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Many human gliomas carry markers characteristic of oligoden-
drocyte progenitor cells (such as Olig-2, PDGF alpha receptor and
NG2 proteoglycan), suggesting these progenitors as the cells of
origin for glioma initiation. This review considers the potential roles
of the NG2 proteoglycan in glioma progression. NG2 is expressed
not only by glioma cells and by oligodendrocyte progenitors, but
also by pericytes associated with the tumor microvasculature. The
proteoglycan may therefore promote tumor vascularization and
recruitment of normal progenitors to the tumor mass, in addition
to mediating expansion of the transformed cell population. Along
with potentiating growth factor signaling and serving as a cell
surface receptor for extracellular matrix components, NG2 also has
the ability to mediate activation of -1 integrins. These molecular
interactions allow the proteoglycan to contribute to critical
processes such as cell proliferation, cell motility and cell survival.

Introduction

In adules, diffusely infiltrating gliomas are by far the most
commonly encountered type of primary intracranial tumor. Because
of their sensitive location, these neoplasms present special therapeutic
problems. Moreover, even after surgical removal, the aggressive
nature of gliomas often leads to tumor recurrence and invasion into
distant sites in the brain parenchyma. An additional problem is the
frequent acquisition by gliomas of resistance to current chemo and
radiation therapy regimens. This combination of properties renders
gliomas extremely resistant to successful treatment."> Improvements
in glioma therapy will depend on increased understanding of several
factors, including the origin of gliomas and molecular mechanisms
responsible for their motility, proliferation, vascularization and resis-
tance to induced cell death. At minimum, these pieces of knowledge
will provide well-defined cellular and molecular targets for the design

of new therapies.?
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Although some gliomas may arise as a result of transforming
events that affect mature oligodendrocytes and astrocytes, increasing
attention is being paid to the idea that immature glial progenitor cells
represent a more likely point of origin for these tumors. According
to this idea, gliomas that arise during CNS development might stem
from either astrocyte or oligodendrocyte progenitors. However, in
adulthood oligodendrocyte progenitors represent the most abundant
class of cycling progenitors? and therefore appear to be the best
candidates to serve as glioma stem cells. Accordingly, a high propor-
tion of diffusely infiltrating human gliomas express markers that
are characteristic of oligodendrocyte progenitors, including NG2
proteoglycan, PDGFa-receptor (PDGFRa) and Olig-2.57

This review will focus on the involvement of the NG2 proteo-
glycan in oligodendrocyte progenitor function and on the potential
role of NG2 in glioma progression. The increasing availability of
information concerning oligodendrocyte progenitor biology is likely
to provide important insights into parallel aspects of glioma cell
behavior. Both types of cells rely on cell motility and proliferation
for success in their respective roles. In addition, both populations
are subject to regulation by programmed cell death in order to
control the size of the pool of cells. Before discussing possible ways
that NG2 may influence glioma progression, it will be useful to
review briefly some of the background concerning NG2 structure
and expression. These topics will provide a context for under-
standing what is known about NG2 function as it may pertain to
glioma progression.

NG2 Structure

NG2 is the rat homolog of the human melanoma proteoglycan®

and the mouse AN2 protein.” NG2 is a type 1 transmembrane
protein in which a 25-residue transmembrane domain separates a
very large 2225 amino acid extracellular domain from a relatively
short 76 amino acid cytoplasmic domain. Although no structural
data for NG2 is available at the molecular level, some structural
information can be inferred from the amino acid sequence!® and
from biochemical studies of the molecule.

Extracellular Domain

Based on the amino acid sequence, predictions of secondary
structure suggested that the NG2 ectodomain should contain two
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globular domains connected by a more extended central domain.!!

Electron micrographs of rotary shadowed NG2 preparations reveal
just such dumbbell-shaped structures.!? As shown in Figure 1, the
amino-terminal one-third of the ectodomain, designated Domainl
(or D1), is stabilized by intramolecular disulfide bonding.!® This
domain contains two laminin G-type motifs that might be important
for ligand binding,'? although no specific information supports this
possibility. The central D2 domain contains a single chondroitin
sulfate chain at ser-999.1% The o helical amino terminal portion of
domain 2 also contains the site for binding of collagens V and VI.11-12
The chondroitin sulfate chain has not been shown to be required for
binding of these collagens or any other known NG2 ligand. Why
NG2 exists as a proteoglycan is therefore somewhat of a mystery,
although there is some evidence that the glycosaminoglycan chain
is important for targeting the molecule to specific microdomains of
the cell membrane.' The globular D3 juxtamembrane one-third of
the ectodomain contains N-linked oligosaccharides that are required
for binding of galectin-3.1 Sites for binding of B1 integrins are also
present in D3 (our unpublished data). D3 also contains sites for
proteolysis of NG2, leading to its release from the cell surface.!®!7
Proteolytic shedding of NG2 is greatly enhanced in several types of
injuries.'8-20 Although little is known about the mechanisms of shed-
ding or the functions of shed NG2, it seems likely that this material
can have important roles in a number of physiological processes.

Cytoplasmic Domain

The NG2 cytoplasmic domain contains some recognizable motifs
that are important for NG2 function. At the extreme C-terminus,
the PDZ-binding motif QYWYV mediates the interaction of NG2
with the multi-PDZ scaffolding proteins MUPP1,2! GRIP122 and
syntenin-1.2% There are several cytoplasmic threonine residues, at
least two of which are sites of functionally important phosphoryla-
tion. Thr-2256 is phosphorylated by PKCo.,24 while Thr-2314 is
phosphorylated by ERK.?> Although a classical PXXP SH3 binding
domain is not present, the C-terminal half of the NG2 cytoplasmic
tail is very rich in prolines. The significance of this remains to be

established.

Patterns of NG2 Expression

The expression pattern of NG2 has always been one of its
most interesting features. Long before there was much informa-
tion concerning NG2 structure or function, the ability to use the
proteoglycan as a marker for unique cell types made it a molecule of
interest. A general rule of thumb concerning NG2 is that it is not
expressed by multipotent stem cells, but is upregulated once stem
cells make an initial commitment to a particular cellular lineage.
NG2 is then strongly expressed on partially-committed progeni-
tors that are still proliferative, motile and retain a certain degree
of developmental plasticity. Upon terminal differentiation of these
progenitors, NG2 expression is downregulated. Interestingly, NG2
is once again upregulated in many types of injury and pathological
situations (including tumors) that are characterized by renewed cell
proliferation and motility. Since NG2 expression is widespread in
a number of developing tissues, these phenomena suggest that the
proteoglycan is not so much a marker for a specific cell type, but is
more of a marker for an “activated” (as opposed to quiescent) status
of cells.
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Figure 1. Domain Structure of NG2. Domain 1—Bold magenta bars, laminin
G domains; S-S, disulfide bonds. Domain 2—Bold yellow bar, collagen bind-
ing domain; Irregular red line, chondroitin sulfate chain. Domain 3—Blue
Y-shapes, N-linked oligosaccharides; Orange arrowheads, sites of proteolytic
cleavage. Transmembrane Domain—Double green lines, plasma membrane.
Cytoplasmic Domain—Blue circles, sites of threonine phosphorylation; Green
circle, PDZ binding motif; Gray grid lines, proline-rich segment.

NG2 Expression Outside the Central Nervous System

Although NG2 was originally described in the context of the
central nervous system, the proteoglycan has a widespread distri-
bution in many other tissues. A brief description of some of these
tissues will serve to illustrate the general trends mentioned in the
foregoing paragraph. In the developing rodent limb, NG2 expression
is not seen on undifferentiated stem cells of the early limb bud, but
is upregulated in condensations of mesenchymal cells that represent
immature chondroblasts.2%27 As chondroblasts differentiate into
mature chondrocytes, NG2 expression is largely downregulated.
A similar pattern of up and downregulation is observed during the
osteoblast to osteocyte transition in maturing bone.?” In developing
skin, NG2 is expressed by proliferating keratinocyte progenitor cells
that are derived from slowly cycling, NG2-negative keratinocyte
stem cells.?839 NG2 expression is also prominent on progenitor
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cells associated with the hair follicle bulge region. As observed for
many types of NG2-positive cells, bulge region progenitors give rise
to a several types of differentiated progeny. NG2 is downregulated
in mature cells derived from both keratinocyte and bulge region
progenitors.

NG2 expression is also pronounced in developing vasculature.
Despite some early confusion concerning the identity of NG2-
positive vascular cell types, it is now clear that NG2 expression is
restricted to vascular mural cells and is absent from the vascular
endothelium. This is true in structures formed by both vasculogenic
and angiogenic mechanisms. Thus, in the developing heart NG2 is
found on cardiomyocytes, in macrovasculature it is found on smooth
muscle cells, and in microvessels it is present on pericytes.>!>> The
use of NG2 as a marker for nascent pericytes has led to the realization
that pericytes play earlier and more important roles in vasculariza-
tion than previously realized.340 As with progenitors from the hair
follicle bulge region, the frequently-observed developmental plasticity
of pericytes is one of the hallmarks of NG2-positive progenitor cells.
While NG2 expression is downregulated to some extent in pericytes
associated with quiescent vessels, it is highly upregulated again by
pericytes in neovasculature associated with wound repair and other
pathologies, including tumors. This will become important in our
discussion of the possible role of NG2 in glioma progression.

NG2 Expression in the Central Nervous System

In the developing central nervous system, NG2 expression is
largely restricted to oligodendrocyte progenitor cells (although NG2
is also highly expressed by pericytes associated with central nervous
system vasculature). Along with PDGFRa, NG2 has become one of
the most reliable markers for these progenitors.4’41'46 In keeping with
general observations regarding NG2 expression, the proteoglycan
is not expressed by multipotent neural stem cells in primary and
secondary germinal zones of the central nervous system, but is upreg-
ulated on progenitors that emerge from these germinal zones and are
committed to the oligodendrocyte lineage. Through a program of
proliferation and migration, oligodendrocyte progenitors populate
the entire central nervous system and differentiate into myelinating
oligodendrocytes. This maturation is marked by downregulation of
both NG2 and PDGFRoa. Although differentiation of NG2-posi-
tive progenitors into astrocytes has been difficult to detect,4748 the
derivation of some grey matter astrocytes has now been convincingly
documented from NG2-positive progenitors.49 This observation to
some extent reconciles in vivo behavior with in vitro work showing
that NG2-positive progenitors were capable of producing both
oligodendrocytes and astrocytes, depending on the culture environ-
ment.’>2 These observations are in keeping with the developmental
plasticity characteristic of NG2-positive progenitors.

Although central nervous system myelination in rodents is
largely complete during the third and fourth weeks postnatally, large
numbers of cycling NG2-positive and PDGFRo-positive cells persist
in the adult rodent brain and spinal cord.*>3-5 This has led to much
discussion as to whether these cells represent a large pool of persis-
tent oligodendrocyte progenitors or a third class of differentiated
macroglia designated as polydendrocytes®® or B neuroglial cells®”
that are distinct from oligodendrocytes and astrocytes and have as yet
unknown functions. The former opinion is supported by the obser-
vation that adult oligodendrocyte progenitors serve as the source of
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new oligodendrocytes for remyelination of demyelinated axons®®3?

and that these progenitors proliferate in response to a wide variety
of injuries to the central nervous system.*®0%:01 The latter opinion
is supported by the observations that adult polydendrocytes have
differentiated morphologies distinct from those of simple neonatal
progenitors,”® exhibit intimate spatial relationships with synaptic
structures®® and nodes of Ranvier,>%4 and receive functional
synaptic input from glutamatergic neurons.®>®” One possibility that
may be consistent with both opinions is that the intimate relation-
ships of NG2-positive glia with axons and synapses renders them
extremely sensitive to changes in the neuronal environment, allowing
them to respond to pathological challenges by generating additional
populations of oligodendrocytes and/or polydendrocytes. Overall, it
will not be surprising if NG2-positive glia/progenitors in the adult
central nervous system prove to be a heterogeneous population of
cells. From the standpoint of glioma development and progression,
the key observation is that the adult central nervous system contains
a large number of cycling NG2-positive progenitors/polydendrocytes
that are potentially vulnerable to transformation.

NG2 Expression in Gliomas

Human gliomas have been proposed to originate from several
types of neural cells, including astrocytes, stem cells and glial progen-
itors.%871 The role of glial progenitors in this process is supported
by the repeated observation that many gliomas express markers
characteristic of oligodendrocyte progenitors. These markers include
NG2, PDGFRo and Olig-2.577274 Oligodendrocyte progeni-

tors remain widespread in the adult brain#256.75.76

and represent
the most abundant population of cycling cells in the adult central
nervous system,4’53’55’77 thus providing a likely pool of cells in which
accumulating mutations can lead to gliomagenesis. The sensitivity of
these progenitors to mitogenic stimulation may play a role in their
susceptibility to transformation. Indeed, transformation via overex-
pression of PDGF provides the basis for a number of commonly used
rodent glioma models.>7178-80 In the case of NG2, several reports
suggest that expression of the proteoglycan is correlated with the
degree of malignancy of the glioma.”>73:8184 This would be consis-
tent with our ideas concerning the ability NG2 to potentiate cell
motility and cell proliferation in response to stimulation by growth
factors and extracellular matrix components. This will be discussed
more fully in a later section.

In a most revealing recent study, retroviral overexpression of
PDGEF-B was used to drive gliomagenesis in adult rat white matter,
a paradigm that is highly relevant to the observation that human
gliomas originate largely in the subcortical white matter of the adult
central nervous system. The resulting tumors were highly invasive
and, like human glioblastoma multiforme, were characterized by
extensive vascularization and pseudopallisading necrosis. As in the
examples cited in foregoing paragraphs, these tumors were composed
largely of cells that expressed the oligodendrocyte progenitor markers
NG2, PDGFRo and Olig-2, indicating their origin from cycling
adult white matter progenitors. Unexpectedly, however, only 20%
of the tumor-associated cells were actually infected by the PDGF-B
retrovirus (as determined via a vector-encoded GFP reporter). The
other 80% of the tumor mass was composed of apparently normal
oligodendrocyte progenitors recruited via growth factors produced
by the transformed cell population.®> Recruitment of this sort is
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also observed in human gliomas.80’86’87 Molecules such as NG2 and
PDGFRo. that are important for the proliferation and motility of
oligodendrocyte progenitors would be expected to be critical for this
recruitment to the glioma mass.

NG2 Expression in Tumor Vasculature

As in normal blood vessels, NG2 is expressed by pericytes in
tumor microvasculature.?3388889 Tt is often noted that pericyte-
endothelial cell relationships are disrupted in tumor vessels.3%37:%0
We have reported the frequent occurrence in tumors of NG2-positive
“pericyte tubes,” segments of blood vessels that are devoid of
endothelial cells.?® This reflects not only the early role of pericytes in
vessel formation, but also the dis-regulation of pericyte-endothelial
cell interaction under pathological conditions.

Since gliomas are characterized by aggressive vascularization,’! the
expression and role of NG2 in glioma vasculature is an important
topic. Robust expression of NG2 in glioma vasculature has been
reported by several groups.3>72:8292 Intriguingly, expression of NG2
by glioma cells themselves has also been noted to have important

effects on the characteristics of the glioma vasculature.81-93

NG2 Function

Very early in our work, the expression pattern of NG2 on imma-
ture progenitor cells suggested to us that the proteoglycan might
contribute to processes such as cell proliferation and motility that
are critical to progenitor biology. This impression was strengthened
by the finding that NG2 is often re-expressed by tumor cells, which
are usually characterized by increased proliferation and migra-
tion. Indeed we have shown that expression of NG2 increases the
tumorigenic and metastatic properties of mouse melanoma cells.?*
In addition to its wide expression on melanomas,”> NG2 is also

5727483 chondrosarcomas’® and lymphoid

found on glioblastomas,
leukemias.”” Subsequent studies in our lab and others have tried to
identify mechanisms by which NG2 might influence various aspects
of cell behavior including proliferation and migration. A large part
of this research has been concerned with defining the interactions of
NG2 with extracellular and intracellular binding partners in order
to establish the molecular basis for an interface between NG2 and
cytoplasmic signaling processes.

As a general rule it has been somewhat difficult to assign specific
functions to proteoglycans, since they do not usually have enzymatic
activities or dramatic signal transducing properties. In the case of
glycosaminoglycan-rich proteoglycans, conventional wisdom suggests
that these molecules serve space-filling functions based on their high
degree of hydration. However, this does not apply to the case of NG2
and many other proteoglycans that have only one or relatively few
glycosaminoglycan chains. In many cases such proteoglycans appear
to serve accessory functions, in which they potentiate or regulate
the activities of more well-known signal transducing systems, such
as integrins or growth factor receptors. John Couchman has referred
to the syndecan family of heparan sulfate proteoglycans as regulators
of cell surface microdomains.”® Even though NG2 is a chondroitin
sulfate proteoglycan, this also appears to be a very apt description
of its mode of action. Although NG2 does secem to have some
modest signal transducing capabilities of its own,”-191 this is greatly
outweighed by its ability to potentiate the activities of B1 integrins
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and growth factor receptors. In the following sections, we will
discuss these activities of NG2 in the context of mechanisms that are
important in the biology of both oligodendrocyte progenitors and
gliomas. In light of the apparent derivation of gliomas from oligo-
dendrocyte progenitors, clues from progenitor biology may provide
important insights into parallel aspects of glioma cell behavior.

Cell Motility

Just as cell motility is a critical aspect of the ability of oligoden-
drocyte progenitors to spread throughout the developing central
nervous system, it is also important for the ability of gliomas to
aggressively invade new areas in the brain. Several pieces of infor-
mation suggest that NG2 plays a role in effective cell migration.
Early work on NG2 showed that melanoma cell attachment and
spreading could be inhibited by NG2 antibodies,!>193 and that
NG2 was capable of triggering rearrangement of the actin cytoskel-
eton.?%104105 The first demonstration that NG2 can be important
for cell motility came as a result of the finding that NG2 is a cell
surface ligand for type VI collagen.!1:12:101,106-108 Collagen VI binds
to the extended central D2 domain of NG2, as shown not only by
solid phase binding assays with purified NG2 fragments,'? but also
by studies in which recombinant deletion mutants of NG2 were
expressed in rat B28 glioma cells.!! NG2 transfectants lacking the
D2 domain showed unchanged motility in the presence of collagen
VI, whereas full-length transfectants and transfectants that included
D2 exhibited increased motility when exposed to collagen VI
(compared to parental B28 cells). Similar results were also obtained
with human U251 glioma cells transfected with NG2.!! Moreover,
oligodendrocyte progenitors from wild type mice migrate very well
on collagen VI-coated surfaces. In contrast, progenitors from NG2
null mice are much less motile on these same surfaces, emphasizing
the importance of NG2 for cell motility in response to collagen VI
(Fig. 2). Comparable results have been achieved on laminin 2-coated
surfaces. The significance of these experiments may be questioned on
the grounds that collagen VI and laminin-2 are not major compo-
nents of the brain parenchyma. However, their association with
brain vasculature and with axonal processes could provide a means
for migration of NG2-positive glioma cells along blood vessels and
nerve fiber tracts.109-111

Exposure to NG2 itself was found to stimulate motility in vascular
endothelial cells, which do not themselves express the proteoglycan.
This trans effect of NG2 was shown to be due to interaction of
the proteoglycan with a galectin-3/03B1 integrin complex on the
endothelial cell surface, resulting in enhanced PB1 integrin signaling,
greater endothelial cell motility, enhanced endothelial tube forma-
tion in vitro, and dramatically increased blood vessel development
in vivo.!!'? These phenomena are significant because of the intimate
interaction that exists in blood vessels between endothelial cells and
NG2-positive pericytes. NG2 may be important as one element of
the crosstalk that occurs between endothelial cells and pericytes.
The significance of this will become more apparent when we discuss
neovascularization.

Since NG2 has previously been implicated as a co-receptor

H3-115 and since we were aware of several

for B1 integrin ligands
tumor cell types in which NG2 and 0331 integrin are co-expressed
and form a physical complex on the cell surface, we wondered if

NG2-dependent 031 integrin activation could also occur via
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Figure 2. Role of NG2 in cell motility. Left, Oligodendrocyte progenitor motility. Oligodendrocyte progenitors prepared from neonatal wild type (wt) and
NG2 knockout (ko) brains were grown as aggregates and then plated on surfaces coated with fibronectin (A and B) or type VI collagen (C-H). After 36
hours, cultures were labeled with A2B5 antibody fo visualize progenitor migration away from the body of the aggregate. Although wild type and knockout
progenitors migrate equally well on fibronectin-coated surfaces, NG2 null progenitors migrate much more poorly on collagen VI due to the absence of NG2.
Right, Process extension by oligodendrocyte progenitors. Wild type (wt) and NG2 null (ko) oligodendrocyte progenitors were plated on type VI collagen
coated surfaces. After 36 hours, cells were labeled with A2B5 antibody (top) or with NG2 antibody (bottom). Bottom panels confirm that NG2 is absent from
NG2 null progenitors. Top panels show that processes of wild type progenitors are tipped by complex growth cone-like structures (arrows). These structures
are absent from the processes of NG2 null progenitors. Growth cone-like structures may be important for mediating the motility of wild type progenitors on

collagen VI, as seen in the left-hand panels.

Figure 3. NG2 co-localization with B-1 integin. (a and b) NG2-ransfected
U251 glioma cells were treated for three hours with PMA, fixed with 4%
paraformaldehyde, and double stained with antibodies against NG2 (a)
and B-1 integrin (b). NG2 and the integrin are co-localized to broad lamel-
lipodia on the leading edges of cells. (c and d) Quiescent NG2-ransfected
U251 cells were fixed with 4% paraformaldehyde and double-stained
with antibodies against NG2 and B-1 integrin (d). NG2 and the integrin
are co-localized to arrays of microprotrusions on the apical cell surface.
(e) Quiescent NG2-ransfected U251 cells were stained live at 4°C with
NG2 antibody to confirm the cell surface (as opposed to cytoplasmic) loca-
tion of apical microprotrusions. (f) Immunogold electron microscopy of NG2
labeling reveals that NG2 (black puncta) is heavily localized to microprotru-
sions from the apical cell surface.

a cis mechanism. To examine this possibility, we compared the
motility of parental U251 glioma cells and NG2-transfected U251
cells. Under basal conditions, the motilities of U251 and U251/
NG2 cells were similar. Upon stimulation with PMA or PDGE
however, U251/NG2 motility increased significantly compared to
that of U251 cells. Further investigation showed that both PMA
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and PDGEF triggered PKCo-dependent phosphorylation of NG2 at
Thr-2256,%42% and that this phosphorylation event was required for
the increase in motility. A Thr-2256-Val NG2 mutant was incapable
of increased motility, while a Thr-2256-Glu mutant was spontane-
ously motile even in the absence of PMA or PDGE. Increased B1
integrin activation (assessed by binding of the activation-dependent
HUTS-21 antibody'!®) was detected in the Thr-2256-Glu mutant
as well as in PMA or PDGF-treated U251/NG2 cells. Intriguingly,
NG2 phosphorylated at Thr-2256 was found to be co-localized
with 03B1 integrin in broad lamellipodia at the leading edges of
motile cells (Fig. 3). This represents a translocation of NG2 from
its co-localization with @3B 1 integrin on apical microprojections in
non-motile cells, suggesting that NG2 phosphorylation at Thr-2256
is responsible for relocation of the NG2/integrin complex to lamel-
lipodia, accompanied by increased cell motility.

Cell Proliferation

In addition to its role in expansion of the oligodendrocyte
progenitor population during central nervous system development,
cell proliferation makes an obvious contribution to glioma growth
and progression. A key finding with regard to the role of NG2 in
cell proliferation was that the proteoglycan is capable of binding
with high affinity to the growth factors FGF2 and PDGF-AA.'!”
Heparan sulfate proteoglycans are well-known for their ability to
serve as co-receptors for FGF family members due to FGF affinity
for heparan sulfate.!'® However, in the case of NG2, the core protein
rather than the chondroitin sulfate chain is responsible for growth
factor binding, with putative binding sites scattered throughout the
D2 and D3 domains.

Since both FGF2 and PDGF-AA are critical for expansion of
the oligodendrocyte progenitor population, it has been tempting to
suppose that NG2 could be important for progenitor responsiveness
to these two factors. An initial result supporting this idea was that
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treatment with anti-NG2 antibody inhibited proliferation of oligo-
dendrocyte progenitors.®3 Subsequently, we showed that, whereas the
combined action of FGF2 and PDGF-AA was able to maintain wild
type progenitors in their undifferentiated state, NG2 null progeni-
tors began the process of differentiation even in the presence of the
two growth factors.!!? More careful work done with aortic smooth
muscle cells showed that NG2 null cells failed to proliferate or
migrate normally in response to PDGF-AA, due to poor activation of
PDGFRo.!2% In contrast, receptor activation was robust in wild type
cells, accompanied by good mitogenic and motility responses.

A similar set of findings using smooth muscle cell lines has been
made by Dr. Roberto Perris’ lab in the case of FGF2. In the absence
of NG2, cells do not sequester FGF2 at the cell surface and therefore
are unable to activate FGF receptors (unpublished results), leading to
low proliferative responses. An indication that this phenomenon also
occurs in vivo comes from a corneal angiogenesis model in which
an FGF2-containing pellet is used to stimulate blood vessel growth
into the corneas of wild type and NG2 null mice.!?! Responsiveness
to FGF2 is excellent in wild type corneas, but is reduced by at least
four-fold in NG2 null corneas. This appears to be largely a result of
poor pericyte proliferation in the absence of NG2. The use of BrdU
incorporation to label mitotic cells shows that proliferation of NG2
null pericytes is reduced by a factor of three compared to wild type
pericytes, presumably due to lack of responsiveness to FGF2.

Phosphorylation of NG2 also plays a role in cell proliferation.
Whereas PKCo-mediates phosphorylation of NG2 at Thr-2256,
leading to enhanced motility, ERK catalyzes phosphorylation of
NG2 at Thr-2314, stimulating cell proliferation.?> Under non-
stimulatory conditions, NG2-transfected U251 glioma cells are
more proliferative than parental U251 cells due to basal levels of
NG2 phosphorylation at Thr-2314. Thr-2314-Glu mutants exhibit
even higher rates of proliferation, while Thr-2314-Val mutants are
indistinguishable from non-transfected U251 cells. Interestingly,
031 integrin activation is also required for this NG2-dependent
increase in proliferation, begging the question how NG2-stimulated
integrin activation promotes motility in one case and proliferation
in another. The answer seems to lie in the localization of the NG2/
integrin complex to two distinct microdomains, depending on the
NG2 phosphorylation status. NG2 phosphorylated at Thr-2314 is
co-localized with i3 1 integrin on microprojections on the apical cell
surface. NG2 phosphorylated at Thr-2256 is co-localized with 031
integrin in leading edge lamellipodia. The site of integrin activation
is therefore different in the two cases. In lamellipodia the integrin
presumably interacts preferentially with cytoplasmic machinery
required for motility. In apical microprojections the integrin must
interact with a different set of signaling molecules required for
proliferation. NG2 is therefore able to help strike a balance between
cell proliferation and cell motility, depending on incoming signaling
that determines the NG2 phosphorylation state. This implies that
the site of cytoplasmic phosphorylation of NG2 can determine its
ability to interact with cytoplasmic scaffolding proteins that anchor
the proteoglycan (and its integrin binding partner) within specific
membrane microdomains. MUPP1,2! GRIP1,%? syntenin-123 and
ezrin®* are possible candidates for such anchoring functions. In this
respect, syntenin-1 has been implicated in NG2-dependent oligo-

dendrocyte progenitor migration.??
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Cell Survival

Chemoresistance is an important and problematic characteristic
of many gliomas. Interestingly, in addition to its effects on cell
proliferation and migration, NG2-dependent activation of 03f1
integrin also has effects on cell survival due to increased signaling
through the PI3K/AKT pathway.!?2!123 NG2-transfected U251
glioma cells are resistant to treatment with TNFo and chemo-
therapeutic drugs such as doxorubicin, vincristine and etoposide that
effectively trigger apoptosis in parental U251 cells.®* siRNA-medi-
ated knockdown of NG2 expression effectively restores apoptosis
sensitivity in U251/NG2 cells, further demonstrating the cause
and effect relationship between NG2 expression and apoptosis
resistance. NG2 knockdown is also effective in increasing apoptosis
sensitivity in endogenous NG2 expressing glioma lines such as U87
and A172, as well as in the A375 melanoma line, demonstrating that
NG2-dependent apoptosis resistance is a widespread phenomenon
in several tumor types. In all cases, there was a direct correlation
of NG2 expression level with both B1 integrin activation and the
level of AKT phosphorylation. Two types of evidence indicate that
the phenomenon operates in vivo as well as in vitro. First, U87 cells
produce significantly larger, faster growing tumors in NOD-SCID
mice than U87 cells treated with NG2 siRNA to knock down expres-
sion of the proteoglycan in vivo. Growth of the siRNA-treated tumors
is further inhibited by administration of TNFa., a phenomenon not
seen in U87 tumors without siRNA treatment. This demonstrates
the increased apoptosis sensitivity provided by NG2 knockdown.
The TNFa-independent decrease in tumor growth provided by
NG2 knockdown is likely due to the effects of NG2 on other param-
eters such as cell proliferation, reinforcing the idea that NG2 affects
multiple aspects of glioma progression. Second, human glioma
biopsy samples grown in spheroid cultures were tested for sensitivity
to the chemotherapy drugs doxorubicin, etoposide and carboplatin.
There was an excellent correlation between apoptosis resistance and
the level of NG2 expression in these tumor samples.®4

The cartoon in Figure 4 summarizes our ideas concerning the
functional effects of NG2 on cell proliferation, migration, survival
and interaction with the extracellular matrix. For the sake of
simplicity, the signaling pathways thought to be involved in these
phenomena are shown in abbreviated form without any attempt to
capture the complete mechanisms.

Neovascularization

Through the work of Judah Folkman and others,'?4 it is well
accepted that tumors require effective vascularization for their
growth and expansion. Since highly invasive gliomas are character-
ized by their extensive vascularization, the role of NG2 in blood
vessel development is extremely relevant to glioma progression.
While the majority of vascularization studies focus on the endothelial
component of blood vessels, it is now clear that pericytes are also an
early and critical component of microvascular development. In some
types of neovascularization, pericytes are among the first cell types
observed in nascent blood vessels, sometimes even preceding the
arrival of endothelial cells.38-40-92.125.126 The best evidence for the
importance of pericytes in vascularization is the impaired pericyte

development and resulting aberrant vasculature produced by genetic
ablation of PDGF-B or PDGFRp.37:127-129
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Figure 4. Functional Interactions of NG2. On the apical cell surface, the thr-2314 phosphorylated NG2 proteoglycan (green oval) activates a3B1 integrin
(yellow dimer) signaling to promote enhanced proliferation. NG2 also promotes cell proliferation via potentiation of growth factor/growth factor recep-
tor signaling (indicated here by red FGF and blue FGFR dimer). On leading edge lamellipodia, thr-2256 phosphorylated NG2 activates o381 integrin
signaling to promote enhanced motility. NG2-mediated integrin signaling can also enhance cell survival via the PI3/AKT pathway. NG2 also provides a
linkage between the cell surface and the extracellular matrix via its interaction with type VI collagen (triple turqouise rods). Signaling pathways are shown

in abbreviated format due to space considerations.

NG2 also has an important role in pericyte development and
function, as demonstrated by the decreased postnatal neovascu-
larization observed in the NG2 null mouse. In ischemic retinal
vascularization and in corneal vascularization induced by FGF2,
blood vessel development is decreased more than 2-fold by genetic
ablation of NG2.!?! The NG2-deficient vasculature that forms
in these pathological eye models is characterized by a diminished
pericyte:endothelial cell ratio (dropping from 1:1 to as low as 1:4).
The most obvious cause of this change is the reduced proliferation
of pericytes in the absence of NG2, as detected by BrdU incor-
poration.'?! Tt is possible that reduced motility of pericytes also
contributes to the decrease in pericyte number, but this has not
yet been specifically addressed. Another topic of future interest is
the effect of NG2 ablation on endothelial cells. In addition to the
reduced proliferation of pericytes observed in the ischemic retinal
model, we have also observed (although to a lesser degree) reduced
endothelial cell proliferation. We have speculated that this might be
due to the ability of pericyte-derived NG2 to mediate recruitment of
endothelial cells.''? Another possibility is suggested by the finding
that NG2 binds to the kringle domains of angiostatin and blocks the
ability of angiostatin to inhibit endothelial cell proliferation.8!:130
In both of these scenarios, the absence of NG2 would be expected to
diminish endothelial cell recruitment and/or proliferation.

It is our expectation that the role of NG2 in promoting peri-
cyte development and neovascularization will also be evident
during tumor growth. Unpublished data from our lab indicate
that mammary tumors in the MMTV-PyMT transgenic mouse
model'31:132 develop more slowly and with reduced metastasis on an
NG2 null background. Since NG2 is not expressed by the mammary
tumor cells in this model, the effect of NG2 ablation must be on an
element (or elements) of the tumor stroma. Preliminary tests indicate
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that blood vessel development is altered in the NG2 null tumors.
Compared to blood vessels in wild type tumors, vessels in NG2 null
tumors exhibit reduced diameters and diminished investment by
pericytes.

Glioma Models for Assessing NG2 Function

We have made preliminary observations of NG2 contributions to
glioma progression in two different animal models. In the first para-
digm, we have collaborated with Peter Canoll and Marcela Assanah
to induce glioma formation via injection of a PDGEF-B expressing
retrovirus®® into the white matter of adult wild type C57Bl/6 mice
and NG2 null C57Bl/6 mice. Table 1 shows that 4 of 11 wild type
mice in this study developed lethal gliomas, while only 1 of 12 NG2
null mice developed a such a tumor. Clearly, these numbers are too
small to be taken as significant, and more work needs to be done to
render the model sufficiently robust to be useful. Nevertheless, the
trend is very suggestive of an important effect of NG2 in promoting
glioma progression. As discussed in previous sections, NG2 might be
involved at multiple levels of tumor development. As the most abun-
dant cycling cells in the white matter, oligodendrocyte progenitors
are the principal cell type transformed by the virus. In the absence
of NG2, decreased progenitor cycling may reduce the frequency of
viral transformation events. The absence of NG2 may also decrease
the proliferation and/or migration of transformed progenitors, along
with recruitment of normal progenitors to the tumor mass, leading
to reduced tumor progression. Finally, the absence of NG2 may
reduce tumor vascularization via effects on pericyte recruitment.

The second paradigm has utilized microinjection of CT2A mouse
glioma cells'3? into the white matter of five adult wild type and five
adult NG2 null C57Bl/6 mice. Table 1 shows a dramatic difference
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in the size of the tumors that develop in the two mouse lines after
three weeks. Tumors in wild type mice are on average 10-fold larger
than tumors in NG2 null mice. Since CT2A cells express NG2,134
the differential effects of NG2 on tumor progression in wild type
and NG2 null mice must come from elements of the host stroma,
possibly including pericytes in the tumor vasculature and oligoden-
drocyte progenitors recruited to the tumor mass. Exploitation of cre/
lox technology to produce cell type-specific ablation of NG2 should
be useful in sorting out these issues. We anticipate that further refine-
ments of these two glioma models, along with detailed analysis of
the resulting tumors, will allow us to make a number of important
advances in understanding the contributions of NG2 to glioma
progression.
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