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Summary. The highly metastatic and variable behavior
of melanoma has accentuated the need for early
detection and targeted therapy. Putative targets identified
include those belonging to the extensive network of
chemokines and their receptors. One such target is the
chemokine receptor CXCR4, a G protein-coupled
receptor with a 34 amino acid extracellular N-terminus,
the primary ligand of which is CXCL12 (SDF-1, stromal
derived factor-1). The ligand uniquely utilizes the N-
terminus of CXCR4 for signal transduction and
stimulates the protein kinase B (AKT)/mitogen activated
protein kinase (MAPK) pathway.

Functionally, the CXCR4/CXCL12 axis is believed
to play a key role in cell migration and proliferation.
Upregulation of CXCR4 and consequently dysregulation
of the CXCR4/CXCL12 axis has been implicated in the
progression of several lineage-unrelated malignancies
including melanoma. The contributions of the
CXCR4/CXCL12 axis in melanomagenesis are well
documented. More recently, the potential cooperativity
between the mutational status of BRAF and the
CXCR4/CXCL12 axis has been shown, lending
credence to the concept that both CXCR4 and CXCL12
may be putative targets for therapy in melanoma.

In this review, we summarize the role of the
CXCR4/CXCL12 axis in cancer progression and
metastasis, with an emphasis on cutaneous malignancy,
melanoma in particular. Furthermore, we discuss the
effects of CXCL12 on CXCR4 expressing malignant
cells in vitro and the potential prognostic utility of both
CXCR4 and CXCL12 expressions. Lastly, we highlight
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the therapeutic potential of targeting this axis and the
unique response of CXCR4 expression to anti-cancer
treatments with an emphasis on melanoma.

Key words: CXCR4, CXCL12, Melanoma

Introduction

Members of the chemokine superfamily are small
molecular weight signaling proteins (Payne and
Cornelius, 2002). Chemokines are classified into four
groups based on the position of conserved cysteine
residues—CC (2 adjacent N-terminal cysteines) CXC (2
N-terminal cysteines separated by 1 amino acid), C (1 N-
terminal cysteine), and CX,C (two N-terminal cysteines
separated by 3 amino acids)—and for each family of
ligand there is a corresponding receptor (Payne and
Cornelius, 2002).

Chemokines and their receptors play an integral role
in the immune system, directing leukocyte migration and
regulating cellular proliferation (Balkwill, 2004).
Chemokines and their receptors—in particular CXCL12
and CXCR4—are believed to play a key role in cell
migration and proliferation—two processes relevant in
the progression and metastasis of cancer (Sehgal et al.,
1998; Miiller et al., 2001). The ligand and receptor are
two key components in the cross talk between malignant
cells and their microenvironment, yielding this axis a
great influence on malignant cell phenotype.

CXCR4 and CXCL12—structure and binding
interaction

To date, known ligands for CXCR4 are CXCL12
(stromal derived factor-1, SDF-1) and ubiquitin (Saini et
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al., 2011). Ubiquitin does not bind the same site as
CXCLI12 and its effects are poorly understood (Saini et
al., 2011). The structure of CXCL12 has been visualized
in nuclear magnetic resonance (NMR) studies, showing
a 67 residue peptide consisting of an N-terminal strand
and a core globular domain (Crump et al., 1997). With
the use of NMR spectroscopy, migration assays, and
calcium measurements Crump et al. demonstrated in
1997 that binding of CXCR4 and CXCLI12 involves all
extracellular domains of the receptor and both the core
globular domain and N-terminus of the ligand resulting
in a two site mechanism of binding for signaling
transduction (Crump et al., 1997).

The CXCR4/CXCL12 axis—downstream pathways
and cellular effects

Stimulation of CXCR4 by CXCL12 can activate
four downstream signaling pathways leading to four
distinct cellular responses (Drury et al., 2011). Induction
of the phospholipase C pathway results in the release of
intracellular calcium stores and cellular migration
(Kremer et al., 2011). Induction of the RhoA pathway
leads to an increase in production of the collagenase
membrane type-1 matrix metalloproteinase (MMT-1
MMP) (Bartolomé et al., 2004). Cross-talk between
CXCR4 and MMT-1 MMP increases the invasiveness of
malignant cells and enables them to migrate through
membranes and extracellular matrices, thus enhancing
the metastatic potential of the malignant cells
(Bartolomé et al., 2009). Activation of the PI3K/AKT
pathway enhances tumor cell survival (Luo et al., 2013).
Lastly, stimulation of the MAPK pathway enhances
tumor cell proliferation (Robledo et al., 2001; Sun et al.,
2002; Alsayed et al., 2007; Heinrich et al., 2012). A
study on the BLM melanoma cell line demonstrated that
phosphorylation of the MAP kinases p44/42 (ERK1/2)
and p38 (downstream of the Raf protein) upon in vitro
CXCL12 administration, indicating enhanced MAPK
pathway activation (Robledo et al., 2001).

These pathways belonging to the CXCR4/CXCL12
axis induce malignant cell migration, invasion,
proliferation, and survival, all of which contribute to the
progression and metastasis of cancer.

Normal functions of the CXCR4/CXCL12

Beginning as early as in embryogenesis, CXCR4
and CXCL12 play a role in directing cellular migration
in all mammals (Domanska et al., 2013). In 1996
Nagasawa et al. demonstrated that loss of function of the
CXCR4/CXCL12 axis results in defects in
lymphopoeisis and bone marrow myelopoeisis while
knockout studies of CXCR4 and CXCL12 in mice
demonstrated a loss in stem cell migration and perinatal
death due to failed embryonic development of the
hematopoietic, renal, cardiovascular and nervous
systems (Nagasawa et al., 1996; Sierro et al., 2007;
Takabatake et al., 2009; Bonig and Papayannopoulou,
2013; Domanska et al., 2013; Mithal et al., 2013). The

CXCR4/CXCL12 axis is also important in adults as it
directs immune responses, induces neovascularization
and promotes cellular proliferation after injury (Bollag
and Hill, 2013; Fu et al., 2013; Liu et al., 2013). Varied
expression of CXCL12 throughout the body allows for
the establishment of CXCL12 gradients, which help to
direct the migration of CXCR4 expressing cells
(Loetscher et al., 2000). In 2000 Loetscher et al.
demonstrated that constitutive CXCL12 expression at
sites of inflammation results in the establishment of a
CXCL12 gradient, which directs CXCR4 expressing
phagocytic cells of the innate immune system (Loetscher
et al., 2000). A 2001 study showed that elevated
CXCL12 expression was not limited to sites of
inflammation, but was also observed at the lymph nodes,
lung, liver and bone marrow, whereas comparatively
lower expression was demonstrated in the small
intestine, kidney, skin, brain and skeletal muscle (Miiller
et al., 2001). This pattern of expression is necessary for
normal function of the immune system, directing
lymphocyte trafficking, and also helps explain the
increased prevalence of metastasis at lymph nodes,
lungs, liver, and bone marrow —sites of higher relative
CXCL12 expression (Miiller et al., 2001; Stein and
Nombela-Arrieta, 2005).

CXCR4/CXCL12 in cancer biology—relevance to
tumor growth and metastatic development

In vitro migration and invasion assays confirm that
murine CXCL12 enhances migration and invasion in
human breast carcinoma MDA-MB-231 cells and it has
been shown that in vivo inhibition of the
CXCR4/CXCL12 axis can block the development of
metastasis, demonstrating for the first time the
contribution of this axis to the metastatic cascade
(Miiller et al., 2001). To date, CXCR4 expression has
been identified in several lineage-unrelated malignancies
of which a third are cutaneous. Studies identifying
CXCL12 expression are limited in number, particularly
at the primary site; however, many studies have focused
on the effects of CXCL12 on tumor cells in vitro,
demonstrating the ligand’s proliferative, invasive, and
migratory effects. To date, the utility of CXCL12
expression as a prognosticator of patient outcome has
been demonstrated in only eleven lineage-unrelated
malignancies of which three are cutaneous (Uchida et
al., 2007; Clatot et al., 2011; Toyozawa et al., 2012).

CXCR4/CXCL12 in cutaneous non-melanoma
malignancies

Both CXCR4 and its ligand CXCL12 appear to be
involved in the progression and metastasis of several
lineage-unrelated cutaneous malignancies.

Epithelial tumors

In one study encompassing actinic keratosis, basal
cell carcinoma and squamous cell carcinoma, compared
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to normal skin, expression of CXCR4 appeared to be
downregulated in actinic keratosis and basal cell
carcinoma, and upregulated in squamous cell carcinoma
(Basile et al., 2008). Given the limited metastatic
potential of basal cell carcinoma compared to squamous
cell carcinoma, this study supports the notion that
CXCR4 expression is associated with neoplasms with
the ability to metastasize (Basile et al., 2008). In the
same year, a study showed the presence of CXCR4
protein expression in head and neck squamous cell
carcinoma and noted the absence of expression in
adjacent normal tissue (Ou et al., 2008). This study also
demonstrated a correlation between CXCR4 protein
expression and tumor staging, supporting a role for the
predictive value of CXCR4 for poor patient outcome
(Ou et al., 2008). In 2003 Uchida et al. demonstrated
enhanced expression of CXCR4 mRNA and protein in
primary oral squamous cell carcinoma and metastases as
compared to adjacent normal tissues; however, CXCR4
expression could not be correlated to patient prognosis
or tumor size (Uchida et al., 2003). In a 2007 follow-up
study Uchida et al. noted a statistically significant
decrease in the 5-year survival of oral squamous cell

carcinoma patients exhibiting high CXCR4 and/or
CXCLI12 protein expression at primary tumor sites,
linking the CXCR4/CXCL12 axis to poor patient
outcome (Uchida et al., 2007). In 2011 Uchida et al.
demonstrated that the development of metastases in nude
mice injected with B88 oral squamous cell carcinoma
cells could be inhibited by inoculation with the CXCR4
antagonist AMD3100, thus elucidating the potential
therapeutic value of targeting the CXCR4/CXCL12 axis
(Uchida et al., 2011).

Fibrohistiocytic tumors

Expression of CXCR4 has also been demonstrated in
fibrohistiocytic tumors such as dermatofibrosarcoma
protuberans, malignant fibrous histiocytoma, and
dermatofibroma (Toyozawa et al., 2010). In this study,
significantly higher CXCR4 protein expression was
noted in tumors with an aggressive biologic behavior
such as malignant fibrous histiocytoma compared to
dermatofibroma, suggesting that CXCR4 protein
expression marker may be diagnostic utility as a
histopathologic adjunct in predicting tumor

Table 1. Chronologic historical overview of studies on the CXCR4/CXCL12 axis in cutaneous non-cutaneous melanoma malignancies.

REFERENCE STUDY DESIGN FINDINGS

CONCLUSION

Enhanced expression of CXCR4 mRNA and protein  CXCR4 and CXCL12 protein expression may

Sample studied: Oral squamous
Uchida et al.,  cell carcinoma
20083, 2007, Methods: RT-PCR for CXCR4
2011 mRNA, IHC for CXCR4 and
CXCL12 protein
mice

in primary oral squamous cell carcinoma and
metastases as compared to adjacent normal tissues; patient outcome oral squamous cell
decrease in the 5-year survival in patients with high
CXCR4 and/or CXCL12 protein expression at

primary tumor sites; AMD3100 inhibits metastasis in  squamous cell carcinoma and may be a

be of utility as a prognosticator for poor

carcinoma. The CXCR4/CXCL12 axis
contributes to the etiopathogenesis of oral

putative target for treatment.

Samples studied: actinic keratosis, Compared to normal skin, CXCR4 protein
expression was downregulated in actinic keratosis
and basal cell carcinoma, while expression was
upregulated in cutaneous squamous cell carcinoma

Basile et al., basal cell carcinoma, cutaneous
2008 squamous cell carcinoma
Method: IHC for CXCR4 protein

CXCR4 protein expression may be
associated with cutaneous malignancies with
potential for metastasis.

Samples studied: squamous cell
Ou et al., 2008 carcinoma (head and neck area)
Method: IHC for CXCR4 protein

CXCR4 protein expression correlates with clinical
stage and presence of lymph node metastasis.

CXCR4 protein expression may be of utility
as a prognosticator for poor patient outcome
in head and neck squamous cell carcinoma.

Samples studied:
dermatofibrosarcoma

Toyozowa et protuberance, malignant fibrous

CXCR4 protein expression higher in
dermatofibrosarcoma and malignant fibrous
histocytoma compared to dermatofibroma; CXCR4

CXCR4 protein expression may be of utility
as a predictor of phenotypically aggressive

al, 2010 histiocytoma, dermatofibroma protein expression higher in dematofibrosarcoma cutaneous fibrohistocytic tumors.

Method: IHC for CXCR4 protein patients who relapsed
K Samples studied: Merkel cell . . . . CXCR4 expression may be associated with

napp etal.,  carcinoma, local nodal metastasis Higher expression in local nodal metastasis ) .
) ) . . ) the progression of Merkel cell carcinoma,

2012 and distant metastasis compared to primary and distant metastasis articularly early stages of metastasis

Method: IHC for CXCR4 protein P y early stag :
Dobner etal.  Sample studied: uveal melanoma CXCR4 protein expression correlates with presence CXCR4 protein expression may be of utility

2012 Method: IHC for CXCR4 protein  of liver metastasis

as a prognosticator for poor patient outcome
in uveal melanoma.

Samples studied: malignant
peripheral nerve sheath tumor
(MPNST) cell lines and primary
tumor

Methods: /n vivo murine injection
of MPNST cells, RT-PCR for
CXCL12 mRNA and IHC for
CXCR4 protein

Mo et al., 2013

MPNSTSs

MPNST cells with CXCR4 knockdown displayed
impaired in vivo tumor cell proliferation and
attenuated tumorigenesis, as compared to injection
with CXCR4 positive MPNST cells in murine models; MPNST progression and metastasis. CXCR4
administration of CXCR4 antagonist elicits
abrogation of MPNST proliferation and metastasis in MPNST.
murine models; CXCR4 protein present in human

The CXCR4/CXCL12 axis may play a role in

may be a putative target in treatment of
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aggressiveness (Toyozawa et al., 2010). Further in
support of this, the same study showed significantly
great CXCR4 protein expression in relapsed
dermatofibrosarcoma protuberans cases compared to
non-relapsed cases (Toyozawa et al., 2010).

Neuroectodermal tumors

In a study of cells derived from malignant peripheral
nerve sheath tumors (MPNST), researchers
demonstrated that the CXCR4/CXCL12 axis promotes
cell survival and metastasis (Mo et al., 2013). Briefly,
murine injection of CXCR4-negative MPNST cells
resulted in impaired tumor cell proliferation and
attenuated tumorigenesis compared to injection with
CXCR4-positive MPNST cells (Mo et al., 2013).
Interestingly, co-injection of the CXCR4 antagonist
AMD3100 and CXCR4-positive MPNST cells resulted
in tumorigenesis similar to that of the CXCR4-negative
MPNST cells (Mo et al., 2013). This same study
demonstrated CXCR4 protein expression in human
MPNSTs using immunohistochemistry (Mo et al., 2013).
Based upon these findings Mo et al. hypothesized that
the CXCR4/CXCL12 axis may be relevant in the
progression of MPNST and may be of utility as a
therapeutic target (Mo et al., 2013).

Neuroendocrine tumors

Earlier studies failed to demonstrate CXCR4 protein
expression in Merkel cell carcinoma; contrasting with
more recent ones including a 2012 study by Knapp et al.
who successfully demonstrated CXCR4 protein
expression in the same (Tucci et al., 2006; Knapp et al.,
2012). Of note, they found statistically significant
greater CXCR4 immunoreactivity in local nodal Merkel
cell carcinoma metastasis biopsies compared to primary
and distant metastatic biopsies, leading the authors to
conclude that CXCR4 is particularly crucial in the early
stages of Merkel cell carcinoma progression (Tucci et
al., 2006; Knapp et al., 2012).

CXCR4/CXCL12 in cutaneous melanoma

The highly metastatic and variable behavior of
melanoma has accentuated the need for early detection
and targeted therapy. The relevance of the
CXCR4/CXCL12 axis has been highlighted in both
uveal and cutaneous melanoma.

In 2007 protein expression of CXCR4 was initially
demonstrated in uveal melanoma biopsies in a study
using immunohistochemistry (Scala et al., 2007). In this
study by Scala et al. expression of CXCR4 protein
correlated with epithelioid phenotype—a subgroup with
poor clinical outcome —alluding to the potential
prognostic utility of CXCR4 expression (Scala et al.,
2007). The same year Cesare et al. demonstrated
CXCR4 protein expression on five uveal melanoma cell
lines and showed that CXCL12 promoted migration of
the cell lines in vitro (Cesare et al., 2007). A 2012 study

highlighted the prognostic value of CXCR4 protein
expression in uveal melanoma by correlating expression
with presence of hepatic metastasis (Dobner et al., 2012).
In 2001 expression of CXCR4 in biopsies of primary
cutaneous melanoma, melanoma metastatic to the lymph
node and melanoma cell lines was demonstrated using
multiple techniques, including immunohistochemistry
and flow cytometry (Robledo et al., 2001). In this study
CXCR4 protein expression was noted in 100% of
biopsies of primary cutaneous melanoma and melanoma
metastasis (n=7 and 5 respectively) as well as in the
melanoma cell lines MeWo, A375 and BLM, indicating
that the CXCR4/CXCL12 axis may be relevant in
melanoma. This same study showed that CXCL12 greatly
enhanced MeWo cell adhesion to the extracellular matrix
protein fibronectin, facilitating the invasion of normal
tissue by malignant cells (Robledo et al., 2001). In 2001
Robledo et al. also showed that in vitro administration of
CXCL12 induced phosphorylation of the MAP kinases
p44/42 and p38 (downstream of the Raf protein)
indicating that CXCL12 could potentially be relevant in
melanomagenesis (Robledo et al., 2001). A year later
Murakami et al. similarly demonstrated CXCR4
expression in 100% (n=3) of primary cutaneous
melanoma biopsies and 40% (n=5) of pulmonary
metastasis biopsies (Murakami et al., 2002). In the same
study Murakami et al. transduced CXCR4 cDNA into
B16 melanoma cells and demonstrated that increasing
CXCR4 protein expression resulted in significantly
enhanced development of pulmonary metastasis in mice
(Murakami et al., 2002). Murakami et al. showed that
administration of the CXCR4 antagonists T22 inhibited
the formation of metastasis, highlighting the potential
therapeutic value of targeting the CXCR4/CXCL12 axis
(Murakami et al., 2002). This study also showed that in
vitro administration of CXCL12 enhanced B16 melanoma
cell adhesion to pulmonary endothelial cells and
promoted cell growth, identifying the CXCR4/CXCL12
axis as a potential contributor to melanomagenesis and
the development of metastasis (Murakami et al., 2002).
Following the early findings of Robledo et al. and
Murakami et al. were a number of studies demonstrating
the prognostic utility of CXCR4 protein expression in
primary cutaneous melanoma (Longo-Imedio et al., 2005;
Scala et al., 2005; Tucci et al., 2007; Toyozawa et al.,
2012). Briefly, Longo-Imedio et al., demonstrated
CXCR4 protein expression in 35% (n=40) of primary cut
aneous melanoma and showed that CXCR4 expression
correlated with ulceration, increased tumor thickness,
development of metastases, and patient morbidity
(Longo-Imedio et al., 2005). This same year Scala et al.,
correlated CXCR4 expression (56% positive, n=71) with
shorter disease free survival and greater risk of morbidity
in study patients with primary cutaneous melanoma
(Scala et al., 2005). Two years later Tucci et al. identified
CXCR4 protein expression in 100% (n=30) of nodular
melanoma biopsies and showed that expression correlated
with greater Breslow depth and patient morbidity,
supporting a role for the CXCR4/CXCL12 axis in
melanoma growth and, the utility of CXCR4 as a
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prognosticator for poor patient outcome (Tucci et al.,
2007). Most recently, Toyozawa et al. demonstrated
CXCR4 protein expression in 100% (n=19) of primary
cutaneous melanoma cases and noted an association
between expression and tumor thickness >2 mm as well
as the development of distant metastasis, delineating the
contribution of the CXCR4/CXCL12 axis to melanoma
progression and development of metastases (Toyozawa
et al., 2012). Of note, a 2012 study by Kiihnelt-Leddihn
et al. noted CXCR4 protein expression in 82% (n=38) of

primary cutaneous melanoma, but failed to demonstrate
a correlation with established histopathologic
prognosticators or patient morbidity (Kiihnelt-Leddihn et
al., 2012). Our own experience has shown CXCR4 and
CXCL12 appear to be biomarkers associated with
established prognosticators of good and poor clinical
outcome respectively in primary cutaneous melanoma as
we have noted that CXCR4 correlates with absence of
mitoses and low AJCC staging, while CXCL12
correlates with ulceration and vascular invasion

Table 2. Chronologic historical overview of studies on the CXCR4/CXCL12 axis in melanoma.

REFERENCE STUDY DESIGN FINDINGS

CONCLUSION

Samples studied: Melanoma cell lines,

- . CXCR4 protein is present on melanoma cell
primary cutaneous melanoma and metastasis

The CXCR4/CXCL12 axis may stimulate

Robledo et . . lines and melanoma metastases; CXCL12  melanoma cell proliferation and invasion,
Method: Flow cytometry for CXCR4 protein, . ) ) . - )
al., 2001 AP .’ induces enhanced fibronectin adhesion and contributing to melanoma progression and
IHC for CXCR4 protein, in vitro cell adhesion . .
) ) phosphorylation of MAPK kinases. the development of metastases.
assay and proliferation assay
Samples studied: B16 melanoma cell line, CXCR4 expression enhances pulmonar
primary cutaneous melanoma and pulmonary °Xp ; P ry The CXCR4/CXCL12 axis contributes to the
. metastatic potential of melanoma cells in a g ! o
Murakami et metastases murine model: CXCR4 is expressed on metastatic capacity of melanoma cells in mice
al., 2002 Methods: Murine injection with CXCR4 . ’ P and expression is present in human
L . primary cutaneous melanoma and pulmonary
positive and CXCR4 negative melanoma Cellsmetastasis melanoma.
and IHC for CXCR4 protein
CXCR4 protein expression correlates to the
Longo-Imedio Sample studied: Primary cutaneous fo!lowmg: presence of ulceration, tumor CXCR4 protein expression may be of utility
et al., 2005 melanoma thickness, development of lymph node as a prognosticator for poor patient outcome
v Method: IHC for CXCR4 protein metastasis, presence of distant metastasis, ’
patient morbidity
Scala et al., Sample studlled: Primary c_utaneous CXCR4 protein expression correlates to _ CXCR4 protein expression may be of utility
2005 melanoma with Breslow thickness >1 mm presence of sentinel lymph node metastasis as a prognosticator for poor patient outcome
Method: IHC for CXCR4 protein and patient morbidity ’
Sample studied: Melanoma cell lines and C_:XCB4 mRNA_expressed in melanoma cell The CXCR4/CXCL12 axis may stimulate
Scala et al melanoma metastases lines; CXCL12 induces melanoma cell melanoma growth and metastasis. CXCR4
2006 " Methods: RT-PCR for CXCR4 mRNA, in vitro proliferation and these effects can be mav be a putative taraet for theral .eutic
proliferation assays and IHC for CXCR4 abrogated by AMD3100; CXCR4 protein tre;/tmentp 9 p
protein expressed in melanoma metastasis '
. Sample studied: primary cutaneous No significant correlation observed between CXCR4 protein expression does not appear
Kim et al., . . e .
2006 melanoma overexpression of CXCR4 protein and to have prognostic utility in primary cutaneous
Method: RT-PCR for CXCR4 mRNA survival melanoma.
Tucci et al., Sample studied: Primary cutaneous CXCR4 protein expression correlates to CXCR4 protel'n exp:cessmn may be of utility
2007 melanoma . Breslow thickness and patient morbidity as a_prognostlcator or poor patient outcome
Method: IHC for CXCR4 protein in primary cutaneous melanoma.
Sample studied: Primary cutaneous
Franco et al. melanoma CXCR4 mRNA and protein expression CXCR4 protein expression may be of utility
2010 Methods: RT-PCR for CXCR4 mRNA and  correlate to patient morbidity as a prognosticator for poor patient outcome.
IHC for CXCR4 protein
Kahnelt- Sample studied: Primary cutaneous

Leddihn et al. melanoma ; ; ;
with prognosis or survival.

CXCR4 protein expression does not correlate CXCR4 protein expression does not appear

to have prognostic utility.

2012 Method: IHC for CXCR4
Samples studied: Primary cutaneous The CXCR4/CXCL12 axis may contribute to
P : y ) Low CXCL12/CXCR4 ratio correlates with melanoma progression and metastasis.
Monteagudo - melanoma and melanoma metastasis tumor thickness >1 mm and the development CXCL12/CXCR4 mRNA ratio expression ma
etal. 2012  Methods: RT-PCR for CXCR4 and CXCL12 P P Y

mRNA of metastasis

be of utility as a prognosticator for poor
patient outcome.

CXCR4 protein expression correlates to the

Sample studied: Primary cutaneous following: tumor thickness, development of

Toyozawa et
melanoma

CXCR4 and CXCL12 protein expressions
may be of utility as prognosticators for poor

al. 2012 Method: IHC for CXCR4 and CXCL12 protein distant r'_netasta3|s, and CXCL12 protein patient outcome.
expression.
, Samples studied: BRAFWT and BRAFV600E Cell migration enhanced by BRAFV600E .
O'Boyle et al. melanoma cell lines transfection and inhibited by the CXCR4 CXCR4 may be a putative target for
2013 therapeutic treatment.

Method: In vitro migration assay antagonist AMD11070
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(manuscript in preparation).

Higher expression of CXCR4 mRNA, like that of
the protein, has also been identified as a prognosticator
of poor outcome in melanoma in two studies (Franco et
al., 2010; Monteagudo et al., 2012). In 2010 Franco et al.
demonstrated high CXCR4 mRNA expression in 91%
(n=23) of melanoma metastases to the lymph node and
demonstrated an association between expression and
shorter disease free survival (Franco et al., 2010). Of
note, this same study evaluated CXCR4 protein
expression in all cases and observed a perfect overlap of
mRNA and protein expressions (Franco et al., 2010).
More recently, Monteagudo et al. found that lower
expression of CXCL12 mRNA compared to that of
CXCR4 was a valuable prognosticator for the
development of metastasis in primary cutaneous
melanoma (Monteagudo et al., 2012). The same study
showed that CXCL12 mRNA expression, as compared to
that of CXCR4 was four times greater in thin (<1 mm)
than thick (>1 mm) primary cutaneous melanomas
(Monteagudo et al., 2012). Of note, a 2006 study by Kim
et al. demonstrated CXCR4 mRNA expression in 89%
(n=27) of melanoma biopsies, but noted the absence of a
correlation with patient outcome (Kim et al., 2006).

The aforementioned studies highlight the relevance
of the CXCR4/CXCLI12 axis in the progression of
melanoma as well as its prognostic value. The
therapeutic value of targeting this chemokine axis has
also been observed in three studies (Scala et al., 2006;
Liang et al., 2012; O’Boyle et al., 2013). In 2006 Scala
et al. demonstrated in vitro abrogation of CXCL12
induced melanoma cell proliferation by administering
the CXCR4 antagonist AMD3100 (Scala et al., 2006). In
2012 Liang et al. administered the small molecule
CXCR4 inhibitor MSX-122 and observed significant
inhibition in uveal melanoma liver metastasis in mice,
supporting that the previously observed in vitro effects
of blocking the CXCR4/CXCL12 axis were maintained
in an in vivo model (Liang et al., 2012). A year later
O’Boyle et al. compared the migratory response to
CXCL12 of CHL-1 melanoma cells transfected with
either BRAFWT or BRAFV600E and found that
migration was enhanced by BRAFV600E, but could be
inhibited by the newly synthesized CXCR4 antagonist
AMD11070, indicating that targeting of CXCR4/
CXCLI12 axis may be therapeutically relevant (O’Boyle
et al., 2013). Our own experience lends credence to the
hypothesis that CXCR4 may be an ancillary molecule to
explore as a putative target in primary cutaneous
melanoma as we have found higher CXCR4 mRNA
expression in patients with a BRAF mutation
(manuscript in preparation).

Chemotherapy and the CXCR4/CXCL12 axis

Previous studies have indicated the potential role of
the CXCR4/CXCL12 axis in establishing
chemoresistance and even enhanced signaling in
response to chemotherapy. In 2005, Mori et al. showed
CXCR4 upregulation on melanoma cell lines in response

to treatment with trichostatin A (TSA), a histone
deacetylase inhibitor, and 5-Aza-2-deoxycytidine (5-
Aza), a demethylating agent (Mori et al., 2005). Mori et
al. noted both increased CXCR4 mRNA and protein
expression, as well as enhanced cellular migration
towards CXCL12 (Mori et al., 2005). In 2008, Shaked et
al. showed that the CXCR4/CXCL12 axis could also be
dysregulated in response to chemotherapeutic treatments
through the upregulation of CXCL12 (Shaked et al.,
2008). In this melanoma murine study it was
demonstrated that CXCL12 was released by platelets in
response to treatment with paclitaxel-based chemo-
therapy (Shaked et al., 2008). Shaked et al. observed
enhanced tumor vascularization and endothelial
progenitor homing at the primary tumor in response to
the increase in circulating CXCL12 (Shaked et al.,
2008). The same results were observed in patients
treated with paclitaxel-based chemotherapy, but not
other chemotherapies, indicating that certain
chemotherapies may lead to melanoma progression due
to dysregulation of the CXCR4/CXCL12 axis (Shaked et
al., 2008). In 2010, using an orthotopic murine
melanoma model, Kim et al. showed that treatment with
the chemotherapeutic agent, darcarbazine, lead to
enrichment of CXCR4-expressing chemoresistant tumor
cells by 500-700% (Kim et al., 2010). Furthermore,
concomitant use of the CXCR4 antagonist AMD3100
and darcarbazine treatment on the chemoresistant
melanoma cells effectively blocked tumor metastasis in
mice to a much greater extent than darcarbazine alone
(Kim et al., 2010).

These studies highlight the clinical relevance of the
CXCR4/CXCLI12 axis and its potential targeting for the
treatment of cutaneous malignancies, particularly
melanoma.

Conclusions

The CXCR4/CXCL12 axis has been defined as a
contributor to the metastatic cascade and progression of
various malignancies. Both CXCR4 and CXCL12
appear to be of utility as prognosticators in cutaneous
malignancies and with further study may prove to be
biomarkers of potential clinical use. Targeting of
CXCR4 is a promising therapeutic approach that has
shown improvement of both murine and clinical trials.
Additionally, the targeting of CXCL12 has been shown
effective in murine models and may yield clinical
efficacy. Lastly, this axis appears to be of great relevance
in the development of chemoresistant malignancies and
both may prove to be putative targets for overcoming
observed clinical chemoresistance. Further studies are
necessary in order to affirm their prognostic and
therapeutic utility.
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