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Abstract. The efficacy of the current non-surgical treatments
for advanced hepatocellular carcinoma (HCC) remains limited
and novel treatments are required to improve patient outcomes.
The majority of HCCs develop from chronically damaged
tissue that contains a high degree of inflammation and fibrosis,
which promotes tumor progression and resistance to therapy.
Understanding the interaction between stromal components and
cancer cells (and the signaling pathways involved in this inter-
action) could aid the identification of novel therapeutic targets.
Numerous studies have demonstrated a marked association
between high C-X-C chemokine receptor 4 (CXCR4) expression
and the invasiveness, progression and metastasis of HCC. The
present review will investigate the different roles of CXCR4 in
the progression of HCC and discuss possible future treatments.
Through the C-X-C chemokine ligand 12 (CXCL12)/CXCR4
signaling pathway, ephrin A1 activation enhances the migration
of endothelial progenitor cells to HCC to enable the neovascu-
larization of tumors. There is an association between nuclear
CXCR4 expression and the lymph node metastasis of HCC to
distant areas. CXCR4 enhances cell migration in vitro and cell
homing in vivo. CXCR4 levels are concentrated at the border of
a tumor and in perivascular areas, inducing invasive behavior.
The binding of CXCL12 to CXCR4 activates intracellular
signaling pathways and induces crosstalk with transforming
growth factor-f§ signaling, which enhances the migration of
cancer cells. The CXCL12/CXCR4 axis also activates expres-
sion of matrix metalloproteinase 10, which further stimulates
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migration. CXCR4 is likely to crosstalk with the sonic hedgehog
signaling pathway, contributing to tumor invasiveness and
supporting the cancer stem-cell population; as a result, CXCR4
can be regarded as a cancer stem-cell marker. CXCR4 influ-
ences interstitial fluid flow-induced invasion. CXCR4 expression
and HCC cell migration are promoted by a-fetoprotein, which
activates AKT/mechanistic target of rapamycin signaling.
CXCR4 also has the potential to affect sorafenib treatment for
HCC. Targeting the CXCL12/CXCR4 signaling pathway may,
therefore, be a promising strategy in HCC treatment.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most
common types of primary liver cancer and a major cause
of cancer-associated mortality worldwide (1). The majority
of HCCs develop from chronically damaged, inflamed and
fibrotic tissue, which promotes tumor progression and resis-
tance to therapy (2). For advanced HCC, the prolongation of
survival with the present target therapy (sorafenib) remains
limited (3). Understanding interactions between stromal
components and cancer cells, and the involved signaling
pathways could assist in the identification of new therapeutic
targets (4).

Chemokines are small, pro-inflammatory chemoat-
tractant cytokines that bind to specific G-protein-coupled
receptors that span the plasma membranes of cells. They are
key regulators of cell trafficking into and out of the tumor
microenvironment (5). Over 50 different chemokines and 20
different chemokine receptors have been cloned to date (6),
a number of of which regulate cell growth and survival.
Chemokines have been implicated in various key steps
of cancer development, including evasion of the immune
system, angiogenesis, and cancer cell invasion and dissemi-
nation (7,8). The majority of chemokines can bind to various
receptors and similarities between receptors afford them
the ability to bind to a variety of chemokines (9). However,
C-X-C chemokine receptor 4 (CXCR4) is one of the only
receptors for C-X-C chemokine ligand 12 (CXCL12) (10).
This suggests that the CXCL12/CXCR4 axis has an impor-
tant biological role (11).

CXCR4 is expressed on cancer cells in >23 different malig-
nancies (12). CXCL12/CXCR4 signaling affects the migration
of tumor cells to metastasis sites; this has been reported in
cancer of the breast, ovaries, prostate, lungs, pancreas, colon,
thyroid glands and kidneys, and in neuroblastoma, rhabdo-
myosarcoma, leukemia and lymphoma (13).

Previous studies have observed that CXCR4 is expressed in
HCC tissues, but not in healthy liver tissue (14,15). Other studies
havedemonstratedasignificantassociationbetweenhigh CXCR4
expression and the increased invasiveness, progression and
metastasis of HCC (16,17). The CXCL12/CXCR4 axis contrib-
utes to the progression of HCC at various stages, using autocrine
and paracrine mechanisms to support the growth of tumors,
inducing angiogenesis and allowing the tumor to evade immune
surveillance (18). However, certain mechanisms are unidenti-
fied and their clinical relevance remains controversial (19). To
elucidate the contributory role of CXCR4 to the progression
of HCC, the present review discusses the characteristics of
CXCR4 activity in cancer, including in angiogenesis, migra-
tion and signaling pathways, and on stem cell markers and the
stroma.

2. Ephrin A activation enhances the homing of endothelial
progenitor cells towards HCC for neovascularization via
CXCL12/CXCR4

Ephrin Al may activate CXCL12/CXCR4 in HCC (20). The
high expression of EphAl in HCC cells may lead to a high
CXCL12 concentration within the tumor microenvironment,
which can then activate CXCL12/CXCR4 signaling and
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enhance the recruitment of endothelial progenitor cells (EPCs)
to HCC. Wang et al (20) demonstrated that the upregulation
of EphAl expression in HCC cells promoted the chemotaxis
of EPCs towards tumor cells and the tube formation of EPCs.
In vivo experiments that blocked ephA1/CXCL12/CXCR4
signaling significantly reduced the growth of HCC xeno-
grafts (20). EphAl increased CXCLI12 expression in HCC cells
via the phosphoinositide-3 kinase (PI3K), AKT and mecha-
nistic target of rapamycin (mTOR) pathways (21). Inhibition
of CXCLI12 suppresses EphAl-induced chemotaxis and EPC
tube formation (20). Targeting the EphA1/CXCL12 signaling
pathway may prove to be a promising anti-angiogenic therapy
for HCC.

3. Nuclear CXCR4 expression correlates with lymph node
metastasis of HCC

Increased expression of nuclear CXCR4 increases the likeli-
hood of lymph node metastasis, which is an indicator of poor
outcomes in HCC (22,23). A previous study, however, found
that cytoplasmic CXCR4 expression does not correlate with
lymph node metastasis (24). Different sites of CXCR4 local-
ization in HCC cells may therefore play different biologically
relevant roles.

4. CXCL12 affects the homing of cluster of differentiation
34 (CD34)* progenitors

CXCR4 is expressed in lymphocytes, myeloid cells, mega-
karyocytes and CD34* cells (25). CXCR4 enables these cells
to move across a gradient of CXCL12 concentrations. CXCR4
expression is downregulated by CXCLI12 in vitro and in vivo,
via a negative-feedback mechanism. Previous studies found
that CXCL12 affects the mobilization of human hepatic
progenitor cells in non-obese diabetic/severe compromised
immunodeficient (NOD/SCID) mouse models (26,27).
Kollet et al (26) found that CXCL12 increased the homing
of CD34* progenitors, whereas incubation with anti-CXCR4
antibodies abrogated this homing.

5. CXCR4 is concentrated at the tumor border and the
perivascular space

Cells in the tumor border exhibit the highest levels of CXCR4
expression (28). In addition, the expression of CXCL12 usually
concentrates in the perivascular space or in ductal cells, which
may stimulate cell migration to these areas. Similarly, in a
mouse model of HCC, the CXCR4"* cells were found to be
mainly located at the tumor border or in the perivascular space,
whereas CXCL12 expression localized to the infiltration areas,
ductal and perivascular cells, and in the stroma (28). Notably,
certain prior studies have reported that CXCR4* cells can
invade the stroma (12,13).

It is likely that CXCR4* cells may attempt to migrate into
the vasculature and infiltrate the peritumoral capsule. The
CXCR4* tumor cells that surround the vasculature exhibit the
disorganized expression of E-cadherin, reflecting a less differ-
entiated, more mesenchymal and migratory cell form (28).

The fact that CXCR4 concentrates at the perivascular areas
and the tumor border suggests that it potentially contributes
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Figure 1. CXCL12/CXCR4 signaling and related pathways in HCC progression. CXCL12/CXCR4 signaling regulates the PI3K pathway and SHH expression,
which correlates with tumor growth and cancer stem cell regeneration. In addition, CXCL12/CXCR4 signaling regulates the RAF/MEK/ERK signaling
pathway for cell proliferation. The CXCL12/CXCR4 pathway crosstalks with TGF-f3 signaling to enhance cancer cell migration. Activated EphAl promotes
the homing of endothelial progenitor cells to HCC for tumor neovascularization. CXCL12, C-X-C chemokine ligand 12; CXCR4, C-X-C chemokine receptor 4;
HCC, hepatocellular carcinoma; PI3K, phosphoinositide-3 kinase; TGFSR, transforming growth factor §§ receptor; MEK, mitogen-activated protein kinase

kinase; ERK, extracellular-related kinase; EphAl, ephrin receptor Al.

to tumor cell dissemination (28). In this way, CXCR4 and
CXCL12 may behave as regulatory molecules, affecting the
spread and progression of tumors.

6. Binding of CXCL12 to CXCR4 activates intracellular
signaling

Following the binding of CXCLI12, CXCR4 exerts its activity
through a heterotrimeric G protein, which dissociates into
activated a and Py subunits. These subunits activate several
intracellular signaling pathways, including those that activate

chemotaxis, cellular migration, cell proliferation, gene tran-
scription and cellular survival (29).

7. CXCL12/CXCR4 pathway crosstalks with transforming
growth factor-f§ (TGF-f) to enhance cancer cell migration

Crosstalk has been observed between the TGF-f§ and CXCR4
pathways in liver tumors (28), suggesting a novel molecular
mechanism that aids in explaining the tumorigenic effects
of TGF-P and affords the possibility of a novel antitumor
therapy. A previous study found that TGF-f3 upregulates
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CXCR4 expression in HCC cells to sensitize cells to
CXCLI12, increasing cell motility and survival (30). Patients
with HCC who also have a history of cirrhosis have a signif-
icantly increased level of TGF-f§ and CXCR4 in comparison
with those with non-cirrhotic livers (28). A high percentage
(~76%) of HCC cells express a high level of CXCR4 coin-
cident with the TGF-f pathway activation. These results
demonstrate that TGF-f signaling affects CXCL12/CXCR4
signaling, resulting in increased cell migration and tumor
function.

In a mouse model, diethylnitroamine-induced liver carcinogen-
esis led to a progressive increase in the expression of TGF-f1 and
CXCR4, with maximal levels achieved at late disease stages (28).

Overactivation of the TGF-f pathway in HCC cells induces
a mesenchymal-like phenotype and drives migratory behavior
through activation of the CXCL12/CXCR4 axis (28), which
contributes to HCC progression. CXCR4 localization to the
migratory sites of tumors, with the corresponding over-activation
of TGF-f signaling, could indicate a response in patients to drugs
targeting the TGF-[3 pathway and provide a future prognosis (28).

8. CXCL12/CXCR4 axis induces matrix metalloproteinase
10 (MMP10) expression, stimulating cancer cell migration

MMPI0 expression within HCC cells is induced by hypoxia
and CXCR4 activation via the extracellular signal-regulated
kinase 1/2 (ERK1/2) pathway, which transactivates the
activator protein 1 responsive element in the MMP10 gene
promoter (31). Human HCC cells that express MMP10 increase
their CXCR4 expression and thus their migratory capacity.
New reciprocal crosstalk between the CXCL12/CXCR4 axis
and MMPI10 contributes to the progression and metastasis in
HCC. Conversely, the pharmacological inhibition of CXCR4
reduces the migration of HCC cells substantially (31).

9. CXCR4 performs crosstalk with the SHH signaling
pathway to alter tumor invasiveness and cancer stem-cell
behavior

The sonic hedgehog (SHH) signaling pathway can affect
the behavior of cancer stem cells (32-34). Previous studies
have demonstrated that the activation of the SHH pathway
correlates with the increased invasiveness and progression of
cancer (33-35). Singh et al (36) demonstrated that there was
a strong association between CXCR4 and SHH signaling in
human pancreatic cancer cells, which is not observed in the
healthy pancreas. Similarly, a functional interaction between
the SHH and CXCR4 signaling pathways was also observed
in medulloblastoma (37). Hepatic cancer cells not only express
cancer stem markers such as CD133, CD90 but also express
CXCR4 (38). From the aforementioned findings, it can be
concluded that CXCR4 is likely to crosstalk with the SHH
signaling pathway in certain malignancies. Furthermore,
CXCR4 also has a significant contributory role in the signaling
of HCC cancer stem cells (12).

10. CXCR4 is a potential cancer stem-cell marker

It is possible that CD90*CXCR4* HCC cells may form tumor
spheres in cell culture (39). These cells developed into tumors
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following serial adoptive implantations in NOD/SCID mice.
Furthermore, CD90*CXCR4* HCC cells in the circulation
were significantly more frequently detected compared with
CD90'CXCR4", CD90'CXCR4* or CD90*CXCR4" HCC
cells (39). Distant metastasis develops following the subcuta-
neous implantation of CD90*CXCR4* HCC cells (39). CD90
is a cancer stem cell markers of HCC, whereas elevated
CXCR4 expression was identified in HCC (12,40). Therefore,
CD90*CXCR4* HCC cells could be regarded as cancer
stem cells of HCC. Selectively eliminating these cells may
substantially improve upon current treatments to mitigate
cancer metastasis (39).

Previous studies found that sphere-forming HCC cells
expressed an increased level of MMP26 and CXCR4.
Compared with MMP26 CXCR4", MMP26 CXCR4* and
MMP26*CXCR4" HCC cells, MMP26*CXCR4* HCC cells
formed significantly more spheres in cell culture. These cells
were also more frequently found in the circulation when mice
underwent subcutaneous implantation with MMP26*CXCR4*
HCC cells (41). Thus, numerous studies have regarded
MMP26*CXCR4* cells as cancer stem cells. Such cells may
express stem-cell markers, including octamer-binding tran-
scription factor 3/4, CXCR4, CD133 and CD90 (42-44). The
difference in importance between CD90*CXCR4* HCC cells
and MMP26*CXCR4* cells requires elucidation.

11. CXCR4 influences interstitial fluid flow-induced invasion

A previous study demonstrated that autologous chemotaxis
affects the invasion of HCC-derived cell lines, as induced by
interstitial fluid flow, through the CXCR4/CXCL12 signaling
axis (45). Another study revealed that mitogen-activated
protein kinase kinase/ERK signaling was diverted from the
CXCR4/CXCLI12 axis (46). Autologous chemotaxis also influ-
ences interstitial fluid flow-induced invasion (45).

12. CXCR4 expression and HCC cell migration are
promoted by o-fetoprotein (AFP)-activating AKT/mTOR
signaling

The expression of certain metastasis-related genes is regu-
lated by AFP (47). One study reported an association between
levels of AFP and CXCR4 in HCC tissue. AFP depletion
could reduce CXCR4 expression. AFP co-localizes and
interacts with phosphatase and tensin homolog, thus inducing
CXCR4 expression by activatory phosphorylation of AKT at
Serd73 (47). In turn, phosphorylated mTOR (at Ser2448) can
then enter the nucleus and bind the CXCR4 gene promoter.
Thus, AFP enhances the migration of HCC cells via CXCR4
by activating the AKT/mTOR signaling pathway.

13. CXCL12/CXCR4 could affect sorafenib treatment in
HCC

The hypoxia that is induced following sorafenib therapy
increases the expression of CXCR4 and its ligand, CXCL12,
in HCC (48). AMD3100 is an antagonist of CXCR4
that sensitizes HCC to sorafenib therapy by inhibiting
CXCL12/CXCR4-induced HCC cell proliferation and the
polarization of the tumor-promoting microenvironment.



ONCOLOGY LETTERS 14:

Inhibition of CXCR4 with AMD3100 prevents polarization
towards the immunosuppressive microenvironment following
sorafenib treatment, inhibits tumor growth, reduces lung
metastasis and improves survival rates. CXCR4-targeted
lipid-coated poly (lactic-co-glycolic acid) (PLGA) nanopar-
ticles (NPs) with sorafenib and CXCR4 antagonist AM3100
can act in two ways, as tumor-targeting drug carriers for
the delivery of sorafenib toward HCC and as inhibitors of
CXCLI12/CXCR4 in their own right (49). The NPs synergis-
tically inhibited the growth and distant metastasis of HCC
in mice, significantly improving overall survival when NPs
were used to encapsulate anti-angiogenic drugs (49). The
tumor stroma mediates the inhibition of HCC progression,
which is induced by sorafenib-loaded CXCR4-targeted NPs.
The study by Gao er al (49) indicated that NPs could act as
multifunctional molecules, delivering anti-angiogenic drugs
and directly targeting the tumor microenvironment, forming
an efficient HCC therapy.

14. Targeting the CXCL12/CXCR4 signaling pathway may
be a promising strategy

Chemokines and their cell-surface receptors in the microen-
vironment affect the progression of HCC in multiple ways,
including through inflammation (which alters immune cells),
angiogenesis and direct effects on HCC cells. The chemokine
system has a key role in the orchestration of the immune
response and serves as a core component of microenvironment
maintenance in HCC. In affecting the progression of HCC, the
CXCL12/CXCR4 signaling axis performs different functions
in progenitor and stem cells, at the tumor border, in migra-
tion and on crosstalk between pathways. Therefore, targeting
the CXCL12/CXCR4 signaling pathway may be a promising
strategy for HCC treatment.
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