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Purpose: Hypoxia-inducible factor-1a (HIF-1a) increases transcription of the
vascular endothelial growth factor (VEGF) gene. Inhibition of VEGF abolishes
VEGF mediated induction of HIF-1a. Recent reports suggested that HIF-1a also
mediated the induction of class III B-tubulin (TUBB3) in hypoxia. TUBB3 con-
fers resistance to taxanes. Inhibition of VEGF may decrease the expression of
HIF-1a and TUBB3. This study was undertaken to investigate the roles of vascu-
lar endothelial growth factor receptor (VEGFR) in gastric cancer cell behavior
and to identify methods to overcome paclitaxel resistance in vitro. Materials and
Methods: The protein expression levels of HIF-1o and TUBB3 were measured
in human gastric cancer cell lines (AGS) under normoxic and hypoxic conditions.
The relationship between TUBB3 and paclitaxel resistance was assessed with
small interfering TUBB3 RNA. AGS cells were treated with anti-VEGFR-1, anti-
VEGFR-2, placental growth factor (PIGF), bevacizuamb, and paclitaxel. Results:
Hypoxia induced paclitaxel resistance was decreased by knockdown of TUBB3.
Induction of HIF-1a and TUBB3 in AGS is VEGFR-1 mediated and PIGF de-
pendent. Hypoxia-dependent upregulation of HIF-1a and TUBB3 was reduced in
response to paclitaxel treatment. Expressions of HIF-1o. and TUBB3 were most
decreased when AGS cells were treated with a combination of paclitaxel and anti-
VEGFR-1. AGS cell cytotoxicity was most increased in response to paclitaxel,
anti-VEGFR-1, and anti-VEGFR-2. Conclusion: We suggest that blockade of
VEGFR-1 and VEGFR-2 enhances paclitaxel sensitivity in TUBB3-expressing
gastric cancer cells.

Key Words: Vascular endothelial growth factor, Hypoxia-inducible factor 1 alpha,
class III beta-tubulin, paclitaxel

INTRODUCTION

Although the incidence and mortality of gastric cancer have decreased in the West-
ern world, gastric cancer persists as a common malignancy and leading cause of
cancer-related death in Asian contries.'* Surgery is the only curative treatment for
gastric cancer. Chemotherapy achieves favorable results for unresectable advanced
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and recurrent gastric cancers; however, the prognosis for
these cancers is very poor.

Taxanes such as paclitaxel and docetaxel are a class of an-
ticancer agents that bind to the 8 tubulin subunit of polymer-
ized microtubules and induce hyperstabilization, which
causes cell cycle arrest and apoptosis.® Taxanes are used
most commonly for the treatment of breast, lung, ovary, and
gastric cancer. The taxanes paclitaxel and docetaxel exhibit
similar efficacies in gastric cancer treatment.*"!

There are at least eight mammalian f tubulin isotypes,
and the isotype composition in humans varies across tis-
sues.'? Overexpression of class III § tubulin (TUBB3) has
been observed in several human cancer cell lines such as
prostate, ovarian, breast, and non small cell lung cancer.
Cells expressing TUBB3 show resistance to docetaxel and
paclitaxel.!””* A small cohort study of advanced gastric can-
cer patients who were receiving preoperative docetaxel-
based chemotherapy detected a correlation between expres-
sion of TUBB3 and poor response to chemotherapy.'®

Hypoxia in solid tumors is associated with resistance to
chemotherapy, induction of angiogenesis, and poor patient
prognosis, and angiogenesis is a hallmark of human malig-
nancies. The induction of vascular endothelial growth factor
(VEGF), mediated by interacting genetic and environmental
signals, is an essential component of tumor angiogenesis.!’

The transcription factor hypoxia-inducible factor-1a
(HIF-1a) is a primary regulator of VEGF during hypoxic
conditions, and Calvani, et al."”® reported that inhibition of
VEGF or the VEGF receptor-2 (VEGFR-2), abolishes
VEGF-mediated induction of HIF-1a. That is, HIF-1a in-
creases VEGF induction, and VEGF also induces HIF-1a
expression. A recent report suggested that HIF-1a also me-
diates TUBB3 induction in hypoxia.'*?' Through these re-
sults, we postulated that blockade of VEGF in gastric can-
cer cells would be associated with a decrease in HIF-1o and
TUBB3 expression and a concomitant increase in sensitivi-
ty to paclitaxel.

The response of gastric cancer cells to anti-VEGF anti-
bodies is of interest because bevacizumab, a humanized
monoclonal antibody against VEGF, is used currently as
an anti-angiogenic treatment for metastatic colorectal can-
cer, non-squamous non-small cell lung cancer, and meta-
static breast cancer.”>** Recent the Avastin in Gastric Can-
cer trial evaluated the efficacy of adding bevacizumab to
chemotherapy in the first-line treatment of advanced gas-
tric cancer. Adding bevacizumab to chemotherapy was as-
sociated with significant increases in progression free sur-

vival and overall response rate, but not associated with
significant increases in overall survival.>> To date, we had
insufficient evidences for the benefit of adding bevacizum-
ab to chemotherapy in the treatment of gastric cancer.

Placental growth factor (PIGF) was discovered shortly
after VEGF. Whereas VEGF binds both VEGFR-1 and
VEGFR-2, PIGF binds to VEGFR-1 but not VEGFR-2. The
key role of VEGF and its receptor VEGFR-2 in tumor an-
giogenesis is firmly established, but the contribution of
VEGFR-1 remains poorly defined.”® In the present study,
we investigated the relationships between VEGF, HIF-1a,
and TUBB3 in gastric cancer cells (AGS). We report that
blockade of VEGFR-1 and VEGFR-2 with concomitant pa-
clitaxel treatment increase the cell cytotoxicity of TUBB3-
expressing gastric cancer cells.

MATERIALS AND METHODS

Drugs and reagents

Paclitaxel (BMS Pharmaceuticals, New York, NY, USA)
and bevacizumab (Roche Pharmaceuticals, Basel, Switzer-
land) were diluted in absolute DMSO. This solution was
diluted to 0.1% DMSO on each day of experimentation.
The PIGF and VEGFR-1/2 neutralizing monoclonal anti-
bodies were purchased from research and development
systems.

Cell culture and hypoxic treatment

The human gastric cancer cell lines, AGS, SNU, and TMK1
were used as in vitro model systems. Cells were cultured in
RPMI 1640 with 10% fetal bovine serum. For normoxia,
cultures were incubated at 37°C in a humidified chamber of
5% CO,. For hypoxia, cells were treated with CoCl,. Confir-
matory experiments under hypoxic conditions (1% O/5%
C0O,/94% N,) were performed using a Modular Incubator
Chamber-101. Each hypoxia experiment was conducted
under CoCl,-treated and true hypoxic conditions, and the

results were equivalent.

siRNA

The TUBB3 siRNA duplex targeted a sequence 531 bases
downstream of the TUBB3 start codon (siTUBB3: 5’-CAC
GGTGGTGGAGCCCTACAA-3’). siRNA duplex oligonu-
cleotides were purchased from QIAGEN (Gaithersburg,
MD, USA) and transfected at 100 nM using Lipofectamine
RNAIMAX Reagent (Invitrogen, Carlsbad, CA, USA).
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Cell proliferation assay

To estimate viability, 10° cells were seeded in 24-well plates,
subjected to normoxia or hypoxia, and exposed to neutral-
izing antibodies in the culture media for 4 h. Cells then were
treated with bevacizuamb and/or paclitaxel for 24 h. Cells
were incubated for 24, 48, or 72 h, and EZ-CyTox (Daeil
Lab Service, Seoul, Korea) was added to each well. After 3
h, absorbances at 420 nm were measured using a micro-
plate reader (EL800, BioTek, Winooski, VT, USA).

Tubulin polymerization assay

Cells were treated with various concentrations of drugs for
24 h, washed twice with phosphate buffered saline, and
lysed for 5 min in 100 pL hypotonic buffer [1 mM MgCl,, 2
mM EGTA, 0.5% NP40, 20 mM Tris-HCL (pH 6.8), prote-
ase and phosphatase inhibitors]. Samples then were centri-
fuged at 16000xg for 10 min at room temperature. Superna-
tants, containing soluble tubulin, were separated from pellets,
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Fig. 1. Induction of HIF-1a and its target genes, VEGF and TUBB3, in human
gastric cancer cell lines under hypoxia. HIF-1a, VEGF and TUBB3 expres-
sion levels were increased during hypoxia, compared to normoxia. Actin
was used as a loading control. Band intensities were quantified by densi-
tometry. HIF-1a, hypoxia inducible factor-1a; VEGF, vascular endothelial
growth factor; TUBB3, class I B-tubulin.

containing assembled tubulin. Each fraction was separated
by SDS-PAGE. Immunoblots then were performed using
anti-pan-o-tubulin rabbit polyclonal antibody (Santa Cruz
Biotechonology, Santa Cruz, CA, USA).

Immunoblotting

Cells were lysed in Mammalian Cell Lysis Reagent (Fer-
mentas, Waltham, MA, USA), and approximately 30 pg
protein was separated in 8-10% polyacrylamide gels and
transferred to polyvinylidene difluoride membrane (Milli-
pore, Billerica, MA, USA). The following antibodies were
used: anti-HIF-1a and anti-TUBB3 (Abcam PLC, Cam-
bridge, UK), anti-tubulin (Invitrogen, Carlsbad, CA, USA),
f-actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Statistical analysis

The Student’s t-test was used to detect significant differenc-
es among treatment groups. Statistical significance was as-
signed at p<0.05.

RESULTS

Induction of HIF-1a, TUBB3 and VEGF in hypoxia

The expression levels of TUBB3 and VEGF were measured
during the induction of HIF-1a in hypoxic AGS. AGS exhib-
ited well-defined hypoxic induction of HIF-1a, VEGF, and
TUBB3 compared with other cell lines (SNU638, TMK1)
(Fig. 1).

TUBBS3 confers gastric cancer cells with resistance to
paclitaxel

To assess whether TUBB3 expressions is associated with
chemotherapeutic drug resistance in AGS, TUBB3 was
knocked down with small interfering RNA (siTUBB3), and
the effects of paclitaxel on AGS growth under normoxic and
hypoxic conditions were evaluated over a 24-48 h period.
AGS was strongly resistant to paclitaxel during hypoxia.
Knockdown of TUBB3 decreased the resistance to paclitax-
el during hypoxia, and cytotoxicity was increased (Fig. 2).

VEGFR-1 signals increase HIF-1a and TUBB3
expressions in AGS cells

After treatment with paclitaxel, cytoskeletal component
were isolated from AGS cells, and tubulin polymerization
was monitored. Western blots were performed using a pan
a-tubulin polyclonal antibody to probe lysates from cells
that had been treated with paclitaxel or paclitaxel and beva-
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Fig. 3. VEGFR-1/2 contributes to tubulin polymerization. (A) Western blots using a pan a-tubulin polyclonal antibody to probe cell lysates treated with pacli-
taxel with or without bevacizumab for 24 h during normoxia or hypoxia. Paclitaxel activity was inhibited in hypoxia. Tubulin polymerization was decreased in
hypoxia compared with normoxia and it was statistically significant. Cells were treated with paclitaxel with/without bevacizumab at 100 nM and 100 ug/mL,
respectively. Lane 1: no drug, 2: paclitaxel, 3: paclitaxel with bevacizumab. Actin was used as a loading control. Band intensities were quantified by densi-
tometry. (B) Hypoxia-dependent upregulation of HIF-1a and TUBB3 was most reversed in the presence of paclitaxel and anti-VEGFR-1 for 24 h. HIF-1a was
measured from nuclear fractions, and TUBB3 was measured from total cell lysates. Band intensities were quantified by densitometry. *p<0.01. HIF-1q, hy-
poxia inducible factor-1a; TUBBS, class Ill B-tubulin; VEGFR, vascular endothelial growth factor receptor.
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contrast with results using HCT116 cells, in which hypoxia-
induced HIF-10 was inhibited via VEGFR-2.!¢

To examine VEGFR-1 function, we investigated whether
the VEGFR-1 ligand, PIGF, influences the expression of
HIF-1a in AGS and HCT116 cells. Cells were cultured un-
der normoxic or hypoxic conditions in the presence of
PIGF (range, 0.1-2.0 ng/mL). HIF-1a expression was in-
creased in hypoxia and was dose dependently more in-
creased according to the concentration of PIGF (Fig. 4A).
In contrast with AGS cells, PIGF rarely influenced HIF-1a
expression in HCT116 cells. AGS cells were cultured under
normoxic and hypoxic conditions in the absence or pres-
ence of PIGF and anti-VEGFR-1. Expression levels of
HIF-1a and TUBB3 were increased in hypoxia and were
more increased in response to PIGF treatment. The in-
creased expressions of HIF-1o. and TUBB3 were suppressed
when anti-VEGFR-1 antibodies were combined with PIGF
treatment (Fig. 4B). We concluded that induction of HIF-1a
in AGS is VEGFR-1 mediated and PIGF dependent.

Blockade of VEGFR-1/VEGFR-2 increases sensitivity
to paclitaxel in AGS cells
AGS cells were cultured under hypoxic conditions with or
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without anti-VEGFR-1, anti-VEGFR-2, and bevacizumab
with simultaneous paclitaxel exposure. The cell viability as-
say demonstrated that AGS cell cytotoxicity was increased
in response to combined treatment with paclitaxel and bev-
acizumab compared with paclitaxel treatment alone. Cyto-
toxicity was increased synergistically in response to simul-
taneous treatment with paclitaxel, anti-VEGFR-1, and anti-
VEGFR-2 (p<0.05) (Fig. 5).

DISCUSSION

Bevacizumab is accepted as the standard treatment for ad-
vanced metastatic colorectal cancer, but to date is not con-
sidered as the standard treatment of gastric cancer.* VEGF
can bind with the receptor tyrosine kinases, VEGFR-1 and
VEGFR-2. The key roles of VEGF and its receptor VEG-
FR-2 in tumor angiogenesis have been established.?**” Acti-
vation of VEGFR-2 leads to auto-phosphorylation and the
activation of downstream signaling pathways, such as Raf/
MEK/ERK and PI3K/Akt kinase cascades.”® In contrast,
the function of VEGFR-1 remains poorly defined. VEG-
FR-1 has been associated with tumor growth, tumor cell ac-
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Fig. 4. PIGF induces HIF-1a. (A) Nuclear HIF-1a protein expression was increased in hypoxia and was dose dependently increased according to the in-
creased concentration of PIGF (range 0.1-2 ng/mL) in AGS. PIGF rarely influenced HIF-1a expression in HCT116 cells. Band intensities were quantified by
densitometry. (B) Expression levels of HIF-1a and TUBB3 were increased in hypoxia and were more increased with PIGF treatment (1 ng/mL) in AGS cells.
HIF-1a is measured from nuclear fractions, and TUBB3 is measured from total cell lysates. The observed increases in HIF-1a and TUBB3 expression levels
were decreased when anti-VEGFR-1 was combined with PIGF treatment. Band intensities were quantified by densitometry. *p<0.05, 'p<0.01. PIGF, placental
growth factor; HIF-1q, hypoxia inducible factor-1a; TUBB3, class Il B-tubulin; VEGFR, vascular endothelial growth factor receptor.
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Fig. 5. Blockade of VEGFR-1 and VEGFR-2 decreases resistance to pacli-
taxel in AGS cells. The cell viability assay demonstrated that AGS cell cyto-
toxicity was increased following combined treatment with paclitaxel and
bevacizumab compared with treatment with paclitaxel alone. The increase
of cytotoxicity was most pronounced when paclitaxel, anti-VEGFR-1, and
anti-VEGFR-2 were applied simultaneously. Cells were maintained in nor-
moxia or hypoxia for 24 h with paclitaxel following a 4-h pre-incubation
with neutralizing antibody. Cell proliferation was normalized on the nor-
moxic control. Values are expressed as means+SEM (n=3). * p<0.05.
VEGFR, vascular endothelial growth factor receptor; SEM, standard error
of the mean.

tivation, and metastasis. Treatment with VEGFR-1 inhibi-
tors, such as anti-VEGFR-1 antibody, suppresses tumor
growth and metastasis in various models.?® However, the
degree of tumor growth inhibition varies. Some studies have
reported that VEGFR-1 inhibition is not sufficient to block
tumor growth without combined inhibition of VEGFR-2.%%
In addition, it is unclear if VEGFR-1 inhibitors, by prevent-
ing the binding of VEGF to VEGFR-1, increase the con-
centration of free VEGF that can subsequently activate
VEGFR-2 and stimulate angiogenesis by an alternate path-
way. The precise mechanisms of VEGFR-1 inhibitor func-
tioning warrant further exploration.

We demonstrated that HIF-1a expressions increase in as-
sociation with elevated PIGF. HIF-1a and TUBB3 were up-
regulated in hypoxia and became more induced in response
to PIGF treatment. We also demonstrated that inhibition of
VEGFR-1 is associated with decreases in HIF-1o. and TUBB3
expression. Calvani, et al.’® reported that VEGFR-2, rather
than VEGFR-1, mediates VEGF-dependent induction of
HIF-1a in hypoxic HCT116 colon cancer cells, suggesting
that functional VEGFR-2, but not functional VEGFR-1, ex-
ists in this colon cancer cell line. Cell viability assay results
demonstrated that AGS cell cytotoxicity was most pro-
nounced when cells were treated simultaneously with pacli-
taxel, anti-VEGFR-1, and anti-VEGFR-2. Through these re-

sults, we suggest that AGS cells express functional VEGFR-1
and VEGFR-2.

TUBB3 confers chemoresistance to taxanes. Our experi-
ment results of paclitaxel resistance in AGS cells are con-
sistent with other reports suggesting that TUBB3 affects
chemoresistance to taxanes in diverse cancer cells.'*'¢ Ras-
paglio, et al.?! also reported that TUBB3 is not only a pa-
rameter related to the chemoresponsiveness, but also could
be a pure prognostic marker. TUBB3 expression levels dif-
fer by cell and tissue types. In some tissues, TUBB3 is con-
stitutively expressed and is not inducible upon hypoxia.?! In
AGS cells, we observed TUBB3 was constitutively ex-
pressed in normoxia and became more induced in hypoxia.

The present study demonstrated that blockade of both
VEGFR-1 and VEGFR-2 in conjunction with paclitaxel
synergistically depresses induction of HIF-1a and TUBB3
expression, and more effectively increases cytotoxicity in
gastric cancer cells.
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