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[ABSTRACT] Previous studies suggest that chemokine CXCL12 and its
receptor CXCR4 play important roles in embryonic development, stem cell
trafficking, and inflammatory reactions. It is a central factor in directing cell
movement of many physiologic and pathologic processes. The mechanisms
of cancer cell metastasis and white blood cell trafficking are similar. CXCL12-
CXCR4 axis exerts important effects in regulating growth, invasion,
metastasis, and secretion of malignant cells. Data from animal experiments
suggest that CXCR4 may be an important therapeutic target in inhibiting
malignant growth and metastatic behavior of tumor cells. This review focused
on the role of CXCL12-CXCR4 axis in regulating tumor metastasis and
progression, and the molecular mechanisms that are essential to this
process.
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Chemokines are a large subfamily of chemoattractant cytokines
which are classified into 4 highly conserved groups: CXC, CC,
C and CX,C, based on the position of the first two tyrosines
adjacent to the amino terminus. Chemokines exert their effects
by binding to transmembrane domain G protein-coupled
receptors. Currently more than 50 different chemokines and 20
different chemokine receptors have been cloned M.  One
chemokine binds to multiple receptors, and the same receptor
usually binds more than one chemokines. However, there is one
exception to this rule, which is the chemokine CXCL12 (namely
stromal-derived factor-1, SDF-1). This chemokine binds only to
CXCR4, and CXCR4 is its only receptor.

Expression of chemokine CXCL12 and its receptor CXCR4 in
tissues and signaling pathways

It must be noted that CXCR4 is not a tumor specific marker.
Furthermore, both receptor CXCR4 and ligand CXCLI12 are
widely expressed in a range of normal tissues. Functional
CXCR4 protein is found on peripheral blood lymphocytes and
unprimed T cells, monocytes, plasma cells, dendritic cells,
vascular smooth muscle cells, endothelial cells, retinal pigment
epithelial cells, intestinal and alveolar epithelial cells, microglia,
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neurons, astrocytes and liver stem cells 2.
CXCL12 is constitutively secreted by stromal
cells in many tissues and the most important
sources of CXCL12 are bone marrow, lymph
node, muscle and lung-derived fibroblasts.

The association of CXCLI2 with CXCR4
activates multiple signaling pathways (Figure
1). After binding to CXCR4, CXCLI2 first
triggers dimerization of this receptor Pl In
addition, in order to signal most efficiently,
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Figure 1  Signal transduction pathways activated by CXCL12-CXCR4 axis

by the binding of £ -arrestin ¥ CXCR4
endocytosis may be necessary to activate
several pathways, such as the activation of
MAPK (mitogen-activated protein kinase)
p42/44 cascade Pl However, it was found that
CXCL12-mediated phosphorylation of MAPK
p42/44 also occurs in cells transfected with a
mutant CXCR4 receptor that does not undergo
internalization ™. Internalized CXCR4 may
again be re-expressed on the cell surface. It is
recently noticed that the
internalization of CXCR4 from
the cell surface may be
inhibited by heparin, L-selectin
specific antibodies and
L-selectin binding ligands such
as fucoidan or sulfatidel®.
The most important pathways
SHI involved in signaling from
SHi2 activated CXCR4

activation of calcium flux and

include

(MAEL

focal adhesion components,

such as Pyk-2 (proline-rich
kinase-2), p130Cas, FAK(focal
adhesion kinase), paxilin, Crk
and Crk-L, protein kinase C,

Interaction of CXCL12 and CXCR4 activates several signal transduction pathways in the cells. PKC -y (phOSphOlipase C_l/)

Activation of these pathways differs between cell types, and regulates locomotion, chemotaxis,

as well as MAPK

adhesion, and secretion of CXCR4-positive cells. PI-3k, phosphatidylinositol 3-kinase; SHIP,

SH,-containing inosital 5'-phosphatase.

CXCR4 has to be included in membrane lipid
rafts. After being activated, CXCR4 becomes
physically associated with Ga@i protein
(inhibitory G protein) and tyrosine residues
within the C-terminus become phosphorylated,
probably through the activation and association
with the receptor of JAK2 (Janus kinase 2)
and JAK3 kinases P.  Subsequently, the
activated CXCL12CXCR4 complex is rapidly

internalized from the cell surface and followed

p42/44-ELK-1 and PI-3K

(phosphatidylinositol 3-kinase)
-AKT-NF-4 B (nuclear factor kappa B) axes
. CXCR4 signaling also involves several
src-related  kinases and T-cell activating
molecule ZAP-70 ©.  JAK2 and JAK3 and
Tyk-2 (Tyrosine kinase-2) may also be
associated in some cell types with CXCR4 and
are activated, probably by
transphosphorylation, in a G¢& i-independent
manner Bl As a consequence of these several

members of the STAT (signal transducer and
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activator of transcription) family, transcription

factors may  become  recruited and
phosphorylated. However, the involvement of
STAT proteins in the signaling of activated
CXCR4 may depend on the cell type.

Membrane expressed haematopoietic
phosphatase CD45 as well as proteintyrosine
phosphatases (SHIP1 and SHIP2) are also
involved in the modulation of CXCR4
signaling. Accordingly, haematopoietic cells
derived from mice lacking SHIP1 showed
altered patterns of chemotactic response to
CXCL12. SHIP2 was also shown to regulate
CXCL12 induced migration of T- and
pre-B-cells ). Moreover, CD45 was found
after stimulation by CXCL12 to associate with
CXCR4 within lipid rafts . This interaction
could be inhibited after pretreatment of cells

with 4 -cyclodextrin, a lipid raft formation

inhibitor.
Modulators of chemokine CXCL12 and its
receptor CXCR4

The N-terminus of CXCR4
and its first extracellular

LB
loop are crucial for CXCL12 dea- A (3
binding.  Hyposulfation of Tibrinagen
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CXCR4
leukocyte-derived proteases
inhibits CXCR4 signaling.
In addition, CXCLI12 may

also be

N-terminus by

N-terminally
truncated by
cell-surfaceexpressed CD26.
As a result, truncated
CXCL12, in contrast to the

an antagonist of CXCR4Y!,

Several factors have been recently identified to
positively affect the sensitivity of CXCR4+
cells to a CXCLI12 gradient ' (Figure 2): ®
anaphylatoxin C3a (C3 complement protein
cleavage fragment), @ des-Arg C3a (product
of C3a degradation by carboxypeptidase), @
platelet derived membrane microvesicles, @
hyaluronic acid, and ® sphingosine-1
phosphate, which are found to significantly
increase the chemotaxis of CXCR4+ cells to
low dosages of CXCL12. Similarly, it is found
that several other molecules such as
fibronectin, fibrinogen, thrombin, soluble
uPAR  (urokinase-type plasminogen activator
receptor), and VCAM-1 (vascular adhesion
molecule-1) increase the chemotactic response
of cells to low dosages of CXCL12 as well.
Modulation of CXCR4 function by all these
molecules on solid tumour cells could increase

metastatic properties of CXCR4 positive
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Figure 2 Modulation of CXCL12-CXCR4 axis by external factors
On one hand, leukocyte-derived proteases or cell surface-expressed CD26 may cleave both

SDF-1 and the N-terminus of CXCR4; on the other hand, CXCL12-CXCR4 axis is regulated

both positively (for example, by C3a, des-Arg C3a, thrombin, urokinase-type plasminogen

full-length CXCLI12, does
not possess chemotactic

activity and may even act as

activator receptor, fibrinogen, fibronectin, hyaluronic acid, sICAM1, sVCAMI1, and cell
membrane-derived microvesicles) and negatively (for example, by polyene antibiotics,
heparin, MIP-1ar, and RANTES).
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tumour cells. Because inflammation plays an
important role in tumor progression, molecules
generated during inflammation could have an
enhancing effect on the metastatic behavior of
CXCR4+ tumor cells. Conversely, it has been
reported that CXCR4 signaling may be
desensitized in B lymphocytes and T
lymphocytes by  MIP-la  (macrophage
inflammatory protein-la ,CCL3) or RANTES
(regulated on activation normal T-cell
expressed and secreted,CCLS), which activate
CCRS5™M, Tt may also be negatively modulated
by heparin and lipopolysaccharide (LPS). It is
likely that, whereas heparin restricts CXCL12
availability in the intercellular environment,

LPS probably interferes directly with the
binding of CXCL12 to CXCR4.

It was showed that this sensitization of HSC
(hematopoietic stem cells) chemotaxis to a
CXCL12 gradient is dependent on the
cholesterol content of the cell membrane and
incorporation of CXCR4 and small GTP-ase
(guanosine triphosphatase) Rac-1 into
membrane lipid rafts 2. It was found that this
incorporation of CXCR4 and Rac-1 in lipid
rafts facilitate GTP binding of Rac-1. Recent
data showed that depletion of membrane
cholesterol severely affects responsiveness of
CXCR4+ cancer cells to a CXCL12 gradient.
Thus, drugs that perturb lipid raft formation by
depleting cholesterol from cells such as
polyene antibiotics could potentially negatively
affect the metastatic properties of cancer cells.

The expression of CXCR4 is regulated by
several transcription factors related to organ
development as well as those related to stress
and tissue damage. With respect to the former,
it showed that expression of CXCR4 is
regulated in various tissues by PAX genes
(paired-box transcription factors). Sequence

analysis of the CXCR4 promoter and
chromatin immunoprecipitation analysis
confirmed that PAX genes bind to the CXCR4
promoter. Because the pattern of expression of
PAX genes is organ-specific, it is proposed
that PAX proteins may regulate CXCR4
expression in a tissue-specific manner. Besides
PAX genes, CXCR4 expression may also be
positively regulated by transcription factors
related to stress/hypoxia and tissue damage
such as NF-k B, HIF-1 (hypoxia-inducible
factor), glucocorticoids,
lysophosphatidylcholine, TGF- (transforming
growth factor- ), VEGF (vascular endothelial
growth factor), IFN-a (interferon-a ), and
several interleukins (IL-2, IL-4, and IL-7)!.
In humans there are two identified splice
variant forms of CXCL12,namely a and (8 .
The former is more abundant than the latter.
Studies showed that CXCL12 expression is
upregulated in endothelial cells by HIF-1,
which leads to chemoattraction of CXCR4+
TCSCs (tissue-committed stem cells) that
participate in tissue regeneration [
Expression of CXCL12 has also been found to
be positively regulated by NF-k B. Because
HIF-1 and NF-k B upregulated both the
CXCR4 expression and the CXCL12
expression, this confers a pivotal role of the
CXCL12CXCR4 axis in maintaining tissue
repair. Conversely, the expression of CXCL12
was found to be downregulated by steroids and
TGF-B 1 . The downregulation of CXCL12
inhibits  the
accumulation of CXCR4+ inflammatory cells

expression by  steroids

and contributes to the anti-inflammatory effect.
Expression and effect of chemokine CXCL12
and its receptor CXCR4 in tumor

The chemokine receptor most commonly
found on tumour cells is CXCR4. CXCR4
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expression has been reported in at least 23
different types of cancer, including cancers of
epithelial, mesenchymal and haematopoeitic
origin. For example tumor cells from breast,
prostate, pancreatic, colon, lung and ovarian
carcinomas, neuroblastoma and glioblastoma,
all express CXCR4 . However, there is less
information on CXCL12 in malignant tissues
and cell lines. The ligand is found in primary
tumour sites in lymphoma, glioma, ovarian
cancer and pancreatic cancer ! and at sites of
metastasis in breast and thyroid cancer,
neuroblastoma and haematologic malignancies.
CXCL12 is not produced by cell lines derived
from breast and ovarian cancer, but has been
detected in cell lines derived from prostate and
pancreatic cancer as well as glioma.

Tumour metastasis is a complex and
non-random multi-step process, involving in
regulation of cell motility and migration,
adhesion, invasion, proliferation, angiogenesis,
homing to specific metastatic organs and
evasion of the immune system. In this review,
we will focus on the role of the
CXCL12CXCR4 axis in regulating all these
crucial steps for tumour metastasis.

Clhemokine CXCLI2 and 1ts receptor CXCRS
and cancer cell motility and mygration

It is noticed that CXCL12 increases the
motility of several human tumour cells (e.g.,
breast cancer, rhabdomyosarcoma and small
lung cancer cell lines). Activation of CXCR4
stimulates directed migration of cancer cells,
invasion through matrigel, endothelial cell,
bone marrow stromal, or fibroblast
monolayers, towards a CXCL12 gradient .
CXCL12 displays significant increase in the
number and thickness of F-action bundles,
activation of PI-3K, augment of calcium flux

and  pseudopodia  formation. The

concentrations of CXCLI12 required to
stimulate migration, invasion, calcium flux and
proliferation in malignant cells are comparable
to those used to stimulate normal cells. Most
commonly 1001000 ng/ml CXCL12 gives an
optimal response in HPC, monocytes and
endothelial cells and similar doses are effective
on a range of cancer cell lines and primary
cancer cells. The stimulation of cell movement
by CXCLI12

migration) was inhibited in normal

(motility and directional

haematopoietic cells as well as in several
established cell lines after blocking the
PI-3K-AKT axis by employing PI-3K
antagonist LY290042 or inhibition of Gai
signaling by pertussis toxin!?.

Intra-arterial  injection of MDA-MB-231

human breast cancer cells in immunodeficient
mice resulted in osteolytic bone metastases.

Subpopulations of cells with enhanced
metastatic abilities were isolated by in vivo
selection. A gene expression profile was linked
with the bone metastatic clones. It is found
that one of four highly over expressed genes
was CXCR4, along with IL-11, osteopontin
and CTGF (connective tissue-derived growth
factor) ™. In the syngeneic B16 melanoma
model, CXCR4-transfected cells showed a
10-fold increase in lung metastases after i.v.

injection and there was increased adhesion of
these cells to dermal and pulmonary
microvascular endothelial cells.

Clemokine CXCL12 and ifs receptor CXCRY
and cancer cell adhesion

It is known that CXCL12 modulates adhesion
of cells to fibrinogen, fibronectin, stroma and
endothelial cells by activation of the various
adhesion molecules (e.g., integrins) 516,

CXCLI12 was reported to activate integrins
LFA-1 (lymphocyte  function associated
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antigen-1),  VLA-4 (very late activation
antigen-4) and VLA-5 on immature human
haematopoietic cells [, It was found that
CXCL12 also activates «IIb/£3 integrin
(CD41) on the surface of megakaryocytic
cells. Furthermore, CXCLI2 induced firm
adhesion and transendothelial migration in
human CD34+ haematopoietic cells which was
dependent on LFA-1/ICAM-1 (intracellular
adhesion molecule-1) and VLA-4/VCAM-1
(VLA-4/vascular

interactions. These interactions were inhibited

adhesion  molecule-1)
by pertussis toxin and cytochalasin D,
indicating the involvement of Ga&i protein
downstream signaling and the requirement of
an intact cytoskeleton ', CXCL12 augments
a 4B 7 mediated adhesion via activation of
the GTPase RhoA.

A study has demonstrated that CXCLI2
stimulation of different ovarian cancer cell
lines upregulates the expression of B 1 integrin
and this integrin modulation correlates with
increased tumor cell adhesion to fibronectin!'”.
In small cell lung cancer cells CXCLI2
stimulation induced firm adhesion to marrow
stromal cells via activation of a 4 1 integrin.
Overexpression of the signaling molecule Akt2
in both breast and ovarian cancer cell lines
resulted in cell lines which exhibited increased
adhesion to collagen IV due to upregulation of
B 1 integrin. Adhesion molecules can also
impact on chemokine receptor expression. In
CXCR4+ lymphocytes, for example, activation
of L-selectin increased cell surface CXCR4
expression. It indicates that signaling by
CXCR4 modulates function of adhesion
molecules on cell surface and in reverse
adhesion molecules also increases CXCR4
expression [,

Clemokine CXCLI2 and 1is receptor CXCRY

aod cancer cell secretion

Interaction of CXCR4 with CXCL12 led to the
activation of NF-4 B which plays an important
role in cell secretion. In addition, it was found
that cells after stimulation by CXCL12 secrete
more MMPs (matrix metalloproteinase) (e.g.,
MMP-2 and -9),
angiopoietic factors such as VEGF Pl These

nitric oxide and some

factors play an important role in tumour

migration  through  vascular  basement
membranes, in tumour vasculogenesis and in a
CXCR4
haematopoietic cells and endothelium. The
secretion of MMPs and VEGF by normal
human megakaryocytes was dependent on
PI-3K-AKT-NF-4 B axis and was inhibited
after exposure of cells to LY290042!"%],
Clhemokine CXCL12 and 1ts receptor CXCRY
and cancer cell growth and survival

The effect of CXCLI2 on cell proliferation

and survival remains controversial. It has been

crosstalk between positive

suggested that the ratio between activated p38
stress kinase and the PI-3KAKT axis
determines whether a particular chemokine
will support or inhibit cell survival . It was
found that CXCL12 did not affect cell survival
or proliferation in human CD34+ progenitor
cells, 26 different established human T and B
lymphoid and myeloid cell lines *'*. However,
in normal human CD34+ cells CXCLI2
induced phosphorylation of MAPK p42/44 and
serinethreonine kinase AKT, which are
associated with cell proliferation, yet did not
affect cell proliferation and survival. In
contrast, CXCL12 was found to stimulate the
proliferation and survival of many solid tumors
such as prostate cancer, glioma, astrocytes and
epithelial ovarian cancer ["2!,  Some tumour
cells were found to secrete CXCLI2 and an

autocrine CXCLI2CXCR4 interaction had
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been suggested to regulate the
proliferation/survival of these cells [,
Moreover, CXCL12 was found to be a survival
factor for glioma and glioblastoma cells. This
effect was correlated with a prolonged
activation of the kinases AKT and MAPK
p42/44 1. The CXCL12-CXCR4 interaction
stimulated cell  growth  partially by
phosphorylation of AKT 21 These data
support the notion that the activation of
MAPK p42/44 and PI-3K-AKT pathways in
target cells is not sufficient to stimulate cell
growth /survival and also other complementary
pathways have to be activated simultaneously
in order to increase their proliferation/survival
(18]

Clemokine CXCLI2 and 1is receptor CXCRY
and tumor progression and progrosis

CXCR4 expression may be linked to other
factors that are involved in the processes of
CXCL12

stimulation of ovarian cancer cell lines and

malignancy. For example,

primary cells isolated from ascitic disease
caused production of the cytokine TNF-a

(tumor necrosis factor a )", TNF-a has been
implicated in tumour communication and is
also an endogenous tumour promoter . There
are also links between CXCR4 and VEGF. In
breast cancer cell lines and glioma cells,

VEGF was demonstrated to have an autocrine
action and induce expression of CXCR4 which
promoted migration towards CXCL12 [,

Hormones have also been linked with
CXCL12 in gynaecological cancers. It was
reported that CXCL12 is a target of estrogen
action in ER (estrogen receptor) positive
human ovarian and breast cancer cell lines.

Estradiol treatment induced expression of
CXCL12 in ER+ cell lines and promoted cell
proliferation which can be blocked with either

addition of anti-CXCLI12 antibody or ER
antagonists.

Recently, clinical studies have showed that
CXCR4 expression is correlated with tumor
malignancy and poor prognosis. In refractory
metastatic prostate cancer, CXCR4 expression
was linked to the presence of metastatic
disease and induced a more aggressive
phenotype . CXCR4 expression was higher
in pancreatic cancer cell lines derived from
metastatic lesions compared with those derived
from primary tumors. CXCR4 expression was
upregulated in invasive and advanced bladder
cancer tissue. In contrast, superficial bladder
tumors displayed low CXCR4 expression. In
136 esophageal tumors examined,
with  CXCR4 positive
significantly reduced median overall and

patients
expression  had

disease-specific survival of 20 and 25 months
respectively,  compared with patients with
CXCR4 negative expression of 76 and 97
months. CXCR4 expression was statistically
associated with increased lymph node
microinvolvement  and  bone  marrow
micrometastatasis and poor clinical outcome
(31 A total of 1808 invasive breast carcinomas
and 214 pre-invasive breast samples could be
analyzed and showed that CXCR4 cytoplasmic
expression is linked to tumor aggressivity and
has prognostic value with respect to
disease-specific survival 4. In addition, in
patients with colorectal cancer, osteosarcoma,
neuroblastoma, oral squamous cell carcinoma
and malignant melanoma, CXCR4 expression
increased the risk for recurrence, lymph node
metastasis and poor survival *!. However, in
gastric cancer patients, the prognosis of CCR7
positive tumors was better than that with
CCRT7 negative tumors and no such correlation

was observed for CXCR4 expression.
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Most studies found that CXCL12 expression is
not associated with tumor prognosis. However,
the recent study using RT-PCR has showed
that CXCL12 can increase the invasiveness
and migration of breast cancer cells. Its level
was correlated with lymph node involvement
and poor survival 2],

Future directions

Functional CXCR4 is widely expressed by
malignant cells. There is preliminary evidence
that CXCR4 expression can confer an invasive
phenotype. Moreover, the animal experiments
show that CXCR4 antibodies or antagonists
may inhibit cancer growth and spread.
CXCLI12CXCR4 axis emerges as an important
All these
blocking strategies could be potentially

regulator in tumor metastasis.

employed as new antimetastatic drugs to
inhibit metastatic behaviour of CXCR4
positive cancer cells. However, CXCR4 and
its ligand CXCL12 are also widely expressed
in a number of homeostatic and inflammatory
situations, and CXCR4 antagonists can
mobilise stem cells from bone marrow and
affect trafficking and development of
haematopoietic stem cells, = maturation of
lymphocytes and platelet formation. However,
the first clinical trials in HIV-infected patients
where CXCR4 antagonist AMD3100 were
employed to prevent binding of HIV to
CXCR4 have proven safe for such therapeutic
strategies. Besides the small molecular
inhibitors of CXCR4, double stranded RNAI
(RNA interference) could also be potentially
employed to downregulate the expression of
CXCR4. Downregulation of HIF-1 may lead
to downregulation of CXCLI12 in various
tissues and inhibit spreading of CXCR4+

tumor cells. Recently, a small molecular

inhibitor of transcriptional coactivation of
HIF-1, called chetomin, has been identified.
Systemic administration of chetomin inhibited
hypoxia-inducible transcription within tumors
and inhibited tumor growth in mice #",

In this review, we have focused on a role of
the CXCL12CXCR4axis in tumor metastasis.
This process, however, is regulated by several
other regulatory axes such as hepatocyte
VEGF and kit ligand.

Relatively little is known about correlation

growth factor,

between CXCR4 signaling and the oncogenes
and growth factors in malignant disease. It
would seem that further understanding of the
action of CXCR4 in normal and malignant
disease could lead to exciting new therapeutic
options in a range of malignancies.
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