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Abstract
Heparin-binding EGF-like growth factor (HB-EGF) is one of several proangiogenic factors and represents a

possible therapeutic target for patients with triple-negative breast cancer (TNBC). However, the role of HB-
EGF in promoting tumor aggressiveness in TNBC remains unclear. To investigate specific genes and pathways
involved in TNBC tumorigenesis, we profiled gene expression changes in two TNBC cell lines under two-
dimensional culture (2DC) and three-dimensional culture (3DC) and in a tumor xenograft model. We
identified simultaneous upregulation of HB-EGF, VEGFA, and angiopoietin-like 4 (ANGPTL4) in 3DC and
tumor xenografts, compared with 2DC. We show that HB-EGF regulates the expression of VEGFA or
ANGPTL4 via transcriptional regulation of hypoxia-inducible factor-1a and NF-kB. Furthermore, suppres-
sion of VEGFA or ANGPTL4 expression enhanced HB-EGF expression, highlighting a unique regulatory loop
underlying this angiogenesis network. Targeted knockdown of HB-EGF significantly suppressed tumor
formation in a TNBC xenograft model, compared with individual knockdown of either VEGFA or
ANGPTL4, by reducing the expression of both VEGFA and ANGPTL4. In patients with TNBC, VEGFA
or ANGPTL4 expression was also significantly correlated with HB-EGF expression. Low concentrations of
exogenously added HB-EGF strongly activated the proliferation of endothelial cells, tube formation, and
vascular permeability in blood vessels, in a similar fashion to high doses of VEGFA and ANGPTL4. Taken
together, these results suggest that HB-EGF plays a pivotal role in the acquisition of tumor aggressiveness in
TNBC by orchestrating a molecular hierarchy regulating tumor angiogenesis. Mol Cancer Res; 11(5); 506–17.
�2013 AACR.

Introduction
Angiogenesis is an essential step during the initial stages of

tumor development (1–3). Cancer cells acquire anchorage-
independent growth and proliferate at accelerated rates by
forming 3-dimensional (3D) structures. Simultaneously,
cancer cells are capable of inducing neovascularization to

improve the inadequate vascular supply. In normal tissue,
angiogenesis is strictly regulated by the equilibrium between
proangiogenic and antiangiogenic factors. Enhanced expres-
sion of proangiogenic genes can activate quiescent micro-
vascular endothelial cells, causing them to dissociate from the
cell–cell junction, migrate into the perivascular space, pro-
liferate extensively, and form tube structures (1, 3). Anti-
angiogenic factors inhibit angiogenesis by modulating endo-
thelial cell proliferation and motility (4, 5). On the other
hand, hypoxia predominantly induces the aberrant expres-
sion of proangiogenic factors, such as VEGFA in cancer cells.
This occurs via an increase in nonhydroxy-hypoxia-induc-
ible factor-1a (HIF-1a) from hydroxy-HIF-1a (6). Con-
sequently, neovascularization is triggered, leading to the
formation of tumor blood vessels that are irregularly shaped,
sinuous and dilated, compared with normal peripheral
vessels. Thus, disruption of the balance between proangio-
genic and antiangiogenic molecules is associated with tumor
angiogenesis and cancer progression (1, 7).
Triple-negative breast cancer (TNBC) is defined by the

absence of estrogen and progesterone receptors and HER2
and is themost lethal and aggressive subtype of breast cancer.
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Treatment of patients with TNBC still poses a major
challenge, owing to a persisting lack of specific targets.
Recently, numerous studies have indicated that angiogen-
esis plays an important role in the pathogenesis of TNBC
(8–10), leading to the development of a number of
novel, targeted therapies. In 2008, the U.S. Food and
Drug Administration approved the use of bevacizumab
(Avastin; Genentech), a humanized monoclonal antibody,
plus paclitaxel, as first-line therapy in patients with met-
astatic breast cancer. In a recent clinical trial, bevacizumab
prolonged progression-free survival but not overall survival
in patients with TNBC (11, 12). Sunitinib (Sutent;
Pfizer), an oral multitargeted tyrosine kinase inhibitor
that inhibits the VEGF and platelet-derived growth factor
(PDGF) receptors, and sorafenib (Nexavar; Onyx Phar-
maceuticals), a small-molecular inhibitor of the VEGF
and PDGF receptors and Raf, are effective as monothera-
pies in certain cancers but cause severe adverse events
when combined with chemotherapy (13). In TNBC, the
effects of sunitinib and sorafenib on patient survival are
still under evaluation in several clinical trials. Therefore,
the identification of novel target molecules involved in
angiogenesis and tumorigenesis in TNBC, is essential for
the development of therapeutic agents targeting this
aggressive breast cancer subtype.
Heparin-binding EGF-like growth factor (HB-EGF), a

ligand of EGF family (14), is initially synthesized as a
transmembrane protein, similar to other ligands of the
EGF family (15). The membrane-bound form of HB-
EGF (pro-HB-EGF) is proteolytically cleaved from the
cell surface to yield the soluble form of HB-EGF (sHB-
EGF). This processing step is conducted by proteases via a
mechanism known as ectodomain shedding. HB-EGF has
been focused on as a promising target for many types of
cancers, including TNBC (16–18). NF-kB, a member of
the Rel-related proteins that includes p50, p52, v-Rel,
c-Rel, RelA (p65), and RelB, is a transcription factor
involved in a diversity of cellular processes, including the
induction of hypoxia mediated by HB-EGF (19, 20).
Previous studies have shown that HB-EGF is required
for anchorage-independent cell growth and subsequent
angiogenesis, thus contributing to cubic structure of
tumors (21, 22). In addition, HB-EGF mediates recipro-
cal interactions between cancer cells and neighboring
fibroblasts, which in association with the proangiogenic
factor, PDGF, supports cancer progression (23). HB-EGF
also induces the production of VEGFA and the activation
of endothelial nitric oxide synthase (eNOS) in hypoxia
(24). Taken together, these data suggest that HB-EGF
modulates proangiogenic factors involved in cancer
progression.
In this study, we identified 3 proangiogenic factors, HB-

EGF, VEGFA, and angiopoietin-like 4 (ANGPTL4), as key
molecules involved in the cubic formation of TNBC cells,
using gene expression profiling. In addition, we show that
these 3 proangiogenic factors cooperate to promote tumor-
igenesis and angiogenesis of TNBC. Importantly, however,
only inhibition ofHB-EGF, but not VEGFAor ANGPTL4,

led to the complete suppression of tumor formation in
TNBC.

Materials and Methods
Reagents and antibodies
Antibodies used in this study included goat polyclonal

anti-HB-EGF (sc-1413) and rabbit polyclonal anti-
ANGPTL4 (sc-66806; Santa Cruz Biotechnology); rabbit
polyclonal anti-VEGFA (ab46154; Abcam); rat anti-mouse
CD31 (BD Pharmingen); Alexa Fluor 555–conjugated goat
anti-rat immunoglobulin G (IgG; Invitrogen Corp.); fluo-
rescein isothiocyanate (FITC)–conjugated goat anti-rabbit
IgG and FITC-conjugated rabbit anti-goat IgG (Vector
Laboratories); rabbit polyclonal anti-HIF-1a and rabbit
monoclonal antihydroxy-HIF-1a (Pro564; Cell Signaling
Technology Inc.); mouse monoclonal anti-b-actin (Sigma-
Aldrich); and peroxidase-conjugated anti-mouse IgG and
peroxidase-conjugated anti-rabbit IgG (Amersham Corp.).
Recombinant human proteins included: HB-EGF (259-
HE; R&D Systems Inc.); VEGFA (H00007422-P01), and
ANGPTL4 (H00051129-P01; Abnova Corp.). Other
reagents included: 40,6-diamidino-2-phenylindole (DAPI;
Sigma-Aldrich); N-[(phenylmethoxy)carbonyl]-L-leucyl-N-
[(1R)-1-formyl-3-methylbutyl]-L-leucinamide (MG132),
proteasome inhibitor, and dimethyloxalyl glycine (DMOG),
hydroxylase inhibitor (Cayman Chemicals).

Cell lines and cell culture
The TNBC cell lines, MDA-MB-231 and Hs578T, were

purchased from the American Type Culture Collection
(ATCC). MDA-MB-231 cells were grown in Leibovitz's
L-15 medium (ATCC) supplemented with 10% (v/v) FBS
(ICN Biomedical), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Invitrogen) in a humidified atmosphere at
37�C. Hs578T cells were grown in Dulbecco's modified
Eagle's medium (DMEM; Nacalai Tesque, Inc.) supple-
mented with 10% (v/v) FBS, 10 mg/mL insulin (Sigma-
Aldrich), 100 U/mL penicillin, and 100 mg/mL streptomy-
cin in a humidified atmosphere of 5%CO2 at 37�C.Human
umbilical vein endothelial cells (HUVEC) were obtained
from Clonetics Cambrex and grown in endothelial growth
media (EGM) supplemented with 2% (v/v) FBS, bovine
brain extract, recombinant human EGF, hydrocortisone,
gentamicin, and amphotericin B according to the manufac-
turer's instructions in a humidified atmosphere of 5% CO2
at 37�C. For all experiments, HUVECs were used at passage
4 or less. For the 2-dimensional culture (2DC) experiments,
1� 105 cells were seeded in 6-well plates. For the 3D culture
(3DC), cells were cultured in 10-cm dishes (50%–60%
confluence) and incubated for 24 hours. Cells were then
detached with trypsin–EDTA, washed 3 times withmedium
containing 10% (v/v) FBS, and suspended to a final con-
centration of 1 � 105 cells/1.5 mL. Aliquots (1.5 mL) were
plated in 6-well plates precoated with 1.5 mL Matrigel
(Biocoat Cellware; BectonDickinson). Cells were incubated
overnight and medium was removed and replaced with fresh
medium.Cells from 3DCwere retrieved from colonies using
BD Cell Recovery Solution (Biocoat Cellware). Cells were
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counted and RNA and protein extracts were prepared
for downstream quantitative real-time PCR (qRT-PCR),
expression array, and immunoblot analysis.

Xenograft model
Cells (5 � 106) were subcutaneously inoculated into 4-

week-old nonobese diabetic/severe combined immunode-
ficient (NOD/SCID) mice (Charles River Laboratories
Japan Inc.). To obtain total RNA for qRT-PCR and expres-
sion array analysis, tumors were resected when individual
tumor volumes reached approximately 100 mm3 and were
frozen and fractured with liquid nitrogen. To assess the
effects of short hairpin RNA (shRNA)–mediated knock-
down of HB-EGF, VEGFA, or ANGPTL4 on tumorigen-
esis, tumor volume was measured once a week. Measure-
ment of tumor size commenced after the tumor volume
exceeded 100mm3. Each tumor volume was estimated from
2D tumormeasurements as follows: tumor volume (mm3)¼
length � width2/2.

Quantitative real-time PCR
RNA extraction, cDNA synthesis, and RT-PCR were

conducted as previously described (17). Expression of glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH), EGF
receptor (EGFR), VEGFA, ANGPTL4, PDGFB, HIF-1a,
and NF-kB were detected with Assays-on-Demand primer
and probe sets Hs99999905_m1, Hs00193306_m1,
Hs00900054_m1, Hs01101127_m1, Hs00966522_m1,
Hs00936371_m1, and Hs00765730_m1, respectively
(Applied Biosystems). The procedures used for TaqMan
qRT-PCR analyses and the sequences of the oligonucleotide
primer pairs, TaqMan probes for HB-EGF and amphire-
gulin (AREG; ref. 17). mRNA expression levels for indi-
vidual genes are represented as relative expression units
(REU). The mRNA expression index (E.I.) was calculated
as follows: E.I. ¼ (copy number of each gene mRNA/copy
number of GAPDH mRNA) � 10,000. The REU was
determined using the E.I. of 2DC cells as a baseline (1.0).

Expression array analysis
Gene expression arrays were conducted using Human

Genome U133 Plus 2.0 Array 6800 GeneChips (Affyme-
trix) and were analyzed by GeneSpring v7.3 software (Agi-
lent Technologies) as previously described (25).

Measurement of soluble HB-EGF, VEGFA, ANGPTL4,
PDGFAB, and PDGFBB in cell culture
The levels of HB-EGF, VEGFA, ANGPTL4, PDGFAB,

and PDGFBB in the culture medium of cells were deter-
mined using a commercially available sandwich ELISA
(DuoSet Kit; R&D Systems Inc.) according to the manu-
facturer's instructions.

Immunoblot analysis
To detect hydroxy- or nonhydroxy-HIF-1a proteins,

cells were treated with 10 mmol/L MG132 or both 10
mmol/L MG132 and 1 mmol/L DMOG, respectively,
for 4 hours. Cells were then rinsed with PBS containing

1 mmol/L sodium orthovanadate and lysed with 500 mL
of radioimmunoprecipitation assay (RIPA) buffer to
obtain total cellular protein. Cell lysates were centrifuged
at 15,000 � g for 15 minutes at 4�C. The supernatant
was boiled for 5 minutes at 95�C with 250 mL of 3�
Laemmli sample buffer. All samples were subjected to
SDS-PAGE and immunoblotting analyses as described
previously (16).

siRNA transfection
Control siRNA (Stealth RNAi Negative Control) and

siRNAs for HB-EGF, VEGFA, ANGPTL4, HIF-1a, and
NF-kB p65 were purchased from Invitrogen Corp. The
sequences of siRNAs used in this study are shown in
Supplementary Tables S1 and S2. Cells were seeded in
10-cm dishes (50%–60% confluence) and transfected with
individual siRNAs (50 nmol/L) using Lipofectamine RNAi-
MAX Transfection Reagent (Invitrogen Corp.) according to
the manufacturer's instructions. After 24-hour incubation,
the cells were subjected to 3DC.

NF-kB phosphorylation
The 3DC cells were cultured with control vehicle 0.1%

(v/v) dimethyl sulfoxide (DMSO) or NF-kB p65 (Ser529/
536) inhibitor peptide (Imgenex) at a final concentration of
1 mmol/L. After 48-hour incubation, cells were washed with
cold PBS and lysed in 200 mL lysis buffer (Cell Signaling
Technology) containing phenylmethylsulfonylfluoride
(PMSF; 1 mmol/L) and protease inhibitors (1 tab/10 mL
lysis buffer). Cell lysates were centrifuged at 4�C and super-
natants stored at �80�C until analysis using PathScan
Inflammation MultiTarget Sandwich ELISA Kit or PathS-
can phospho-NF-kB p65 (Ser536) Sandwich ELISA Kit
according to the manufacturer's protocol (Cell Signaling
Technology).

shRNA transduction using lentiviral particles
Mission Lentiviral Transduction Particles of nontarget

shRNA control and shRNAs for HB-EGF, VEGFA, and
ANGPTL4 were purchased from Sigma-Aldrich. The
sequences of shRNA used in this study are shown in
Supplementary Table S2. Cells were seeded in 48-well plates
(50%–60% confluence) and transduced with shRNA-
expressing lentiviral particles at an multiplicity of infection
(MOI) of 10. After overnight incubation, media was
replaced and cells were incubated for a further 24 hours.
Stably infected cells were generated by selection with puro-
mycin (1 mg/mL) for 48 hours and used in xenograft models.

Histology and immunofluorescence microscopy
Frozen cryosections of subcutaneous tumors from xeno-

graft models were stained with hematoxylin and eosin
(H&E) and stained for immunologic assessment of HB-
EGF, VEGFA, or ANGPTL4 expression. For immunoflu-
orescence analysis, cryosections (10 mm) were fixed in
methanol for 10 minutes at �20�C, acetone for 1 minute
at �20�C and blocked for 10 minutes with blocking
solution (Blocking One Histo; Nacalai Tesque). Sections
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were then incubated with goat anti-HB-EGF (1:50), rabbit
anti-VEGFA (1:1,600), or rabbit anti-ANGPTL4 (1:100)
antibodies at 4�C overnight, followed by incubation with
FITC-conjugated secondary antibody (1:100) for 1 hour at
room temperature. Sections were also incubated with mouse
anti-CD31 (1:50) at 4�C overnight, followed by incubation
with Alexa Fluor 555–conjugated secondary antibody
(1:6,000) for 1 hour at room temperature. Negative controls
were stained in parallel with secondary antibody alone.
Sections were counterstained with DAPI nuclear stain and
mounted with VECTASHIELD Mounting Medium (Vec-
tor Laboratories). Section images were photographed using a
fluorescence microscope (Leica-DM 2500) and analyzed by
Image-Pro Plus 4.5 Software (Media Cybernetics, Inc.).

Tissue samples
Tissue samples were obtained from 15 patients with

TNBC following surgery at the Department of Surgery and
Sciences, Graduate School of Medical Sciences, Kyushu
University (Fukuoka, Japan), between 2003 and 2011. All
patients provided signed, informed consent. This study was
approved by the Ethics Committee and Institutional Review
Board of Kyushu University. Resected tissues were routinely
processed as previously described (18).

Capillary tube formation on Matrigel
HUVECs were plated in 6-well plates (10,000 cells/well)

precovered with growth factor-reduced Matrigel (Biocoat
Cellware; Becton Dickinson) using EGM without FBS and
recombinant humanHB-EGF, VEGF, or ANGPTL4. After
24-hour incubation, cells were fixed for 10 minutes in 4%
(w/v) paraformaldehyde in PBS and photographed. Differ-
entiation of HUVECs into capillary-like tubes was assessed
by counting the number of capillary branches under �100
magnification by 2 independent investigators.

Endothelial monolayer permeability assay
Endothelial cell monolayer permeability was assessed

using an In Vitro Vascular Permeability Assay Kit (Milli-
pore-Upstate Biotechnology). HUVECs were plated at 5 �
104 cells per insert in EGM medium and incubated for 48
hours to reach 100% confluency. Following overnight
starvation, 500 and 200 mL of EGM medium containing
recombinant protein at the indicated concentration was
added to the bottom and top chambers, respectively. After
incubation for 30 minutes, the medium was removed. A
total of 500 mL of EGM medium and 150 mL of EGM
medium with FITC-conjugated dextran was then added to
the bottom and top chambers, respectively. After 20-minute
incubation, 100 mL of medium was collected from the
bottom chamber. The fluorescence of each sample was
measured at 535 nm (excitation 485 nm) using a fluores-
cence plate reader. Data were analyzed as relative fluorescent
units.

Cell viability assay
Viable cells were determined by Trypan blue exclusion,

using a hemocytometer.

Statistical analysis
The statistical significance of differences between

values was assessed using the Mann–Whitney U test,
Bonferroni t test, and Spearman rank-order Correlation.
Values of P less than 0.05 were considered statistically
significant.

Results
Gene expression profiles associated with tumor
aggressiveness in TNBC
To examine changes in HB-EGF levels associated with

tumorigenesis, we used qRT-PCR to assess the expression of
EGF family members in MDA-MB-231 and Hs578T
TNBC cells in 3DC and xenograft models. Only HB-EGF
and EGFR levels were significantly increased in both con-
ditions, compared with 2DC (Fig. 1A and Supplementary
Fig. S1A and S1B). These results suggest that among the
EGFR ligands, HB-EGF plays an important role in TNBC
tumor development. To identify specific pathways and genes
associated with TNBC tumorigenesis, we compared gene
expression changes in MDA-MB-231 and Hs578T cells in
3DC and in tumor xenografts, compared with 2DC. We
identified 7,568 and 4,375 genes commonly upregulated
(>2-fold; P < 0.05) in 3DC and tumor xenografts in MDA-
MB-231 and Hs578T cells, respectively (Supplementary
Fig. S1C). Of these, 981 genes were commonly regulated in
both MDA-MB-231 and Hs578T cell lines (Fig. 1B).
Analysis of these genes identified 3 proangiogenesis fac-
tors, VEGFA, ANGPTL4, and PGDFB (Table 1). To
validate the microarray results, we analyzed the expression
of VEGFA, ANGPTL4, and PGDFB by qRT-PCR.
Expression of VEGFA and ANGPTL4 was significantly
increased in 3DC and in tumor xenografts in MDA-MB-
231 and Hs578T cells, compared with 2DC (Fig. 1C and
Supplementary Fig. S1D). However, PDGFB expression
was not significantly changed in either 3DC or tumor
xenografts compared with 2DC in MDA-MB-231 cells
(Fig. 1C). In contrast, PDGFB levels were significantly
elevated in tumor xenografts but not in 3DC cells in
Hs578T cells as compared with 2DC (Supplementary
Fig. S1E). We next examined the levels of VEGFA,
ANGPTL4, PDGFB, and HB-EGF protein secretion into
the culture medium. PDGFB forms homodimers or het-
erodimers with PDGFA (PDGFBB or PDGFAB, respec-
tively). We observed a significant increase in secreted
VEGFA, ANGPTL4, and HB-EGF in 3DC of MDA-
MB-231 and Hs578T cells compared with 2DC, howev-
er, there were no changes in PDGFBB or PDGFAB levels
(Fig. 1D and Supplementary Fig. S1F). Expression anal-
ysis of other proangiogenic factors or antiangiogenic
factors by microarray or qRT-PCR revealed no significant
differences in 3DC or the xenograft model compared with
2DC, in either MDA-MB-231 and Hs578T cells (Sup-
plementary Fig. S1D and S1E and Supplementary Tables
S3 and S4). Taken together, these findings indicate that
the proangiogenic factors, HB-EGF, VEGFA, and
ANGPTL4 may play an important role in tumor devel-
opment in TNBC.
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Reciprocal interactions among HB-EGF, VEGFA, and
ANGPTL4 through HIF-1a and NF-kB
To investigate the association of HB-EGF, VEGFA, or

ANGPTL4 expression with tumorigenesis, we analyzed the
effect of targeted knockdown of each of these factors by
siRNA in 3DC of MDA-MB-231 and Hs578T cells.
Knockdown of HB-EGF led to decreased expression of both
VEGFA and ANGPTL4 at both mRNA and protein levels.
Conversely, the expression of HB-EGF mRNA and protein
was significantly augmented by the inhibition of VEGFA or

ANGPTL4 (Fig. 2A and B and Supplementary Fig. S2A–
S2F). However, there was no interaction of gene expression
between VEGFA and ANGPTL4. To investigate the mech-
anism by which HB-EGF affects VEGFA or ANGPTL4
expression, we examined the relationship between the
expression of HB-EGF, VEGFA, or ANGPTL4 and the
activation of HIF-1a or NF-kB. These transcription factors
have been previously shown to play a role in the regulation of
various proangiogenic factors (26, 27). Silencing of HB-
EGF led to a decrease in HIF-1a mRNA expression in
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Figure 1. Screening of genes involved in TNBC tumorigenesis. A, expression of EGF family members in MDA-MB-231 cells in 2DC, 3DC, or in tumor xenograft
model (Xm). The mRNA expression levels of HB-EGF, AREG, and EGFR were analyzed by RT-PCR. The REU was calculated using 2DC expression as a
baseline. B, upregulated genes detected by the expression microarray analysis. Venn diagrams show the number of common genes in 3DC and Xm
compared with 2DC in MDA-MB-231 and Hs578T cells (>2-fold). Of these, 981 genes were shared between the 2 TNBC cell lines. The microarray data
were found in Gene Expression Omnibus (GEO) database (GEO accession numbers: GSE36953). C, calidation of mRNA expression levels of the
angiogenesis-related molecules. mRNA expression levels of VEGFA, ANGPTL4, and PDGFBwere analyzed by RT-PCR. The REUwas calculated using 2DC
expression as a baseline. D, validation of the levels of angiogenesis-related proteins. The expression levels of HB-EGF, VEGFA, ANGPTL4, PDGFAB, or
PDGFBB proteins per cell in culture media of MDA-MB-231 under 2DC or 3DC were measured by ELISA and compared with expression levels in
2DC. All values represent the mean and SD of 3 independent experiments (�, P < 0.05).
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MDA-MB-231 and Hs578T cells (Fig. 2A and Supplemen-
tary Fig. S2A–S2C).We next examined the levels of HIF-1a
protein in MDA-MB-231 and Hs578T cells. Nonhydroxy-
HIF-1a levels were increased and hydroxy-HIF-1a levels
were decreased in 3DC compared with 2DC in both cell
lines (Fig. 2C and Supplementary Fig. S2E). Strikingly,
inhibition of HB-EGF expression prevented the accumula-
tion of nonhydroxy-HIF-1a protein (Fig. 2C and Supple-
mentary Fig. S2E). Silencing of HB-EGF also led to a
decrease in the levels of phosphorylated NF-kB p65 as well
as NF-kB inhibitor, although levels of NF-kB p65 mRNA
remained unchanged (Fig. 2A and D and Supplementary
Fig. S2A–S2C and S2F).
Knockdown of HIF-1a or NF-kB p65 attenuated the

expression of VEGFA and ANGPTL4 and led to an increase
in HB-EGF expression (Fig. 2A and B and Supplementary
Fig. S2A–S2D). Transfection of cells with HIF-1a siRNA
significantly diminished expression of nonhydroxy-HIF-1a
protein compared with control siRNA, confirming the
inactivation of HIF-1a function (Fig. 2C and Supplemen-
tary Fig. S2E). Treatment of cells with NF-kB inhibitor
significantly suppressed expression of VEGFA and
ANGPTL4 proteins, while augmenting levels of HB-EGF
(Fig. 2E and Supplementary Fig. S2G). Conversely, knock-
down of VEGFA or ANGPTL4 led to an increase in the
expression of HIF-1a and NF-kB p65 mRNA and levels of
nonhydroxyl HIF-1a and phosphorylated NF-kB p65 pro-
teins (Fig. 2A, C, and D and Supplementary Fig. S2A, S2C,
and S2D).
The inhibition of both extracellular signal–regulated

kinase (ERK) and AKT attenuated the expression of
HB-EGF, VEGFA, and ANGPTL4 (Supplementary Fig.
S2H). Suppression of HB-EGF led to a decrease in ERK
and AKT phosphorylation (Supplementary Fig. S2I). A
significant decrease in the amount of nonhydroxy-HIF-1a
or phosphorylated NF-kB was also observed following
treatment of x cells with AKT inhibitor. The inhibition of
ERK also had a suppressive effect on nonhydroxy-HIF-1a
accumulation, whereas NF-kB phosphorylation remained
unaffected (Supplementary Fig. S2I and S2J). According
to these data, the accumulation of nonhydroxy-HIF-1a or
NF-kB phosphorylation may therefore be attributed to
the activation of ERK and AKT, involved in HB-EGF
expression.

In summary, targeted silencing of HB-EGF resulted in a
decrease in the active forms of HIF-1a and NF-kB, medi-
ated by ERK and AKT activation, leading to a reduction in
VEGFA and ANGPTL4 expression. However, the silencing
of HIF-1a or NF-kB induced expression of HB-EGF.
Knockdown of VEGFA or ANGPTL4 also induced the
expression of HIF-1a, NF-kB p65, and HB-EGF. Taken
together, these data indicate that HB-EGF is the central
target for suppression of an angiogenic network formed by
HB-EGF, VEGFA, and ANGPTL4. The direct inhibition
of VEGFA or ANGPTL4 and the indirect inhibition of
VEGFA or ANGPTL4 by blocking HIF-1a or NF-kB p65,
may induce unidentified transcription factors, leading to
enhanced expression of HB-EGF.

Significance ofHB-EGF expression in an in vivomodel of
TNBC and in patient samples
To validate HB-EGF as a target for TNBC therapy, we

investigated the effect of silencing HB-EGF, VEGFA, or
ANGPTL4 on the formation of tumors generated by injec-
tion of MDA-MB-231 cells into NOD/SCID mice. Stable
knockdown effects of shRNA for HB-EGF (shHB-EGF),
VEGFA (shVEGFA), or ANGPTL4 (shANGPTL4) in
MDA-MB-231 cells relative to a nontargeting scrambled
shRNA (shControl) were confirmed by qRT-PCR (Supple-
mentary Fig. S3A). As expected, the injection of shControl
cells into immunodeficient mice led to tumors in all 8 mice
(Fig. 3A). However, knockdown of VEGFA or ANGPTL4
led to a significant reduction (�50%) in tumor volume,
compared with shControl (Fig. 3A). Even more striking was
the effect of HB-EGF knockdown, which inhibited tumor
volume by more than 75% compared with shControl (Fig.
3A). We also examined the expression of CD31, HB-EGF,
VEGFA, and ANGPTL4 in tumors by immunofluorescence
staining. Tumor sections from mice injected with MDA-
MB-231 cells infected with either shControl, shHB-EGF,
shVEGFA, or shANGPTL4 were assessed at 4 weeks.
Expression of CD31, HB-EGF, VEGFA, and ANGPTL4
was markedly diminished in a tumor from shHB-EGF cells,
compared with shControl tumors (Fig. 3B and C). Knock-
down of VEGFA or ANGPTL4 was associated with weak
expression ofCD31 in tumors, comparedwith shControl. In
contrast, the expression of HB-EGF in shVEGFA or
shANGPTL4 tumors is almost equivalent to shControl

Table 1. Upregulated proangiogenic factors in 3DC and xenograft model (Xm) compared with 2DC in
MDA-MB-231 and Hs578T cells (>2-fold; P < 0.05)

Fold Change

Gene MDA-MB-231 Hs578T

Probe set ID Gene symbol Gene title 3DC/2DC Xm/2DC 3DC/2DC Xm/2DC

211527_x_at VEGFA VEGFA 9.53 3.71 2.59 14.68
223333_s_at ANGPTL4 Angiopoietin-like 4 5.14 5.24 2.52 14.35
204200_s_at PDGFB Platelet-derived growth

factor b polypeptide
2.96 2.33 2.64 162.52
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tumors (Supplementary Fig. S3B and S3C). Quantitative
analysis of HB-EGF, VEGFA, and ANGPTL4 confirmed
that expression was also significantly suppressed in xeno-
grafted tumors transduced with HB-EGF shRNA, com-
pared with shControl tumors (Supplementary Fig. S3D and
S3E). Xenografted tumors derived from cells transduced
with shVEGFA or shANGPTL4 exhibited decreased
VEGFA or ANGPTL4 expression, compared with control
tumors (Supplementary Fig. S3D and S3E). However, the
expression of HB-EGF was significantly upregulated in
tumor xenografts following knockdown of VEGFA or
ANGPTL4 compared with control tumors (Supplementary

Fig. S3D and S3E). PDGFB expression was not significantly
changed in either 3DC or tumor xenografts, compared with
2DC in vivo (Supplementary Fig. S3E). Taken together,
these in vivo data suggest that HB-EGF regulates the
expression of VEGFA and ANGPTL4, and that the sup-
pressed function of VEGFA or ANGPTL4 is compensated
by HB-EGF upregulation. These results indicate that HB-
EGF is associated with tumor formation in vivo and may
therefore serve as a therapeutic target in TNBC. To validate
the clinical significance of HB-EGF in angiogenesis associ-
ated with TNBC, we examined the relationship between
HB-EGF and VEGFA or ANGPTL4 mRNA expression in
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Figure 2. Angiogenesis-relatedmolecules controlled by HB-EGF in 3D proliferation of TNBC cells. Alterations in (A) mRNA expression and (B) protein levels of
HB-EGF, VEGFA, or ANGPTL4 under 3DC for 72 hours after transfection with gene-specific siRNAs into MDA-MB-231 cells. The levels of mRNA
expression were analyzed by RT-PCR. The REU was calculated using control siRNA expression as a baseline. The levels of HB-EGF, VEGFA, or ANGPTL4
proteins in culture media were measured by ELISA.
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patients with TNBC. We identified a significant correlation
between the expression ofHB-EGF andVEGFA (correlation
coefficient ¼ 0.625; P < 0.01) or ANGPTL4 (correlation
coefficient¼ 0.646; P < 0.01) in patients with TNBC (Fig.
4A and B). These findings suggest that HB-EGF may
modulate both the expression of VEGFA and ANGPTL4
in patients with TNBC. No significant relationships
between clinicopathologic characteristics and HB-EGF

expression were identified in patients with TNBC (Supple-
mentary Fig. S4 and Supplementary Table S6). However,
future studies may require analysis of a larger patient cohort
to fully elucidate the relationship between HB-EGF expres-
sion and TNBC pathogenesis.

Angiogenic properties mediated by HB-EGF, VEGFA,
and ANGPTL4
To evaluate the angiogenic properties mediated by HB-

EGF, VEGFA, and ANGPTL4, we examined the effect of
these factors on the proliferation and the formation of
capillary branches and vascular permeability in HUVECs.
HB-EGF (200 pg/mL) and VEGFA (4 ng/mL) similarly
induced the proliferation of endothelial cells and the
formation of capillary branches (Fig. 5A–C). The effect
of ANGPTL4 (15 ng/mL) on the proliferation of endo-
thelial cells and the formation of capillary branches was
weaker compared with HB-EGF or VEGFA (Fig. 5A–C).
In contrast, ANGPTL4 induced high vascular permeabil-
ity, compared with HB-EGF or VEGFA (Fig. 5D). The
level of angiogenesis induced with 200 pg/mL of HB-
EGF, 4 ng/mL of VEGFA, or 15 ng/mL of ANGPTL4
was relatively similar, indicating that signaling through
HB-EGF is highly potent. Angiogenesis was not signifi-
cantly induced using 10-fold lower concentrations of
either HB-EGF (20 pg/mL), VEGFA (400 pg/mL), or
ANGPTL4 (1.5 ng/mL) alone (Fig. 5E). When used
simultaneously at these lower concentrations, however,
HB-EGF, VEGFA, and ANGPTL4 promoted vascular
permeability (Fig. 5E). These findings indicate that HB-
EGF enhances angiogenesis in cooperation with VEGFA
and ANGPTL4.

Discussion
In this study, we used gene expression profiling of TNBC

cell lines in 3DC and tumor xenograft models to identify 3
proangiogenic factors, HB-EGF, VEGFA, and ANGPTL4,
involved in TNBC tumor development. Our analysis shows
that HB-EGF lies at the top of a molecular hierarchy of
angiogenesis in TNBC, regulating VEGFA and ANGPTL4
through ERK-mediated activation of HIF-1a and AKT-
mediated activation of HIF-1a andNF-kB (Fig. 6).We also
show that loss of VEGFA or ANGPTL4 seems to stimulate
HB-EGF expression, thus functioning as a positive feedback
loop. Analysis ofHB-EGF, VEGFA, and ANGPTL4mRNA
expression coincided with the expression of these proteins by
immunofluorescence in xenografted tumors. It is plausible
that HB-EGF regulates the expression of VEGFA or
ANGPTL4 and that the suppressed function of VEGFA
or ANGPTL4 is compensated by upregulation of HB-EGF.
ANGPTL4 is recognized as one of several key molecules
regulating angiogenesis, functioning as a proangiogenic
factor or as an antiangiogenic factor, depending on the
cellular context (28–33). In this study, ANGPLT4 expres-
sion, which was induced byHB-EGF, was involved in tumor
development in our TNBC xenograft model. Moreover,
ANGPTL4, in cooperation with HB-EGF and VEGFA,
increased vascular permeability in HUVECs. Taken
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Figure 2. (Continued ) C, immunoblot (IB) analysis of nonhydroxy-HIF-1a
and hydroxy-HIF-1a protein levels in MDA-MB-231 cells under 2DC and
3DC for 72 hours after transfection of gene-specific siRNAs. The bands
corresponding to the nonhydroxy-HIF-1a and hydroxy-HIF-1a forms are
indicatedby the arrows.M,molecularweightmarker.b-Actinwasusedas
internal control. Representative data of 3 independent experiments are
shown. D, the suppression of NF-kB p65 phosphorylation at Ser536 in
MDA-MB-231 cells treated with NF-kB inhibitor versus DMSO control for
72 hours. E, the expression levels of HB-EGF, VEGFA, or ANGPTL4
proteins in culture media after treatment of MDA-MB-231 cells with NF-
kB inhibitor or DMSO control for 72 hours by ELISA. All values represent
the mean and SD of 3 independent experiments (�, P < 0.05).
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together, these results suggest that ANGPTL4 may play a
proangiogenic role in TNBC tumor development in the
presence of high HB-EGF expression.
Proteolytic shedding and subsequent activation of angio-

genic growth factors, is a process found on various cells
during angiogenesis (34). As a consequence, soluble variants
are either released into the blood or the vascular tissue. In
addition, proteolytic shedding of soluble factors results in an
increase in their gene induction. HB-EGF undergoes pro-
teolytic shedding and expression is enhanced by a diverse set
of cellular stresses including hypoxia, exposure to UV or
chemotherapeutic agents, or inflammatory conditions (35).
Transcription factors such as SP1, AP1, c-Fos, and c-Jun
have also been associated with induction of HB-EGF
expression (36, 37). In this study, the inhibition of VEGFA
or ANGPTL4 expression directly or indirectly induced the
expression ofHB-EGF. Inhibition of VEGFAorANGPTL4
possibly interrupts the process of neovascularization
required for tumor development of TNBC, and the resulting
secondary hypoxia may provide cancer cells with DNA
damage and mutations essential for cell survival. Such cell
stress may evoke the activation of unknown transcriptional
factors and the induction of HB-EGF expression as a soluble
factor. The enhanced expression of HB-EGF may stimulate
the expression of VEGFA and ANGPTL4, resulting in the
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proliferation of endothelial cells and the disruption of
vascular permeability. Thus, molecular hierarchies formed
by proangiogenic factors may play an indispensable role in
the acquisition of tumor aggressiveness in TNBC.
VEGFA contributes to tumor aggressiveness in a variety of

human cancers, and as such, is a rational target for cancer
therapy. Contrary to expectations, however, several reports
showed that tumor aggressiveness may rebound when
VEGFA inhibition ceases, and that VEGF inhibitors also
induce tumor hypoxia that may fuel this rebound (38–41).
As recently reported in the NSABP C-08 trial, the adjuvant
bevacizumab also failed to improve the cure rate of patients
with resected colon cancer (42). In addition, there are
concerns about the rationale behind using bevacizumab as
an adjuvant in other cancer types. Taken together, these
studies indicate that the inhibition of VEGFA may not be
sufficient to completely suppress tumor angiogenesis in all
cancer types. In this study, we show thatHB-EGF stimulates

the expression of VEGFA and ANGPTL4 as a part of a
feedback loop. The expression of these proangiogenic factors
may subsequently contribute to tumor formation in TNBC.
In ovarian cancer, cross-reacting material 197 (CRM197), a
specific inhibitor for HB-EGF, significantly blocked tumor
formation and angiogenesis when used in combination with
paclitaxel, compared with the combination of bevacizumab
with paclitaxel. Accordingly, it will be necessary to develop
agents directed against the core or several targets for the
successful inhibition of tumor angiogenesis.
To this end, we have developed 2 types of specific

inhibitors for HB-EGF, including a biologic material and
a neutralizing antibody. In principle, HB-EGF is identified
as a diphtheria toxin receptor. CRM197 is a nontoxic
mutant of the diphtheria toxin that shares immunologic
properties with the native molecule. Thus, CRM197 can
bind to the uncleaved form as well as soluble form of
human HB-EGF (43). Mechanistically, CRM197 blocks
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the mitogenic activity of HB-EGF through inhibition of
EGFR binding and inhibits the ectodomain shedding of
HB-EGF or protein synthesis by binding to uncleaved form
of HB-EGF (44). We have also developed a novel anti-HB-
EGF chimeric antibody, cKM3566, which has 2 antitumor
mechanisms. This antibody is capable of neutralizing the
soluble form of HB-EGF and also induces antibody-depen-
dent cellular cytotoxicity, exhibiting potent in vivo antitu-
mor activity (45). Recently, we have completed a phase I
study for the use of CRM197 in patients with recurrent
ovarian cancer in Fukuoka University Hospital (Fukuoka,

Japan) under the approval of the institutional Ethical Com-
mittee. While encouraging, the translation of these inter-
esting preclinical/early clinical findings into clinical use of
HB-EGF inhibitors is still a work in progress.We conducted
gene expression analysis using BT474 and MCF7-HER2 as
representative HER2-amplified breast cancer cell lines. Sim-
ilar to the enhanced expression of HB-EGF, expression of
VEGFA and ANGPTL4 were also significantly augmented
in 3DC and in tumor xenografts in BT474 and MCF7-
HER2 cells, compared with 2DC (data not shown).
Although further analysis in breast cancer tissues is required,
it is plausible that elevated VEGFA or ANGPTL4 contri-
butes to tumor development in specific subtypes of breast
cancer.
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