorylated tyrosine sites; and
activation of key signaling cascades, namely, the phosphatidylino-
sitol-3 kinase (PI3K)/Akt, extracellular signal regulated kinase
(ERK), and protein kinase C (PKC) pathways (1–4). Dysregula-
tion of the ErbB signaling pathway is a common alteration in
human cancer, and it occurs largely as a consequence of gain-of-
function mutations (e.g., EGFR); gene amplification (e.g., ErbB2);
and/or overexpression of ErbB ligands, such as EGF and trans-
forming growth factor alpha (TGF�) (EGFR ligands) and heregu-
lin-1/neuregulin-1 (HRG) (ErbB3/ErbB4 ligand) (5–10).

ErbB3 has been shown to be crucially important in breast can-
cer progression. This receptor is catalytically inactive, and hence,
its signaling capacity depends entirely on dimerization with other
catalytically competent ErbB partners. ErbB2, the only orphan
member of the ErbB receptor family, is the preferred dimerization
partner for ErbB3, and the ErbB2/ErbB3 heterodimer, which sig-
nals preferentially through PI3K, is regarded as a major oncogenic
unit in ErbB2-overexpressing mammary tumors (1, 7, 8, 11, 12).
ErbB3 expression in invasive human breast carcinomas has been
associated with reduced patient survival (13). Enhanced produc-
tion of HRG, which could be induced by oncogenic inputs, such as
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha (PI3KCA) mutations, occurs in a significant proportion of
breast tumors, including ErbB2-low tumors (6, 14–17). Notably,
transgenic overexpression of HRG in mouse mammary glands
leads to the development of adenocarcinomas (18). Studies using
MCF-7 breast cancer cells ectopically overexpressing HRG, a

model that mimics the scenario observed in human tumors, es-
tablished prominent roles for the growth factor in motility and
invasion. Furthermore, HRG promotes the secretion of matrix
metalloproteases and confers metastatic properties on MCF-7
cells when inoculated into nude mice (10, 19–22). Enhanced
HRG/ErbB3 signaling has also been implicated in resistance to
anticancer agents, including antiestrogens, ErbB tyrosine kinase
inhibitors, and taxanes, and adaptive responses leading to drug
resistance involve reprogramming of the kinome through reactiva-
tion of an HRG/ErbB3 axis (23–29). Consistent with the critical role
of ErbB3 activation in breast cancer and other cancers, several tar-
geted approaches designed to block HRG/ErbB3 are currently under
clinical evaluation (30–32). Despite the recognized complexities of
ErbB4 signaling and controversies regarding its role in cancers, this
HRG receptor has been also implicated in breast tumorigenesis (33,
34). An understanding of the network of HRG-ErbB3/4 effectors im-
plicated in cancer progression should afford novel therapeutic op-
tions for the treatment of breast cancer or other neoplasias.

Previously, we reported that treatment of breast cancer cells
with HRG triggers a motile response that is mediated by the acti-
vation of Rac1 (35, 36), a GTPase widely implicated in actin cyto-
skeleton reorganization, migration, and metastatic dissemination
(37). Like most members of the Rho/Rac small G protein family,
Rac1 is a molecular switch that cycles between inactive (GDP-
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bound) and active (GTP-bound) states. Guanine nucleotide ex-
change factors (GEFs) promote GTP loading, thereby activating
Rac1, whereas GTPase-activating proteins (GAPs) stimulate GTP
hydrolysis by enhancing intrinsic GTPase activity, thus rendering
the small G protein in the inactive state (38, 39). We have previ-
ously identified P-Rex1 as a main Rac-GEF responsible for Rac1
activation in response to ErbB ligands in breast cancer cells. P-
Rex1 is aberrantly upregulated in human luminal breast tumors
and cell lines, possibly through a mechanism that involves dem-
ethylation of the PREX1 gene promoter (40–42). P-Rex1 is dually
activated by the PI3K product PIP3, and G�� subunits released
upon G protein-coupled receptor (GPCR) activation. HRG and
other ErbB ligands translocate P-Rex1 to the plasma membrane in
a PI3K-dependent manner, leading to its activation. The require-
ment for P-Rex1 in HRG-induced Rac1 activation, ruffle forma-
tion, and motility, as well as its role in mammary tumorigenesis,
has been unambiguously established by means of RNA interfer-
ence (RNAi)-mediated loss of function approaches (36, 40, 43,
44). Consistent with the established requirement for G�� sub-
units in P-Rex1 activation, the GEF is also an effector of GPCRs
(45). Recently, we and others reported that stimulation of the
GPCR CXCR4 by its ligand, chemokine stromal-derived factor 1
(SDF-1/CXCL12), induces P-Rex1-dependent Rac1 activation
and motility (40, 46, 47), which is consistent with the well-estab-
lished role of the SDF-1/CXCR4 pathway in metastatic dissemi-
nation (48, 49). Indeed, CXCR4 has been functionally linked to
breast cancer cell motility, invasion, and metastasis and is consid-
ered a marker of poor patient prognosis (50–55). CXCR4 is also
essential for ErbB2-mediated tumor metastasis, and coexpression
with ErbB2 and EGFR is predictive of a poor prognosis in breast
cancer patients (56, 57), arguing for potential functional interre-
lationships between CXCR4 and ErbB receptors.

In this study, we aimed to investigate the effect of sustained
HRG activation on CXCR4 signaling in breast cancer cells. Our
analysis revealed a novel functional link whereby ErbB3 activation
upregulates CXCR4 levels, which functionally translated into an
enhanced motile response and Rac1 activation via P-Rex1. A com-
prehensive mechanistic analysis of this cross talk revealed a central
role for the transcription factor hypoxia-inducible factor 1� (HIF-
1�) as a mediator of HRG-induced CXCR4 upregulation and sen-
sitization of Rac1 responses in breast cancer cells.

MATERIALS AND METHODS
Materials. Heregulin �1 and SDF-1� were purchased from R&D Systems
(Minneapolis, MN). The HIF-1� inhibitor SC205346 was obtained from
EMD/Calbiochem (Gibbstown, NJ).

Cell lines. MCF-7, BT-474, and MDA-MB-361 human breast cancer
cell lines were obtained from the ATCC and cultured in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine se-
rum (FBS), 2 mM glutamine, 10 �g/ml insulin, 100 U/ml penicillin, and
100 �g/ml streptomycin. MCF-10A cells were obtained from the ATCC
and cultured in DMEM–F-12 medium supplemented with 5% horse se-
rum, 20 ng/ml EGF, 0.5 �g/ml hydrocortisone, 100 ng/ml cholera toxin,
10 �g/ml insulin, 100 U/ml penicillin, and 100 �g/ml streptomycin.

Western blot analysis. Cells were lysed in a buffer containing 2% SDS,
62.5 mM Tris-HCl, pH 6.8, 10% glycerol, 5% 2-mercaptoethanol, and
0.002% bromophenol blue, and extracts were subjected to SDS-poly-
acrylamide gel electrophoresis (PAGE), as described previously (58).
For Western blots, the following antibodies were used: anti-Rac1 clone
23A8 (Upstate Biotechnology, Lake Placid, NY); anti-ErbB3, anti-
ErbB4, anti-phospho-Akt (Ser473), and anti-phospho-Erk1/2 (Thr202/

Tyr204) (Cell Signaling Technology, Beverly, MA); antivinculin and anti-
P-Rex1 (Sigma, St. Louis, MO); and anti-HIF-1� (BD Biosciences, San
Jose, CA). Bands were visualized by enhanced chemiluminescence (ECL).
Images were captured using a FujiFilm LAS-3000 system and analyzed
with the LAS-2000 software. Densitometric analysis of the bands was car-
ried out using NIH ImageJ software.

RNAi. For transient depletion of ErbB3, ErbB4, HIF-1�, and P-Rex1,
we used ON-TARGETplus RNAi pools from Dharmacon (Lafayette, CO).
ON-TARGETplus nontargeting pool (catalog number D-001810-0-05)
was used as a control. Small interfering RNAs (siRNAs) were transfected
with Lipofectamine RNAi/Max (Invitrogen-Life Technologies, Grand Is-
land, NY). After 24 h, the cells were serum starved and used for the indi-
cated experiments.

Rac1-GTP pulldown assays. Cells were serum starved for 24 h and
then stimulated with HRG (10 ng/ml; 16 h). HRG was then removed by
extensive washing with serum-free medium. At the indicated times (0 to 8
h), Rac1-GTP levels were determined using a pulldown assay, as previ-
ously described (59). Briefly, the cells were lysed in a buffer containing 20
mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM MgCl2, 0.5% NP-40, 5 mM
�-glycerophosphate, 1 mM dithiothreitol (DTT), protease inhibitors, and
10 �g/ml of glutathione S-transferase (GST)–PBD (the Rac/Cdc42 bind-
ing domain of Pak1). The lysates were cleared by centrifugation (10 min at
4°C; 13,000 � g) and incubated with glutathione-Sepharose 4B beads (GE
Healthcare, Mickleton, NJ) for 45 min at 4°C. After centrifugation, the
beads were washed twice with the pulldown buffer and run on SDS-PAGE
gels. Rac1 was detected by Western blotting using an anti-Rac1 antibody.

Cell migration. After serum starvation (24 h), the cells were stimu-
lated with HRG (10 ng/ml; 16 h), harvested with 1 mM EDTA, and sus-
pended in 0.1% BSA-DMEM. Cells (3 � 104 cells/well) were seeded in the
upper compartment of a Boyden chamber (NeuroProbe, Gaithersburg,
MD). A 12-�m-pore-size polycarbonate filter (NeuroProbe) coated over-
night with type IV collagen in cold phosphate-buffered saline (PBS) was
used to separate the upper and lower compartments. In the lower cham-
ber, we used 0.1% BSA-DMEM with or without SDF-1 (100 ng/ml). After
16 h of incubation at 37°C, the nonmigrating cells on the upper side of the
membrane were wiped off the surface. Migrating cells on the lower side of
the membrane were fixed, stained with Diff Quik stain set (Dade Behring-
Siemens, Malvern, PA), and counted by contrast microscopy in 5 inde-
pendent fields. In some experiments, 10 �g/ml CXCR4 blocking antibody
(MAB170/12G5; R&D Systems) or a control isotype antibody was added
to the top chamber.

HIF-1� immunocytochemistry. Cells on coverslides were serum
starved for 24 h, stimulated with HRG (10 ng/ml) for different times, and
fixed with 4% formaldehyde in PBS. For staining, we used an anti-HIF1�
antibody (BD Biosciences; 1:150 dilution; 90-min incubation), followed
by a Cy3-conjugated goat anti-mouse secondary antibody (Jackson Im-
munoResearch, West Grove, PA; 1:1,500; 90-min incubation). The cells
were counterstained with DAPI (4=,6=-diamidino-2-phenylindole; 1 �g/
ml; 20 min). The slides were mounted using Vectashield, and the cells
were visualized with a Nikon TE2000-U fluorescence microscope.

FACS analysis. Cells were harvested with 1 mM EDTA, suspended in
ice-cold staining buffer (1% BSA in PBS), and stained with an anti-
CXCR4 antibody (1:200) (BD Biosciences) or isotype control antibody for
60 min at 4°C. Samples were analyzed on a FACScan flow cytometer (BD
Biosciences).

Generation of a CXCR4 promoter luciferase reporter and mutants.
The CXCR4 gene promoter (bp �2625 to �71) was amplified by PCR
from human genomic DNA obtained from MCF-7 cells using Platinum
Taq DNA polymerase high fidelity (Invitrogen) and the following prim-
ers: 5=-TGGAATTTCAGATGTGGATGAACC (forward) and 5=-CTGCC
GCAGCCAACAAACTGAAGT (reverse). The PCR product was cloned
into the TOPO-TA pCR2.1 cloning vector (Invitrogen), digested with
KpnI and XhoI restriction enzymes, and subcloned into the pGL3-Basic
luciferase reporter vector (Promega, Madison, WI). All the constructs
were confirmed by DNA sequencing.
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Mutations in putative hypoxia-responsive element (HRE) sites in the
CXCR4 promoter reporter (GCGTG, in the HRE consensus core, to
ATACA) were introduced with the QuikChange XL site-directed mu-
tagenesis kit (Stratagene, La Jolla, CA). The following primers were used
for PCR: for HRE-1 (bp �1376 to �1372), we used 5=-GGGTCCGTGT
CGCGACGTGTATGCCTCGGTCCCAG (forward) and 5=-CTGGGACC
GAGGCATACACGTCGCGACACGGACCC (reverse); for HRE-2 (bp
�950 to �946), we used 5=-CAACGCCTAGAACAGTATACAGCACG
CAGTTCGTCC (forward) and 5=-GGACGAACTGCGTGCTGTATA
CTGTTCTAGGCGTTG (reverse); for HRE-3 (bp �128 to �124),
we used 5=-GCGCCGCGCTCGGAATACATTTTTATAAAAGTCCG
(forward) and 5=-CGGACTTATAAAAATGTATTCCGAGCGCGGC
GC (reverse). All the mutant constructs were confirmed by DNA se-
quencing.

Luciferase promoter studies. Cells in 12-well plates were cotrans-
fected with 450 ng of the CXCR4 reporter constructs or empty vector and
50 ng of the Renilla luciferase expression vector pRL-TK (Promega), using
Lipofectamine 2000 (Invitrogen). After 24 h, the cells were serum starved
for 24 h and treated with 10 ng/ml HRG or vehicle for 12 h. The cells were
then lysed with passive lysis buffer (Promega), and luciferase activity was
determined in cell extracts using the Dual-Luciferase reporter assay sys-
tem (Promega). Each experiment was performed in triplicate. The results
were normalized to Renilla luciferase activity and expressed as relative
luciferase units (RLU).

ChIP assay. The chromatin immunoprecipitation (ChIP) assay was
performed as described previously (60, 61). Briefly, 2 � 106 cells were
fixed in 1% formaldehyde for 10 min to cross-link DNA with associated
proteins. The reaction was terminated by the addition of 125 mM glycine.
After washing, the cells were resuspended in a cell lysis buffer {5 mM
PIPES [piperazine-N,N=-bis(2-ethanesulfonic acid)], pH 8.0, 85 mM KCl,
0.5% NP-40, and protease inhibitors} and incubated on ice for 10 min.
Nuclear pellets were isolated by centrifugation (4,000 rpm; 5 min) and
sonicated (10 s; 10 times). The DNA was fragmented in a range of 200 to
1,000 bp. Ten nanograms of chromatin obtained after sonication was
diluted in ChIP buffer (16.7 mM Tris-HCl, pH 8.1, 0.01% SDS, 1.1%
Triton X-100, 1.2 mM EDTA, and 167 mM NaCl) and incubated over-
night at 4°C with 2 �g of anti-HIF-1� antibody (AF1935; R&D Systems)
or normal goat IgG (AB108C; R&D Systems), followed by 1 h of incuba-
tion with protein A/protein G (50% each)-agarose beads previously
blocked with salmon sperm DNA (Stratagene). After centrifugation (800
rpm; 1 min), 20 �l of the supernatant was saved as an input control. The
beads were sequentially washed with a low-salt immune complex wash
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH
8.1, and 150 mM NaCl), a high-salt immune complex wash buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, and 500
mM NaCl), an LiCl immune complex wash buffer (0.25 M LiCl, 1% NP-
40, 1% deoxycholate, 1 mM EDTA, and 10 mM Tris-HCl, pH 8.1), and TE
buffer (10 mM Tris-HCl, pH 8.1, 1 mM EDTA, pH 8.0). Protein-DNA
complexes were eluted in a buffer containing 1% SDS and 0.1 M NaHCO3.
Cross-linking was reversed by incubation with 200 mM NaCl (65°C over-
night), followed by incubation with 40 mM Tris-HCl, pH 6.5, 10 mM
EDTA, and 20 �g of proteinase K (45°C; 2 h). DNA was then extracted
with the QIAquick PCR purification kit (Qiagen) and analyzed by PCR
using Ampli-Taq Gold DNA polymerase (Invitrogen). As primers for
ChIP analysis (HRE-1 site), we used 5=-GAGTGCAGTCTGGGCAATCC
(forward) and 5= CGGGCGTCTTCCACGATTTTG (reverse). As a posi-
tive control, we used primers designed against a known HRE site in the
VEGFA promoter (62): 5= CCTCAGTTCCCTGGCAACATCTG (for-
ward) and 5=-GAAGAATTTGGCACCAAGTTTGT (reverse). As a nega-
tive control, we used primers designed against the promoter region (bp
�1151 to �1002) of the �-actin gene (ACTB): 5=-CCCTCCTCCTCTTC
CTCAAT (forward) and 5=-AAAGGCAACTTTCGGAACGG (reverse).

Statistical analysis. For statistical analysis of data, we used analysis of
variance (ANOVA) and Bonferroni’s multiple-comparison test, using
GraphPad Prism software.

RESULTS
HRG sensitizes breast cancer cells to SDF-1-induced Rac1 acti-
vation and motility. The chemokine SDF-1/CXCL12 and its re-
ceptor, CXCR4, have been widely implicated in the progression of
breast cancer and other malignancies. CXCR4 expression in breast
cancer is associated with aggressiveness and a poor prognosis (48–
55). SDF-1 activates the Rac1 small GTPase to promote breast
cancer cell motility (40). Since elevated production of the ErbB
ligand HRG occurs in a significant proportion of breast tumors (5,
6, 15, 17), we decided to examine the effect of persistent HRG
treatment on CXCR4-mediated Rac1 activation and motility in
breast cancer cells. To this end, breast cancer cells (BT-474, MDA-
MB-361, and MCF-7) were subjected to prolonged treatment with
HRG (10 ng/ml; 16 h). Following extensive washing to remove the
growth factor, Rac1-GTP levels in response to SDF-1 (100 ng/ml;
2 min) were determined at different times (0 to 8 h) after HRG
treatment using a pulldown assay (36, 59). In control (vehicle-
treated) BT-474, MDA-MB-361, and MCF-7 cells, SDF-1-acti-
vated Rac1 (Fig. 1A, top and middle). Densitometric analysis re-
vealed a 2- to 3.5-fold elevation in Rac1-GTP levels by SDF-1,
depending on the cell line (Fig. 1A, bottom). Notably, upon sus-
tained HRG treatment, activation of Rac1 by SDF-1 was much
higher in all three cell lines examined. For example, 4 to 8 h after
HRG treatment, Rac1 activation by SDF-1 in BT-4T4 cells was
�4 times higher than that observed in control cells. This sen-
sitization in signaling activation as a consequence of HRG
treatment was also evident for established downstream CXCR4
effectors, namely, Akt and Erk (Fig. 1A, top and middle).

As Rac1 is a crucial mediator of cell motility (37), we next
examined if prolonged HRG treatment could also influence the
migration of breast cancer cells in response to CXCR4 stimula-
tion. Serum-starved MCF-7 cells were incubated with HRG (10
ng/ml) or vehicle (control) for 16 h. After extensive washing to
remove the HRG, the cells were seeded in a Boyden chamber, and
cell migration in response to SDF-1 (1 to 100 ng/ml; 16 h) was
examined. SDF-1 caused a concentration-dependent activation of
MCF-7 cell motility. Consistent with the effect observed for Rac1
activation, a significant potentiation in the promigratory effect of
SDF-1 could be seen in breast cancer cells subjected to HRG treat-
ment (Fig. 1B). As expected, migration induced by SDF-1 was
impaired by addition of an anti-CXCR4 blocking antibody in both
control and HRG-treated cells but was not affected by control IgG
(Fig. 1C). Taken together, these results indicate that prolonged
HRG treatment causes significant sensitization of CXCR4-driven
motility and signaling.

P-Rex1 mediates SDF-1�-induced Rac1 activation and mi-
gration in breast cancer cells. We previously reported that P-
Rex1, a PI3K- and G��-dependent Rac-GEF, is aberrantly over-
expressed in breast cancer cell lines and tumors of luminal origin.
This Rac-GEF mediates Rac1 activation and motility in response
to growth factors (40, 42). To assess a potential role of P-Rex1 in
Rac1 activation by SDF-1 and in the sensitizing effect of HRG,
BT-474, MDA-MB-361, and MCF-7 cells were subjected to P-
Rex1 RNAi silencing, which led to 	90% reduction in P-Rex1
levels in all cases. An unrelated sequence was used as a nontarget
control (NTC). As shown in Fig. 2A (top), P-Rex1 RNAi inhibited
Rac1 activation induced by SDF-1. Densitometric analysis showed
that in BT-474 and MDA-MB-361 cells, P-Rex1 silencing com-
pletely inhibited Rac1 activation in both control and HRG-treated
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FIG 1 HRG sensitizes breast cancer cells to SDF-1-induced Rac1 activation and motility. (A) BT-474, MDA-MB-361, and MCF-7 cells were incubated for 16 h
with either HRG (10 ng/ml) or vehicle (C [control]). After washing, the cells were treated at different times (0 to 8 h) with SDF-1 (100 ng/ml; 2 min), and
Rac1-GTP levels were determined using a pulldown assay. Phospho-Akt, phospho-Erk, and total Rac1 levels were determined by Western blotting in cell lysates.
(Top and middle) Representative experiments. (Bottom) Densitometric values of Rac1-GTP levels (means and standard errors of the mean [SEM], normalized
to total Rac1) expressed as fold increase relative to control cells. (B) Motility in Boyden chambers in response to SDF-1 (0 to 100 ng/ml; 16 h). Experiments were
carried out in MCF-7 cells subjected to treatment (16 h) with either HRG (10 ng/ml) or vehicle (control). (Left) Representative images. (Right) Quantification
of migrating cells by contrast microscopy in 5 independent fields. The results are expressed as means and standard deviations (SD) of triplicate measurements.
Two additional experiments gave similar results. (C) MCF-7 cells (HRG or vehicle treated) were analyzed for cell motility in response to SDF-1 (100 ng/ml; 16
h) in the presence of either an anti-CXCR4 antibody or an isotype control (IgG) antibody (10 �g/ml). (Left) Representative images. (Right) Quantification of
migrating cells by contrast microscopy in 5 independent fields. The results are expressed as means and SD of triplicate measurements. Two additional
experiments gave similar results. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.
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cells, indicating that it is the only Rac-GEF mediating the SDF-1 re-
sponse in these cell lines. In MCF-7 cells, the effect of P-Rex1 RNAi
was partial (Fig. 2A, bottom), arguing that another Rac-GEF(s), in
addition to P-Rex1, contributes to Rac1 activation by SDF-1 in the
cell line. The similar degrees of inhibition by P-Rex1 RNAi in vehicle-
and HRG-treated cells (54% and 57% inhibition, respectively) sug-
gest a lack of compensatory mechanisms by other Rac-GEFs.

As with the Rac response, P-Rex1 RNAi also caused a substan-
tial inhibition of MCF-7 cell migration in both vehicle- and HRG-
treated cells (Fig. 2b). These results indicate that P-Rex1 is an
essential mediator of Rac1 activation and motility induced by
SDF-1 in breast cancer cells.

HRG upregulates CXCR4 surface expression in breast cancer
cells. We speculated that the enhanced SDF-1 response in HRG-

treated cells might involve changes in CXCR4 expression. To test
this hypothesis, we determined CXCR4 levels using flow cytom-
etry. BT-474, MDA-MB-361, and MCF-7 cells were treated with
either HRG (16 h; 10 ng/ml) or vehicle, collected, and incubated
with either an anti-CXCR4 antibody or an isotope control anti-
body. As the cells were not permeabilized, this approach would
measure only surface CXCR4 receptors. We observed that HRG
treatment caused a significant increase in CXCR4 surface expres-
sion in all three cell lines. Changes were observed both in the
number of CXCR4-positive cells and in the mean fluorescence
intensity (Fig. 3), which reflects an increase in the number of sur-
face CXCR4 receptors per cell. On the other hand, HRG failed to
induce CXCR4 expression in normal MCF-10A cells. These results
suggest that sensitization of breast cancer cells to SDF-1 by sus-

FIG 2 P-Rex1 mediates SDF-1-induced activation of Rac1 and motility in breast cancer cells. (A) BT-474, MDA-MB-361, and MCF-7 cells were subjected to
either P-Rex1 or NTC RNAi and 48 h later incubated for 16 h with either HRG (10 ng/ml) or vehicle (C). Four h after HRG removal, the cells were treated with
SDF-1 (100 ng/ml; 2 min), and Rac1-GTP levels were determined using a pulldown assay. Phospho-Akt, phospho-Erk, total Rac1, and P-Rex1 levels were
determined by Western blotting in cell lysates. (Top) Representative experiments. (Bottom) Densitometric values of Rac1-GTP levels (means and SEM,
normalized to total Rac1) expressed as fold increase relative to vehicle-treated NTC cells (minus SDF-1). (B) MCF-7 cells subjected to either P-Rex1 or NTC RNAi
were treated for 16 h with either HRG (10 ng/ml) or vehicle (C). Motility in response to SDF-1 (100 ng/ml; 16 h) was determined using a Boyden chamber. (Left)
Representative images. (Right) Quantification of migrating cells by contrast microscopy in 5 independent fields. The results are expressed as means and SD of
triplicate measurements. Two additional experiments gave similar results. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.
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tained HRG treatment may be related to elevated availability of
CXCR4 to ligand.

HRG sensitization of the CXCR4/P-Rex1/Rac1 axis is medi-
ated by HIF-1�. To further investigate the mechanisms involved
in the potentiation of CXCR4 responses by HRG in breast cancer
cells, we turned our attention to HIF-1�, a member of the HIF
family of transcription factors. HIF-1� is known to be induced by
hypoxia, leading to transcriptional activation of genes implicated
in various aspects of tumor progression, namely, proliferation,
migration, invasion, angiogenesis, and metabolic adaptation (63,
64); however, it can also be induced by growth factors, including
ErbB ligands (65, 66). We found that HRG caused strong time-
dependent upregulation of HIF-1� expression in BT-474, MDA-
361, and MCF-7 cells. As a positive control, we used CoCl2, an

agent that causes HIF-1� stabilization (66). HIF-1� induction was
readily observed 90 min after HRG treatment (Fig. 4A, top) and
was sustained for at least 24 h (Fig. 4A, bottom). On the other
hand, HRG did not induce HIF-1� expression in MCF-10A cells
(Fig. 4B). Consistent with its short half-life, HIF-1� expression in
breast cancer cells returned to basal levels 2 h after removing HRG
from the medium (Fig. 4C).

To determine if HIF-1� is implicated in CXCR4 induction by
HRG, we first used the HIF-1� inhibitor SC205346 (67). As shown
in Fig. 4D, SC205346 inhibited HIF-1� accumulation in response
to HRG in a dose-dependent manner. Most remarkably, flow cy-
tometry analysis revealed that SC205346 prevented CXCR4 sur-
face expression upregulation caused by HRG treatment, as it af-
fects the induction in the number of CXCR4-positive cells, as well

FIG 3 HRG upregulates CXCR4 surface expression in breast cancer cells. BT-474, MDA-MB-361, and MCF-7 breast cancer cells or normal MCF-10A cells were
treated for 16 h with either HRG (10 ng/ml) or vehicle (control). Cells were collected and incubated with either anti-CXCR4 or isotype control (IgG) antibody,
as described in Materials and Methods. CXCR4 expression was determined by flow cytometry. (Left) Representative dot plots for CXCR4 surface expression.
(Middle) Percentages of CXCR4-positive cells. (Right) Mean fluorescence intensities (MFI) for CXCR4 expression. The results are expressed as means and SEM
of the results of 3 individual experiments. **, P 
 0.01; ***, P 
 0.001; n.s, not significant.
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as in the number of CXCR4 surface receptors per cell (Fig. 4E). As
a second approach to establish the involvement of HIF-1� in the
HRG effect, we used HIF-1� RNAi. We found that the induction
of HIF-1� by HRG was essentially abolished in MCF-7 cells sub-
jected to HIF-1� RNAi, whereas HIF-1� still accumulated in re-
sponse to HRG in cells transfected with an NTC RNAi duplex (Fig.
4F). Similar to the effect of the HIF-1� inhibitor, RNAi silencing
of HIF-1� inhibited CXCR4 induction caused by HRG treatment
in MCF-7 cells (Fig. 4G). Therefore, CXCR4 upregulation by
HRG was causally associated with the induction of HIF-1� by the
growth factor.

Once we established the requirement for HIF-1� in CXCR4
induction by HRG, we reasoned that the enhanced Rac1 activation
as a consequence of treatment with the growth factor should also
be dependent on HIF-1�. MCF-7 cells subjected to HRG or vehi-
cle (control) treatment were incubated with the HIF-1� inhibitor
SC205346 (1 h before and during HRG treatment), and Rac-GTP
levels in response to SDF-1 were then determined. Rac1 activation
by SDF-1 was not affected by the HIF-1� inhibitor in control cells.
On the other hand, in cells subjected to HRG treatment, the sen-
sitization in Rac1 activation was abolished by SC205346 (Fig. 5A).
Similar results were observed upon silencing HIF-1� induction
using RNAi (Fig. 5B). Consistent with these results, the sensitiza-
tion in the promotile activity of SDF-1 caused by HRG treatment
was lost in cells subjected to HIF-1� RNAi (Fig. 5C). Taken to-
gether, these results indicate that the magnitude of the CXCR4-
driven motile and signaling responses in breast cancer cells is reg-
ulated by HRG-mediated induction of HIF-1�.

HIF-1� and CXCR4 upregulation by HRG is mediated by
ErbB3 and independent of ErbB4. HRG is a specific ligand for
ErbB3 and ErbB4 receptors. We previously reported that both
ErbB receptors become activated in response to HRG in breast
cancer cells, as evidenced by receptor autophosphorylation (35).
Based on the involvement of ErbB3 in HRG-induced cell motility
(35), we speculated that this ErbB receptor mediates the sensitiza-
tion of SDF-1 responses by HRG. To test this hypothesis, we used
RNAi to specifically silence ErbB3 or ErbB4 expression from
MCF-7 cells (�100% depletion, as judged by Western blotting)
(Fig. 6A, left). When we assessed the induction of HIF-1� by
HRG, we found that silencing ErbB3 abolished this response. On
the other hand, ErbB4 RNAi depletion had no effect on HIF-1�
induction (Fig. 6A, right). Activation of Akt and Erk by HRG was
also impaired upon ErbB3 silencing but was not affected by ErbB4
RNAi depletion (Fig. 6A, left), implying a main role for ErbB3 in
driving the activation of these pathways in MCF-7 cells. Reduc-

tions in ErbB3 and ErbB4 receptor levels could be noticed as a
consequence of HRG treatment, as expected from receptor inter-
nalization and degradation in response to the growth factor.

Given that ErbB3 is the main HRG receptor driving HIF-1�
induction, we reasoned that this ErbB receptor drives CXCR4 in-
duction in response to the growth factor. Indeed, flow cytometry
analysis showed that ErbB3 RNAi abolished the induction in
CXCR4 surface receptors caused by HRG treatment, whereas
ErbB4 RNAi had essentially no effect (Fig. 6B). Following the same
reasoning, we found that ErbB3 RNAi, but not ErbB4 RNAi, in-
hibited the sensitizing effect of HRG on SDF-1-induced Rac1 ac-
tivation (Fig. 6C) and motility (Fig. 6D), thus assigning a funda-
mental role to ErbB3 in controlling CXCR4 responses in breast
cancer cells. As expected, the activation of Rac1 and cell motility
by SDF-1 was not affected by silencing ErbB3 or ErbB4 expression
in cells that had not been exposed to HRG (vehicle treated).

HRG controls CXCR4 transcriptional activation in breast
cancer cells via HIF-1�. Nuclear accumulation of HIF-1� occurs
in response to hypoxia, as well as other stimuli, including growth
factors, and is required for the transcriptional activation of genes
via binding to HREs in target genes (66). We asked if treating
breast cancer cells with HRG leads to elevations in nuclear HIF-
1�, which was assessed by immunocytochemistry. Figure 7A
shows a significant increase in HIF-1� nuclear staining, which
became evident at 6 h after HRG treatment and peaked at �12 h.

CXCR4 has been previously defined as a hypoxia-inducible
gene in cancer cells and a bona fide HIF-1� effector (68, 69). In
order to determine if HRG stimulates transcriptional activation of
the CXCR4 gene via HIF-1�, we pursued a gene promoter analy-
sis. A 2.6-kb fragment of the human CXCR4 promoter was cloned
by PCR from genomic DNA obtained from MCF-7 cells and sub-
cloned into the pGL3-Basic luciferase reporter vector. The result-
ing construct was cotransfected, together with the pRL-TK Renilla
luciferase expression vector (for normalization), into MCF-7 cells,
which were then subjected to treatment with either HRG (10 ng/
ml; 12 h) or vehicle and analyzed for luciferase reporter activity. As
shown in Fig. 7B, HRG caused significant induction (�4-fold) in
luciferase activity. In order to determine if the induction was
caused by HIF-1�, we carried out similar experiments in MCF-7
cells subjected to HIF-1� RNAi silencing (Fig. 4E). Complete in-
hibition of CXCR4 reporter activation by HRG was observed in
cells subjected to HIF-1� RNAi depletion relative to cells trans-
fected with NTC RNAi, thus indicating the involvement of
HIF-1� in gene induction by the growth factor (Fig. 7B).

Analysis of the 2.6-kb CXCR4 promoter fragment revealed six

FIG 4 HIF-1� mediates CXCR4 induction by HRG in breast cancer cells. (A) Induction of HIF-1� by HRG. BT-474, MDA-MB-361, and MCF-7 breast cancer
cells were incubated with HRG (10 ng/ml) for different times. HIF-1�, phospho-Akt, and phospho-Erk were determined by Western blotting in cell lysates. (Top)
Short-term incubation with HRG. (Bottom) Long-term incubation with HRG. As a positive control for HIF-1� induction, CoCl2 (100 �M) was used. (B) HRG
(10 ng/ml) does not induce HIF-1� in MCF-10A cells. (C) Breast cancer cells were incubated with HRG (10 ng/ml; 16 h) or vehicle (control). After washing, cells
were lysed at different times (0 to 8 h), and HIF-1� expression was determined by Western blotting. (D) Effect of the HIF-1� inhibitor SC205346 (0.3 to 100 �M,
added 1 h before and during HRG treatment) on HIF-1� induction by HRG (10 ng/ml; 6 h) in MCF-7 cells. (Left) Representative experiment. (Right)
Densitometric values of HIF-1� expression levels (means and SEM of the results of 3 independent experiments) expressed as percentages relative to cells with
HRG treatment. (E) MCF-7 cells were treated for 16 h with either HRG (10 ng/ml) or vehicle in the presence or absence of SC205346 (3 �M), and CXCR4 was
determined by flow cytometry. (Left) Representative dot plots for CXCR4 surface expression. (Middle) Percentages of CXCR4-positive cells. (Right) MFI for
CXCR4 expression. The results are expressed as means and SEM of the results of 3 individual experiments. (F) MCF-7 cells were subjected to either HIF-1� or
NTC RNAi. After 48 h, the cells were treated for 16 h with either HRG (10 ng/ml) or vehicle. The cell lysates were subjected to Western blotting with the indicated
antibodies. (Left) Representative experiment. (Right) Densitometric analysis of HIF-1� expression, expressed as percentages relative to cells with HRG treat-
ment. (G) Effect of HIF-1� RNAi on CXCR4 surface expression. MCF-7 cells were treated for 16 h with either HRG (10 ng/ml) or vehicle, and CXCR4 was
determined by flow cytometry. (Left) Representative dot plots for CXCR4 surface expression. (Middle) Percentages of CXCR4-positive cells. (Right) Mean
fluorescence intensities for CXCR4 expression. The results are expressed as means and SEM of 3 individual experiments. **, P 
 0.01; ***, P 
 0.001.
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sites containing the consensus core HRE sequence RCGTG (where R
is G or A) (66). These sites were located in positions �1802 to
�1798, �1376 to �1372, �979 to �975, �950 to �946, �944 to
�940, and �128 to �124 (the positions are numbered according
to the sequence NC_000002.12 in the NCBI database). To narrow
down the element(s) in the CXCR4 gene involved in the HRG
response, we focused on 3 HRE sequences previously studied in
the context of the hypoxic response, located in positions �1376 to
�1372 (68), �950 to �946 (referred to as positions �1725 to
�1721 in reference 70), and �128 to �124 (referred to as posi-
tions �29 to �25 in reference 71). These sites were named HRE-1,
HRE-2, and HRE-3, respectively. The HRE sequence GCGTG was
mutated, and the resulting mutants were transfected into MCF-7
cells and assessed for transcriptional activity in response to HRG.
As shown in Fig. 7C, mutation of the HRE-1 site abolished the
induction of luciferase reporter activity caused by HRG. Con-
versely, mutations in HRE-2 and HRE-3 sites did not appreciably
affect CXCR4 promoter activity, suggesting the specific involve-
ment of the HRE-1 site in the HRG response mediated by HIF-1�.

To further confirm the relevance of the HRE-1 site to the tran-
scriptional activation of the CXCR4 gene promoter by HRG, we
assessed HIF-1� binding using a ChIP assay (Fig. 7D). Using
primers specifically designed to amplify the HRE-1 site and an
anti-HIF-1� antibody for immunoprecipitation, a band of the
expected size (354 bp) was obtained in response to HRG treat-
ment. In contrast, no band could be detected when cells were
treated with vehicle. Likewise, no signal could be detected when
control IgG was used for immunoprecipitation in both HRG- and
vehicle-treated cells. As a positive control, we used primers de-
signed for the amplification of a well-characterized HRE site in the
VEGFA gene promoter (62), which gave the expected band (206
bp) with the anti-HIF-1� antibody but no band with control IgG.
Additionally, we used as a negative control an unrelated sequence
in the �-actin gene (ACTB) promoter (bp �1151 to �1002),
which, as expected, did not give any band with either an anti-
HIF-1� antibody or control IgG. Thus, HIF-1� binds to the
HRE-1 site in HRG-treated cells. Altogether, results from lucifer-
ase reporter assays and ChIP indicated that the HRE-1 site located

FIG 5 HIF-1� mediates HRG-induced sensitization of Rac1 activation and motility. (A) MCF-7 cells were incubated for 16 h with either HRG (10 ng/ml) or
vehicle (control) in the presence of the HIF-1� inhibitor SC205346 (3 �M, added 1 h before and during HRG or vehicle incubation). Four hours after HRG
removal, the cells were treated with SDF-1 (100 ng/ml; 2 min), and Rac1-GTP levels were determined using a pulldown assay. (B) Rac1 activation by SDF-1 was
determined in MCF-7 cells transfected with either HIF-1� or nontarget control RNAi duplexes. (A and B) (Left) Representative experiments. (Right) Densito-
metric values of Rac1-GTP levels (means and SEM, normalized to total Rac1; n � 3), expressed as fold increase relative to vehicle-treated NTC cells (minus
SDF-1). (C) MCF-7 cells subjected to either HIF-1� or NTC RNAi were treated for 16 h with either HRG (10 ng/ml) or vehicle. Motility in response to SDF-1 (100
ng/ml; 16 h) was determined in a Boyden chamber. Shown is the effect of HIF-1� RNAi on MCF-7 cell motility. (Left) Representative images. (Right)
Quantification of migrating cells by contrast microscopy in 5 independent fields. The results are expressed as means and SD of triplicate measurements. Two
additional experiments gave similar results. C, control (vehicle). **, P 
 0.01; ***, P 
 0.001.
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FIG 6 ErbB3 mediates HRG-induced sensitization of the CXCR4/Rac1 pathway in breast cancer cells. (A) MCF-7 cells were subjected to ErbB3, ErbB4, HIF-1�,
or nontarget control RNAi. After 48 h, the cells were incubated for 6 h with either HRG (10 ng/ml) or vehicle (control). The cell lysates were subjected to Western
blotting with the indicated antibodies. (Left) Representative experiment. (Right) Densitometric values of HIF-1� expression levels (means and SEM; n � 3)
expressed as fold increase relative to cells without HRG treatment. (B) MCF-7 cells subjected to ErbB3, ErbB4, or NTC RNAi were treated for 16 h with either
HRG (10 ng/ml) or vehicle (control). CXCR4 expression was determined by flow cytometry. (Left) Representative dot plots for CXCR4 surface expression.
(Middle) Percentages of CXCR4-positive cells. (Right) Mean fluorescence intensities for CXCR4 expression. The results are expressed as means and SEM of the
results of 3 individual experiments. (C) Effect of ErbB3 or ErbB4 RNAi on Rac1 activation by SDF-1 (100 ng/ml; 2 min) in MCF-7 cells treated with HRG or
vehicle. (Left) Representative experiment. (Right) Densitometric values of Rac1-GTP levels (means and SEM, normalized to total Rac1; n � 3) expressed as fold
increase relative to control cells, NTC (minus SDF-1). (D) Effect of ErbB3 or ErbB4 RNAi on MCF-7 cell motility in response to SDF-1 (0 to 100 ng/ml; 16 h) as
determined with a Boyden chamber. The cells were previously treated for 16 h with either HRG (10 ng/ml) or vehicle (control). (Left) Representative images.
(Right) Quantification of migrating cells by contrast microscopy in 5 independent fields. The results are expressed as means and SD of triplicate measurements.
Two additional experiments gave similar results. **, P 
 0.01; ***, P 
 0.001; n.s., not significant.
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FIG 7 Transcriptional activation of the human CXCR4 promoter by HRG is mediated by HIF-1�. (A) MCF-7 cells were treated with HRG (10 ng/ml) for the
indicated times, fixed, and subjected to HIF-1� immunocytochemistry. The cells were counterstained with DAPI. (Right) Representative experiment. (Left)
Quantification of cells with nuclear HIF-1� staining. (B) MCF-7 cells subjected to either HIF-1� or NTC RNAi were cotransfected with the pGL3-CXCR4
promoter construct and the Renilla luciferase expression vector pRL-TK (for normalization). The cells were treated for 12 h with either HRG (10 ng/ml) or
vehicle, and luciferase activity was determined. A Western blot for HIF-1� is shown. (C) Luciferase reporter activities of mutated pGL3-CXCR4 promoter
constructs. HRE-1, -2, and -3 sites are indicated with ovals. Mutated sites are marked with an X. (B and C) The data are expressed as means and SEM of three
independent experiments. (D) ChIP assay for the HRE-1 site in the CXCR4 promoter in MCF-7 cells. The cells were treated for 12 h with either HRG (10 ng/ml)
or vehicle. As a positive control, we used a region encompassing an HRE present in the VEGFA promoter. The ACTB promoter was used as a negative control.
The sizes of the expected bands are indicated in each case. (Left) Representative ChIP assay. (Right) Densitometric analysis of HIF-1� binding. The data are
presented as fold enrichment (HRG/vehicle) and expressed as means and SEM of the results of 3 independent experiments. **, P 
 0.01; ***, P 
 0.001.
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in positions �1376 to �1372 in the human CXCR4 promoter is
responsible for HIF-1�-mediated transcriptional activation of the
gene in response to HRG in breast cancer cells.

DISCUSSION

HRG functions as an effective ligand for ErbB3 and ErbB4 and is
highly expressed in approximately half of breast tumors (5, 6, 22,
72). Increasing evidence links HRG/ErbB3 signaling to mammary
tumorigenesis and metastasis. In addition, studies have assigned
key roles to autocrine HRG-mediated activation of ErbB3/ErbB2
in sustaining tumor growth and conferring resistance to therapeu-
tic agents (15, 17, 25, 26, 28, 72–74). The fact that ErbB3 signals
primarily through activation of the PI3K pathway (1, 7, 8) invari-
ably argues for a prominent role of the receptor in shifting the
balance toward enhanced cell survival, invasiveness, and the
maintenance of the tumor phenotype. Therefore, understanding
the mechanisms by which ErbB3 receptors drive their phenotypic
responses is of the utmost importance.

In the present study, we identified ErbB3 as a key regulator of
CXCR4, a chemokine receptor widely implicated in breast cancer
progression and metastasis. Our results clearly show that pro-
longed HRG treatment induces the expression of CXCR4 in breast
cancer cells, leading to enhanced motility signaling via the
P-Rex1/Rac1 pathway in response to activation by its ligand,
SDF-1. Early studies reported that CXCR4 is upregulated in breast
tumors; moreover, CXCR4 expression is enriched in metastatic
breast cancer cells and confers invasive properties, and it is con-
sidered a marker of poor patient prognosis (50–55). The rele-
vance of the SDF-1/CXCR4 axis in metastasis has also been
demonstrated in other cancer types, including prostate, lung,
and pancreatic cancers (75). Expression of CXCR4 is con-
trolled by a number of mechanisms, including transcriptional
control, posttranslational modifications, and oligomerization,
and such mechanisms can be dysregulated in cancer cells. In hy-
poxic regions of tumors, HIF-1�, a transcription factor that is
sensitive to oxygen concentrations, induces the expression of
genes linked to growth, survival, and metastasis, including CXCR4
(63, 69). Our results indicate that HIF-1� plays a primary role in
CXCR4 induction by HRG in breast cancer cells. HIF-1� has a
very short half-life, and protein stability is an important regulator
of its expression. Indeed, under reduced oxygen availability,
HIF-1� degradation is inhibited and the protein accumulates
(63). However, and in agreement with the results of Laughner et
al. (65), we did not find any changes in the HIF-1� protein half-
life in MCF-7 cells as a consequence of HRG treatment (data not
shown). Most notably, oncogenic alterations (such as ErbB2 gain
of function), activation of growth factor receptors (such as EGFR
and insulin-like growth factor 1 [IGF-1] receptor), and activation
of signaling pathways (such as PI3K and ERK/MAPK) increase the
rate of HIF-1� synthesis (63). Our results clearly show that HRG
treatment stimulates HIF-1�-mediated transcriptional activation
of the CXCR4 gene, as demonstrated using luciferase reporter as-
says. Site-directed mutagenesis analysis of putative HRE sites in
the CXCR4 gene promoter and validation with ChIP established
that the HRE site in positions �1376 to �1372 (HRE-1) mediates
the transcriptional induction of CXCR4 by HRG. This site has
been previously shown to be critical for hypoxia/HIF-1�-induc-
ible reporter activity in renal cell carcinoma cells (68). The site in
positions �950 to �946 (HRE-2) has been previously identified
in ovarian cancer cells as a hypoxia-regulated site that binds

HIF-1� (70), but we found it dispensable in the context of HRG
stimulation. Likewise, the reported HRE site in positions �128 to
�124 (HRE-3) is not implicated in HRG-mediated transcrip-
tional activation of CXCR4. This HIF-1� binding site has been
previously characterized as a regulator of acidosis but not hypoxic
responsiveness in endothelial cells (71). Whereas we cannot fully
exclude the involvement of other putative sites where HIF-1�
binds in the CXCR4 gene promoter, the fact that targeted muta-
tion of HRE-1 totally obliterated the transcriptional response in-
duced by HRG suggests that this may be the sole HIF-1�-respon-
sive element responsive to the growth factor. It is conceivable that
the HRE is also responsive to other growth factors implicated in
breast cancer progression that are known to induce HIF-1� ex-
pression, such as EGF, IGF, and TGF-� (66).

Our studies substantiate the central role of the Rac pathway as
a downstream effector of receptors driving breast cancer progres-
sion. Rac1 is well known for promoting actin reorganization and
conferring a motile phenotype on cancer cells (37). Inhibition of
Rac1 function in breast cancer cells impairs the formation of
membrane ruffles and lamellipodia by growth factors (including
EGF and HRG) and cytokines (such as SDF-1), resulting in re-
duced cell motility (35, 40, 76). Although constitutively active Rac
mutant variants have been described in cancer (77, 78), hyperac-
tivation of Rac1 is primarily the consequence of disproportionate
inputs from receptors and their effectors, such as PI3K, which lead
to enhanced activation of Rac-GEFs to promote a metastatic phe-
notype (79). The mechanisms by which tyrosine kinase receptors
and GPCRs signal to Rac1 in breast cancer cells are becoming
increasingly understood. In luminal breast cancer cells, it became
clear that the Rac-GEF P-Rex1 is the main mediator of Rac1 acti-
vation in response to stimulation of membrane receptors, includ-
ing ErbB receptors, IGF-1 receptor, platelet-derived growth factor
receptor, and CXCR4 (36, 40, 43, 46, 47, 80). Accordingly, silenc-
ing P-Rex1 from breast cancer cells hampers motile responses to
GPCR and tyrosine kinase receptor ligands (40). P-Rex1 is acti-
vated by a dual mechanism that involves the PI3K product PIP3
and G�� subunits released from heterotrimeric Gi proteins (45).
In the case of ErbB receptors, the G�� component of P-Rex1
activation in luminal breast cancer cells is provided by CXCR4, a
Gi-coupled receptor (40). Indeed, we previously reported that
HRG stimulation of ErbB3 transactivates CXCR4, as reflected
by elevation in tyrosine and serine phosphorylation in this
GPCR, as well as rapid recruitment of �-arrestin. This transac-
tivation of CXCR4 occurs in a ligand-independent manner
(40). Transactivation of ErbB receptors by SDF-1 stimulation has
also been reported (81, 82), suggesting a complex bidirectional
interrelationship between specific membrane receptors impli-
cated in tumorigenesis and metastasis. We propose that the induc-
tion of CXCR4 by HRG/ErbB3 identified in this study represents
another mechanism that takes part in the control of P-Rex1/Rac1
activation. Most notably, HRG treatment sensitizes breast cancer
cells to Rac1 activation and motility in response to SDF-1. There-
fore, we propose a model in which HRG contributes to breast
cancer cell motility by at least three different mechanisms: direct
activation of P-Rex1/Rac1 via ErbB3 (40, 43), transactivation of
CXCR4 in an SDF-1-independent manner (40), and upregulation
of CXCR4 (this study). A model summarizing these mechanisms
is depicted in Fig. 8.

Lastly, our studies highlight the role of ErbB3 in breast cancer
cell motility. HRG binds with high affinity to ErbB3 and ErbB4,
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and both receptors become activated in response to this ligand.
Whereas breast cancer cell motility and Rac1 activation by HRG
are sensitive to ErbB3 RNAi silencing, ErbB4 is, on the other hand,
dispensable (35). The role of ErbB4 in breast cancer cell motility is
less understood, largely due to the complexities arising from the
expression of spliced variants and proteolytically cleaved recep-
tors with distinctive intracellular localization. Nonetheless, ErbB4
can mediate migratory responses via alternative mechanisms,
such as those involving the transcriptional coactivator YAP and
protection of EGFR-induced degradation by the E3 ubiquitin li-
gase c-Cbl (34, 83). Together with our previous analysis (40), the
results from this study unquestionably support a distinctive role
for ErbB3 in induction and transactivation of CXCR4 via HIF-1�.

In summary, our study emphasizes the complexities of ErbB
signaling in breast cancer cells by establishing a novel link between
ErbB3 receptor stimulation and the activation of the P-Rex1/Rac1
pathway via induction of CXCR4, an effect transcriptionally me-
diated by HIF-1�. In addition to the mechanistic and signaling
implications of our studies, it is important to highlight the rele-
vance of these pathways for breast cancer therapy. CXCR4 antag-
onists inhibit tumorigenic and metastatic phenotypes, including
in breast cancer models, and are currently under clinical evalua-
tion for cancer treatment (84). Likewise, inhibitors of the Rac

pathway, including P-Rex1 inhibitors, are currently under study
as anticancer agents (85–87). Thus, targeting effectors of ErbB
receptors represents a potential alternative or complement to
ErbB-targeted therapies or other therapeutic modalities to treat
breast cancer patients.
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