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Hypoxia induces CXCR4 expression and
biological activity in gastric cancer cells through
activation of hypoxia-inducible factor-1a
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Abstract. Given the important role of CXCR4 in cancer metas-
tasis, microenvironmental factors that modulate CXCR4 may
have an impact on the process of tumor expansion. Hypoxia is
a common feature of solid tumors and a significant microen-
vironmental factor that drives aggressive behavior. CXCR4 is
upregulated in several cancer cells under hypoxic conditions,
suggesting a relationship between tumor hypoxia and CXCR4.
However, the role of hypoxia in regulating CXCR4 in gastric
cancer remains poorly understood. KATO III gastric cancer
cells were exposed to hypoxia or normoxia. CXCR4 expres-
sion in cells transfected with shRNA specific for HIF-1a was
investigated by western blotting and flow cytometry. Wound
healing, migration and invasion assays were used to assess
cell motility and the chemotactic response to CXCLI12, a
major CXCR4 ligand. CXCR4 expression at the protein level
and in the cell membrane was significantly increased in
KATO III cells following exposure to hypoxia. This upregula-
tion of CXCR4 was implicated in increased cell motility and
enhanced chemotactic responses (migration and invasion) to
CXCL12 treatment in vitro. The increases in CXCR4 expres-
sion and metastatic potential in gastric cancer cells exposed to
hypoxia were blocked by HIF-1a-specific sShRNA. Our results
indicate that hypoxia upregulates CXCR4 in gastric cancer
cells in a HIF-1a-dependent manner, and that upregulation
of CXCR4 plays a role in cancer cell migration and invasion.
Thus, disrupting the hypoxia-HIF-1a-CXCR4 axis could be
an attractive therapeutic strategy for the treatment of gastric
cancer.
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Introduction

Gastric cancer is a major public health problem. Despite a
decrease in incidence in developed countries, it is the fourth
most common cancer worldwide and is the second leading
cause of cancer-related mortality (1,2). Although it is curable
if detected early, most gastric cancers are asymptomatic until
an advanced stage, when curative therapeutic approaches
are not optimal (3). Therefore, to improve early diagnosis
and develop new therapeutic strategies in gastric cancer,
a better understanding of the molecular biology of gastric
cancer development and progression is required. A variety
of molecules, including chemokines and their receptors and
growth factors, have been suggested to be responsible for the
metastatic propensity of gastric cancer cells (3-5). However,
the underlying molecular mechanisms that guide the direc-
tional migration and metastasis of cancer cells towards target
tissues have yet to be established.

Chemokines and their receptors, particularly chemokine
(C-X-C motif) ligand 12 (CXCL12) and its receptor chemokine
(C-X-C motif) receptor 4 (CXCR4), have gained attention for
their functional roles in the development and maintenance of
the hematopoietic and immune systems, as well as in cancer
metastasis and progression (4,6-8). CXCR4 has been demon-
strated to be upregulated in a variety of different cancer cell
lines and in human cancers including breast, prostate, ovarian,
lung, and gastric cancer. It directs the migration, invasion and
dissemination of tumor cells to specific sites that are rich in
CXCL12, including lymph nodes, bone, the lungs and body
cavities (9,10). The CXCR4/CXCL12 axis is also involved in
cancer cell proliferation at the primary or secondary site, or
both, suggesting it might be the key determinant of overall
disease progression. Indeed, in colorectal, breast, and gastric
cancer, high expression of CXCR4 is associated with more
aggressive tumor biology and poor survival outcome. CXCR4
is therefore considered a potential therapeutic target, and
CXCR4 antagonists and other inhibitors have been shown to
reduce tumor growth and metastasis in experimental models
).

Given the critical role of CXCR4 in cancer development
and progression, microenvironmental factors that modulate its
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levels may impact the process of tumor expansion. Intratumoral
hypoxia is a common feature of solid tumors and an important
microenvironmental factor that drives aggressive behavior in
cancer (9,11). After being exposed to hypoxia, several types
of cancer cells increase their synthesis of a protein called
hypoxia-inducible factor (HIF), which in turn binds to and
transactivates target genes (12). HIF-1 is a heterodimeric
transcription factor composed of a HIF-1a subunit, which is
rapidly degraded by ubiquitination and subsequent passage
through the proteasomal pathway, a process that is inhib-
ited under hypoxic conditions, and a HIF-1f subunit that is
constitutively expressed. Accumulating evidence suggests that
HIF-1a plays a role in the regulation of CXCR4 expression and
function. Moreover, the CXCR4 promoter contains four poten-
tial hypoxia-response elements upstream of the transcriptional
start site, as well as one intra-intronic site (12-14). CXCR4 is
upregulated on monocytes and endothelial cells, as well as
tumor-associated macrophages and cancer cell lines, including
melanoma and breast cancer cell lines, under hypoxic condi-
tions (7,15-17). However, the role of hypoxia in regulating
CXCR4 in gastric cancer remains poorly understood.

In the present study, we investigated the effect of hypoxia
on CXCR4 expression and biological activity in gastric cancer
cells and found that it promotes CXCR4 expression and facili-
tates tumor cell migration and invasion by a HIF-1a-dependent
mechanism.

Materials and methods

Cell line and cultures. Human KATO III gastric cancer cell
lines, purchased from the Korean Cell Line Bank (Seoul, Korea),
were used in this study. Cells were cultured in RPMI-1640
medium (Gibco BRL Life Technologies, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS; Gibco
BRL Life Technologies), 100 U/ml penicillin G, 100 pg/ml
streptomycin (Sigma Aldrich, St. Louis, MO, USA) and
1 mmol/l L-glutamine (Gibco BRL Life Technologies). Cells
were grown at 37°C in a humidified atmosphere containing
5% CO,. For hypoxic exposure, cells were incubated with
5% CO, and 1% O, (v/v), balanced with N, gas, at 37°C for the
indicated periods of time.

Cell-surface expression of CXCR4. After being cultured
under either normoxic or hypoxic conditions for the
indicated periods of time, cells were incubated with phyco-
erythrin (PE)-conjugated monoclonal anti-CXCR4 (12GS5;
BD Pharmingen, San Diego, CA, USA) at 4°C for 30 min and
were analyzed using a Coulter Elite flow cytometer (Coulter
Electronics Ltd., Hialeah, FL, USA). A PE-conjugated mouse
IgG isotype-matched monoclonal antibody (dilution 1:50;
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA,
USA) was used as a negative control.

Reagents. Human recombinant CXCL12/stromal cell derived
factor-1 (SDF-1) was purchased from R&D Systems, Inc.
(Minneapolis, MN, USA), and cobalt chloride (CoCl,) and
AMD3100 were purchased from Sigma-Aldrich.

shRNA targeting HIF-1o. mRNA in gastric cancer cells. Knock-
down of HIF-1a in gastric cancer cells was achieved through
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lentivirus-mediated transduction of HIF-la. mRNA-specific
shRNA using Mission RNAi system clones (Sigma-Aldrich).
To generate stable transfectants, lentiviral vectors and pack-
aging vectors were cotransfected into HEK293T cells using
Lipofectamine (Invitrogen, Carlsbad, CA, USA), according
to the manufacturer's instructions. The following day, virus
harvested from the supernatant was added to KATO III cells
together with 10 pg/ml polybrene. After 24 h, the medium
was removed and replaced with fresh medium containing
8 pg/ml puromycin. Puromycin-resistant clones were selected
after culture for 1 week in the presence of puromycin. HIF-1a.
expression levels were analyzed by western blotting.

Wound healing, migration and invasion assays. Cells were
grown to confluence in 6-well culture plates. A wound was
created with a sterile pipette tip at an angle of ~30°. After
washing, the culture medium was replaced. Cell migration
was monitored with a microscope for 24-48 h. For Transwell
migration and invasion experiments, cells (4x10° per well)
were loaded into the upper chamber of a 24-well Transwell
plate containing an 8-ym microporous membrane (Corning-
Costar, Cambridge, MA, USA) and were allowed to migrate
into the lower chamber, which contained CXCL12 (200 ng/ml)
or AMD3100 (10 gM/ml) or medium alone (RPMI-1640
supplemented with 10% FBS) at 37°C in normoxic or hypoxic
conditions for 24 h (migration) or 48 h (invasion). For the migra-
tion assay, the lower surface of the filter was coated with 10 ug
of gelatin; for the invasion assay, the upper side was coated
with 12 ug of reconstituted basement membrane substance
(Matrigel; BD Biosciences, Bedford, MA, USA). Cells were
fixed and stained with hematoxylin and eosin. Non-migrating
cells on the upper surface of the filter were removed by wiping
with a cotton swab. Chemotaxis was quantified by counting the
cells that migrated to the lower side of the filter under an optical
microscope. Six random fields were counted for each assay.

Western blot analysis. Western blotting was used to detect
protein molecules. Cells were starved in serum-free medium
for 12 h and then stimulated with cytokines or CXCR4 antago-
nists. The cells were collected by centrifugation, washed in
phosphate-buffered saline, and lysed by the addition of RIPA
buffer (5 M NaCl, NP-40, sodium deoxycholate, 1 M Tris-HCl
(pH 7.4), 0.5 M EDTA (pH 8.0). Equal amounts of protein
from each sample were separated by electrophoresis on 10%
SDS-polyacrylamide gels and transferred to polyvinylidene
fluoride membranes (Amersham Life Science, Arlington
Heights, IL, USA). The membranes were blocked for 1 h in
Tris-buffered saline (TBS) containing 5% (w/v) milk and 0.1%
Tween-20, and were then incubated overnight at 4°C with
primary mouse or rabbit monoclonal antibody (Cell Signaling
Technology Inc., Danvers, MA, USA). The blots were washed
with TBS containing Tween-20, incubated with anti-mouse or
anti-rabbit secondary antibody for 2 h, and developed using
West-Zol Plus (iNtRON Biotechnology, Seoul, Korea). The
following antibodies were used: anti-CXCR4 monoclonal
antibody (12G5; Thermo Scientific, Rockford, IL, USA) and
anti-HIF-1a polyclonal antibody (BD Biosciences).

Statistical analysis. Results are expressed as the means =+ stan-
dard deviation (SD) of at least three experiments. Data were
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Figure 1. Hypoxia upregulates CXCR4 protein levels and its cell-surface expression. Cultured KATO III cells were grown under normoxic or hypoxic condi-
tions for the indicated periods of time. (A and B) CXCR4 and HIF-1a expression were upregulated by hypoxia, as determined by western blotting. Blots are
representative of three independent experiments. Relative expression of CXCR4 and HIF-1a protein was quantified by densitometry. Data are expressed as the
means * SD; "P<0.05 vs. normoxia. (C) Surface expression of CXCR4 in cells exposed to normoxia or hypoxia for the indicated periods of time was evaluated
by flow cytometry using an antibody specific for CXCR4 (12G5). Representative results are shown.

analyzed using Student's t-test (for paired samples). P<0.05
was considered to indicate statistically significant differences.

Results

Hypoxia upregulates CXCR4 protein levels and cell surface
expression. To investigate the effect of hypoxia on CXCR4
expression in gastric cancer cells, KATO III cells were
exposed to either normoxia (21% O,) or hypoxia (1% O,) for
3,6 or 9 h and the expression of HIF-1a and CXCR4 proteins
was analyzed by western blotting. Hypoxia upregulated
CXCR4 and HIF-1a protein levels. CXCR4 protein levels were
increased at 6 h and then showed a decrease that corresponded
to a change in HIF-1a protein levels (Fig. 1A and B). Hypoxia
also increased cell surface expression of CXCR4 (Fig. 1C).
In addition, the hypoxia-mimetic agent CoCl, increased
CXCR4 protein levels and surface expression, responses that
were accompanied by an increase in HIF-1a levels (Fig. 2).
These observations were consistent with the above hypoxic
stimulation results. These data provide evidence that CXCR4
expression in gastric cancer cells is upregulated by hypoxia.

HIF-1a is involved in the induction of CXCR4 expression by
hypoxia. To further explore whether HIF-1a was involved in
the upregulation of CXCR4 expression by hypoxia, we gener-
ated KATO III cell clones with stable knockdown of HIF-1a.
Specific depletion of HIF-1a in these cells was accomplished

by lentivirus-mediated transduction and expression of a HIF-1a
mRNA-specific sShRNA. We effectively inhibited HIF-1a
expression using this system (Fig. 3A and C). When exposed
to hypoxic conditions, cells transfected with a lentivirus
containing scramble sequences showed upregulation of CXCR4
protein levels and surface expression, as expected (Fig. 3A
and B). By contrast, hypoxia-induced CXCR4 upregulation
under hypoxic conditions was blocked in cells transfected with
shRNA directed against HIF-1a (Fig. 3A and B). Similarly,
CoCl,-induced upregulation of CXCR4 protein levels and
surface expression was inhibited by abrogation of HIF-1a
(Fig. 3C and D). Collectively, these data suggest that the induc-
tion of CXCR4 expression by hypoxia is mediated by HIF-1a.

Hypoxia promotes the migration and invasion of gastric
cancer cells. To examine the effect of hypoxia on the metastatic
ability of gastric cancer cells, we performed wound healing
and Transwell migration and invasion assays. The ability to
heal wounds was assessed in cells exposed to normoxia and
hypoxia. Hypoxia was shown to facilitate wound healing in
gastric cancer cells. However, the facilitation of wound healing
by hypoxia was abrogated by knockdown of HIF-1a (Fig. 4).
When exposed to hypoxia for 24 h, KATO III cells showed
significantly increased migration in response to CXCL12
compared to cells exposed to normoxia. These effects were
blocked by treatment with AMD3100 or knockdown of HIF-1a
(Fig. 5). Invasion analysis similarly showed that a hypoxia-
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Figure 2. The hypoxia-mimetic agent CoCl, increases CXCR4 protein levels and cell surface expression. Cultured KATO III cells were cultured with or without
the hypoxia-inducing agent CoCl, for the indicated periods of time. (A and B) CXCR4 and HIF-1a expression were upregulated after treatment with CoCl,, as
determined by western blotting. Blots are representative of three independent experiments. Relative CXCR4 and HIF-1a protein levels were quantified by densi-
tometry. Data are expressed as the means = SD; "P<0.05 vs. 0 h. (C) Surface expression of CXCR4 was evaluated by flow cytometry using an antibody specific for
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CXCR4 (12G5) in cells treated with or without CoCl, for the indicated periods of time. Representative results are shown.

Figure 3. HIF-1a is involved in the induction of CXCR4 expression by hypoxia. KATO III cells were stably transfected with HIF-1a shRNA using a lentivirus,
as described in Materials and methods. Three independent experiments were performed in triplicate; representative results are shown. (A) Stable transfectants
were exposed to hypoxic conditions for 6 h. The expression of HIF-1a and CXCR4 was determined by western blotting. (B) Surface expression of CXCR4 in
cells exposed to hypoxia for 6 h was evaluated by flow cytometry using an antibody specific for CXCR4 (12G5). (C) Stable transfectants were incubated with
CoCl, for 4 h. The expression of HIF-1a. and CXCR4 was determined by western blotting. (D) Surface expression of CXCR4 in cells treated with CoCl, for 4 h
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Figure 4. Hypoxia facilitates wound healing in gastric cancer cells. Confluent monolayers of KATO III cells were wounded and incubated for up to 48 h under
normoxic or hypoxic conditions. Images were captured when the wounds were made (top) and after incubation for 24 (middle) and 48 h (bottom). WT, wild-type.
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Figure 5. Hypoxia promotes gastric cancer cell migration. (A and B) KATO III cells were exposed to normoxia or hypoxia for 24 h. Cell migration in response
to CXCL12 was assessed as described in Materials and methods. Three independent experiments were performed in triplicate. Representative results are
shown. Data are expressed as the means + SD; “P<0.05 vs. normoxia. WT, wild-type.

induced increase in invasion in cells stimulated with CXCL12  Discussion

was blocked by treatment with AMD3100 or knockdown of

HIF-1a (Fig. 6). These results suggest that hypoxia may induce  To the best of our knowledge, the present study is the first to
gastric cancer cell migration and invasion in a HIF-1a- and  provide evidence that hypoxia upregulates CXCR4 protein
CXCR4-dependent manner. levels and cell membrane expression in gastric cancer cells,
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Figure 6. Hypoxia promotes gastric cancer cell invasion. (A and B) KATO III cells were exposed to normoxia or hypoxia for 48 h. Cell invasion in response to
CXCLI12 was assessed as described in Materials and methods. Three independent experiments were performed in triplicate. Representative results are shown.

Data are expressed as the means + SD; “P<0.05 vs. normoxia. WT, wild-type.

responses that were dependent on activation of HIF-1la and
implicated in increased tumor cell migration and invasion.

Chemokines are 8- to 10-kDa chemoattractant cytokines
that not only control leukocyte trafficking, but also play critical
roles in the migration and metastasis of cancer cells (origi-
nating from primary tumors) with corresponding chemokine
receptors to certain organs. Notably, the chemokine CXCL12
activates its receptor, CXCR4, which is involved in cancer
cell migration and invasion, and thus promotes organ-specific
localization of distant metastases from various carcinomas
(18). In gastric cancer, accumulating evidence suggests that
CXCR4 protein levels and cell membrane expression in vitro
and in vivo are altered (4,19-22). The differential expression
of CXCR4 in gastric cancer cells was also shown by gene
expression profiling (23). Overexpression of CXCR4 in gastric
cancer cells was associated with the development of peritoneal
carcinomatosis, which is induced by dissemination of cancer
cells into the peritoneal cavity (20,24). Numerous studies have
demonstrated that strong expression of CXCR4 is correlated
with aggressive tumor characteristics such as deep invasion,
lymph node, and liver metastasis (4,20,25-28). Furthermore,
several pre-clinical investigations demonstrated that blocking
of CXCR4 signaling reduced the size and number of tumor
metastases (20,29,30). Therefore, a better understanding of
the mechanism by which CXCR4 expression and biological
activity are regulated in gastric cancer is important for the
development of improved treatment strategies.

In contrast to normal organs, oxygen homeostasis in
solid tumors is deregulated and the pO, decreases to very
low levels as the tumors grow (15). Although hypoxia is

cytotoxic to both normal and cancer cells, some cancer cells
acquire characteristics that allow them to survive and grow
under hypoxic conditions (such as, expression of angiogenic
factors, glycolytic enzymes and stress proteins). In addition,
these ischemic conditions contribute to the aggressive meta-
static phenotypes of tumor cells, and metastasis, which is
characterized by migration, seeding and growth of satellite
lesions in specific organs, is commonly considered to be the
final stage of cancer (11,31-34). Experimental and clinical data
provided evidence for a relationship between intratumoral
hypoxia and aggressive behavior in solid tumors, including
gastric cancer (35-39). Several recent studies provide evidence
that hypoxia, primarily acting through HIF-1a, is involved in
the upregulation of CXCR4 in carcinomas and hematologic
malignancies such as lung, breast cancer and myeloma, with
HIF-1a binding directly to the CXCR4 promoter (15,40-45).
In this study, hypoxia increased CXCR4 protein levels and cell
surface expression by activating HIF-1a, thereby supporting
previous findings from other cancer cell lines and suggesting
that tumor hypoxia plays a crucial role in the regulation of
CXCR4 (15,16,41).

Next, we investigated whether hypoxia-induced upregula-
tion of CXCR4 in gastric cancer cells was related to increased
metastatic potential. Gastric cancer cells exposed to hypoxia
showed significantly increased migration and invasion in
response to CXCL12 treatment compared with those exposed
to normoxia. The increase in migratory ability due to hypoxia
was abrogated by knockdown of HIF-la and inhibition
of CXCR4. These results are in accordance with previous
reports in different types of cancer (16,46) and suggest that
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upregulation of CXCR4 by HIF-1a in response to hypoxia
plays a biological role in gastric cancer cell migration. We
previously reported that functional CXCR4 plays an impor-
tant role in cancer cell migration during normoxia in gastric
and gallbladder cancers (18,21), suggesting that the CXCR4/
CXCL12 axis may be significantly involved in cancer progres-
sion and may be a potential target for therapeutics that block
the interaction between CXCL12 and CXCRA4, or that inhibit
downstream signaling, in the treatment of cancer. To date,
several antagonists have been used to target CXCR4, including
AMD3100, T22 and ALX40-4C (10). Among them, AMD3100
(trade name Plerixafor) was shown to be well-tolerated and
has been approved by the Food and Drug Administration of
the United States for use in non-Hodgkin's lymphoma and
multiple myeloma to mobilize stem cells for collection prior
to autologous transplantation (47). AMD3100 is currently
being tested against hematologic malignancies such as acute
myeloid leukemia in early clinical trials in combination with
chemotherapy with the rationale that disrupting the interaction
between leukemic cells and the bone marrow microenviron-
ment will increase the cytotoxic effect of chemotherapy (48).

In gastric cancer, several pre-clinical investigations demon-
strated that monoclonal antibodies and specific low-molecular
weight antagonists of CXCR4 showed antitumor activity
in vitro and in vivo. CXCL12-induced cancer cell migration
was significantly reduced by treatment with a neutralizing
anti-CXCR4 antibody or AMD3100. AMD3100 reduced
tumor growth and malignant ascites formation in a xenograft
model (20,21,29,49). Taken together, these findings suggest that
hypoxia may increase CXCR4 activity in gastric cancer cells
by activating HIF-1a, thereby resulting in increased migratory
ability. This suggests that the hypoxia-HIF-1a-CXCR4 axis
might be a potential therapeutic target.

In conclusion, hypoxia upregulates CXCR4 protein levels
and cell membrane expression in gastric cancer cells in a
HIF-la-dependent manner. The upregulation of CXCR4
plays roles in cancer cell migration and invasion, which were
reduced by knockdown of HIF-1a or inhibition of CXCR4.
Our results collectively suggest that disruption of the hypoxia-
HIF-1a-CXCR4 axis is a potential therapeutic strategy for the
treatment of gastric cancer.
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