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Abstract

Abnormal activation of human epidermal growth factor
receptor 2 (HER2; ErbB-2) in breast tumors results in
increased metastasis and angiogenesis, as well as reduced
survival. Here, we show that angiopoietin-2 (Ang-2) expression
correlates with HER2 activity in human breast cancer cell
lines. Inhibiting HER2 activity with anti-HER2 monoclonal
antibody trastuzumab (Herceptin) or HER2 short interfering
RNA in tumor cells down-regulates Ang-2 expression. Consis-
tent with the important roles of AKT and mitogen-activated
protein kinase in the HER2 signaling pathway, AKT and ERK
mitogen-activated protein kinase (MAPK) kinase activity is
necessary for Ang-2 up-regulation by HER2. Moreover, over-
expression of HER2 protein up-regulates Ang-2 expression.
Heregulin-B1–induced Ang-2 up-regulation is abrogated when
AKT and ERK kinase activity are blocked. Immunohistochem-
ical analysis of HER2 and Ang-2 proteins in human breast
carcinomas shows that Ang-2 expression in breast cancer
correlates with HER2 expression. These studies provide
evidence that the Ang-2 gene is regulated by HER2 activity
in breast cancer, and propose an additional mechanism for
HER2 contributing to tumor angiogenesis and metastasis.
[Cancer Res 2007;67(4):1487–93]

Introduction

Breast cancer is the most common malignancy of women in
the U.S. and is the second leading cause of cancer mortality (1).
Approximately 25% to 30% of patients with breast cancer have
tumors overexpressing human epidermal growth factor receptor 2
(HER2), a receptor tyrosine kinase in the epidermal growth factor
receptor (EGFR) family (2). The EGFR family consists of four
members: EGFR/ErbB1, HER2/ErbB2, HER3/ErbB3, and HER4/
ErbB4 (3, 4). All EGFR family members are characterized by a
modular structure consisting of an extracellular ligand-binding
domain, a single hydrophobic transmembrane region, and an
intracellular region harboring a highly conserved tyrosine kinase
domain. Ligand binding to ErbB receptors induces the formation
of receptor homodimers and heterodimers, and the activation of
the intrinsic kinase domain, resulting in the phosphorylation of
specific tyrosine residues within the cytoplasmic tail. These phos-
phorylated residues serve as docking sites for a range of proteins,
the recruitment of which leads to the activation of intracellular

signaling pathways. None of the ligands bind HER2, but HER2 is
the preferred dimerization partner for all of the ErbB receptors.
The role of HER2 as an important predictor of patient outcome
and response to various therapies in breast cancer has been clearly
established (2, 5–7). Patients with HER2-overexpressing breast
tumors have an increased incidence of metastasis and a poorer
survival rate when compared with patients whose tumors express
HER2 at normal levels.
The angiopoietins (Ang) are novel endothelial growth factors,

found to be ligands for the endothelium-specific tyrosine receptor
Tie-2 (8, 9). Ang-1 plays a role in maintaining and stabilizing
mature vessels by promoting the interaction between endothelial
cells and the surrounding support cells (10–12). Ang-2 is expressed
at sites of vascular remodeling and is thought to antagonize the
stabilizing action of Ang-1 (9, 13). Ang-2 expression was elevated
in tumor tissue and was associated with angiogenesis in tumor
progression (14–18). Ang-2 also acts in concert with vascular
endothelial growth factor (VEGF) to regulate vessel growth. In
human cancers, increased expression of Ang-2 in tumor cells is
closely correlated to the progression, invasiveness, and metastases
of lung, gastric, colon, and breast cancers (16, 17, 19–24).
Furthermore, gene transduction studies have shown that over-
expression of Ang-2 by human tumor cells promotes tumor growth,
angiogenesis, and metastases in animals (15, 25, 26). These find-
ing suggest that Ang-2 may be involved in tumor-associated
neovascularization and metastasis.
In a preliminary report, we have shown that human breast cancers

express Ang-2, and that HER2 signaling seems to up-regulate Ang-2
mRNA expression (27). To begin elucidating the molecular
mechanisms underlying HER2 regulation of Ang-2 expression, we
investigated the signaling pathways directing Ang-2 production in
breast cancer cells. Our results show that Ang-2 expression
correlates with HER2 activity in human breast cancer cell lines
and tissues. AKTand ERKmitogen-activated protein kinase (MAPK)
kinase activity is necessary for Ang-2 up-regulation by HER2.

Materials and Methods

Cell culture and reagents. All human breast cancer cell lines were

obtained from American Type Culture Collection (Manassas, VA) and grown

in DMEM supplemented with 10% fetal bovine serum (FBS). The
monoclonal antibody trastuzumab manufactured by Genentech (South

San Francisco, CA) was purchased by prescription and used as a HER2

inhibitor. Heregulin-h1 (HRG-h1) recombinant protein was purchased from
R&D Systems (Minneapolis, MN). LY 294002, PD98059, U0126, and PP2 was

purchased from Calbiochem (San Diego, CA). All reagents were prepared

and used as recommended by their suppliers. Polyclonal antibodies

recognizing EGFR (1005), HER2 (C-18), ErbB-3 (C-17), ErbB-4 (C-18), Ang-
2 (C-20), and Akt1/2 (N-19) were purchased from Santa Cruz Biotechnology

(Santa Cruz, CA). Anti-phosphotyrosine (clone 4G10) monoclonal antibody

was purchased from Upstate (Lake Placid, NY). Phospho-Src family (Tyr416),
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phospho-Akt (Thr308), and phospho-p44/p42 MAPK (Thr202/Thr204) anti-
bodies were bought from Cell Signaling Technology (Danvers, MA). ERK

(pan-ERK) was from BD Transduction Laboratories (Franklin Lakes, NJ).

Monoclonal anti–h-actin antibody was from Sigma (St. Louis, MO).

Transient transfection. pcDNA3-HER2 (wild-type HER2) was a

generous gift from Dr. M. Hung of M.D. Anderson Cancer Center (Houston,

TX). Transfection of MDA-MB-435s cells with either pcDNA3-HER2 or

pcDNA3 was done using LipofectAMINE (Life Technologies, Inc., Carlsbad,

CA) according to the manufacturer’s protocol. Control short interfering

RNA (siRNA) and human HER2/Neu siRNA oligos were obtained from

Dharmacon RNA Technologies (Lafayette, CO). Each one contains four

pooled siRNAs. Transient transfection of siRNA oligos into SK-BR-3 cells

were done at 10, 50, or 100 nmol/L with DharmaFECT 1 reagent.
Immunoprecipitation and immunoblotting. Whole-cell lysates were

prepared in lysis buffer [25 mmol/L Tris-HCl (pH 7.2), 150 mmol/L NaCl,

25 mmol/L NaF, 0.5 mmol/L Na3VO4, 1 mmol/L benzamidine, 20 mmol/L

4-NPP, 1 mmol/L DTT, 1% Triton X-100, 100 Ag/mL phenylmethylsulfonyl

fluoride, 2 Ag/mL aprotinin, 2 Ag/mL leupeptin, and 1 Ag/mL pepstatin] for

20 min on ice. Lysates were centrifuged for 20 min (4jC) at 12,000 � g , and

the supernatant was collected. Total protein concentration was determined

using the Bradford assay. For immunoprecipitation, 0.1 mg of total protein

in 0.5 mL of lysis buffer was incubated with rabbit polyclonal anti-HER2/

Neu antibody overnight at 4jC. Protein antibody complexes were recovered

by protein A/G agarose for 3 h at 4jC. The isolated immunocomplexes were

washed thrice with lysis buffer and fractionated on SDS-PAGE. Proteins

transferred to polyvinylidene difluoride membrane were probed with

antibodies against phosphotyrosine. For Western blot, equal amounts of

total cellular protein were dissolved in Laemmli SDS-PAGE sample buffer

prior to separation by 10% SDS-PAGE. Protein was transferred to

polyvinylidene difluoride membrane, and Western blot analysis was done

by standard techniques with enhanced chemiluminescence detection.
Quantitative real-time PCR. Total RNA was extracted using the RNeasy

mini kit (Qiagen, Valencia, CA) according to the manufacturer’s instruc-

tions. Total RNA (2 Ag) was reverse-transcribed using High-Capacity cDNA

Archive Kit (Applied Biosystems, Foster City, CA). Quantitative real-time
PCR analysis was carried out on the ABI Prism 7900 Sequence Detection

System (Applied Biosystems) using the TaqMan Universal PCR Master

Mix as recommended by the manufacturer. The cycling conditions were:
50jC for 2 min, 95jC for 10 min, and 40 cycles of 95jC for 15 s

and 60jC for 1 min. The TaqMan MGB probes (FAM dye–labeled) were

purchased from Applied Biosystems. rRNA (18S rRNA) was used as an

endogenous control. Each sample was tested in triplicate, and the Ang-2 or
HER2 mRNA level was normalized to that of 18S rRNA. Thus, the figures

show each value as the mean F SE of three independent experiments.

Immunohistochemical study. Immunohistochemical staining was done

on formalin-fixed, paraffin-embedded sections (17, 23). Five-micrometer-thick
sections were cut, deparaffinized in xylene, and rehydrated in graded alcohol.

After antigen retrieval and treatment with 3% H2O2 in methanol to inhibit

endogenous peroxidase activity, the slides were incubated with normal goat
serum to block nonspecific antigens. Slides were then incubated at 4jC
overnight with rabbit polyclonal antibodies for either HER2 (diluted, 1:500) or

Ang-2 (diluted, 1:500). The primary antibody was replaced with nonimmune

IgG as a negative control. Antibody localization was detected by sequential
application of biotinylated goat anti-rabbit IgG (Vector Laboratories,

Burlingame, CA) in PBS, and an avidin–biotin complex conjugated to horse-

radish peroxidase (Vector Laboratories). The substrate used was diamino-

benzidine (Vector Laboratories), which forms an insoluble brown precipitate,
and nuclei were counterstained blue with Mayer’s hemalum solution.

Slides were bar-coded and blinded for automated slide scan imaging and

processing. The Ariol SL-50 from Applied Imaging is an automated slide

scanner. The system’s built-in classifiers include the analysis capability for
nuclear, cytoplasmic, and membranous event classification. Detailed images

were processed using the Multistain Imaging Module for Ang-2 and HER2

tissue slides.
Statistical analysis. The association between HER2 and Ang-2 was

evaluated using nonparametric Spearman’s Rank correlation. P < 0.05 values

were considered statistically significant.

Results

HER2 expression is associated with Ang-2 up-regulation
in human breast cancer cell lines. To evaluate if HER2 may
contribute to Ang-2 up-regulation in cancer, we first assessed
Ang-2 and the EGFR family expression in eight human breast
cancer cell lines (Fig. 1A). EGFR was known to contribute to Ang-2
expression in rat cardiac microvascular endothelial cells (28). As
shown in Fig. 1A , the expression of Ang-2 correlated with elevated
HER2 expression. Several phenomena are responsible for abnormal

Figure 1. Correlation of Ang-2 expression with HER2 activity in human
breast cancer cell lines. A, the expression of Ang-2 and EGFR family was
determined by Western blot using total cell lysates prepared from human breast
cancer cell lines. The relative levels of EGFR family and Ang-2 protein
expression were quantified by ImageQuant software (Molecular Dynamics,
Sunnyvale, CA). The correlation coefficient between HER1 and Ang-2
expression was 0.737 (P < 0.05), whereas the correlation coefficient between
HER2 and Ang-2 expression was 0.849 (P < 0.05). There was no correlation in
the expression of Ang-2 with HER3 and HER4. B, overexpression of HER2 can
induce autophosphorylation. Cell lysates were incubated with anti-HER2
antibody to immunoprecipitate HER2 proteins. Immunoprecipitated proteins were
probed with an anti-phosphotyrosine antibody.
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activation of HER2 in tumors, including overexpression, amplifica-
tion, and constitutive activation of mutant receptors or autocrine
growth factors loops. Figure 1B shows that overexpression of HER2
is linked with constitutive activation of HER2 receptor.

Blocking HER2 activity or reducing protein levels results in
down-regulating Ang-2 levels in HER2-positive breast cancer
cells. Trastuzumab is a humanized monoclonal antibody reacting
against the extracellular domain of HER2 (29). Trastuzumab
binding leads to the suppression of intracellular signaling in
HER2 activation. We examined if trastuzumab could down-regulate
the Ang-2 levels in HER2-positive breast cancer cells, SK-BR-3. The
cells were incubated with varying concentrations of trastuzumab
(0, 10, 20, and 50 Ag/mL) for 48 h, and the cell lysates were
subjected to immunoprecipitation, Western blotting, and real-time
PCR. The total protein levels of HER2 did not change in the
presence of trastuzumab. However, levels of p-HER2 were
decreased in a dose-dependent manner, indicating that trastuzu-
mab was capable of inhibiting HER2 activity (Fig. 2A). The same
concentration of trastuzumab treatment resulted in the down-
regulation of Ang-2 expression in SK-BR-3 cells, a HER2-over-
expressing cell (Fig. 2A), but not in HER2-negative MDA-MB-435s
cells (data not shown). To determine whether directly reducing
HER2 would suppress Ang-2 expression in cancer cells, we
transiently transfected either control siRNA or HER2 siRNA into
SK-BR-3 cells. Reducing HER2 expression in these tumor cells led to
decreased Ang-2 expression at both the mRNA and protein levels
(Fig. 2B).

Ang-2 expression is regulated by ERK and the phosphatidy-
linositol 3-kinase/AKT pathway of intracellular HER2 signals.
To elucidate the mechanism by which HER2 regulates Ang-2
expression, intracellular signaling molecules associated with HER2
activation were examined. Activated HER2 stimulates many
intracellular signaling pathways (4). Three main pathways acti-
vated by the HER2 receptor are the MAPK, the phosphatidylino-
sitol 3-kinase (PI3K)-AKT, and the cytoplasmic tyrosine kinase
c-Src pathways. Four breast tumor cell lines, which express
different levels of HER2, were analyzed for phosphoproteins.
Figure 3A showed that in tissue culture with 10% FBS, limited
p-AKT was detected in each of the cell lines, whereas p-ERK1/2
was highest in SK-BR-3 cells. Upon serum starvation, MAPK and
PI3K/AKT were activated in SK-BR-3 (HER2-overexpressing) cells
(Fig. 3B). To further determine the HER2 signaling pathway
involved in the regulation of Ang-2 protein levels, we used chemical

inhibitors of these signaling pathways to examine the requirement
of activation of each pathway in HER2-mediated Ang-2 up-
regulation. PD98059 is known to selectively block the activity of
MAPK kinase, an activator of ERK kinases (30). LY294002 is known
to selectively block the activity of PI3K, an activator of AKT kinase

Figure 2. Inhibiting HER2 activity in SK-BR-3 tumor cells reduces the
expression of Ang-2. A, blocking HER2 activity by anti-HER2 monoclonal
antibody trastuzumab reduces the phosphorylation of HER2 and decreases
Ang-2 expression. SK-BR-3 was treated for 48 h with 10, 20, or 50 Ag/mL of
trastuzumab. Top, HER2 was immunoprecipitated from protein lysates and
immunoblotted for phosphotyrosine. The phosphorylation of HER2 was
reduced in cells treated with trastuzumab. The membranes were stripped and
reprobed with anti-HER2 antibody to verify the protein levels. Middle, total
lysates (100 Ag) were immunoblotted for Ang-2 expression. Ang-2 was
decreased when reducing the phosphorylation of HER2. Bottom, real-time PCR
examining Ang-2 mRNA. The amount of Ang-2 mRNA in each sample was
normalized against the amount of 18S rRNA in the same sample and presented
as a percentage of control against trastuzumab (control being set at 100%). The
data were the average of three independent experiments. B, inhibiting HER2
expression down-regulates Ang-2 expression. Top, Western blot analyses of
SK-BR-3 cells transfected with either control or HER2 siRNA. Seventy-two hours
after transfection, cells were collected for Western blotting. Bottom, real-time
PCR assay. Forty-eight hours after transfection, cells were collected for real-time
PCR. The amount of HER2 mRNA and Ang-2 mRNA are presented as a
percentage of control siRNA against HER2 siRNA (control being set at 100%).
The data were the average of three independent experiments.
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(31). SK-BR-3 cells were incubated with either LY294002 or
PD98059 for the indicated times, and then levels of phosphopro-
teins and Ang-2 were analyzed by Western blotting. The Ang-2 level
was decreased after incubation with the PI3K inhibitor or MEK1

inhibitor, whereas each inhibitor was able to reduce the specific
downstream phosphoprotein levels, p-AKT and p-ERK, respectively
(Fig. 3B and C). A synergistic effect was seen in combination with
both inhibitors. Collectively, it seems that the Ang-2 protein level
could be regulated by both PI3K/AKT and MAPK pathways of
intracellular HER2 signals in breast cancer cells.

Overexpression of HER2 up-regulates Ang-2 at both the
mRNA and protein levels in breast cancer cells. To directly test
the hypothesis that activated HER2 has a causal role in Ang-2
induction in tumor cells, we determined whether overexpression of
HER2 by gene transfer could up-regulate Ang-2 expression. MDA-
MB-435s and MCF-7 were transfected with pcDNA3-HER2
expression plasmid. Forty-eight hours after transfection, cell lysates
were collected and examined for HER2 and Ang-2 protein levels by
Western blotting, and for mRNA level by real-time PCR (Fig. 4).
MDA-MB-435s cells displayed neither HER2 nor Ang-2 expression
(Fig. 1A). When HER2 was overexpressed in MDA-MB-435s cells,
the Ang-2 level was markedly increased. A similar result was
obtained from the transfection study using MCF-7 cells, which had
low endogenous HER2 expression (data not shown). These data
imply that the Ang-2 level could be up-regulated by the expression
of HER2.

HRG-B1 up-regulates Ang-2 in human breast cancer cells.
HRG-h1, a member of the epidermal growth factor–like family, acts
as a combinatorial ligand for the HER3 and HER4 receptors in

Figure 3. The AKT and ERK pathway is required for Ang-2 up-regulation by
HER2. A, a Western blot of total protein showed comparable p-AKT, p-Src, and
p-ERK in MDA-MB-435s, SK-BR-3, MCF-7, and MDA-MB-361 cells grown in
tissue culture media with 10% FBS. All cell lines exhibited limited p-AKT,
whereas p-ERK1/2 was highest in SK-BR-3 cells. B, inhibiting AKT and ERK
signaling inhibits Ang-2 protein levels. SK-BR-3, starved by an overnight
exposure to serum-free medium, was exposed to 50 Amol/L of PD98059 or
50 Amol/L of LY294002 alone or in combination for 48 h. The phosphorylated (p)
proteins were revealed by incubating with p-AKT antibody (middle ) or p-ERK
(bottom ) following enhanced chemiluminescence detection. The membranes
were stripped and reprobed with the respective proteins antibodies to verify the
protein levels. C, real-time PCR for Ang-2 mRNA. SK-BR-3 cells, starved by an
overnight exposure to serum-free medium, was exposed to 50 Amol/L of
PD98059 or 50 Amol/L of LY294002 alone or in combination for 24 h. The
amount of Ang-2 mRNA was presented as a percentage of control (DMSO)
against specific inhibitors (control being set at 100%). The data are the average
of three independent experiments.

Figure 4. Overexpression of HER2 protein up-regulates Ang-2 expression at
both the mRNA and the protein levels. MDA-MB-435s cells, which lack HER2
and Ang-2 expression, were transiently transfected with a HER2 expression
vector. Cells were lysed 48 h after transfection. Left, Western blot analyses.
Right, real-time PCR for Ang-2 mRNA.
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breast cancer cells (4, 32). The binding of HRG-h1 to its receptors
induces either HER3 or HER4 to form homodimers, or to form
heterodimers with HER2, thus triggering diverse signaling cas-
cades. A panel of breast cancer cell lines were examined for their
response to HRG-h1 treatment to produce Ang-2. The cell lines
included MDA-MB-435s (no HER2 expression), MCF-7 (low-level
HER2 expression), and MDA-MB-361 (intermediate-level HER2
expression). HRG-h1 treatment significantly increased Ang-2
expression in MCF-7 and MDA-MB-361 cell lines (Fig. 5A), but
not in MDA-MB-435s cell lines (data not shown). The induction of
Ang-2 protein was time-dependent and could be readily detected
when MCF-7 and MDA-MB-361 cells were treated with 50 ng/mL
of HRG-h1 for 3 h, and was sustained for up to 24 h. As shown in
Fig. 5A (bottom), the Ang-2 mRNA level was elevated with a peak at
3 h after 50 ng/mL of HRG-h1 treatment. This finding suggests
that HRG-h1 induces Ang-2 up-regulation at the protein and RNA
levels. Figure 5B showed that HRG-h1 could also activate ERK and
AKT pathways in MCF-7 and MDA-MB-361 cells. To address if

these signaling pathways might be involved in the up-regulation of
Ang-2 by HRG-h1, MCF-7 and MDA-MB-361 cells were pretreated
with LY294002 or PD98059, or its combination for 30 min and
followed by treatment with HRG-h1 for 3 or 6 h. Total protein and
RNA were used to determine Ang-2 expression. Figure 5C reveals
that LY 294002 or PD 98059 could partially reduce the increased
level of Ang-2 protein (top) and mRNA (bottom) induced by HRG-
h1, whereas the combination of the two kinases completely
blocked the up-regulation of Ang-2 induced by HRG-h1. Figure 5D
shows that these two signaling pathways were effectively blocked
in MCF-7 and MDA-MB-361 cells when treated with pharmaco-
logic inhibitors. These data suggest that those pharmacologic
inhibitors were functionally active in inhibiting the specific sig-
naling pathways.

Immunohistochemical detection of Ang-2 and HER2 in
breast cancer tissues. To determine whether HER2-up-regulated
Ang-2 expression could also be observed in primary tumor tissues,
formalin-fixed, paraffin-embedded breast cancer specimens were

Figure 5. HRG-h1 up-regulates Ang-2 in HER2 expression breast cancer cell lines and requirement of the AKT and ERK pathway for Ang-2 up-regulation by
HRG-h1. A, HRG-h1–mediated up-regulation of Ang-2 mRNA and protein expression in MCF-7 and MDA-MB-361 cells is time-dependent. Total RNA and protein
were collected from serum-starved MCF-7 and MDA-MB-361 breast cancer cells treated with 50 ng/mL of HRG-h1 for various times as indicated. Top, Western blot
analysis; bottom, real-time PCR for Ang-2 mRNA. B, HRG-h1 activated multiple signal pathways. MCF-7 and MDA-MB-361 cells were treated by HRG-h1 for 5,
15, or 30 min. Cell lysates were prepared, and Western blots were done. C, MCF-7 and MDA-MB-361 cells, starved overnight in serum-free medium, were pretreated
with 50 Amol/L of LY294002 or 50 Amol/L of PD98059 or its combination for 30 min, then treated with 50 ng/mL of HRG-h1 for 6 h (for Western blotting) or 3 h
(for real-time PCR). Ang-2 mRNA or protein was detected by using Western blotting (top ) and real-time PCR (bottom ). D, to test the efficacy of the inhibitors,
MCF-7 cells, starved overnight, were pretreated with the inhibitors at the concentrations as in Fig. 6A for 30 min, and stimulated by 50 ng/mL of HRG-h1 for 30 min
(Western blot analysis for p-AKT) or 5 min (Western blot analysis for p-ERK1/2). Cell lysates were prepared and subjected to Western blot analysis using
antibodies against p-ERK1/2 and p-AKT. Then the membranes were stripped and reprobed with the respective protein antibodies to verify the protein levels.
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analyzed for the expression of Ang-2 and HER2 by immunohisto-
chemical staining (Fig. 6). Immunohistochemical scoring was
determined by automated slide scan imaging and processing. Of
the 66 breast cancer specimens, Ang-2 staining was positive in
93.7% (15 of 16) of HER2-positive cases, whereas it was negative in
72% (36 of 50) of HER2-negative cases (Table 1). The correlation
between HER2 and Ang-2 was statistically significant (correlation
coefficient, r = 0.38182; P < 0.005), supporting the conclusion that
overexpression of HER2 up-regulates Ang-2 expression in vivo .

Discussion

Although Ang-2 has been shown to be highly expressed in a vast
array of malignant tissues (16, 17, 19–24), the factors which control
its up-regulation in cancer are not fully understood. Hypoxia results
in increases in both Ang-1 and Ang-2 levels, but Ang-2 is elevated
to a far greater extent (33–37). A few investigations have shown
that VEGF could induce Ang-2 gene expression in human
endothelial cells (34, 36, 38). Other factors, such as steroid hor-
mones and thrombin, influence Ang-2 expression levels (39, 40).
Our study indicates, for the first time, that activation of ERK and
PI3K/AKT pathways are required for HER2 overexpression or HRG-

h1–mediated up-regulation of angiogenic factor Ang-2 in human
breast cancer cells. Our current report on the induction of Ang-2
protein synthesis contributes to a better understanding of the
mechanism of HER2-induced angiogenesis, tumor growth, and
metastasis.
It is generally accepted that VEGF, Ang-1, and Ang-2 are

necessary for efficient blood vessel growth and development. It
has been proposed that Ang-2, a natural antagonist of Ang-1, may
be an important proangiogenic factor in that it may counteract
Ang-1–mediated blood vessel stability, thus maintaining the
endothelium in a more plastic state and promoting the response
of endothelial cells to angiogenic growth factors. Experimental
studies have shown the close relationship between VEGF and
Ang-2 functions in angiogenesis (41, 42). Ang-2 was found to
promote a vessel sprouting in the presence of abundant VEGF,
whereas Ang-2 contributed to vessel regression in the absence of
VEGF. VEGF induced both a time- and concentration-dependent
increase of Ang-2 expression in bovine microvascular endothelial
cells. On the other hand, ectopically administered Ang-2 was
shown to promote endothelial cell proliferation and sprouting of
new blood vessels in the presence of endogenous VEGF. The Ellis
group reported that overexpression of Ang-2 by gene transfection
in human colon cancer cells lead to enhanced tumor angiogenesis
and growth in nude mice (25). Up-regulation of both VEGF and
Ang-2 by HER2 strongly indicates that angiogenesis was
facilitated by HER2.
The role of Ang-2 in tumor metastasis has been more clearly

defined by several investigators (15, 26). Cheng et al. reported that
Ang-2 induces human glioma cell invasion (15). In invasive areas of
primary human glioma specimens, up-regulated expression of Ang-
2 was detected in tumor cells. Correspondingly higher levels of
matrix metalloproteinase (MMP)-2 expression was present in Ang-
2–expressing tumor cells in these gliomas. Ectopic overexpression
of Ang-2 induced glioma invasion in intracranial xenografts in
mouse brains. In these invasive tumors, there was an increased
expression of MMP-2 at the invasive front. In vitro invasion
analyses showed that Ang-2 promoted glioma cell invasion and
stimulated activation of MMP-2. The Mori group showed that
high Ang-2 expression cases showed more frequent vascular
involvement and more advanced stages of disease compared with
low Ang-2 expression cases in human gastric cancers (26). The
survival time for patients in the high–Ang-2 mRNA group was
significantly shorter. Ang-2–transfected human MKN-7 gastric
cancer cells were implanted in vivo into the gastric walls of
nude mice. Ang-2–transfectant mice developed highly metastatic
tumors with hypervascularity as compared with MKN-7 or control

Figure 6. Immunohistochemical analysis of HER2 and Ang-2 proteins in human
breast carcinomas (17, 23). A and C, HER2 staining. B and D , Ang-2 staining.

Table 1. Summary HER2 and Ang-2 immunohistochemical staining in tumor tissue sample from 66 cases of primary
breast cancer

HER2+ HER2� Total

Ang-2+ 15 (R = 0.38182, P < 0.005) 14 (R = �0.38182, P < 0.005) 29

Ang-2� 1 (R = �0.38182, P < 0.005) 36 (R = 0.38182, P < 0.005) 37

Total 16 50 66

NOTE: The nonparametric Spearman’s rank correlation was used to analyze for significance of the relationship between HER2 expression and Ang-2

expression (P < 0.005).
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vector–transfectant tumors. There was a significant correlation
between Ang-2 mRNA expression and lower grade of vessel
maturation. MMP-1, MMP-9, and urokinase-type plasminogen
activator in endothelial cells were strongly up-regulated by Ang-2
in the presence of VEGF in vitro . These findings suggest that Ang-2
was involved in tumor metastasis in addition to its primary role in
vascular and tissue development.
Clinical and experimental data indicate that increased HER2

activity is an important step in breast cancer progression that
negatively affects patient survival. In this study, we have shown
that HER2 signaling up-regulates Ang-2 in HER2-expressing cells
and that Ang-2 expression correlates with HER2 via breast cancer

expression. Ang-2 up-regulation may contribute to the metastatic
phenotype in HER2 overexpressing breast cancer. Blocking Ang-2
may offer an additional therapeutic target.
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