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Summary. Gastric cancer is the second leading cause of
cancer deaths worldwide. Despite the extensive body of
research on gastric cancer, the prognosis of patients with
advanced gastric cancer remains poor, and therapy for
advanced gastric cancer relies largely on cytotoxic
chemotherapy. Therefore, identifying the distinct
molecular pathways underlying disease progression and
treatment resistance may lead to novel therapeutic
approaches, as well as improve the quality of life and
survival of patients. The chemokine CXCL12 and its
receptor CXCR4 are now known to play an important
role in cancer development and progression. Here, we
review the expression and function of CXCR4 and
CXCL12, as well as their clinical relevance in gastric
cancer. We also cover the current molecular mechanism,
specifically the cell-signaling pathway, by which gastric
cancer progresses through the CXCR4/CXCL12 axis,
and discuss the potential of that axis as a therapeutic
target in the treatment of gastric cancer.

Key words: CXCR4, CXCL12, Gastric cancer,
Chemokine

Introduction

Gastric cancer is the second leading cause of cancer
deaths worldwide, with an estimated 990,000 new cases
and 738,000 cancer deaths in 2008 (Brenner et al., 2009;
Jemal et al., 2010). Despite extensive diagnostic and
therapeutic investigations of gastric cancer, the
prognosis of patients with advanced gastric cancer
remains poor, and little improvement in survival has
been accomplished (Zheng et al., 2004). Over the past
years there have been many new developments in our
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understanding of the molecular biology of gastric cancer.
Multiple genetic abnormalities are involved in the
development and progression of gastric cancer (Ebert et
al., 2002; Zheng et al., 2004; Panani, 2008). Among the
molecular aberrations implicated in multi-step gastric
tumorigenesis, alteration of c-erbB2 (Oda et al., 1990;
Shun et al., 1997), c-met (Kuniyasu et al., 1993), c-myc
(Han et al., 1999), K-sam (Hattori et al., 1990), and
mutations of TP53 (Liu et al., 2001), APC (Nakatsuru et
al., 1992), K-ras (Lee et al., 1995) and E-cadherin (More
et al., 2007) have been reported so far. In particular, a
recent study reported that targeted therapy against c-
erbB2 in combination with conventional chemotherapy
improved the survival of patients undergoing treatment
for advanced gastric cancer (Bang et al., 2010).
However, therapy for advanced gastric cancer relies
largely on the response to cytotoxic chemotherapy.
Therefore, identifying the distinct molecular pathways
underlying disease progression and resistance to
treatment in gastric cancer may lead to novel therapeutic
approaches and improve the quality of life and survival
of patients.

Chemokines are a superfamily of small peptide
molecules that are involved in a number of physiological
processes. In humans, this superfamily includes more
than 46 ligands and 18 chemokine receptors (Zlotnik and
Yoshie, 2000; Zlotnik et al., 2006). Under normal
physiological conditions chemokines play a role in both
proinflammatory and non-inflammatory cell homing.
Chemokines mediate the migration of leukocytes to
inflammatory sites and also play important roles in the
regulation of hematopoietic stem cells, angiogenesis, and
the extracellular matrix. The evolving field of
chemokine research has led to a greater understanding of
their roles in diverse areas, including cancer
development and progression (Naiyer et al., 1999; Jo et
al., 2000; Slettenaar and Wilson, 2006; Gangadhar et al.,
2010).

The chemokine CXCL12, also known as stromal
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cell-derived factor 1a (SDF-1a), is a 68-amino-acid
CXC chemokine that activates the receptor CXCR4.
Detectable in serum, CXCLI12 gradients attract
circulating CXCR4-expressing cells to target tissues,
where integrin-dependent intracellular adhesion and/or
engraftment is facilitated by CXCR4 signaling. The
consequence of the adhesive process involved in
CXCL12-dependent chemotaxis 1is illustrated
physiologically by the dependence of embryo
implantation on CXCR4, and pathologically by the
implication of this signaling pathway in neoplastic tissue
invasion (Shen et al., 2001; Dominguez et al., 2003;
Epstein, 2004; Hwang et al., 2006). CXCR4 is a 352-
amino acid seven-span transmembrane G-protein
coupled receptor that binds the ligand CXCL12. The
expression of CXCR4 on malignant epithelial cells and
on several hematopoietic malignant cells implies that the
CXCL12/CXCR4 pathway influences cancer biology
and plays an important role in the metastatic process of
CXCR4-expressing cancer cells to target tissues that
express CXCL12. Several CXCR4-expressing cancers
metastasize to the bones and lymph nodes in a CXCR4-
dependent manner, where bone marrow in particular can
provide a favorable environment for cancer cells
(Fredriksson et al., 2003; Meads et al., 2008; Teicher and
Fricker, 2010). In addition, CXCR4 can modulate cancer
cell proliferation, migration, and survival, and can
promote tumor vascularization (Hwang et al., 2003;
Burger and Kipps, 2006; Lee et al., 2009). This review
focuses on the role of CXCL12 and its cognate receptor
CXCR4 in gastric cancer, including its clinical
implications as they pertain to cancer development and
progression.

CXCR4 and CXCL12 in gastric cancer

Similar to a variety of other cancer types, such as
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breast cancer, lung cancer, hepatocellular carcinoma, and
thyroid cancer (Muller et al., 2001; Hwang et al., 2003;
Kim et al., 2008; Otsuka et al., 2011), many studies have
demonstrated that CXCR4 is differentially expressed in
adenocarcinoma of the stomach at the mRNA and
protein levels, as well as in the cell membrane in vitro
and in vivo (Kwak et al., 2005; Li et al., 2005; Yasumoto
et al., 2006; Pituch-Noworolska et al., 2007; Lee et al.,
2009; Zhao et al., 2010), although there was no
difference in CXCR4 mRNA expression in gastric
cancer as compared with non-cancerous tissues (Mitra et
al., 1999). The differential expression of CXCR4 in
gastric cancer cells was also demonstrated by gene
expression profiling (Sun et al., 2006). In addition,
circulating CXCR4 mRNA levels in the plasma of
gastric cancer patients prior to surgery was upregulated
compared to those of healthy subjects, and then
decreased after surgery (Xu et al., 2009). Overexpression
of CXCR4 in gastric cancer cells was correlated with the
development of malignant ascites and peritoneal
carcinomatosis, which is induced by dissemination of
cancer cells into the peritoneal cavity. Peritoneal
dissemination is frequently encountered and an
important cause of death in gastric cancer patients
(Yasumoto et al., 2006; Hashimoto et al., 2008; Ding et
al., 2008; Zieker et al., 2008; Hannelien et al., 2012). In
addition, high levels of CXCL12 were found in
peritoneal mesothelial cells, indicating that CXCR4-
expressing gastric cancer cells are preferentially
attracted to the peritoneum, where its ligand CXCL12 is
abundantly produced (Yasumoto et al., 2006). Many
studies have also demonstrated that strong expression of
CXCR4 is associated with aggressive tumor behavior,
such as deep tumor invasion, lymph node metastasis,
liver metastasis, and poor differentiation (Tsuboi et al.,
2008; Arigami et al., 2009; Iwasa et al., 2009; Lee et al.,
2009; Ying et al., 2012; Zhao et al., 2011), although

CXCR4
CXCL12

Autocrine
CXCL12

Paracrine
CXCL12

Fig. 1. Schematic illustration of the possible role
of the CXCR4 chemokine receptor and its
ligand, CXCL12, in gastric cancer progression.
a. CXCR4 expressed on cancer cells.
b. CXCL12 derived from cancer cells.
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contrasting results were reported by Kwak et al. (2005).
Several reports have demonstrated that gastric cancer
cells also differentially express CXCL12, and strong
expression of CXCL12 was correlated with the depth of
invasion, lymph node metastasis, lymphatic invasion,
tumor diameter, and stage with poor prognosis (Ishigami
et al., 2007; Iwasa et al., 2009; Lee et al., 2011a; Song et
al., 2011). Schimanski et al. (2011) reported that
expression of the CXCL12 (SNP rs1801157)
polymorphisms GA/AA significantly correlated with
distant metastasis as well (Schimanski et al., 2011). In
addition, the serum levels of pretreatment circulating
CXCL12 in patients with gastric cancer was higher than
in controls, and higher in metastatic patients than non-
metastatic patients, correlating with the presence of
distant metastasis (Woo et al., 2008). However, the
precise mechanism by which tumor-derived CXCL12
contributes to tumor progression is unclear. One
potential explanation is that CXCL12 is involved in
tumorigenesis in an autocrine and/or paracrine manner.
The concomitant expression of CXCL12 and its receptor
CXCR4 in the same tumor cells has been characterized
as an autocrine/paracrine mechanism of cancer cell
stimulation, resulting in aggressive behavior (Rempel et
al., 2000; Barbieri et al., 2008; Lee et al., 2011a).
Subsequently, autocrine/paracrine mitogenic activity of
CXCL12 was reported in glioblastoma multiforme and
gall bladder cancer (Barbero et al., 2003; Bajetto et al.,
2006; Lee et al., 2011b). Barbieri et al. also showed that
CXCL12 overexpression induced autocrine/
paracrine cell proliferation in pituitary tumor cells
(Barbieri et al., 2008). Furthermore, immunohisto-
chemical staining demonstrated that CXCR4 and
CXCL12 were more prominent and more intense in
tumor cells at the invasion front and in lymphatic
vessels, respectively, in gastric cancer. Therefore,
patients with elevated expression of CXCR4 and
CXCL12 exhibit significantly poorer surgical outcomes
(Ishigami et al., 2007; Tsuboi et al., 2008; Lee et al.,
2009; Hannelien et al., 2012) (Fig. 1).

CXCR4 signaling and functions in gastric cancer

Docking of CXCL12 to CXCR4 induces a variety of
intracellular signaling cascades and effector molecules
that regulate cell proliferation, survival, migration,
invasion, and homing of cancer cells to bones, lungs, and
the peritoneal cavity. The large number of downstream
effector molecules controlled by CXCR4 likely account
for the multiple effects of this CXCR4/CXCL12 axis in
the tumor biology of gastric cancer. The extent to which
various molecules induced by CXCR4 relate to specific
functions, such as cell proliferation and adhesion,
remains to be fully elucidated.

Importantly, most of the signaling pathways and
effector molecules described below can also be regulated
by stimuli other than CXCL12 and CXCR4. Given that
almost all studies of CXCR4 signaling have been
performed in cultured cells, the extent to which various

molecules are preferentially controlled by CXCR4 in
gastric cancer in animal models or humans remains
unknown. The exact role of various effectors of CXCR4
in gastric cancer has also not been well established.
[lluminating downstream effectors of CXCR4 in vivo is
important to clarify the molecular mechanisms via which
CXCR4 promotes gastric cancer (Luker and Luker,
2006).

CXCL12 and CXCR4 activate the phosphorylation
of the protein kinase B/AKT and the mTOR pathway,
which subsequently induces the activation of p70S6K
(S6K) and eukaryotic initiation factor 4E binding protein
1 (4E-BP1) (Yasumoto et al., 2006; Hashimoto et al.,
2008; Dubeykovskaya et al., 2009; Koizumi et al.,
2012). Treatment of gastric cancer cells with CXCL12
stimulates AKT kinase activity, which peaks at 2 min
after stimulation (Yasumoto et al., 2006; Hashimoto et
al., 2008). In addition, this AKT activation preceded the
subsequent activation of downstream S6K and 4E-BP1.
Following stimulation with CXCL12, peaks of enhanced
phosphorylation of S6K and 4E-BP1 were seen at 10 and
5 min, respectively. Furthermore, CXCL12-induced
activation of S6K and 4E-BP was inhibited selectively
by the mTOR inhibitor rapamycin (Hashimoto et al.,
2008). Activated AKT/mTOR signaling phosphorylates
a wide variety of intracellular targets, including S6K1
and 4E-BP, which are involved in cell survival and
inhibition of apoptosis in various types of cancer cells.
Beyond these cell survival functions AKT/mTOR has
been implicated in the effects of CXCR4 on cell
proliferation and chemotactic migration, which are
involved in cell growth and metastatic properties
(Yasumoto et al., 2006; Hashimoto et al., 2008).

The mitogen-activated protein (MAP) kinase
pathway is another signal transduction pathway
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Fig. 2. Schematic illustration of the CXCL12/CXCR4 intracellular signal
transduction pathway investigated in gastric cancer cells.
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regulated by CXCR4. In response to CXCL12, CXCR4
activates MEK, the upstream activator of the p42/44
MAP kinase (also known as ERK 1/2) (Luker and Luker,
20006). In gastric cancer cells, treatment with CXCL12
rapidly induced phosphorylation of MAP kinase. In
addition, increased phosphorylation of MAP kinase was
blocked by AMD3100, a small molecule that specifically
inhibits the CXCR4 receptor (Yasumoto et al., 2006;
Dubeykovskaya et al., 2009; Lee et al., 2009).
Collectively, these data suggest that activation of MAP
kinase is another pathway via which CXCR4 may
promote gastric cancer progression.

The JAK/STAT (Janus kinase/signal transducer and
activator of transcription) pathway is a third potential
effector of CXCR4 in gastric cancer. After treatment
with CXCL12, JAK kinases associate with CXCR4 then
activate members of the STAT family of transcription
factors. The JAK/STAT pathway is involved in
migration and invasion of cancer cells (Soriano et al.,
2003). In gastric cancer cells, one study reported that
CXCR4 signaling is independent of the JAK/STAT
pathway in only one cultured gastric cancer cell line
(Lee et al., 2009). However, the significance of the
JAK/STAT pathway in the biological effects of CXCR4
in gastric cancer remains uncertain due to insufficient
data.

CXCR4 activates several different biological
processes such as chemotactic migration, invasion, and
adhesion of cancer cells, all of which are characteristics
associated with the metastatic behavior of cancer cells.
CXCL12 binding to CXCR4 promotes actin
polymerization to initiate cell motility. CXCR4 also
activates members of the src family of protein tyrosine
kinases, thereby inducing phosphorylation and activation
of focal adhesion complexes such as RAFTK/Pyk2,
focal adhesion kinase, Crk, and paxillin. CXCR4 also
promotes adhesion to components of the extracellular
matrix through integrins (Fernandis et al., 2004;
Hartmann et al., 2005; Luker and Luker, 2006).
Activated CXCR4 in response to CXCL12 progressively
upregulated the expression of MMP-2 and MMP-7 at 2
hr after stimulation in NUGC 4 gastric cancer cells
(Hashimoto et al., 2008). MMP-7 activates MMP-2 and
plays a central role in the degradation of the extracellular
matrix, including type IV collagen. In addition, MMP-7
expression is associated with the transformation of
tumor cells, thereby providing a possible mechanism for
invasion and metastasis of cancer cells accompanied by
the aggressive behavior of gastric cancer (Yamashita et
al., 1998; Shim et al., 2007) (Fig. 2).

CXCR4/CXCL12 axis as a potential therapeutic target
in gastric cancer

The CXCR4/CXCL12 axis is now considered a
novel and potential target for therapeutics that block
interactions between CXCL12 and CXCR4 or which

inhibit the activities of downstream signal pathways in
the treatment of cancer. To date, multiple antagonists
have been designed to target CXCR4, such as bicyclams
(AMD3100), T22, TN14003, CTCE-9908 and ALX40-
4C, which are analogs and peptides designed to target
the amino-terminal region of the chemokine CXCL12
(Sun et al., 2010).

In gastric cancer, several preclinical studies have
demonstrated that anti-CXCR4 monoclonal antibodies
and specific low molecular weight antagonists for
CXCR4 showed anti-tumor activity in vitro and in vivo.
CXCL12-induced migration, cell proliferation and cell
survival were significantly blocked by treatment with a
neutralizing anti-CXCR4 antibody or AMD3100, a
specific CXCR4 antagonist (Yasumoto et al., 2006; Ding
et al., 2008; Lee et al., 2009). AMD3100 also markedly
reduced tumor growth and malignant ascitic fluid
formation in nude mice inoculated with NUGC 4 cells
(Yasumoto et al., 2006). Additionally, the mice injected
with both NUGC4 cells and AMD3100 showed
significantly lower tumor numbers and longer survival
times as compared with the control group (Ding et al.,
2008). Furthermore, tumor volume was significantly
reduced in BALB/C (nu/nu) nude mice transplanted with
CXCR4-expressing human gastric cancer cell lines when
AMD?3100 was administered together as compared with
the control group, and none of the nude mice showed
toxic signs associated with toxicity (Iwanaga et al.,
2007). Furthermore, Xie et al. (2010) demonstrated that
CXCR4 mRNA levels in gastric cancer tissues were
significantly correlated with docetaxel sensitivity and
were significantly higher in resistant specimens, and that
AMD?3100 enhanced the docetaxel cytotoxicity in vitro
(Xie et al., 2010). Taken together, these data suggest
that CXCR4 antagonists might be attractive
therapeutic candidates, thus necessitating a better
understanding of the CXCR4/CXCLI12 axis in gastric
cancer tumorigenesis and its further clinical
applications.

Conclusions

Patients with advanced gastric cancer, particularly
peritoneal dissemination, show very poor prognoses. To
improve quality of life and survival in gastric cancer,
novel targeted therapies are needed. The CXCR4/
CXCL12 axis plays an important role in gastric cancer
development and progression, such as cell proliferation,
migration, survival, peritoneal dissemination, and
treatment resistance. In addition, some studies have
shown anti-tumor activities using CXCR4 antagonists or
neutralizing antibodies in vitro and in vivo. This
pathway, therefore, could be an attractive candidate for
the treatment of gastric cancer. However, extensive
research is still required to clarify the biological function
of the CXCR4/CXCL12 axis in gastric cancer
progression and to translate its therapeutic potential into
clinical applications.
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