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Chemoresistance allows for disease to recur and ultimately causes the death of most breast cancer patients. This
scenario is particularly relevant in patients harboring triple-negative breast cancer (TNBC) tumors for which there are no
effective FDA-approved drugs. However, a recent study determined that TNBCs can be segregated into 6 genetically
distinct subtypes that do in fact exhibit differential rates of pathological complete response (pCR) to standard-of-care
chemotherapies. Of these, the mesenchymal and mesenchymal stem-like subtypes of TNBCs exhibit the lowest rates of
pCR when treated with standard-of-care chemotherapies. WAVE3 is an actin-cytoskeleton remodeling protein, and
recent studies have highlighted a potential role for WAVE3 in promoting tumor progression and metastasis in TNBC.
However, whether WAVE3 activity is involved in the development of chemoresistance in TNBCs remains unclear. Here
we show that loss of WAVE3 expression resensitizes human TNBC cells to doxorubicin and docetaxel, as measured by
increased apoptosis and cell death. We also show that WAVE3 knockdown in the chemotherapy-treated TNBC cells
results in inhibition of STAT1 phosphorylation, as well as a significant decrease in expression levels of its downstream
effector HIF-1a. Since HIF-1a is a major activator of VEGF-A production, and therefore a stimulator of tumor
angiogenesis, loss of HIF-1a in the WAVE3-knockdown cells resulted in the inhibition the chemotherapy-mediated
VEGF-A secretion and the downstream activation of angiogenesis, a phenomenon that often accompanies
chemoresistance. Our data identify a critical role of WAVE3 in sensitizing TNBC to chemotherapy by inhibiting the
STAT1!HIF-1a!VEGF-A signaling axis, and support the possibility that WAVE3 inhibition may be a promising target
for TNBC cancer therapy.

Introduction

Metastasis is responsible for the deaths of »90% of patients
with solid tumors, including those originating in the breast.1 In
fact, metastatic breast cancer (BC) is the 2nd leading cause of
death in woman in the United States, annually accounting for
nearly 40,000 deaths and 228,000 new cases of invasive disease.1

BC metastasis is incurable and results in a median survival of
only 1.5 to 3 y Moreover, disseminated BC cells can escape clini-
cal detection by remaining dormant for years before reemerging
as incurable secondary tumors that are resistant to the chemo-
therapies that appeared to be originally effective against the pri-
mary tumor.2,3 This problem is magnified in human BCs, which

are heterogeneous and comprised of at least 5 genetically distinct
subtypes,4-7 and perhaps as many as 10 distinct molecular sub-
types.8,9 Among individual BC subtypes, those classified as
TNBCs are especially lethal due to their highly metastatic behav-
ior and propensity to rapidly recur.10-14 As a group, TNBCs lack
expression of hormone receptors (ER-a and PR) and fail to
exhibit amplification at the ErbB2/HER2 locus.10-14 These
unique molecular features of TNBCs have precluded the devel-
opment of FDA-approved targeted therapies against this BC sub-
type.15-21 Moreover, the acquisition of chemoresistance is the
main cause of disease recurrence and eventual death of BC
patients,22-25 particularly those harboring TNBC tumors.15-21

Indeed, TNBCs are highly proficient at acquiring chemoresistant
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phenotypes and recurring through mechanisms that remain
incompletely understood. Likewise, a recent study determined
that TNBCs can be segregated into 6 genetically distinct sub-
types8 that exhibit differential rates of pathological complete
response (pCR) to standard-of-care chemotherapies.9 Interest-
ingly, the mesenchymal (M) and mesenchymal stem-like (MS-L)
subtypes of TNBCs exhibit the lowest rates of pCR when treated
with standard-of-care chemotherapies.9

WAVE3 belongs to the WASP/WAVE family of actin-bind-
ing proteins that play broad roles in regulating cell shape/mor-
phology, actin polymerization, and cytoskeleton remodeling, all
of which are coupled to cell motility and invasion.26-34 We dem-
onstrated the necessity of WAVE3 expression to drive the inva-
sion and metastasis of human TNBCs in part by stimulating: (i)
expression of MMPs 1, 3, and 9; (ii) formation of invadopodia;
and (iii) activation of p38 MAPK.27-32,35 Moreover, we also
identified WAVE3 as a novel substrate for the nonreceptor pro-
tein kinase c-Abl. When c-Abl phosphorylates tyrosine residues
in WAVE3, TNBC lamellipodia formation and invasion in
TNBC are enhanced.31 Along these lines, we also observed that
WAVE3 activated EMT and metastasis in TNBCs.33,34,36,37

Clinically, aberrant WAVE3 expression is a strong indicator of
human BC progression, as well as predictor for TNBC size, stage,
and lymph node metastasis.26,38 We have found that WAVE3
expression levels determine the sensitivity of TNBC cells to apo-
ptosis and cell death driven by TNFa,35 as knockdown of
WAVE3 by siRNA or shRNA approaches enhances susceptibility
of MDA-MB-231 TNBC cells to the TNFa-driven apoptosis
and cell death.35 How WAVE3 drives chemoresistance in
TNBC, however, remains poorly understood. Because the acqui-
sition of metastatic phenotypes coincides with development of
chemoresistance,22-25 we sought to investigate the molecular
mechanisms whereby WAVE3 determines the sensitivity of
TNBC subtypes to chemotherapy. We found that WAVE3
expression regulates tumor angiogenesis, a response that supports
chemoresistance and metastasis. It does so by encouraging a
WAVE3!STAT1!HIF-1a!VEGF-A signaling axis, thereby
imparting chemoresistance to TNBCs.

Results

Knockdown of WAVE3 expression sensitizes TNBC cells
to chemotherapy-driven apoptosis and cell death

Our recently published data had shown that loss of WAVE3
expression in MDA-MB-231 cells that belong to the MS-L of
TNBC subtype resulted in a significant increase in cell apoptosis
and cell death by re-sensitizing these cells to the cytotoxic effect
of TNF-a.35 We therefore sought to determine whether this sen-
sitivity extended to other chemotherapeutic regimens that are
commonly used to treat patients with TNBC, namely doxorubi-
cin and docetaxel. MDA-MB-231 cells engineered to express
nontargeting shRNA or that against WAVE3 were treated with
either doxorubicin (50 nM)39,40 or docetaxel (5 nM)41,42 for
12h (Fig. 1A), and apoptosis or cell death was assessed by flow
cytometry analysis of Annexin V and propidium iodide,

respectively. Under these treatment conditions, the population of
apoptotic cells in the WAVE3-knockdown cells was increased by
82% and 86 % (P < 0.05) by doxorubicin and docetaxel, respec-
tively, as compared to the control non-targeting shRNA-trans-
fected (Ctrl-sh) cells (Fig. 1B and 1C). Cell death was also
increased by 76% and 40% (P < 0.05) in the WAVE3-knock-
down population treated with doxorubicin and docetaxel, respec-
tively, as compared to the control (Ctrl-sh) cells (Fig. 1B and
1C). These findings were duplicated in BT549, a mesenchymal
BC cell line of TNBC subtype (Fig. 1D–F), which together with
MDA-MB-231, represent the 2 subtypes of TNBC that were
found to be the less responsive to chemotherapy.9 Of note, the
chemotherapeutic agents had no effect on WAVE3 expression in
either MDA-MB-231 or BT549 cells (Fig. 1A and 1D).

Immunocytochemistry was used as an independent
approach to demonstrate that WAVE3-knockdown sensitized
the cells to the chemotherapeutic agents. Both Caspase 3
(Fig. 2A and 2B) and Annexin V (Fig. 2C and 2D) staining
was increased in the WAVE3-knockdown cells treated with
either doxorubicin or docetaxel. We also confirmed our find-
ings using immunoblotting assay to assess for the amounts of
cleaved Caspase 3, a further indication of increased apoptosis.
We found the levels of cleaved Caspase 3 (Ccaspase3) to
increase by at least fold5- in the WAVE3-knokdown MDA-
MB-231 cells when treated with either doxorubicin or doce-
taxel, compared to the non-targeting shRNA control cells
(Fig. 2E). Taken together, these data demonstrate that loss of
WAVE3 is critical for the resensitization to the chemother-
apy-induced apoptosis and cell death in TNBCs, and there-
fore, the overexpression of WAVE3 in TNBCs may play a
major role in eliciting chemoresistance of these TNBC
subtypes.

Loss of WAVE3 expression inhibits the chemotherapy-
mediated induction of VEGF-A secretion in TNBC cells

Tumor growth at both primary and metastatic sites is driven
by angiogenesis, which is heavily dependent upon VEGF-A pro-
duction and secretion by the transformed cells (see43). Tumor
angiogenesis has also been shown to be induced by chemotherapy
in several cancers (see44), contributing to the failure of chemo-
therapy. We have previously shown that of WAVE3 is required
for the progression and metastasis of BC by regulating VEGF-
mediated activation of tumor angiogenesis.32 Hence, we sought
to investigate whether WAVE3 is also involved in the chemother-
apy-induced activation of angiogenesis by affecting secretion of
VEGF-A by breast cancer cells. By ELISA, we found MDA-MB-
231 cells treated with either doxorubicin or docetaxel secreted
increased levels of VEGF-A (15–20% more, P< 0.05) compared
to untreated cells (Fig. 3A), findings consistent with a previous
report.45 Secreted VEGF-A levels were, however, significantly
reduced (»fold2-, P < 0.05) in WAVE3-knockdown cells (sh-
W3) as compared to their parental counterparts (Ctrl-sh;
Fig. 3A), which is concordant with our previously published
study.32 Treatment of the WAVE3-knockdown cells with either
doxorubicin (Dox) or docetaxel (Doc) failed to induce VEGF-A
secretion, which remained as low as in the untreated
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WAVE3-knockdown cells (Fig. 3A). Thus, loss of WAVE3
impaired the chemotherapy-mediated induction of VEGF-A in
cancer cells.

Loss of WAVE3 expression inhibits endothelial angiogenesis
that is induced by chemotherapy

We next investigated the effect of loss of WAVE3 on inhibit-
ing the chemotherapy-induced VEGF-A secretion by cancer cells
using an in vitro angiogenesis assay. Early passage HUVECs were
seeded onto growth-factor-reduced Matrigel with or without
VEGF-A supplementation. Over time, the HUVECs supple-
mented with VEGF-A (VEGF) organized in tube-like networks

(Fig. 4A). The HUVECs that were supplemented with the condi-
tioned media derived from the non-targeting sh-RNA (Ctrl-sh)
cells formed closed and regularly shaped tube-like structures in
the absence of added VEGF-A, resembling those formed with
addition of VEGF-A. Similarly, HUVECs supplemented with
conditioned media from the Ctrl-sh treated with doxorubicin
(Dox) or docetaxel (Doc), formed typical tube-like structures.
The number of tube-like structures was 10 to 20% higher
(P <0.05) in the cells treated with conditioned-media produced
by cells treated with chemotherapeutic agents as compared to
their untreated counterparts. In contrast, HUVECs supple-
mented with the conditioned media derived from the WAVE3-

Figure 1. Knockdown of WAVE3 expression sensitizes TNBC cells to chemotherapy-driven apoptosis and cell death (flow cytometry assay).
(A & D) Western blot analysis with the indicated antibodies of cell lysates from control shRNA (ctrl-sh)- or sh-WAVE3-expressing (W3-sh) MDA-MB-231
(A) or BT549 (D) cells after doxorubicin (Dox) or docetaxel (Doc) treatment. b-actin served as a loading control. (B & E) Representative histograms using
flow cytometry of control shRNA (ctrl-sh, green)- or sh-WAVE3-expressing ( shWAVE3, red) MDA-MB-231 (B) of BT549 (E) cells after doxorubicin or doce-
taxel treatment and staining by Annexin V for apoptosis and by Propidium Iodide for cell death. (C & F) quantification of apoptosis and cell death in
MDA-MB-231 (C) and BT549 (F). Data are the mean % increases in cell apoptosis (*) or death (**) elicited by WAVE3-deficiency normalized to the values
found in their untreated control counterparts. Data are representative of 3 independent experiments (z, P <0.05; Student’s t-test).
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knockdown cells formed significantly fewer (»fold4- decrease, P
< 0.05) tubes and, in most cases, failed to fully close (Fig. 4A
and 4B). More importantly, treatment with chemotherapeutic
drugs failed to rescue the inhibitory effect that is caused by loss
of WAVE3. These results are consistent with our findings that
the WAVE3-knockdown cells secrete lower VEGF-A levels and
that treatment with chemotherapeutic agents was unable to
negate this effect (Fig. 4A and 4B). Additionally, pre-incubation
of HUVECs supplemented with conditioned media from control
cells with a soluble VEGFR inhibitor (sFLT) completely inhib-
ited tube formation by the HUVECs (Fig. 4A and 4B), verifying
that VEGF-A is the major angiogenic factor within by the condi-
tioned media.

Loss of WAVE3 inhibits activation of the STAT1-HIF-1a
signaling cascade by chemotherapy in TNBCs

Hypoxia-inducible factor-1a (HIF-1a) is a well-known
inducer of VEGF-A, which in turn activates angiogenesis in both
physiological and pathological settings. A recent study has shown
that resistance to chemotherapy in cancer was in part mediated
through the activation the HIF1-a downstream of STAT1, even

under normoxic conditions.45 We therefore sought to investigate
the possible involvement of WAVE3 in the chemotherapy-medi-
ated activation of STAT1 and its downstream effector HIF-1a.
Treatment of either MDA-MB-231 or BT549 cells with doxoru-
bicin or docetaxel resulted in more than fold3- increase in phos-
phorylated levels of STAT1 and more than fold2- increase in
expression levels of HIF-1a in both cell lines (Fig 5A and 5D,
respectively). However, knockdown of WAVE3 expression in
either MDA-MB-231 (Fig. 5C) or BT549 (Fig. 5F) inhibited
the doxorubicin- and docetaxel-mediated activation of STAT1
and its downstream effector HIF1-a (Fig. 5B and 5E). In fact, in
the doxorubicin and the docetaxel treated cells, the levels of phos-
phorylated STAT1 were reduced by at least fold2- in the
WAVE3-knockdown (W3-sh) cells compared to the non-target-
ing shRNA (Ctrl-sh) counterparts. Concordant with the reduc-
tion in the levels phospho-STAT1, HIF-1a expression levels
were also reduced by at least fold2- in the doxorubicin- and doce-
taxel-treated WAVE3-knockdown cells (Fig. 5B and 5E). There-
fore, our data implicate WAVE3 in the chemotherapy-mediated
activation of STAT1 and HIF-1a, which in turn stimulates
VEGF-A secretion and angiogenesis. We further demonstrated

Figure 2. Knockdown of WAVE3 expression sensitizes TNBC cells to chemotherapy-driven apoptosis and cell death (immunofluorescence and
immunoblotting assays). (A & C) Representative confocal images of Ctrl-sh and sh-W3 MDA-MB-231 cells stained Annexin V (A) and cleaved caspase3
(C) before and after treatment with doxorubicin (Dox). (B & D) Quantification of Annexin V staining levels (B) and Caspase 3 staining levels (D). Data are
representative of 3 independent experiments (*, P <0.05; Student’s t-test). (E) Western blot analysis with the indicated antibodies of cell lysates form the
control shRNA (ctrl-sh)- or sh-WAVE3-expressing (W3-sh) MDA-MB-231 (A) of BT549 (B) cells after doxorubicin (Dox) or docetaxel (Doc) treatment. b-actin
served as a loading control. The numbers below the cleaved Caspase 3 panel indicate the fold change of cleaved Caspase 3 levels, as compared to the
untreated Ctrl-sh cells.
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that the chemotherapy induction of HIF-1a is mediated specifi-
cally downstream of STAT1. siRNA knockdown of STAT1 in
MDA-MB-231 cells resulted in more than fold5- reduction (P <

0.05) in the doxorubicin-mediated activation levels of STAT1
(pSTAT1), when compared to pSTAT1 levels in the non-target-
ing siRNA (NT-si) cells treated with doxorubicin (Fig. 6).

Discussion

We previously demonstrated aberrant WAVE3 expression to
be sufficient in driving the metastasis of TNBC subt-
ypes.26-34,38,46-51 Specifically, we and others have shown that the
WAVE3-mediated activation of the metastatic phenotype in
TNBC is due in part to the stimulation of VEGF-A-secretion
leading to enhanced tumor angiogenesis.32,46,52 We also reported
the role of WAVE3 in mediating sensitization of TNBC cells to
apoptosis and death.35 On the other hand, several studies have
linked the JAK/STAT pathway to chemoresistance in different
types of cancers, including breast cancer.45,53,54 In particular, a
recent study has shown that a signaling axis involving STAT1/
HIF-1a/VEGF-A was activated when breast cancer tumors
became resistant to doxorubicin, leading to the stimulation of
tumor angiogenesis and enhanced metastasis.45 Given the estab-
lished role of WAVE3 in the regulation of both apoptosis and
cell death,35 as well as tumor angiogenesis,32 we sought to investi-
gate the link between WAVE3 and the STAT1/HIF-1a signaling
axis in TNBC chemoresistance and tumor angiogenesis.

We applied a combination of genetic and pharmacological
manipulations, as well as different biochemical and cell imaging
assays, to investigate the role WAVE3 in the modulation of the
STAT1/HIF-1a signaling axis. We showed that loss of WAVE3
in 2 TNBC cells results in: (i) resensitization to apoptosis and
cell death that are driven by chemotherapeutics; (ii) resensitiza-
tion to drug treatment is accompanied by inhibition of VEGF-
induced angiogenesis, and, more importantly, (iii) inhibition of
the STAT1!HIF-1a!VEGF-A signaling axis that is fre-
quently activated during tumor chemoresistance and unfortu-
nately results in tumor spread and the development of
therapeutics-resistant metastasis (Fig. 7). Our data were observed
in 2 different cell lines (MDA-MB-231 and BT549), providing
support for the generality of our observations. BT549 and
MDA-MB-231 cells belong to the mesenchymal and the mesen-
chymal-stem like subtypes of TNBCs, respectively.8 Interest-
ingly, BC tumors generated from these 2 TNBC subtypes were
shown to exhibit the lowest pCR when treated with conventional
chemotherapy.9 Therefore, WAVE3 played a role in the resensiti-
zation of these 2 TNBC subtypes to chemotherapy. Whether,
this effect could apply to other TNBC subtypes remains to be
investigated.

Our data show that therapeutic treatment has no effect of
WAVE3 expression levels (Fig. 1) while both STAT1 and HIF-
1a are activated by chemotherapy (Fig. 5). On the other hand,
knockdown of WAVE3 has an inhibitory effect on STAT1 sig-
naling (Fig. 6). Knockdown of STAT1 not only inhibited
STAT1 expression and activity, but also that of HIF-1a, and did

so without affecting WAVE3 expression levels (Fig. 6). Thus, the
data clearly places WAVE3 upstream of STAT1 (Fig. 7). Inhibi-
tion of STAT1/HIF-1a pathway results in a significant activation
of apoptosis and cell death, and inhibition of VEGF-A-induced
angiogenesis after treatment with chemotherapy (Fig. 7). A study
by Abasanz-Puig and colleagues55 showed that STAT1 has a neg-
ative effect on HIF-1a in the vascular smooth muscle cells, which
seems opposite to our findings as well as in other published stud-
ies in cancer cells.45 One potential explanation for the differential
effect of STAT1 on HIF-1a expression; i.e. inhibition in the vas-
cular smooth muscle cells versus activation in cancer cells, is that
the function of STAT1 may be different and even opposing
depending on the cell type and the physiological conditions. The
vascular smooth muscle cells represent the normal physiological
environment, while the triple-negative breast cancer cells repre-
sent a pathological environment where many signaling pathways
are dysregulated, including that of STAT1. Additionally, while
doxorubicin treatment of the WAVE3-knockdown cells almost
completely inhibited phosphorylation of STAT1 (Fig 5B), it did
not have such a dramatic effect on HIF-1a expression levels.

Figure 3. Loss of WAVE3 expression inhibits the chemotherapy-
mediated induction of VEGF-(A)secretion in TNBC cells. (A) Quantifi-
cation of secreted VEGF-A in the conditioned media of control shRNA
(ctrl-sh)- or sh-WAVE3-expressing (sh-W3) MDA-MB-231 cells after doxo-
rubicin (Dox) or Docetaxel (Doc) treatment using ELISA. Data are repre-
sentative of 3 independent experiments (*, P <0.05; Student’s t-test). (B)
Western blot analysis with the indicated antibodies of cell lysates form
the control shRNA (ctrl-sh)- or sh-WAVE3-expressing (W3-sh) MDA-MB-
231 cells after doxorubicin (Dox) or docetaxel (Doc) treatment. b-actin
served as a loading control.
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Therefore, additional mechanisms other than those requiring
WAVE3-STAT1 axis are more likely involved in the regulation
of HIF-1a expression. The intricate interplay between WAVE3
and the STAT1 signaling remains to be elucidated in future stud-
ies. Also remaining to be determined is how WAVE3 modulates
the STAT1-mediated regulation of HIF-1a!VEGF-A!tumor
angiogenesis during treatments with therapeutic agents.

In conclusion, we have identified a novel role of WAVE3 in
STAT1 signaling and in the chemoresistance-induced inhibition
of apoptosis and cell death via activation of tumor angiogenesis
(Fig. 7). Extending our investigations to cell lines and human
biopsy samples representative of all TNBC subtypes is the next
logical step in these studies in the future when these reagents
become available to us, and will certainly strengthen these lines
of research. We therefore propose that the regulatory functions
of WAVE3 may provide a novel treatment option for TNBCs,

which could reduce metastasis-
related mortality in TNBC
patients.

Experimental Procedures

Antibodies
Rabbit anti-WAVE3 (1:1000),

rabbit anti-Caspase 3 (1:1000),
rabbit anti-HIF-a (1:1000), rabbit
anti-phospho-STAT1 (Y701)
(1:1000), and rabbit anti-total-
STAT1 (1:1000) were from Cell
Signaling. Goat horseradish perox-
idase-conjugated anti-mouse IgG
(1:5000) and goat horseradish per-
oxidase-conjugated anti-rabbit
IgG (1:5000) from Calbiochem;
and Alexa 488-conjugated anti-
rabbit IgG and Alexa 568-conju-
gated anti-mouse IgG are from
Invitrogen. Vecta-shield with 40,
6-diamidino-2-phenylindole was
from Vector Laboratories. Gel
electrophoresis reagents were from
Bio-Rad. Doxorubicin and doce-
taxel purchased from Sigma as
powders, were dissolved in
DMSO and diluted at least 1000
fold as described.

siRNA and shRNA gene
expression knockdown

We used the SignalSilence
STAT1 siRNA (Cell Signaling
Technology) for transient knock-
down of STAT1 expression. Sta-
ble knockdown of WAVE3 was
achieved through transfection of
MDA-MB-231 and BT549 BC

cells with WAVE3 MISSION shRNA clones (Sigma) followed
by puromycin selection of positive clones as previously
described.32,52 Non-targeting shRNA served as a control.

Cell culture
Human BT549 (Mesenchymal) and MDA-MB-231 (Mesen-

chymal stem-like) TNBC cells8 were purchased from American
Type Culture Collection (ATCC) and were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS), 100 units of penicillin/ml,
100 mg of streptomycin/ml.

Real-time quantitative–RT-PCR
Total RNA was extracted from cancer cell lines or tumor tis-

sue using TRIzol reagent, following to the manufacturer’s

Figure 4. Loss of WAVE3 expression inhibits endothelial angiogenesis that is induced by Chemother-
apy. (A) Bright field microscopy of tube formation structures of HUVECs treated with the serum-free media
(SFM) supplemented with VEGF-A (VEGF), SFM supplemented with VEGF-A and sFLT, a soluble VEGFR inhibitor
(VEGF C sFLT), or conditioned media from MDA-MB-231 cells with the indicated treatments. (B) Quantification
of tube formation under the indicated conditions. The number of closed tubes was counted in 12 different
fields and plotted as the average of number of closed tubes per field §SE . Each assay was repeated at least
3 times. (* and **, P<0.05; Student’s t-test).
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(Invitrogen) instructions. cDNA
was generated and used as a tem-
plate for quantitative RT-PCR
performed as previously descr-
ibed.26,33 qRT-PCR was perfor-
med using the respective
gene-specific primers (SABio-
sciences, Valencia, CA) and the
RT2 SYBR Green/Fluorescein
qPCR Master Mix (SABioscien-
ces) following the manufacturer’s
instructions. qPCR was per-
formed on the BioRad iCycler
PCR system (BioRad, Berkeley,
CA) where the reaction mixtures
were incubated at 95�C for
10 min, followed by 40 cycles of
95�C for 15 sec and 60�C for
1 min. The cycle threshold (Ct)
values were calculated with SDS
1.4 software (Bio-Rad). The
expression levels of each transcript
were normalized using the 2¡DDCt

method56,57 relative to GAPDH.
The DCt was calculated by sub-
tracting the Ct values of GAPDH
from the Ct values of the tran-
script of interest. The DDCt was
then calculated by subtracting
DCt of the matching normal
human breast tissue from the DCt
of cancer tissues, or the DCt of
MCF10A cell line for the estab-
lished cancer cell lines. Fold
change in individual gene expres-
sion was calculated according to the equation 2-DDCt.

Flow cytometry
MDA-MB-231 or BT549 cells, transfected with either the

control non-targeting shRNA or the shWAVE3, were propagated
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS and puromycin (5 mg/mL). Subconfluent cell cul-
tures were treated with either the diluent or doxorubicin
(50 nM), or docetaxel (5 nM) for 12 h, after which cells were
detached by trypsinization and washed with Hank’s Balanced
Salt Solution with Ca2C, Mg2C, and 0.1% BSA. Cells were
processed for flow cytometry as described by the manufacturer
(Roche In-Situ Cell Death Detection Kit, Fluorescein). Annexin
V and propidium iodide was used to quantify apoptotic and
dead cells, respectively. All data were acquired in a BD LSRII
instrument and analyzed with FlowJo 7.6.3 (Treestar) software.

Immunoblot analysis
Whole cell lysates containing similar amounts of total protein

(»50 mg) were resolved on a 10% acrylamide gels in SDS, fol-
lowed by transfer to nitrocellulose (Bio-Rad, Hercules, CA) or

Immobilon-P (Millipore, Billerica, MA) membranes using the
Bio-Rad gel and transfer apparatus. Membranes were incubated
in 5% whole milk or bovine serum albumin for 1 hour at room
temperature, washed with phosphate-buffered saline (PBS), fol-
lowed by incubation with the primary antibody (as specified)
overnight at 4�C. Membranes were then washed and incubated
in the appropriate secondary antibody at room temperature for
1 hour, and immunocomplexes were visualized using the West-
ern Lights chemiluminescence detection kit from Perkin-Elmer
(Boston, MA). Signals were quantified using the ImageJ software
according to the parameters described in ImageJ user guide
(http://rsbweb.nih.gov/ij/docs/guide/146.html). Average values
from 3 different blots are presented.

Immunofluorescence Microscopy- Cells were grown on glass
coverslips, treated with either doxorubicin (50 nM) or docetaxel
(5nM) for 6h, and fixed in 4% paraformaldehyde for 20 min in
PBS at room temperature and washed with PBS. The cells were
then permeabilized in 0.2% Triton X-100 in PBS for 15 min,
washed again with PBS, and incubated in the blocking solution
containing 5% bovine serum albumin (Sigma) in PBS for 2 h at
room temperature. Primary as well as secondary antibodies were

Figure 5. Loss of WAVE3 inhibits the STAT1-HIF-1a signaling cascade that is usually activated by che-
motherapy in TNBCs. Western blot analysis with the indicated antibodies of cell lysates form the control
shRNA (ctrl-sh)- or sh-WAVE3-expressing (W3-sh) MDA-MB-231 cells after doxorubicin (Dox) or docetaxel
(Doc) treatment. b-actin served as a loading control. The numbers below the HIF-1a, p-STAT1 and WAVE3
panels indicate the fold change of HIF-1a, p-STAT1 and WAVE3 levels, respectively, as compared to the
untreated Ctrl-sh cells.
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diluted to the recommended concentration in 5% bovine serum
albumin in PBS. Cells were incubated with the primary antibody
for 1 h, washed with PBS, and then incubated with the secondary
antibody for 1 h. The coverslips were mounted on object slides
using Vectashield mounting medium containing 40,6-diamidino-
2-phenylindole (Vector Laboratories, Burlingame, CA). Fluores-
cence images were captured using a Nikon TE2000-E inverted
microscopy. Signals (number of positively stained cells) were
quantified using the ImageJ software according to the parameters
described in ImageJ user guide (http://rsbweb.nih.gov/ij/docs/

guide/146.html). Average values of at least 5 different fields were
plotted.

Tube formation assay
Human umbilical vein endothelial cells (HUVECs)-based

tube formation assays were performed as previously described.58

HUVECs were provided by Dr. Paul DiCorleto (Cleveland
Clinic), supported with grant UL1TR000439 from NIH, and
maintained in EGM Endothelial Cell Growth Medium.
HUVECs were used between passages 2 and 4. Twelve-Multiwell
culture plates were coated with 500 ml of growth factor-reduced
Matrigel (BD Biosciences), and incubated at 37�C for 30 min.
HUVECs were seeded at a density of 2.5 £ 105 cells per well on
polymerized Matrigel, treated as specified, and incubated at
37�C for 12 h. Bright-field images were obtained immediately
after seeding and again after 18 h. Tube formation was analyzed
and quantified using ImageJ (v1.34s).

VEGF ELISA assay
VEGF secreted in the conditioned media was quantified using

the ELISA development kit and the polyclonal rabbit anti-human
VEGF from PeproTech (Rocky Hill, NJ), following the man-
ufacturer’s instructions. In brief, 100 ml of capture antibody was
transferred to a 96-well ELISA plate and incubated overnight at
room temperature. Each well was washed 3 times and blocked by
adding 300 ml of phosphate-buffered saline (PBS) containing
0.05% Tween 20, 5% sucrose and 0.05% NaN3 for a minimum
of 1 hour. Following three washes, 100 ml of conditioned media
was added per well, and the ELISA plate was incubated for
2 hours at room temperature. Subsequently, 100 ml of streptavi-
din HRP was added to each well, and the plate incubated for 30
minutes at room temperature. The plates were then washed and
added 10 ml of ABTS substrate (Sigma-Aldrich) and the absor-
bance was measured after »20 min at 450 nm.

Statistical analyses
The data are presented as means § standard deviations of at

least 3 independent experiments. The results were tested for sig-
nificance using an unpaired Student’s t test. A p value less than
0.05 was considered significant.
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Figure 6. Loss of STAT1 expression inhibits the chemotherapy-medi-
ated induction of HIF-1a. Western blot analysis with the indicated anti-
bodies of cell lysates form the control siRNA (ctrl-si)- or siSTAT1-
expressing MDA-MB-231 cells after doxorubicin (Dox) or docetaxel (Doc)
treatment. b-actin served as a loading control.

Figure 7.Model describing how WAVE3 modulates the molecular signal-
ing pathway that regulates the chemoresistance-mediated activation of
tumor angiogenesis and subsequent tumor recurrence and metastasis.
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