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Summary

Chondroitin sulfate proteoglycan 4 (CSPG4), a transmembrane proteoglycan originally identified
as a highly immunogenic tumor antigen on the surface of melanoma cells, is associated with
melanoma tumor formation and poor prognosis in certain melanomas and several other tumor
types. The complex mechanisms by which CSPG4 affects melanoma progression have started to
be defined, in particular the association with other cell surface proteins and receptor tyrosine
kinases (RTKSs) and its central role in modulating the function of these proteins. CSPG4 is
essential to the growth of melanoma tumors through its modulation of integrin function and
enhanced growth factor receptor-regulated pathways including sustained activation of ERK 1,2.
This activation of integrin, RTK, and ERK 1,2 function by CSPG4 modulates numerous aspects of
tumor progression. CSPG4 expression has further been correlated to resistance of melanoma to
conventional chemotherapeutics. This review outlines recent advances in our understanding of
CSPG4-associated cell signaling, describing the central role it plays in melanoma tumor cell
growth, motility, and survival, and explores how modifying CSPG4 function and protein—protein
interactions may provide us with novel combinatorial therapies for the treatment of advanced
melanoma.
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There has been much progress in our understanding of the biology of melanoma progression
and metastasis in recent years. Despite this progress, metastatic melanoma remains a
significant clinical problem, representing one of the most untreatable cancers to date. While
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advances in the early detection and surgical removal of primary lesions have reduced
mortality resulting from malignant melanoma, metastatic disease still is responsible for most
tumor relapse. The development of specific inhibitors of mutant active BRAF (BRAFV600E)
and the use of immune-modulating CTLA4 antibodies have provided encouraging
therapeutic outcomes, but as these benefits are temporary, there remains a critical need to
develop targeted therapeutics to manage progressive disease (Blank et al., 2011; Smalley,
2010). Human chondroitin sulfate proteoglycan 4 (CSPG4), originally referred to as high
molecular weight-melanoma-associated antigen (HMW-MAA) or melanoma chondroitin
sulfate proteoglycan (MCSP), was first identified 30 yr ago on human melanoma cells
(Wilson et al., 1981). Parallel investigations at that time identified the rat ortholog of CSPG4
termed nerve/glial antigen 2 (NG2) (Stallcup, 2002). CSPG4 and NG2 are highly conserved,
and many of the important concepts regarding the significance and functions of CSPG4 are
based on studies from both orthologs. However, it needs to be emphasized that complete
structural/functional comparisons between each ortholog are still in process, and thus, we
have attempted to specify which ortholog has contributed to these concepts. Therefore, as
these studies are still incomplete, we will refer to CSPG4 in studies that utilized or
investigated the human ortholog, and NG2 in studies that have looked at the function of the
rat or mouse orthologs. The notation CSPG4/NG2 in this review is intended to demonstrate
areas where these studies overlap. Additional discussion of the complexities associated with
the functions of CSPG4/NG2 has been summarized in excellent reviews (Campoli et al.,
2010; Couchman, 2010; Stallcup, 2002; Stallcup and Huang, 2008; Trotter et al., 2010).
While not the focus of this review, heparan sulfate glycosaminoglycans have also been
implicated in melanoma metastasis, for example, as a result of their ability to impact on
Whnt5A signal transduction (O’Connell et al., 2009). Furthermore, other core proteins for
cell surface proteoglycans (e.g., syndecans and CD44) have also been studied extensively in
several model systems, and they share many of properties and functions of CSPG4. The
reader is therefore referred to several excellent reviews on these types of cell surface
proteoglycans (Beauvais and Rapraeger, 2004; Bourguignon, 2001; Couchman, 2010;
Sanderson and Borset, 2002; Simpson and Lokeshwar, 2008; Toole and Slomiany, 2008;
Turley et al., 2002).

Both CSPG4 and NG2 are cell surface type | transmembrane proteins that are covalently
modified with CS glycosaminoglycan. As with other proteoglycans, decoration of CSPG4
with CS modification occurs in the brefeldin-A-resistant trans-Golgi compartment (Spiro et
al., 1991). Both orthologs have unique and complex mechanisms associated with their
signaling functions, indicating that they most likely play a central role in linking multiple
oncogenic pathways required for malignant progression. CSPG4 expression in radial growth
phase (RGP) human melanomas facilitates migration, protease activation, and epithelial to
mesenchymal transition (EMT), indicating that it may be very important in primary tumors
for facilitating progression from a radial to vertical growth phase phenotype (Yang et al.,
2009). CSPG4 and NG2 facilitate sustained, high-level activation of key survival and
growth pathways, in particular integrin-regulated focal adhesion kinase (FAK), ERK 1,2,
and PIBK/AKT pathways. Such studies implicate CSPG4 /NG2 as important in facilitating
the growth and survival of malignant melanoma (Chekenya et al., 2008; Yang et al., 2004)
and most importantly link activation of survival and growth pathways to the intracellular
signaling capability of integrins as well as constitutive activation of ERK 1,2. Therefore, this
cell surface proteoglycan may be a central factor in controlling the consequences of
microenvironment on melanoma progression, and thus, its therapeutic potential is likely to
be considerable for delaying progression and/or recurrence in patients with melanoma.
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CSPG4 expression in normal and neoplastic tissues

CSPG4and NgZ2are expressed in a number of normal tissues throughout development,
suggesting an important role in the development or homeostasis of adult tissues (Campoli et
al., 2010; Stallcup, 2002). NG2 is implicated in the development of vascular tissue, as it is
expressed by angiogenesis-associated pericytes (both normal and pathologic) and mice
lacking NgZ2have defective vasculature (Huang et al., 2010; Schlingemann et al., 1990). In
addition to a role of NG2 in angiogenesis, the expression of CSPG4and NgZ2in several
pluripotent progenitor cell populations also indicates a role for CSPG4 in tissue
development and stem cell niche maintenance. CSPG4 is detected in stem-like cells
associated with the interfollicular epidermis, where it regulates the position and motility of
these progenitor cells in their niche (Ghali et al., 2004; Legg et al., 2003). Alg2expression in
the central nervous system has been linked to cell populations that can give rise to
oligodendrocytes as well as protoplasmic astrocytes and neurons in vivo (Trotter et al.,
2010). CSPG4-positive stem cells in the epidermis are important for the renewal of
epithelial keratinocytes; loss of these cells is associated with aging of the skin. CSPG4/NG2
is also expressed in both fetal and adult articular chondrocytes (Midwood and Salter, 1998),
bone marrow mesenchymal cells (Kozanoglu et al., 2009), and smooth muscle cells (Grako
and Stallcup, 1995; Grako et al., 1999; Ozerdem et al., 2001). CSPG4/Ng2-expressing
pluripotent stem and progenitor cells often lose expression of the proteoglycan as they
undergo terminal differentiation; however, this is not always the case (Campoli et al., 2010).
CSPG4 has been demonstrated to be expressed on melanocytes, although at levels lower
than what is seen on most melanomas (Campoli et al., 2010; Medic et al., 2011; Tsujisaki et
al., 1987). Altogether, these data implicate CSPG4 in the maintenance and differentiation of
progenitor/stem cell populations in the development of a variety of adult tissues. While the
role of CSPG4/NG2 in homeostasis is only partially understood, it is noteworthy that
embryonic deletion of this gene in mice is not lethal and to date immune-based therapies
against this target show no obvious deleterious side effects.

In addition to its role in melanoma, CSPG4 is associated with the progression of other
cancers including oligodendrocytomas, gliomas, triple-negative breast carcinomas, and
squamous cell carcinoma. This review, however, will focus on the role of CSPG4 in
malignant melanoma. The link between CSPG4 and melanoma progression was first
appreciated as a result of its widespread expression in the majority (70% or greater) of
superficial spreading and nodular human melanomas (Campoli et al., 2010). In superficial
spreading and/or nodular melanoma, the core CSPG4 protein is expressed at multiple stages
of melanoma progression and is even detected prior to tumor initiation in melanocytes
within nevi. In these subtypes of melanoma, CSPG4 is not considered a prognostic factor,
because it is expressed prior to the initiation of tumor formation and, indeed, has been
detected on melanocytes in vitro. Although not considered a prognostic factor in superficial
spreading or nodular melanoma, some studies have suggested that it may be negatively
prognostic in acral lentiginous melanomas (Kageshita et al., 1994; Nishi et al., 2010).
Despite its general lack of prognostic significance in melanoma, however, numerous studies
in vitro and in vivo using melanoma cell lines in which CSPG4 expression is altered have
directly linked the proteoglycan core protein to the development of several phenotypic traits
required for tumor progression (Campoli et al., 2010; Wang et al., 2010b). For example,
expression of CSPG4 in human RGP melanoma cells promotes their anchorage-independent
growth and increased motility in vitro (lida et al., 1992, 1995; Yang et al., 2004, 2009).
Development of these phenotypic traits requires the intact core protein, because expression
of truncated constructs lacking the cytoplasmic domain fails to enhance growth or motility.
Importantly, subcutaneous tumor growth of these RGP melanomas also requires the intact
core protein, emphasizing the functional importance of the cytoplasmic domain in
intracellular signaling and tumor formation. In addition, enforced expression of this
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proteoglycan in mouse B16 melanomas enhances experimental metastasis in mice, again
illustrating the potential importance of this protein in metastasis formation (Burg et al.,
1998). Thus, although not prognostic, the data consistently point to an important role for
CSPG4 in melanoma progression. One explanation for this discrepancy is that CSPG4 is
multifunctional, which allows it to participate in and facilitate the activation of multiple
oncogenic signaling pathways that are dynamically altered during multiple stages of
malignant progression.

Although it is not the focus of this review, the expression of CSPG4 in a number of non-
melanoma tumors is of particular note, suggesting a more widespread role for CSPG4 in the
progression of multiple tumor types. It is detected readily in tumors of neuroectodermal
origin including oligodendroglioma and glioblastomas (Stallcup and Huang, 2008). CSPG4
expression is detected in a subset of childhood acute lymphoblastic leukemia and acute
myeloid leukemia, where its expression correlates with a poorer prognosis, particularly for
those patients demonstrating 11923 translocations (Hilden et al., 1997; Petrovici et al.,
2010). CSPG4 is also detected in renal cell carcinomas, chondrosarcomas, and pancreatic
cell carcinomas, although studies are needed to identify potential tumor-related functions in
those tumors (Campoli et al., 2010; Wang et al., 2010b). More recently, CSPG4 has been
identified in triple-negative breast cancer and squamous cell carcinoma of the head and
neck, where it has been associated with highly tumorigenic ‘cancer stem cell’
subpopulations (Wang et al., 2010a,b).

Structural/functional domains of CSPG4

Both CSPG4 and NG2 are single-pass type | transmembrane proteins expressed as either a
approximately 250-kd glycoprotein or a approximately 450-kd proteoglycan (Figure 1).
Thus, both appear to be “part-time’ proteoglycans, meaning that both chondroitin sulfate
glycosaminoglycan (CS)-modified and unmodified core protein are expressed in the same
population of tumor cells. CSPG4 appears to be largely decorated with chondroitin-4 sulfate
chains (CS) in human melanomas, although how or whether tumor-associated changes in the
sulfation patterns (e.g., chondroitin-6 sulfation) occur is currently unknown (lida et al.,
2007). The CS chain influences the cell surface distribution of CSPG4, suggesting that it is
important for focusing the core protein / proteoglycan into different microdomains in the
plasma membrane (Stallcup and Dahlin-Huppe, 2001). CS modification also facilitates an
interaction of CSPG4 with a4p1 integrin and fibronectin. CSPG4-linked CS also regulates
the activation of proMMP2 by transmembrane matrix metalloproteinases (e.g., MT3-MMP).
In those studies, it was shown that chondroitin 4 sulfate was critical for activating proteases,
suggesting that the sulfation pattern of CS is important for this function of CSPG4 (lida et
al., 1998, 2007). Whether cells can actively regulate CS modification of the core protein is
not known, although it is noteworthy that a mechanism has been identified that regulates CS
extension (or lack thereof) on specific GAG acceptor sites on core proteins (Manzi et al.,
1995). Thus, it is possible that one mechanism by which tumor cells might regulate CSPG4 /
NG2 function is by selectively modifying GAG acceptor sites on the core protein, which
could influence its localization to specific membrane microdomains.

The CSPG4 (as with NG2) core protein consists of three main structural domains (Figure 1):
a large extracellular domain, a 25-amino acid transmembrane region, and a short, 75-amino
acid cytoplasmic domain (Stallcup, 2002). While the crystal structure of the core protein has
yet to be resolved, the full-length primary sequence of the proteoglycan encodes a number of
known putative structural/functional motifs. The extracellular domain consists of three
subdomains termed D1-3 (Figure 1) (Campoli et al., 2010; Stallcup, 2002). The D1
subdomain is a globular domain containing two laminin G-type domains near the N-
terminus, which may be involved in ligand binding, and a number of disulfide linkages that
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are important for maintaining tertiary protein structure. The D2 subdomain is made up of a
series of 15 ‘CSPG repeat’” motifs, some of which, in NG2, bind directly to collagens V and
V1. The D2 subdomain also contains a number of potential acceptor sites for CS chain
modification although site-directed mutagenesis of NG2 demonstrates that not all of these
are utilized and not all core proteins expressed are exported with a CS chain. The membrane
proximal globular subdomain D3 contains carbohydrate modifications that have the
potential to bind to galectin 3 or other lectins (e.g., p-selectin) as well as a3p1 integrin
(Cooney et al., 2011; Fukushi et al., 2004). This portion of the extracellular domain also
contains a number of putative proteolytic cleavage sites. Fragmentation and release of
CSPG4 has been documented, and these fragments are detectable in sera from both normal
patients and those with malignant disease (Campoli et al., 2010). The transmembrane
domain of both orthologs contains one notable cysteine residue that may be involved in
localization within the membrane, although this remains speculative.

The cytoplasmic domain of CSPG4 (and NG2) contains several structural features that are
critical for the function of the proteoglycan (Figure 1). The carboxyl terminal 4 residues of
the proteoglycan comprise a PDZ domain binding motif that binds to the PDZ domain of
scaffold proteins such as syntenin, MUPP1, and GRIP1(NG2) (Barritt et al., 2000;
Chatterjee et al., 2008; Stegmuller et al., 2002). The CSPG4 cytoplasmic domain also
contains multiple potential threonine phosphoacceptor sites, including two (T2256/T2314 in
NG2 and T2252/T2310 in CSPG4) phosphorylated by PCKa and ERK 1,2, respectively
(Makagiansar et al., 2007). Sequence analysis has also identified a putative D-domain
docking site for ERK 1,2, and our laboratory has demonstrated that ERK 1,2 binds to the
cytoplasmic domain of CSPGA4. Finally, the proline-rich region present in the cytoplasmic
domain may facilitate additional protein—protein interactions.

CSPG4 is a co-receptor

Chondroitin sulfate proteoglycan 4 does not exhibit any known catalytic activity, which is
similar to other transmembrane core proteoglycans such as the syndecans and CD44 as well
as cell surface adhesion receptors such as integrins (Beauvais and Rapraeger, 2004;
Bourguignon, 2001; Couchman, 2010; Sanderson and Borset, 2002; Simpson and
Lokeshwar, 2008; Toole and Slomiany, 2008; Turley et al., 2002). There is evidence that
these cell surface proteoglycans participate in signal transduction both as co-receptors in
partnership with receptors containing intrinsic receptor tyrosine kinase (RTK) activity and as
a result of their ability to associate directly and indirectly with such cytoplasmic kinases as
FAK and ERK 1,2. For example, the NG2 core protein binds to both bFGF and PDGFaa, an
interaction that presents these growth factors to their cognate receptors (Nishiyama et al.,
1996; Stallcup, 2002; Stallcup and Huang, 2008). CSPG4 and NG2 both interact with a
number of extracellular matrix (ECM) components, including collagen types 11, V, and VI,
laminin, tenascin, and fibronectin. These results suggest that this proteoglycan may also link
ECM components within the tumor microenvironment to growth factor receptor and
integrin-regulated signaling pathways (Campoli et al., 2010; Stallcup, 2002; Wang et al.,
2010b). Indeed, early studies using monoclonal antibodies against the CSPG4 core protein
reduced both adhesion-induced cell spreading (Harper and Reisfeld, 1983) and anchorage-
independent growth of melanoma cells, while expression of CSPG4in CSPG4-null human
melanoma cells leads to enhanced spreading on fibronectin (lida et al., 1992; Yang et al.,
2004). Decoration of CSPG4 with CS is necessary for both integrin activation and direct
binding and activation of MMP complexes on the cell surface, implicating CS in regulating
migration and invasion (lida et al., 2007). Recent studies have also linked CSPG4 and NG2
to enhanced activation of integrin-related signal transduction pathways, which may be key
for its importance in tumor progression (Chekenya et al., 2008; Yang et al., 2004, 2009).
Collectively, these studies implicate CSPG4 in integrin-controlled cellular response.
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Mechanisms of signal transduction by CSPG4 and NG2

Further studies on the signaling mechanisms of CSPG4 and NG2 indicate that it activates
two types of signaling pathways: RTK signaling through the MAPK cascade and integrin
signaling through (FAK) activation (Figure 2). Activation of these pathways by CSPG4 /
NG2 leads to regulation of a number of cellular functions that drive tumorigenesis, including
cytoskeletal reorganization, adhesion, migration, EMT, growth, survival, and
chemoresistance. As CSPG4 does not have intrinsic catalytic activity, we propose that it
functions as a type of scaffold protein. Thus, CSPG4 functions to affix signaling molecules
in close proximity to one another to form a “‘progression-associated signaling complex’ that
facilitates an increased duration and/or intensity of RTK and FAK transduction pathways
(Figure 2). We thus have hypothesized that these enhanced signaling functions provided by
CSPG4 result in a selective growth and survival advantage when adhesion molecules and
growth factors are limiting (Yang et al., 2004).

CSPG4 activation of integrins and effects on adhesion, motility, and

survival

Chondroitin sulfate proteoglycan 4/NG2 interactions with integrins lead to the activation of
downstream adhesion-related signaling pathways that contribute to malignant progression
(Figure 2A). Integrin a4p1 (and likely other B1 integrin heterodimers) can be super-
activated in response to an ECM ligand (fibronectin) when activated in the presence of
CSPG4, which results in a high level of activated FAK compared to activation of integrin
alone (Yang et al., 2004). Antibody clustered CSPG4 co-precipitates with a complex of the
small GTPase CDC42, ACK-1, and p130CAS in human melanoma. These factors are
implicated in filopodia formation and integrin-mediated cytoskeletal reorganization
(Eisenmann et al., 1999), consistent with studies demonstrating that CSPG4 localizes to cell
surface microspikes (the in vitro equivalent of filopodia) (Garrigues et al., 1986). Similar
studies have shown RAC- and p130CAS-mediated cell spreading in NgZ2transfected human
astrocytoma cells (Majumdar et al., 2003). Soluble NG2 released from tumor cells or tumor-
associated pericytes can stimulate endothelial cell migration in the tumor microenvironment
by interacting with galectin 3 and a3p1 integrin on the endothelial surface (Fukushi et al.,
2004; Wen et al., 2006). Expression of a full-length CSPG4 in RGP human melanoma cells
lacking endogenous CSPG4 expression results in significantly enhanced integrinmediated
spreading and FAK activation (Yang et al., 2004). As CSPG4 can activate MMP complexes
on melanoma cell surfaces, the collective results implicate CSPG4 as an important
contributing factor to localized invasion at the leading edge of invasive primary tumors.
Finally, NG2-mediated activation of integrin facilitates enhanced survival of human
glioblastoma cells when they were exposed to clinically used chemotherapeutic agents by
enhancing sustained activation of AKT via PI3K (Chekenya et al., 2008).

Multiple structural features of CSPG4/NG2 have been linked to integrin-mediated cell
adhesion and survival. Both the carboxyl terminal PDZ motif-binding domain and PKCa
phosphorylation site within the C-terminal cytoplasmic domain of CSPG4/NG2 are
important for modulating cell migration. Phosphorylation at T2256 in NG2 by PKCa is
important for the localization of proteoglycan to lamellipodia at the leading edge of cells,
where it co-distributes with B1 integrin (Makagiansar et al., 2007). Inhibiting
phosphorylation at this site, either by pharmacologic blockade of PKCa or by mutation of
the phosphoacceptor site, inhibits migration of NG2-transfected U251 human astrocytoma
cells. In rat OPGs, binding of NG2 to the PDZ domain containing protein syntenin was
demonstrated to be important for integrin-mediated migration of these cells (Chatterjee et
al., 2008). Syntenin is an important adaptor molecule for mediating tumor cell migration in a
number of human tumor types including breast and gastric cancers. In melanoma, enforced
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expression of syntenin results in NFjB activation via a FAK-dependent mechanism, which is
critical for melanoma migration (Boukerche et al., 2008, 2010). Furthermore, melanoma
cells plated on fibronectin activate FAK via a PKCa/syntenin-related mechanism, where
syntenin is upregulated by PKCa activation in response to plating on fibronectin (Hwangbo
et al., 2010). Melanoma cells expressing a truncated CSPG4, which lacks the cytoplasmic
domain, are migration deficient compared to cells expressing an intact CSPG4 (Yang et al.,
2009). Taken together, these data suggest a model of outside-in signaling resulting from the
coupling of integrins with CSPG4/NG2 forming a complex that controls the organization of
signaling modules near the plasma membrane (Figure 2A).

CSPG4 in the activation of MAPK-mediated growth and survival

In addition to its control of integrin signaling, CSPG4/NG2 ligand complexes also impact on
RTK pathways (Figure 2B). Early studies demonstrated that NG2 impacts the RAS-RAF-
MEK-ERK 1,2 pathway by binding to and presenting growth factors (e.g., bFGF and
PDGFaa) to their cognate transmembrane RTK (Nishiyama et al., 1996). This capability
may have particular consequences to melanoma progression because approximately 60% of
human cutaneous melanomas express a constitutively active mutant BRAF (BRAFV600E),
Although this mutation contributes to a high level of constitutive ERK 1,2 phosphorylation,
expression of BRAFV600E alone is not sufficient to sustain high constitutive activation of
ERK 1,2. Studies in multiple melanoma cell lines expressing mutant BRAFV00E retain a
requirement for exogenous growth factor stimulation to maximally activate the ERK 1,2
pathway (Satyamoorthy et al., 2003). These results resemble growth factor requirements for
sustaining ERK 1,2 activation through mutant active Ras and suggest a complexity of
pathway regulation that is not yet fully understood (Gysin et al., 2011). Recent studies also
show that BRAFV®00E requires expression of a full-length CSPG4 expression sustained and
maximal ERK 1,2 activation (Yang et al., 2009). Studies utilizing RNA interference or
specific monoclonal antibodies that inhibit CSPG4 function in melanoma cells expressing
BRAFV600E 3150 show an inhibition in constitutive ERK 1,2 activation (Wang et al., 2010a;
Yang et al., 2009). Furthermore, these same CSPG4 antibodies also enhance the effects of
BRAFV600E_gpecific inhibitors in glioblastoma multiforme and melanoma cells, implying
that CSPG4-mediated activation of ERK 1,2 may also occur through a BRAF-independent
mechanism (Yu et al., 2011). Pharmacologic inhibition of ERK 1,2 using MEK 1 inhibitors
abrogates the growth and motility-promoting effects of CSPG4 in BRAFV600E_expressing
cells (Yang et al., 2009). Furthermore, stable expression of a constitutively active MEK1 can
bypass the need for CSPG4 expression in stabilizing high levels of ERK 1,2 activation and
can lead to ERK 1,2-mediated growth and motility in the absence of the proteoglycan (Yang
et al., 2004). Collectively, these data support a model where CSPG4 functions as a
membrane scaffold to facilitate the formation of complexes that stabilize both RTKSs and
integrins. Such complexes would result in enhanced growth factor presentation and
increased ECM signaling efficiency (Figure 2B), theoretically providing one mechanism for
cells to have a selective advantage over cells that lack CSPG4. Furthermore, because CSPG4
acts at a key interface between the tumor microenvironment and a highly penetrant
oncogenic mutation in melanoma, it may prove to be an important therapeutic target in
combination with BRAFV600E jnhibitors for more effective control of this cancer.

CSPG4 promotes epithelial to mesenchymal transition (EMT) in radial
growth phase tumor cells

Epithelial to mesenchymal transition-like changes are well recognized to occur in many
primary tumors in experimental tumor models and to signal a transition to a more malignant
phenotype. Although the pathological EMT associated with cancer progression does not
fully replicate a developmental EMT, it does involve many of the same molecular events
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including increased motility/invasion and the acquisition of a mesenchymal signature, for
example, E-cadherin loss, acquisition of mesenchymal cadherins (N-cadherin and CDH11),
and increased expression of vimentin and fibronectin (Thiery, 2002). CSPG4 expression in
primary melanoma RGP cells leads to a morphologic change consistent with EMT in which
the cells appear less differentiated and more mesenchymal (Yang et al., 2009). Constitutive
expression of CSPG4 also leads to alterations in gene transcription resulting in increased
expression of fibronectin and vimentin as well as expression and activation of MET (Figure
2B) because of increased expression of HGF and loss of E-cadherin, the latter of which is
related to increased expression of HGF by CSPG4-expressing cells. Loss of MET expression
or function limits CSPG4-mediated increases in growth and motility (Yang et al., 2009).
Furthermore, the melanocyte lineage-specific transcription factor MITF, which targets the c-
Met locus, is induced by CSPG4 through constitutive activation of ERK 1,2 (Figure 2B)
(Yang et al., 2009).

a therapeutic target in malignant melanoma

While CSPG4 is not an oncogene per se, its expression directly or indirectly enhances
activation of multiple signaling pathways associated with oncogenic transformation. As the
proteoglycan is multifunctional, it can interact with distinct key oncogenic pathways that
may change dynamically during progression. This may be one explanation for the high
proportion of human melanomas that retain CSPG4 expression, even at the stage of
metastatic lesions. Pathways that are impacted by CSPG4 include survival (PI3K, AKT, and
NF«xB), adhesion (FAK and integrin function), and growth/motility (RTK and downstream
pathways including ERK 1,2) (Figure 2). It is therefore not surprising that numerous reports
have implicated CSPG4 as a potential therapeutic target for the treatment of malignant
melanoma and other tumors (Blank et al., 2011; Erfurt et al., 2009; Maciag et al., 2008;
Murray et al., 2004; Schmidt et al., 2011; Schrappe et al., 1992; Wang et al., 2010a,b).

Several studies in patients or preclinical mouse models have focused on treating CSPG4 as
an immune target for the treatment of melanomas. Analyses of clinical trials focused on
evaluating the safety and potential efficacy of CSPG4 antibodies: targeting toxin conjugates
or anti-idiotype antibodies used to actively generate CSPG4 antibodies in patients (Campoli
et al., 2010). Patients treated with anti-idiotypic antibodies demonstrate a statistically
significant increase in survival when segregated according to the presence of serum anti-
CSPG4 antibodies generated following treatment. Anti-anti-idiotypic antibodies mimicking
CSPG4 have been shown to induce HLA class 1-restricted CSPG4-specific CTL (Murray et
al., 2004), suggesting that T-cell based immunotherapy targeted to CSPG4 may also be a
viable option for the treatment of melanoma. In support of this hypothesis, a recent animal
study showed efficacy for adoptively transferred CTLs engineered to express antibodies
against CD20 and CSPG4 antigens in the treatment of CSPG4-expressing melanomas both
blocked growth and promoted regression of CSPG4-expressing tumors (Schmidt et al.,
2011). Although CSPG4-specific CD4+ T cells have been detected in the circulation of both
healthy subjects and melanoma patients, stimulation of an anti-CSPG4 immune response is
not apparently associated with autoimmunity (Campoli et al., 2010). Collectively, these
results support the use of CSPG4 as a target in tumor immunotherapy with a minimum of
side effects.

Analyses of experimental tumor models have also shown that anti-CSPG4 monoclonal
antibody (mAb) administered to human melanoma or basal breast tumor xenografts inhibit
their growth and metastasis (Wang et al., 2010a). These particular studies, which are
performed in immunocompromised animals, also demonstrated that these anti-CSPG4 mAb
blocked CSPG4-regulated signaling pathways. Similarly, the direct injection of lentivirus
encoding a CSPG4 shRNA into human melanoma tumor xenografts caused tumor
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regression, indicating that lowering CSPG4 expression levels also limits tumor growth and/
or survival, although the mechanisms for these effects were not defined (Wang et al., 2011).
These studies did demonstrate, however, that the effect of targeting CSPG4 expression with
viral delivery of sShRNA or treating the tumors with injection of mAb resulted in reduced
blood vessel formation in human melanoma xenografts (Maciag et al., 2008; Schlingemann
et al., 1990). As vascular pericytes express CSPG4, the anti-CSPG4 mAb and shRNA may
block neoangiogenesis by limiting pericyte growth or viability. This notion is supported by
studies in the NMgZ2knockout mouse that show a reduction in pathological angiogenesis that
correlates with a loss of proliferation of vascular pericytes (Ozerdem and Stallcup, 2004).
This effect is similar to the consequences of genetic deletion of Ag2in mouse glioma
susceptibility models that also lack tumor-associated pericytes (Huang et al., 2010). Soluble
NG2 shed by tumor cells or pericytes has also been shown to stimulate motility in
endothelial cells involved in angiogenesis through binding of a3p1 integrin and galectin-3,
effects that may be abrogated by antibody against NG2 (Fukushi et al., 2004). Therefore,
targeting CSPG4 could have direct effects on tumor cell signaling and also on tumor-
stromal cell interactions that promote tumor growth and angiogenesis (Campoli et al., 2010;
Stallcup and Huang, 2008).

Some evidence suggests that CSPG4 may also influence drug resistance. Chemoresistance is
a major factor in the successful treatment of melanoma and other cancers. Although tumors
in many patients initially respond to therapy, resistance to treatment develops over time and
cancer progresses. The development of drug resistance in melanoma appears to be
particularly linked to the use of single-target inhibitors, such as those that target
BRAFV600E CSPG4 expression is associated with multidrug resistance in glioblastoma and
melanoma tumor experimental models, and this is mediated by its association with integrin-
induced activation of PI3K pathways (Chekenya et al., 2008). The ability of anti-CSPG4
mAb to prolong the growth inhibitory effects of PLX4032, a BRAFV00E jnhibitor, on
melanoma cell lines /n culture provides direct evidence for a role of this proteoglycan in
promoting chemoresistance (Yu et al., 2011). Taken as a whole, these data provide a
rationale for targeting CSPG4 as an adjuvant therapy for melanoma and other select tumors
using either an immune-based therapeutic approach or development of CSPG4 small
molecule inhibitors.

Future questions

Over the past 30 yr, much work has gone into documenting CSPG4 expression in diverse
human tumors and increasing an understanding of its function in tumor cell biology. While
progress has been made in determining its function, there is relatively little information of
how CSPG4 expression is regulated. One intriguing report demonstrated that CSPG4
expression in human melanoma cells is epigenetically regulated, involving changes in
promoter methylation, although specific mechanisms involved in CSPG4 locus regulation
remain to be identified (Luo et al., 2006). CSPG4 expression is detected in the majority of
human melanomas; however, the expression pattern and function in melanoma and many
other tumor types is still being documented and requires further study. To date, the effect of
CSPG4 on signaling has been associated with its ability to localize with other receptors in
specific membrane domains, consistent with the presence of phosphoacceptor sites on the
cytoplasmic domain and extracellular CS modification of the core protein, both of which are
known to influence distribution of proteins to plasma membrane microdomains. This
targeting can modify its participation in progression-associated signaling complexes with a
resulting change in the phenotype of tumor cells at different stages of progression. As
CSPG4 is a co-receptor for integrins and growth factor receptors in these membrane
microdomains, understanding the molecular mechanisms associated with aberrant
expression of CSPG4 and identifying the structural motifs that facilitate both its interactions
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with binding partners and stimulation of specific signaling pathways could yield new
therapeutic targets that could be exploited using a combinatorial approach. Such treatments
could be used in conjunction with immunotherapy or small molecule inhibitors as a first-line
therapy or could be used to help manage chemoresistant melanomas in patients in whom
disease progressed.
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Figurel.

Chondroitin sulfate proteoglycan 4 (CSPG4)/NG2 Structure. CSPG4/NG2 is composed of
three major structural components: the extracellular domain, the transmembrane region, and
the cytoplasmic C-terminal domain (CTD). The extracellular domain contains an N-terminal
globular subdomain (D1) consisting of laminin G-type regions (LG) and disulfide bonds.
The D2 subdomain consists of 15 CSPG repeats and, in NG2, a single chondroitin sulfate
glycosaminoglycan (CS-GAG) chain. This region of the core protein is known to bind
certain soluble growth factor ligands, and the CS-GAG is responsible for CSPG4 binding to
integrin and matrix metalloproteinases (MMPs). CS modification is also associated with
distinct membrane distribution patterns of CSPG4/NG2 on the cell surface. CSPG4/NG2 can
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be expressed with or without CS modification. Proximal to the plasma membrane, the D3
globular subdomain contains sites for N-linked carbohydrate modification, binding sites for
lectins (e.g., galectin 3), and proteolytic cleavage by MMPs or other proteases. The
transmembrane region of CSPG4 contains a cysteine residue (C) at position 2230 that may
play a role in CSPG4 membrane localization, although this is yet to be evaluated. The CTD
contains tyrosine residues (T) that serve as phosphoacceptor sites for PKCa and ERK 1,2
(CSPG4 residues 2252 and 2310, respectively). The proline-rich region (PR) may comprise
a non-canonical SH3 protein interaction domain, and the C-terminus contains a 4 residue
PDZ domain-binding motif (PDZ) that is responsible for interactions with various PDZ
domain-containing binding partners.

Pigment Cell Melanoma Res. Author manuscript; available in PMC 2012 December 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Price et al. Page 16

A ECM

CSPG4

-
“tamm=”®

4 HGF { E-Cadherin
f c- Met f Fibronectin

—(@

| ) Vlmentln
v v v
Cytoskeletal Survival & Invasion | Migration Prollferatlon T
Reorganization Chemoresistance I

Figure2.

Chondroitin sulfate proteoglycan 4 (CSPG4) Signaling Pathways. CSPG4 functions to
activate two major overlapping but distinct signaling cascades: integrin/focal adhesion
kinase (FAK) signaling (A) and MAPK pathway signaling (B). Through these two branches,
CSPG4 ultimately promotes tumor progression through a variety of cellular functions. (A)
CSPG4 influences integrin function and signaling pathways. CSPG4 promotes Src-FAK
complexing through its interaction with the scaffold protein Syntenin. This leads to FAK
activation by Src, prompting a number of signaling cascades including FAK—integrin—
extracellular matrix (ECM) complex assembly, activation of Rac through p130cas, and
activation of the PI3BK/AKT/NF«xB signaling cascade; activation of these pathways mediate
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the effects of CSPG4 on cytoskeletal reorganization, survival, chemoresistance, and
migration. Activation of MMPs by CSPG4 via direct binding to the CS chain leads to local
invasion of cancer cells. CSPG4/NG2 can also enhance survival as a result of its constitutive
activation of integrin-related signals. (B) CSPG4 promotes MAPK signaling through
receptor tyrosine (RTK)-dependent and independent mechanisms. In human melanomas,
CSPG4 impacts activation of the ERK 1,2 pathway, likely by impacting on the growth
factor-induced activation of RTKs. Note the expression of BRAFY600E in this pathway,
which results in the constitutive activation of this kinase (see text). In human melanoma
cells expressing this BRAF-activating mutation, constitutive activation of the ERK 1,2
pathway requires the presence of CSPG4. There are several possible downstream oncogenic
targets of the ERK 1,2 pathway, including MITF and activated c-Met, which are implicated
in epithelial to mesenchymal transition. Inhibition of IKK by ERK 1,2 downstream of
CSPG4 could also lead to cell survival and chemoresistance.
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