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Abstract
The family of platelet-derived growth factors (PDGFs) plays a number of critical roles in normal embryonic development,
cellular differentiation, and response to tissue damage. Not surprisingly, as it is a multi-faceted regulatory system, numerous
pathological conditions are associated with aberrant activity of the PDGFs and their receptors. As we and others have shown,
human gliomas, especially glioblastoma, express all PDGF ligands and both the two cell surface receptors, PDGFR-a and -b.
The cellular distribution of these proteins in tumors indicates that glial tumor cells are stimulated via PDGF/PDGFR-a
autocrine and paracrine loops, while tumor vessels are stimulated via the PDGFR-b. Here we summarize the initial discoveries
on the role of PDGF and PDGF receptors in gliomas and provide a brief overview of what is known in this field.
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Introduction

Gliomas are the most common form of primary
malignancies of the central nervous system (CNS)
mainly affecting adults. These tumors have a histo-
logical resemblance to different types of glial cells and
are categorized into astrocytomas, oligodendroglio-
mas, oligoastrocytomas, and ependymomas, based
on the predominant cell type(s) in the respective
tumor (1).
Initial discovery and extensive studies of the epi-

dermal growth factor (EGF) and transforming growth
factor alpha (TGF-a), as well as the platelet-
derived growth factor (PDGF) family, revealed their
presence in glioblastoma cell cultures and tissues.
These growth factors, by signaling via their cell sur-
face tyrosine kinase receptors, EGFR and PDGFR-a
and -b, were able not only to induce normal mitogenic
and migratory responses, but when aberrantly

activated they were also able to transform cells.
Knowledge gained from in vitro experiments was
transferred to in vivo systems, and several mouse
models were created showing that gliomas can be
induced by forced expression of PDGF-B in the
brain. However, treatment with single tyrosine kinase
inhibitors (TKIs) given to glioma patients has gener-
ally not been successful.
Ever since the initial discoveries, investigations on

the molecular mechanisms and signaling pathways
involved in glioma have provided a more detailed
insight into the key events behind brain tumor initi-
ation, maintenance, and progression and have
resulted in significantly improved cancer drug discov-
eries. However, the prognosis for patients with aggres-
sive brain tumors is still very poor. One intriguing
hypothesis is that glioblastoma resistance to therapy
and its rapid recurrence is due to the presence of a
subpopulation of tumor cells displaying stem cell
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characteristics that are able to self-renew and propa-
gate the whole tumor. In this context, we briefly
discuss the concept of cancer stem cells (CSCs) in
glioma.

PDGF/PDGFR

Discovered as a serum growth factor for fibroblasts,
smooth muscle cells, and glial cells, the PDGF family
has become one of the most extensively studied
growth factor families (2-6). PDGF-B and -A were
discovered first, while PDGF-C and -D were identi-
fied decades later, based on gene homology searches.
PDGFs are members of the evolutionary conserved
family of structurally and functionally related PDGF/
VEGF growth factors. The PDGF family now
includes five dimeric proteins: PDGF-AA, -AB,
-BB, -CC, and -DD. The mammalian PDGF genes
are situated on different chromosomes and have
mostly independent transcriptional regulation and
thus distinct tissue- and time-specific gene expression
patterns in vivo. However, the overlapping expression
patterns of PDGF-A and -C suggest the possibility of
common transcriptional regulatory mechanisms (6).
All PDGFs have a highly conserved growth factor

domain, called the PDGF/VEGF homology domain.
This domain is involved in forming inter- and intra-
molecule disulphide bridges to form the PDGF
dimers (7). In order to be activated, a short
N-terminal extension present in PDGF-A and
PDGF-B has to undergo intracellular proteolytic
processing. PDGF-C and PDGF-D have a distinct
protein domain as part of their N-terminal extension,
called the CUB domain (7), preventing ligand–
receptor binding until cleaved and are activated by
extracellular proteases (8,9). The C-termini of
PDGF-C and -D lack amino acid sequence exten-
sions, while both PDGF-A and -B have a stretch of
basic amino acids that are mainly involved in extra-
cellular matrix (ECM) binding (10,11). There are two
functionally distinct isoforms of the A-chain due to
alternative splicing of exon 6, which encodes the
C-terminal stretch: the short form of PDGF-A
(PDGF-AS) lacks the positively charged retention
motif and is freely diffusible, while the long form
(PDGF-AL) can attach to the ECM with the help
of its C-terminal tail (2,12,13). The exact role of
PDGF-AL and how it functionally differs from the
shorter isoform is not well understood.
The five dimeric PDGF ligands act via the two cell

surface tyrosine kinase (RTK) receptors, PDGFR-a
and PDGFR-b (Figure 1). The PDGFRs have a
common domain structure, including five extracellu-
lar immunoglobulin (Ig)-like domains and a split
intracellular tyrosine kinase domain (6,14). As a result

of ligands binding to the receptors, homo- and het-
erodimerization of the receptors occur. This in turn
leads to transphosphorylation of the intracellular
domains and receptor activation. Once activated,
intracellular mediators dock to phosphotyrosine resi-
dues in the receptor, which leads to downstream
activation of intracellular signaling pathways. The
ability of each of the five dimeric PDGF ligands to
bind and activate the two PDGF receptors is quite
specific as summarized in Figure 1.

Our early studies on PDGF in glioma

The initial discoveries on the role of PDGF and
PDGF receptors in cancer came substantially from
studies on human brain tumors. Our efforts in this
field of research began in 1981 when Monica Nistér
with Bengt Westermark was introduced to the vibrant
and fruitful collaboration formed by Westermark,
Wasteson, and Heldin. Carl-Henrik Heldin had puri-
fied and characterized human PDGF-AB from plate-
lets (15). It had been shown that fibroblasts, smooth
muscle cells, and glial cells were responsive to PDGF
(3–5), and the outstanding question was whether
PDGF was involved in human cancer.
Pontén and Westermark had established a large

number of human glioma cell lines that were suitable
to reveal if PDGF was produced by these cancer cells.
One such biopsy was the U-343 MG biopsy for which
a few clonal derivatives existed. Some cultures were
GFAP+/astrocyte-like, while others had mesenchymal
features (16,17). The strategy used by Nistér et al. was
to screen conditioned media from U-343 MGa
Cl2 cells using the 125I-PDGF-binding assay on fibro-
blasts to identify PDGF receptor competing activity.
Much to our excitement, such activity was detected,
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Figure 1. Receptor binding specificity of five dimeric PDGF
ligands. *Ligand DD can activate ab with lower specificity.
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and a following protein purification confirmed the
presence of a secreted PDGF-like activity (18).
Further purification and characterization attributed
this activity to a 31-kDa dimeric protein with struc-
tural, functional, and immunological similarities to
PDGF (19).
At this time, Wong-Staal and co-workers had

already reported a human gene homologous to
v-sis, simian sarcoma virus (SSV) oncogene (20).
But it was not until PDGF was sequenced in 1983
that the homology between the PDGF B-chain
and p28v-sis was revealed and PDGFB (c-sis) was
identified as a proto-oncogene (21). The cell surface
receptor for PDGF, now known as the PDGF
b-receptor, was found to be a tyrosine kinase (22).
Similarly, EGFR was a tyrosine kinase, homologous
to the v-erbB oncogene (23). These groundbreaking
findings brought a lot of interest to the field, which
was spurred by the homology between p28v-sis and
PDGF-B and by the fact that SSV originally had been
isolated from a fibrosarcoma in a woolly monkey (24).
When tested on fibroblasts and other normal cell

types, the PDGF protein isolated from glioma-
conditioned media showed receptor-binding charac-
teristics and biological effects different from those of
PDGF-BB and -AB. It inhibited PDGF-BB-induced
chemotaxis and actin reorganization and had a lower
mitogenic activity than PDGF-AB purified from pla-
telets (25). These findings were initially challenged
but could later be confirmed by other groups and
explained by the presence of a second receptor for
PDGF. Further work identified the purified glioma-
derived activity as PDGF-AA. Thereafter it was dis-
covered that glioma cells produced PDGF-AA, -AB,
and -BB dimeric proteins (26).
Human PDGFA was cloned by Betsholtz et al. after

generating a cDNA library from a clonal glioma cell
line, U-343 MGa Cl2:6, that produced high amounts
of PDGF receptor-competing activity. The isolated
cDNA included two splice variants of PDGF-A, a
short form (PDGF-AS) and a long form (PDGF-AL),
which in the latter case includes a 69 base pair (bp)
extension from exon 6, that codes for a C-terminal
stretch of basic amino acids (13,27,28). While the
PDGFB gene was localized on chromosome 22, the
PDGFA gene was found to be residing on chromo-
some 7.
By sub-cloning cells from the U-343 MGa cell line,

Nistér et al. identified an extensive clonal variation in
the amount of PDGF secreted by glioma cells and also
a clonal variation in the capacity of glioma cells to bind
125I-PDGF (29). The cells growth rate in serum-
free medium correlated to the amount of PDGF pro-
duced by them. Themost prominent PDGF producers
were also ‘immature’, tightly growing cells, while

clones with large, glia-like cells showed the highest
125I-PDGF-binding capacity. Thus, there was a neg-
ative correlation between the levels of PDGF secreted
from the cells and their capacity to bind the factor.
By Northern blot analysis, using a PDGFR-b cDNA
sequence as a probe, Nistér et al. identified PDGFR-b
mRNA in some of the glioma cell lines and clones.
Interestingly, the U-343 cell clones with the highest
capacity to bind 125I-PDGF-AA displayed a different-
sized PDGF receptor mRNA. Claesson-Welsh et al.
were then able to identify the second PDGF receptor,
PDGFR-a, expressed in U-343 MGa 31L cells (30).
Further interest came when the PDGFR-a cDNA was
cloned (31,32). Using 125I-binding assays, the pres-
ence of both PDGF receptors and EGF receptors on
human glioma cells was also described (33).
With the new cDNA, mRNA, and antibody

reagents available at Heldin’s laboratory that recog-
nized PDGFs and their receptors, investigation into
distribution was commenced using human brain
tissue, in collaboration with Keiko Funa. Using
mRNA in situ hybridization, high levels of both
PDGF-B and PDGFR-b mRNA were found on the
characteristic glioblastoma vasculature, while the glial
tumor cells expressed more PDGF-A mRNA(34).
This was confirmed by a study of all glioma grades,
where it was also observed that the PDGFR-a was
present on glial tumor cells but not on the vasculature.
Much to our excitement, it was shown that PDGFRA
was overexpressed already in low-grade diffuse astro-
cytomas and further enhanced in high-grade tumors.
The findings indicated the presence of PDGF auto-
crine/paracrine loops stimulating glioma cells via the
a-receptor, and a PDGF-B autocrine loop stimulat-
ing the vasculature via the b-receptor (35). PDGFRA
expression was examined in a larger number of glioma
samples of different malignancy grades (36). Increa-
sed levels of PDGFR-a mRNA were observed in all
grades, but glioblastoma expressed the highest levels.
Only 16% of glioblastomas showed PDGFRA ampli-
fication, which suggested that other mechanisms were
responsible for PDGFRA overexpression in the
majority of tumors. The latter has also been indicated
by more recent studies (37,38). PDGFRA expression
correlated to loss of heterozygosity (LOH) on chro-
mosome 17p, where the TP53 gene is localized (36).
PDGFRA amplification had been described by
Fleming et al. (39) and was confirmed by Hermanson
et al. (36). More recently it has been reported
that PDGF-C and -D are also present in human
glioma (40).
The testing of the first generation of TKIs, that

were more or less specific for the PDGF receptors,
was disappointing. The inhibitors did not significantly
alter the in vitro growth of glioma cells. Moreover,
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whereas retrovirally introduced PDGF-B was able to
transform fibroblasts in vitro, PDGF-A could not
(41). Whether this could be attributed to the presence
or absence of the C-terminal stretch of basic amino
acids was unclear at the time. In addition, the inhibi-
tory effect of PDGF-A on PDGF-B-mediated cell
proliferation and motility was puzzling, and the sig-
nificance of PDGF-A/a-receptor signaling in tumor
development was in question.
Although autocrine stimulation was extensively

studied at the time, its significance in cancer was
difficult to finally prove. However, the transforming
effect of PDGF in glioma cells was indicated by the
inhibitory effects of PDGF-BB antibodies (42) and by
studies using a truncated PDGF b-receptor (43).
Even now, clinical trials using TKIs fail to show
significant therapeutic effects in patients (44,45).
Our recent investigations, performed in collabora-

tion with Arne Östman, Johan Holmberg, and Jonas
Muhr, have shed some light on the glioma cell resis-
tance to TKI inhibitors. Using tumor material
explanted from a number of human glioblastomas,
two different subtypes of glioma cultures, type A and
type B, were identified. Whereas type B cultures
showed mesenchymal features and were responsive
to mono-treatment with the PDGFR inhibitor imati-
nib, and also to IGF-1R inhibitor, NVP-AEW541, the
type A cultures displayed stem cell-like features,
including in vitro self-renewal and neurosphere for-
mation, and in vivo tumor growth. These type A
cultures were non-responsive to mono-treatments
but were growth-inhibited when exposed to a com-
bination of the two inhibitors. Furthermore, the cells’
resistance to mono-treatment was dependent on the
presence of transcription factor SOX2 (46). In a study
by Holmberg and Muhr, SOX2, OCT4, NANOG,
and KLF4 transcription factors were visualized in
high-grade human glioma tissues using immunoflu-
orescence techniques (47). These proteins were stud-
ied because they are able to induce pluripotent stem
cells (iPS cells) from somatic cells (48), and their
presence in glioma indicates a stemness phenotype.
The stem cell features may be part of glioma cells’
resistance to TKIs, and a combined treatment strat-
egy targeting key stem cell regulatory mechanisms and
growth factor signaling mechanisms promises to be a
useful therapeutic approach.

The role of PDGF during development

The functional significance of the described diversity
in PDGF-A/B ligands and receptors, encoded by the
different genes, became evident from the phenotypes
of a number of genetically modified mice generated by
the groups of Christer Betsholtz and Phil Soriano (for

a review see (49)). In addition, the transcriptional
regulatory mechanisms also differ, thus providing a
basis for cell-, tissue-, and time-specific activities
in vivo. This diversity turned out to be even higher
when PDGF-C and -D were identified (8,9).
A large number of gain- and loss-of-function muta-

tions in Pdgf and Pdgfr genes have been created in
mice (50-54). The developmental defects found in
these mice underscore the importance of PDGF
ligands and receptors in normal embryonic develop-
ment. PDGF-B and b-receptors are essential for
normal blood vessel development, while PDGF
a-receptors are required for neural crest develop-
ment. PDGF-B stimulates pericytes (55) and is
involved in formation of glomeruli of the kidney.
PDGF-A is required for the normal development of
lung alveoli (50,56), intestinal villi, mesenchymal
dermis, and hair follicles. Studies in genetically mod-
ified mice, where the cytoplasmic signaling domains
of the two PDGF receptors had been swapped, dem-
onstrated that PDGF receptors are partly inter-
changeable during development and mediate very
similar cellular responses (57). However, PDGFR-b
seems to have a more important intracellular signaling
capacity in the vasculature, since mice with an intro-
duced PDGFR-a signaling domain exhibited vascular
defects (58).
PDGFs are also important in adulthood, as they

are involved in wound healing, including wound
healing in the CNS (59). However, excessive or
aberrant expression of PDGFs can lead to patho-
logical responses such as atherosclerosis, fibrosis,
and tumorigenesis (6).

The role of PDGF in the central nervous system

Some insights into the role of PDGFs in the CNS
were obtained before genetic mouse models were
available. Initially, our knowledge on the role of
PDGF-B and PDGFR-b in the CNS was mainly
based on their expression patterns in the brain.
PDGF-B is present in embryonic as well as in adult
neurons (60). PDGFR-b was detected in neurons,
and PDGF was shown to mediate neuroprotective
functions after injury (61-63). PDGFR-b is also
present on pericytes (64,65).
A series of in vitro studies determined that

PDGF-A is produced by neurons and astrocytes
(66-68) and acts as a mitogen for oligodendrocyte
progenitor cells (OPCs) (67,69,70). Oligodendro-
cytes differentiate postnatally from PDGFR-a–
positive OPCs. Their continued proliferation and
migration in the CNS depends on PDGF-A signaling
through PDGFR-a (71,72). In the absence of
PDGF-A, postnatally surviving mice develop tremor
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due to severe hypomyelination (71,72). Finally, the
amount of PDGF-A available controls the number of
OPCs not only during embryogenesis, but also in the
adult brain (73,74).
Recent in vitro experiments demonstrated the abil-

ity of PDGF-A to induce embryonic Nestin+ neural
progenitor cells towards becoming NG2+ oligoden-
drocyte precursors (75). In addition, direct stimula-
tion with PDGF-A of cells in the adult lateral
ventricular wall subventricular zone (SVZ), induces
PDGFR-a–positive neural stem cells (NSCs) to give
rise to oligodendrocyte lineage cells, but not neuronal
lineage cells (76,77).

Human glioma tumors

Gliomas are the most common primary tumors of the
CNS mainly affecting adults. They are categorized
into astrocytomas, oligodendrogliomas, oligoastrocy-
tomas, and ependymomas, reflecting their histologic
appearance. In a clinical setting, the malignancy grade
of the tumor is an essential factor to help predict the
outcome of the patient and the choice of therapy.
According to the World Health Organization (WHO)
grading scale for tumors of the nervous system, lesions
with no atypia/low proliferative activities are denoted
as grade I, quite often curable upon surgical removal.
Once the lesion is infiltrative it is designated as grade
II, and tumors of this grade can progress to higher
grades. Grade III are lesions with accelerated mitotic
activity and nuclear atypia/anaplasia. Grade IV is the
most malignant tumor grade with a fatal outcome.
Grade IV tumors often present with infiltration into
surrounding tissue, high mitotic activity, characteris-
tic necrotic areas, and extensive microvascular pro-
liferations (78).
Diffuse astrocytomas grade II and III may prog-

ress to grade IV, which is then referred to as sec-
ondary glioblastoma (GB). However, the majority of
GB tumors develop de novo, with no previous his-
tory, and are referred to as primary glioblastomas
(78). The primary and secondary GBs exhibit the
same histopathologic characteristics, even though
they differ in both genetic changes and clinical
history (79).

Activated growth factor pathways in glioma

A frequent hallmark of malignant gliomas is activation
of RTK signaling pathways, most commonly caused
by EGFR mutation/amplification or PDGFR ampli-
fication/overexpression. EGF/TGF-a and PDGF
proteins exert their activity by binding to and activat-
ing cell surface tyrosine kinase receptors, which leads
to receptor dimerization, transphosphorylation, and

subsequent activation of intracellular signaling path-
ways, such as PI3K/AKT and RAS/MAPK.
Amplification of EGFR is found in about 43% of

primary GBs and is associated with EGFR overex-
pression. However, EGFR overexpression has rarely
been found in secondary GBs (79-83). Furthermore,
70%–90% of all GBs with EGFR overexpression have
rearrangements of the gene (82). The most wide-
spread mutated variant of EGFR is EGFRvIII, which
contains a 267-bp deletion of exons 2–7 in the extra-
cellular domain, resulting in ligand-independent acti-
vation of the receptor (79,83-85).
Overexpression/hyperactivity of PDGF ligands and

receptors are frequent events in human gliomas of all
grades (33,35,86,87), and their expression pattern in
tumors suggests the presence of autocrine and para-
crine stimulatory loops (36,40). Amplification of
PDGF and PDGFR genes is not as common as the
amplification of EGFR (36,39) and occurs only in
11% of GBs. However, this still makes PDGFRA the
second most frequently amplified RTK gene in these
tumors (82). Activating rearrangements of PDGFRA
in GBs is very rare. Previously, only two reports
described an in-frame deletion of the Ig-like domain,
the PDGFRAD8,9 mutant and a mutation in the
C-terminal of PDGFRA (88,89). Recent sequencing
analysis of GBs has identified several point mutations
in the Ig-like domains (90), and another study dis-
covered a gene fusion between PDGFRA and the
kinase insert domain receptor (KDR/VEGFR2)
gene (91). Ozawa and colleagues have also demon-
strated that the previously discovered PDGFRAD8,9

mutant is present in 40% of GBs with PDGFRA
amplification.
Alterations in other RTK genes have been reported,

including ERBB2/HER2 mutations and MET ampli-
fications in 8 and 4% of GBs analyzed, respectively
(82).
High levels of active RAS have been reported in

high-grade astrocytomas, but unlike in many cancers
mutated RAS is rarely present in malignant gliomas
(2%) (82). Neurofibromin-1 (NF1) is a tumor sup-
pressor and a negative regulator of RAS. Mutations of
NF1 have been linked to the hereditary condition
neurofibromatosis type-1, where patients are predis-
posed to glioma development (92). NF1 was recently
found to be mutated in 18% of glioblastomas (82).
Activation of PI3K/AKT signaling can be achieved

by loss of the tumor suppressor gene PTEN or by
mutations in PIK3CA. PTEN is a direct antagonist of
the activity of PI3K. PTEN loss is rare in low-
grade gliomas, but mutations and deletions are found
in 50% of high-grade gliomas (93) and are associated
with poor patient survival. As a result, inactive PTEN
leads to AKT hyperactivation, which in turn triggers
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downstream pathways supporting cellular growth
(through mTOR) and proliferation (through inhibi-
tion of GSK3-b) (94).

Loss of cell cycle regulation in glioma

The tumor suppressor protein p53 is a major regulator
ofmultiple cellular responses, including those induced
by DNA damage, oncogene activation, and hypoxia
(95). InGBs,TP53 is found tobemutated in 35%of all
cases (82). It has been described that somatic TP53
mutations are more common in low-grade astrocyto-
mas and secondary GBs than in primary GBs and that
the spectrum of mutations is different (79,96). How-
ever, recent studies have confirmed that TP53 muta-
tions are also prevalent in primary GBs (97,98). In
addition, chromosome 17p is an early and frequent
target for LOH in both low-grade and high-grade
gliomas (99,100). Inactivation of p53 can also occur
through other mechanisms such as viral infection,
loss of ARF, or overexpression of MDM2 (101). The
progression from G1 to S phase in the cell cycle is
controlled by the p16INK4A/CDK4/RB1 pathway.
Genetic alterations involving this pathway are found
in 78% of glioblastomas (82).

Molecular-genetic subclassification of
high-grade glioma

Previous clinical and genetic studies of GBs described
two subtypes, primary and secondary. However,
recent genomic studies have provided more detailed
information about the molecular mechanisms
involved in glioma initiation and progression and
have identified new subgroups based on glioma mole-
cular signatures (82,97,102-104) that are described as
classical, mesenchymal, proneural, and neural sub-
types. Among these subtypes, the proneural subtype is
characterized by PDGFRA amplification and loss or
mutation of TP53, CDKN2A, and PTEN. Mutation
of the isocitrate dehydrogenase 1 gene (IDH-1) (see
below) and activation of PI3K and PDGFR-a path-
ways are also frequent characteristics of this subtype.
GBs of the secondary subtype have gene expression
profiles corresponding to those of neuronal (SOX2,
DCX, etc.) and oligodendrocytic (PDGFRA, OLIG2,
etc.) progenitor cells. These findings have been com-
prehensively discussed (90,105,106). In addition to
distinct genomic profiles, the classical, mesenchymal,
and proneural subtypes vary in their biological
behavior and response to adjuvant treatments (107).
Recent results from GB tumor DNA sequencing

studies also revealed previously unknown important
genetic changes. Spontaneous mutations of IDH-1
and IDH-2 appeared as strong prognostic indicators

in anaplastic astrocytoma and secondary GB. In
patients with secondary GB, mutation of IDH-1 is
linked to a median survival of 31 months compared
to 15 months for the group of patients with wild-type
(WT) IDH-1 (104). Importantly, these mutations also
occur together with TP53 mutations in lower-
grade tumors.

Neural stem cells

A common belief of classical neuroscience was that
once development was completed, no new neurons
were produced. However, this view has changed,
and in the 1960s the first evidence of adult neuro-
genesis appeared from studies in rat brain (108).
During brain development, neuroepithelial stem
cells situated in the ventricular zone of the lateral
ventricle wall give rise to neurons and glia. Even
though it was thought that neurogenesis is mostly
completed by birth, it continues throughout life.
Cells, commonly known as neural stem cells
(NSCs), have a capacity to self-renew and differen-
tiate along multiple lineages, contributing to tissue
maintenance and regeneration in case of injury in
the adult CNS (109,110).
There are two brain areas in mice where adult

NSCs are known to reside, the SVZ of the lateral
ventricle and the subgranular zone (SGZ) of the
dentate gyrus in the hippocampus. The largest source
of NSCs in the adult mammalian brain is the SVZ,
which is described as a thin layer of proliferative
cells in the lateral wall of the lateral ventricle
(109,111-113). Adult NSCs are not unstructured
undifferentiated cells; they show features of differen-
tiated astrocytes and express glial fibrillary acidic
protein (Gfap). This subpopulation of Gfap+ cells
in the SVZ (B cells) produces a transit-amplifying cell
population (C cells) that then gives rise to migratory
neuroblasts (A cells) and OPCs. It has been shown
that adult NSCs are derived from radial glia, the stem
cells of the developing brain, which in turn are
derived from the neuroepithelium (114). In addition
to Gfap, NSCs are characterized by expression of
Nestin (112). Sox2 is also found in NSCs of the SVZ
(115) and SGZ (116) and is required to maintain the
immature state of NSCs and to preserve their capa-
city to proliferate and generate neurons (117,118).
There are several architectural elements contribut-

ing to adult neurogenesis, such as localization of
NSCs near the cerebrospinal fluid, close association
with blood vessels, a rich extracellular matrix (ECM),
specialized basal lamina, and widespread cell-to-cell
interactions (119,120). The endothelial cells of blood
vessels release factors that promote the self-renewal of
NSCs (121,122).
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Regulatory pathways in neural stem cells and
their relation to brain tumors

It was demonstrated that a fraction of SVZ stem cells
express PDGFR-a (76) and that EGFR is expressed
in type B and type C cells (123). It has also been
shown that NSCs proliferate in response to both
PDGF and EGF in vitro (110,112,124,125), and
EGF is used in cultures to keep NSCs in an undif-
ferentiated state (110). Infusion of EGF into the brain
results in a significant amplification of endogenous
SVZ precursor cells (123,124,126) and promotes
oligodendrogenesis (127). When active EGF receptor
was introduced into Ink4a/Arf-deficient mice, it
caused dedifferentiation of astrocytes, and high-grade
gliomas developed from both dedifferentiated astro-
cytes and NSCs carrying the same genetic alteration
(128). PDGF also has a dedifferentiating effect on
mouse astrocytes (129), and infusion of PDGF-A into
the lateral ventricle of adult mouse brain can induce
the proliferation of PDGFR-a–positive NSCs that
may form glioma-like lesions (76).
The tumor suppressor p53 plays an important role

during development of the CNS by inducing apo-
ptosis of neurons and neural progenitors to adjust the
cell number (130), and a subset of Trp53-deficient
mice develop exencephaly (131,132). P53 is present
in the adult mouse lateral ventricle wall SVZ and
regulates NSCs proliferation, apoptosis, and self-
renewal. Gene expression profiling identified several
genes that were down-regulated in Trp53 null NSCs
in vitro, such as the cell cycle regulatory factors
p21 and p27 (133).

Cancer stem cells; heterogeneity of glioma cells

The heterogeneity of glioblastoma cells has become
increasingly appreciated as a significant factor, allow-
ing for paracrine stimulatory mechanisms in tumors
(134). It has also been shown that within some tumors
there is a subset of cancer cells (CSCs) with stem cell-
like features: unlimited self-renewal, multipotency,
and tumor-initiating capacity in vivo. These cells
may give rise to a number of new cell types in the
tumor and maintain the neoplastic growth over time.
CSCs have been described in brain tumors (135-140).
A high rate of recurrence and resistance to treat-

ment are major characteristics of malignant gliomas.
It has been reported that brain CSCs have the capacity
to survive treatment and give rise to a new tumor with
characteristics of the original tumor (141). Since the
adult brain has only a limited population of prolifer-
ating cells that are able to accumulate the several
mutations required for transformation into a cancer
cell, the adult NSCs/progenitor cells have been

suggested as candidate sources for brain CSCs
(Figure 2). In addition, it has been suggested that
tumorigenic events can lead to dedifferentiation of a
mature cell and thereby gain of stem cell properties
(Figure 2) (128,129,142). NSCs are relatively quies-
cent cells, whereas glioblastoma cells are highly pro-
liferative. It is therefore possible that the majority of
tumor cells represent rapidly amplifying progenitors
rather than stem cells.
Similar to NSCs, brain CSCs are located in a

special microenvironment. They are found in close
proximity to blood vessels, often in hypoxic areas
(143). They have been shown to stimulate angiogen-
esis by secreting VEGF (144), and in return they
receive a constant supply of nutrients and oxygen
(145). Glioma cells migrate along the tumor vessels
into the surrounding tissue. Other components of the
perivascular niche, such as adhesion to the surround-
ing cells or ECM are important for CSCs main-
tenance. L1CAM, a cell surface molecule that
intervenes in cell–ECM and cell-to-cell interactions,
was found to be highly expressed in glioma CSCs
(146,147).

PDGF-driven glioma models

To address the functional role of PDGF in brain
tumors, several experimental models have been cre-
ated to induce gliomas, mostly in mice by forced
expression of PDGF. In general, overexpression of
PDGF in the brain leads to excessive production of
OPCs and, if in a permissive setting, results in mainly
oligodendroglioma-like tumors.
The first attempt to model ‘PDGF-induced’ glioma

was made by Deinhardt (148), who injected SSV,
with the v-sis oncogene, into the brains of newborn
marmosets. This resulted in gliomas, morphologically
indistinguishable from human tumors, described in a
review by Nistér and Westermark (149). Many years
later, when a PDGF-B-encoding retrovirus was used
for injection in newborn mice, highly malignant brain
tumors developed in 40% of all animals, and further
in vitro experiments showed that autocrine PDGF
stimulation was an important step in their generation
(150,151).
As an alternative approach, the RCAS/TV-A model

system was developed for brain tumor studies
(152,153) and has been successfully used to assess
the significance of PDGF and downstream signaling
mechanisms in glioma. Tumor progression can be
enhanced in the PDGF-induced glioma models by
combination of another genetic aberration such as
loss of Ink4a/Arf, Trp53, or Pten (154-156). However,
a disruption of the homology-directed DNA repair
mechanism, by introduction of RAD51, decreases
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PDGF-B-induced tumor incidence and progression
(157).
In order to test the tumorigenic potential of adult

glial progenitors, PDGF-B was retrovirally expressed
in rat corpus callosum, leading to transformation
of NG2-positive OPCs and development of GBs
(158). Injection of retroviral PDGF-B in newborn
rats causes a shift in the differentiation fate of
the NSCs, generating more pdgfr-a/NG2/Olig2-
expressing OPCs that do not differentiate into
mature oligodendrocytes (159). Moreover, excessive
expression of PDGF-B in neural progenitor cells
forced their respecification towards the oligoden-
droglial lineage with development of highly malig-
nant oligodendroglial tumors in mice (160,161).

Different capacities of PDGF-B and PDGF-AL

in brain tumor development

To investigate the roles of PDGF-B and PDGF-A in
brain tumor development, two transgenic mouse
models were generated in which overexpression of
human PDGF-B (162) and PDGF-AL (163), respec-
tively, was induced in astrocytic cells of the brain by a
human GFAP promoter fragment. Both these PDGF
proteins have the C-terminal motif, attaching them to
the ECM, but while PDGF-B binds to both a- and
b-receptors, PDGF-AL binds only to the a-receptor.
The GFAP promoter fragment used is active during
embryogenesis, in radial glial cells of the telenceph-
alon and in the cerebellar anlage, and stays active
postnatally in astrocytic cells, including activity in

astrocytic cells of the adult SVZ. The effects of
PDGF-AL and PDGF-B were found to be different.
The PDGF-B-overexpressing transgenic mice did

not develop brain tumors, and the mice were pheno-
typically normal. They were therefore crossed with
Trp53 null mice to obtain PDGF-B/p53-null off-
spring. In this way, two aberrations commonly pres-
ent together in human gliomas could be combined.
On the Tp53 null background, two PDGF-B trans-
genic mouse lines developed brain tumors at high
rates, 68 and 43%, and tumors occurred between
2 and 6 months after birth. They spread diffusely
throughout the brain tissue and displayed microvas-
cular proliferations as well as necroses lined by pali-
sading cells. Thus, morphologically the tumors had
the characteristics of human GB. According to pre-
vious findings from human brain tumors, PDGFR-a
is localized on glial tumor cells, and PDGFR-b on the
vasculature (35). This was also the case in the PDGF-
B/p53-null tumors that were generated. The majority
of glioma cells proper, but not the tumor vasculature,
expressed the transgene, and together this indicated
the possibility of both autocrine and paracrine stim-
ulatory loops similar to those in human tumors (162).
Small Gfap+/Nestin+ SVZ lesions were present in the
lateral ventricular wall and were suggested to repre-
sent a point of origin. Due to the variable location of
the tumors and the fact that the PDGF-B transgene
was produced by astrocytic cells throughout the brain,
such as in the glia limitans, and not only in the SVZ,
another suggested possibility was that astrocytes dedi-
fferentiated and transformed into tumor cells. Larger

NSC

NSC

NSC
CSC

PC

PC DC

De-differentiation

Figure 2. Three possible ways for a cancer stem cell (CSC) to arise: a neural stem cell (NCS) acquires a mutation; a progenitor cell (PC)
acquires two or more mutations; or a fully differentiated cell (DC) undergoes several mutations that transform and drive it back to a stem-
like state.
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lesions tended to lose Gfap but gain Nestin positivity
and developed the characteristic glioma vasculature
and necroses. Thus, sustained overexpression of
PDGF-B in astrocytic cells can, on a Tp53 null back-
ground, lead to uncontrolled expansion of Pdgfr-a+

glial progenitor cells and initiate the development of
aggressive GB-like brain tumors.
Whereas the PDGF-B overexpressing transgenic

mice were phenotypically normal, with survival times
that did not differ from WT mice, PDGF-AL-over-
expressing mice developed a characteristic, lethal
phenotype, after approximately 6 weeks (163). A
microscopic analysis of brain tissue showed an
increased cellularity due to a highly proliferating,
expanding mixed population of astrocytic and
OPC-like cells, that spread diffusely throughout the
brain and that was also concentrated in distinct brain
areas, which overlapped with the areas of transgene
activity, including: the roof of the lateral ventricles, in
corpus callosum, on the outer surface of the brain,
and in the cerebellum. Closely associated with the
Gfap+ astrocytic cells were these OPC-like cells
with the presence of the oligodendrocyte markers,
Pdgfr-a/Olig2/NG2.
A few of the PDGF-AL mice presented with very

advanced lesions, in the form of a heavy diffuse infil-
tration of cells throughout the whole brain, comprising
mostly of whitematter areas and also in the formof pial
outgrowths with excessive masses of mitotic and atyp-
ical cells.Alsohere, the cell populationwasmixed,with
Gfap+ and Pdgfr-a+/Olig2+/NG2+ cells. These lesions
were associated with long, angulated and thick-walled
capillarystructures,stronglypositive forPdgfr-b.Thus,
these lesions were found to be similar to human ana-
plastic oligoastrocytomas (grade III).
The majority of Olig2+/Pdgfr-a+ cells in the exam-

ined PDGF-AL brain sections did not express Gfap or
the transgene. This observation could be due to the
fact that the PDGF-AL transgene produced by NSCs/
astrocytic cells stimulated OPCs in a paracrine fash-
ion, or indirectly via changing the cell fate of the NSC/
astrocytic progenitor. Additional experiments are
required to resolve this issue.
Because PDGF-AL has a C-terminal retention

motif that makes it associate with ECM and possibly
with the surface of the producing cell, one would
expect that its area of action is rather limited.
Pdgfr-a is normally expressed by glial progenitor cells
(164,165), and as discussed previously PDGF-A is a
potent mitogen for OPCs (71,72,74). PDGF-A can
also influence cell fate decisions of cells located in the
adult SVZ by inducing them to become OPCs rather
than neurons. These cells are sensitive to alterations
in the PDGF pathway and can form hyperplasias in
response to PDGF-AS, as mentioned previously (76).

In summary, our research work and that of others
demonstrate that overexpression of PDGF-AL in
astrocytic cells can induce oligoastrocytoma-like
lesions at a low rate. Hyperactive production of
PDGF-AL in the brain has distinct and strong effects
that are different from previously described effects of
PDGF-AS and PDGF-B. PDGF-B, in spite of it being
expressed in the SVZ by astrocytic cells and carrying
the C-terminal retention motif similar to PDGF-AL,
resulted in a normal phenotype. It cannot be excluded
that the difference was a matter of local concentra-
tions of growth factor. However, the fact that con-
current loss of p53, a known regulator of stem cell
self-renewal resulted in heavy amplification of a more
undifferentiated Nestin+/mostly Gfap- neural cell
type, forming GB-like tumors, suggested a difference
in the capacity of progenitors to respond to the PDGF
proteins.
In conclusion, the role of PDGF-A that was shown

in this model system is consistent with the PDGFRA
overexpression observed in human low-grade glio-
mas, whereas the role of PDGF-B was to promote
the full-blown vascular proliferations that are charac-
teristic of human GBs. The loss of p53 function may
in addition have allowed for enhanced self-renewal of
early neural progenitors. SVZ cells are known to be
affected by loss of p53 (166).
We speculate that in the human situation, the early

and almost ubiquitous TP53 mutations/deletions on
chromosome 17p observed in low-grade astrocytic
glioma may similarly allow for the emergence of
stem cell features during glioma progression. Addi-
tional experiments are required to resolve this issue.

Final comment

It has been an honor to participate in the research
work on platelet-derived growth factors. It is also
stimulating to think of the extensive technical devel-
opments and the progress made in the fields of normal
brain development and glioma biology over the last
30 years, and look forward to further developments
that may improve the therapy of brain tumor patients.

Acknowledgements

We acknowledge the financial support from the
Swedish Cancer Society, the Swedish Childhood
Cancer Foundation, the Swedish Research Council,
the Cancer Society in Stockholm, and the King
Gustaf V Jubilee Fund. We also acknowledge the
support from Karolinska Institutet and the Stockholm
County Council, to the core facilities Mouse Tissue
Analysis (MTA) and Karolinska Healthcare Research
Biobank (KHRBB). This review is partly based

PDGF and PDGF receptors in glioma 107



on the thesis summary of Inga Nazarenko (ISBN
978-91-7457-451-7).

Declaration of interest: The authors report no
conflicts of interest. The authors alone are responsible
for the content and writing of the paper.

References

1. Furnari FB, Fenton T, Bachoo RM, Mukasa A, Stommel JM,
Stegh A, et al. Malignant astrocytic glioma: genetics, biology,
and paths to treatment. Genes Dev. 2007;21:2683–710.

2. Heldin CH, Westermark B. Mechanism of action and in vivo
role of platelet-derived growth factor. Physiol Rev. 1999;79:
1283–316.

3. Kohler N, Lipton A. Platelets are source of fibroblast growth-
promoting activity. Exp Cell Res. 1974;87:297–301.

4. Ross R, Glomset J, Kariya B, Harker L. A platelet-dependent
serum factor that stimulates the proliferation of arterial smooth
muscle cells in vitro. Proc Natl Acad Sci USA. 1974;71:
1207–10.

5. Westermark B, Wasteson A. A platelet factor stimulating
human normal glial cells. Exp Cell Res. 1976;98:170–4.

6. Andrae J, Gallini R, Betsholtz C. Role of platelet-derived
growth factors in physiology and medicine. Genes Dev.
2008;22:1276–312.

7. Fredriksson L, Li H, Eriksson U. The PDGF family: four gene
products form five dimeric isoforms. Cytokine Growth Factor
Rev. 2004;15:197–204.

8. Bergsten E, Uutela M, Li X, Pietras K, Ostman A, Heldin CH,
et al. PDGF-D is a specific, protease-activated ligand for the
PDGF beta-receptor. Nat Cell Biol. 2001;3:512–16.

9. Li X, Pontén A, Aase K, Karlsson L, Abramsson A,
Uutela M, et al. PDGF-C is a new protease-activated ligand
for the PDGF alpha-receptor. Nat Cell Biol. 2000;2:302–9.

10. LaRochelle WJ, May-Siroff M, Robbins KC, Aaronson SA.
A novel mechanism regulating growth factor association with
the cell surface: identification of a PDGF retention domain.
Genes Dev. 1991;5:1191–9.

11. Ostman A, Andersson M, Betsholtz C, Westermark B,
Heldin CH. Identification of a cell retention signal in the
B-chain of platelet-derived growth factor and in the long splice
version of the A-chain. Cell Regul. 1991;2:503–12.

12. Andersson M, Ostman A, Westermark B, Heldin CH. Char-
acterization of the retention motif in the C-terminal part of the
long splice form of platelet-derived growth factor A-chain.
J Biol Chem. 1994;269:926–30.

13. Rorsman F, Bywater M, Knott TJ, Scott J, Betsholtz C.
Structural characterization of the human platelet-derived
growth factor A-chain cDNA and gene: alternative exon usage
predicts two different precursor proteins. Mol Cell Biol. 1988;
8:571–7.

14. Claesson-Welsh L. Platelet-derived growth factor receptor
signals. J Biol Chem. 1994;269:32023–6.

15. Heldin CH, Westermark B, Wasteson A. Platelet-derived
growth factor: purification and partial characterization. Proc
Natl Acad Sci USA. 1979;76:3722–6.

16. Westermark B,Magnusson A, Heldin CH. Effect of epidermal
growth factor on membrane motility and cell locomotion in
cultures of human clonal glioma cells. J Neurosci Res. 1982;8:
491–507.

17. Westermark B, Pontén J, Hugosson R. Determinants for
the establishment of permanent tissue culture lines from

human gliomas. Acta Pathol Microbiol Scand A. 1973;81:
791–805.

18. Nister M, Heldin CH,Wasteson A, Westermark B. A platelet-
derived growth factor analog produced by a human clonal
glioma cell line. Ann NY Acad Sci. 1982;397:25–33.

19. Nistér M, Heldin CH, Wasteson A, Westermark B. A glioma-
derived analog to platelet-derived growth factor: demonstra-
tion of receptor competing activity and immunological
crossreactivity. Proc Natl Acad Sci USA. 1984;81:926–30.

20. Dalla-Favera R, Gelmann EP, Gallo RC, Wong-Staal F.
A human onc gene homologous to the transforming gene
(v-sis) of simian sarcoma virus. Nature. 1981;292:31–5.

21. Waterfield MD, Scrace GT, Whittle N, Stroobant P,
Johnsson A, Wasteson A, et al. Platelet-derived growth factor
is structurally related to the putative transforming protein
p28sis of simian sarcoma virus. Nature. 1983;304:35–9.

22. Ek B, Westermark B, Wasteson A, Heldin CH. Stimulation of
tyrosine-specific phosphorylation by platelet-derived growth
factor. Nature. 1982;295:419–20.

23. Downward J, Yarden Y, Mayes E, Scrace G, Totty N,
Stockwell P, et al. Close similarity of epidermal growth factor
receptor and v-erb-B oncogene protein sequences. Nature.
1984;307:521–7.

24. Theilen GH, Gould D, Fowler M, Dungworth DL. C-type
virus in tumor tissue of a woolly monkey (Lagothrix spp.) with
fibrosarcoma. J Natl Cancer Inst. 1971;47:881–9.

25. Nistér M, Hammacher A, Mellström K, Siegbahn A,
Rönnstrand L, Westermark B, et al. A glioma-derived
PDGF A chain homodimer has different functional activities
from a PDGF AB heterodimer purified from human platelets.
Cell. 1988;52:791–9.

26. Hammacher A, Nistér M, Westermark B, Heldin CH.
A human glioma cell line secretes three structurally and
functionally different dimeric forms of platelet-derived growth
factor. Eur J Biochem. 1988;176:179–86.

27. Betsholtz C, Johnsson A, Heldin CH, Westermark B, Lind P,
Urdea MS, et al. cDNA sequence and chromosomal locali-
zation of human platelet-derived growth factor A-chain and its
expression in tumour cell lines. Nature. 1986;320:695–9.

28. Rorsman F, Leveen P, Betsholtz C. Platelet-derived growth
factor (PDGF) A-chain mRNA heterogeneity generated by
the use of alternative promoters and alternative polyadenyla-
tion sites. Growth Factors. 1992;7:241–51.

29. Nistér M, Heldin CH, Westermark B. Clonal variation in the
production of a platelet-derived growth factor-like protein and
expression of corresponding receptors in a human malignant
glioma. Cancer Res. 1986;46:332–40.

30. Claesson-Welsh L, Hammacher A, Westermark B, Heldin CH,
Nistér M. Identification and structural analysis of the A type
receptor for platelet-derived growth factor. Similarities with the
B type receptor. J Biol Chem. 1989;264:1742–7.

31. Claesson-Welsh L, Eriksson A, Westermark B, Heldin CH.
cDNA cloning and expression of the human A-type platelet-
derived growth factor (PDGF) receptor establishes structural
similarity to the B-type PDGF receptor. Proc Natl Acad Sci
USA. 1989;86:4917–21.

32. Matsui T, Heidaran M, Miki T, Popescu N, La Rochelle W,
Kraus M, et al. Isolation of a novel receptor cDNA establishes
the existence of two PDGF receptor genes. Science. 1989;243:
800–4.

33. Nister M, Libermann T, Betsholtz C, Pettersson M,
Claesson-Welsh L, Heldin CH, et al. Expression of messenger
RNAs for platelet-derived growth factor and transforming
growth factor-alpha and their receptors in human malignant
glioma cell lines. Cancer Res. 1988;48:3910–18.

108 I. Nazarenko et al.



34. Hermanson M, Nistér M, Betsholtz C, Heldin CH,
Westermark B, Funa K. Endothelial cell hyperplasia in human
glioblastoma: coexpression of mRNA for platelet-derived
growth factor (PDGF) B chain and PDGF receptor suggests
autocrine growth stimulation. Proc Natl Acad Sci USA. 1988;
85:7748–52.

35. Hermanson M, Funa K, Hartman M, Claesson-Welsh L,
Heldin CH, Westermark B, et al. Platelet-derived growth
factor and its receptors in human glioma tissue: expression
of messenger RNA and protein suggests the presence
of autocrine and paracrine loops. Cancer Res. 1992;52:
3213–19.

36. Hermanson M, Funa K, Koopmann J, Maintz D, Waha A,
Westermark B, et al. Association of loss of heterozygosity on
chromosome 17p with high platelet-derived growth factor
alpha receptor expression in human malignant gliomas. Can-
cer Res. 1996;56:164–71.

37. De Bustos C, Smits A, Strömberg B, Collins VP, Nistér M,
Afink G. A PDGFRA promoter polymorphism, which dis-
rupts the binding of ZNF148, is associated with primitive
neuroectodermal tumours and ependymomas. J Med Genet.
2005;42:31–7.

38. Toepoel M, Joosten PH, Knobbe CB, Afink GB, Zotz RB,
Steegers-Theunissen RP, et al. Haplotype-specific expression
of the human PDGFRA gene correlates with the risk of
glioblastomas. Int J Cancer. 2008;123:322–9.

39. Fleming TP, Saxena A, Clark WC, Robertson JT,
Oldfield EH, Aaranson SA, et al. Amplification and/or over-
expression of platelet-derived growth factor receptors and
epidermal growth factor receptor in human glial tumors.
Cancer Res. 1992;52:4550–3.

40. Lokker NA, Sullivan CM, Hollenbach SJ, Israel MA,
Giese NA. Platelet-derived growth factor (PDGF) autocrine
signaling regulates survival and mitogenic pathways in glio-
blastoma cells: evidence that the novel PDGF-C and PDGF-
D ligands may play a role in the development of brain tumors.
Cancer Res. 2002;62:3729–35.

41. Beckmann MP, Betsholtz C, Heldin C-H, Westermark B,
Di Marco E, Di Fiore PP, et al. Comparison of biological
properties and transforming potential of human PDGF-A and
PDGF-B chains. Science. 1988;241:1346–9.

42. Vassbotn FS, Ostman A, Langeland N, Holmsen H,
Westermark B, Heldin CH, et al. Activated platelet-derived
growth factor autocrine pathway drives the transformed phe-
notype of a human glioblastoma cell line. J Cell Physiol. 1994;
158:381–9.

43. Strawn LM, Mann E, Elliger SS, Chu LM, Germain LL,
Niederfellner G, et al. Inhibition of glioma cell growth by a
truncated platelet-derived growth factor-beta receptor. J Biol
Chem. 1994;269:21215–22.

44. Dresemann G, Weller M, Rosenthal MA, Wedding U,
Wagner W, Engel E, et al. Imatinib in combination with
hydroxyurea versus hydroxyurea alone as oral therapy inpatients
with progressive pretreated glioblastoma resistant to standard
dose temozolomide. J Neurooncol. 2010;96:393–402.

45. Reardon DA, Dresemann G, Taillibert S, Campone M,
van den Bent M, Clement P, et al. Multicentre phase II
studies evaluating imatinib plus hydroxyurea in patients
with progressive glioblastoma. Br J Cancer. 2009;101:
1995–2004.

46. Hägerstrand D, He X, Bradic Lindh M, Hoefs S,
Hesselager G, Ostman A, et al. Identification of a SOX2-
dependent subset of tumor- and sphere-forming glioblastoma
cells with a distinct tyrosine kinase inhibitor sensitivity profile.
Neuro Oncol. 2011;13:11178–91.

47. Holmberg J, He X, Peredo I, Orrego A, Hesselager G,
Ericsson C, et al. Activation of neural and pluripotent stem
cell signatures correlates with increased malignancy in human
glioma. PLoS ONE. 2011;6:e18454.

48. Takahashi K, Yamanaka S. Induction of pluripotent stem cells
from mouse embryonic and adult fibroblast cultures by
defined factors. Cell. 2006;126:663–76.

49. Betsholtz C. Insight into the physiological functions of PDGF
through genetic studies in mice. Cytokine Growth Factor Rev.
2004;15:215–28.

50. Bostrom H, Willetts K, Pekny M, Leveen P, Lindahl P,
Hedstrand H, et al. PDGF-A signaling is a critical event in
lung alveolar myofibroblast development and alveogenesis.
Cell. 1996;85:863–73.

51. Ding H, Wu X, Boström H, Kim I, Wong N, Tsoi B, et al.
A specific requirement for PDGF-C in palate formation and
PDGFR-alpha signaling. Nat Genet. 2004;36:1111–16.

52. Levéen P, Pekny M, Gebre-Medhin S, Swolin B, Larsson E,
Betsholtz C. Mice deficient for PDGF B show renal, cardio-
vascular, and hematological abnormalities. Genes Dev. 1994;
8:1875–87.

53. Soriano P. Abnormal kidney development and hematological
disorders in PDGF beta-receptor mutant mice. Genes Dev.
1994;8:1888–96.

54. Soriano P. The PDGF alpha receptor is required for neural
crest cell development and for normal patterning of the
somites. Development. 1997;124:2691–700.

55. Lindahl P, Johansson BR, Levéen P, Betsholtz C. Pericyte loss
and microaneurysm formation in PDGF-B-deficient mice.
Science. 1997;277:242–5.

56. Lindahl P, Karlsson L, Hellström M, Gebre-Medhin S,
Willetts K, Heath JK, et al. Alveogenesis failure in PDGF-
A-deficient mice is coupled to lack of distal spreading
of alveolar smooth muscle cell progenitors during lung
development. Development. 1997;124:3943–53.

57. Klinghoffer RA, Mueting-Nelson PF, Faerman A, Shani M,
Soriano P. The two PDGF receptors maintain conserved
signaling in vivo despite divergent embryological functions.
Mol Cell. 2001;7:343–54.

58. Klinghoffer RA, Hamilton TG, Hoch R, Soriano P. An allelic
series at the PDGFalphaR locus indicates unequal contribu-
tions of distinct signaling pathways during development. Dev
Cell. 2002;2:103–13.

59. Göritz C, Dias DO, Tomilin N, Barbacid M, Shupliakov O,
Frisén J. A pericyte origin of spinal cord scar tissue. Science.
2011;333:238–42.

60. Sasahara M, Fries JW, Raines EW, Gown AM, Westrum LE,
Frosch MP, et al. PDGF B-chain in neurons of the central
nervous system, posterior pituitary, and in a transgenic model.
Cell. 1991;64:217–27.

61. Egawa-Tsuzuki T, Ohno M, Tanaka N, Takeuchi Y,
Uramoto H, Faigle R, et al. The PDGF B-chain is involved
in the ontogenic susceptibility of the developing rat brain to
NMDA toxicity. Exp Neurol. 2004;186:89–98.

62. Ishii Y, Oya T, Zheng L, Gao Z, Kawaguchi M, Sabit H, et al.
Mouse brains deficient in neuronal PDGF receptor-beta
develop normally but are vulnerable to injury.
J Neurochem. 2006;98:588–600.

63. Smits A, Kato M, Westermark B, Nister M, Heldin CH,
Funa K. Neurotrophic activity of platelet-derived growth
factor (PDGF): Rat neuronal cells possess functional
PDGF beta-type receptors and respond to PDGF. Proc
Natl Acad Sci USA. 1991;88:8159–63.

64. Hellström M, Kalén M, Lindahl P, Abramsson A,
Betsholtz C. Role of PDGF-B and PDGFR-beta in

PDGF and PDGF receptors in glioma 109



recruitment of vascular smooth muscle cells and pericytes
during embryonic blood vessel formation in the mouse. Devel-
opment. 1999;126:3047–55.

65. Smits A, Hermansson M, Nistér M, Karnushina I,
Heldin CH, Westermark B, et al. Rat brain capillary endo-
thelial cells express functional PDGF B-type receptors.
Growth Factors. 1989;2:1–8.

66. Fruttiger M, Calver AR, Richardson WD. Platelet-derived
growth factor is constitutively secreted from neuronal cell
bodies but not from axons. Curr Biol. 2000;10:1283–6.

67. Noble M, Murray K, Stroobant P, Waterfield MD, Riddle P.
Platelet-derived growth factor promotes division and motility
and inhibits premature differentiation of the oligodendrocyte/
type-2 astrocyte progenitor cell. Nature. 1988;333:560–2.

68. Yeh H-J, Ruit KG, Wang Y-X, Parks WC, Snider WD,
Deuel TF. PDGF A-chain gene is expressed by mammalian
neurons during development and in maturity. Cell. 1991;64:
209–16.

69. Raff MC, Lillien L, Richardson WD, Burne JF, Noble M.
Platelet-derived growth factor from astrocytes drives the lock
that times oligodendrocyte development in culture. Nature.
1988;333:562–5.

70. Richardson WD, Pringle N, Mosley MJ, Westermark B,
Dubois-Dalcq M. A role for platelet-derived growth factor
in normal gliogenesis in the central nervous system. Cell.
1988;53:309–19.

71. Calver AR, Hall AC, Yu WP, Walsh FS, Heath JK,
Betsholtz C, et al. Oligodendrocyte population dynamics
and the role of PDGF in vivo. Neuron. 1998;20:869–82.

72. Fruttiger M, Karlsson L, Hall AC, Abramsson A, Calver AR,
BostromH, et al. Defective oligodendrocyte development and
severe hypomyelination in PDGF-A knockout mice. Devel-
opment. 1999;126:457–67.

73. van Heyningen P, Calver AR, Richardson WD. Control of
progenitor cell number by mitogen supply and demand. Curr
Biol. 2001;11:232–41.

74. Woodruff RH, Fruttiger M, Richardson WD, Franklin JM.
Platelet-derived growth factor regulates oligodendrocyte pro-
genitor number in adult CNS and their response following
CNS demyelination. Mol Cell Neurosci. 2004;25:252–62.

75. Hu JG, Fu SL, Wang YX, Li Y, Jiang XY, Wang XF, et al.
Platelet-derived growth factor-AA mediates oligodendrocyte
lineage differentiation through activation of extracellular
signal-regulated kinase signaling pathway. Neuroscience.
2008;151:138–47.

76. Jackson EL, Garcia-Verdugo JM, Gil-Perotin S, Roy M,
Quinones-Hinojosa A, VandenBerg S, et al. PDGFR alpha--
positive B cells are neural stem cells in the adult SVZ that form
glioma-like growths in response to increased PDGF signaling.
Neuron. 2006;51:187–99.

77. Menn B, Garcia-Verdugo JM, Yaschine C, Gonzalez-Perez O,
Rowitch D, Alvarez-Buylla A. Origin of oligodendrocytes in
the subventricular zone of the adult brain. J Neurosci. 2006;
26:7907–18.

78. Louis DN, Ohgaki H, Wiestler OD, Cavenee WK,
Burger PC, Jouvet A, et al. The 2007 WHO classification
of tumours of the central nervous system. Acta Neuropathol.
2007;114:97–109.

79. Ohgaki H, Kleihues P. Genetic pathways to primary and
secondary glioblastoma. Am J Pathol. 2007;170:1445–53.

80. Ekstrand AJ, James CD, Cavenee WK, Seliger B,
Pettersson RF, Collins VP. Genes for epidermal growth factor
receptor, transforming growth factor alpha, and epidermal
growth factor and their expression in human gliomas in
vivo. Cancer Res. 1991;51:2164–72.

81. Libermann TA, Razon N, Bartal AD, Yarden Y,
Schlessinger J, Soreq H. Expression of epidermal growth
factor receptors in human brain tumors. Cancer Res. 1984;
44:753–60.

82. Cancer Genome Atlas Research Network. Comprehensive
genomic characterization defines human glioblastoma genes
and core pathways. Nature. 2008;455:1061–8.

83. Wong AJ, Ruppert JM, Bigner SH, Grzeschik CH,
Humphrey PA, Bigner DS, et al. Structural alterations of
the epidermal growth factor receptor gene in human gliomas.
Proc Natl Acad Sci USA. 1992;89:2965–9.

84. Sugawa N, Ekstrand AJ, James CD, Collins VP. Identical
splicing of aberrant epidermal growth factor receptor tran-
scripts from amplified rearranged genes in human glioblasto-
mas. Proc Natl Acad Sci USA. 1990;87:8602–6.

85. Gan HK, Kaye AH, Luwor RB. The EGFRvIII variant in
glioblastoma multiforme. J Clin Neurosci. 2009;16:748–54.

86. Di Rocco F, Carroll RS, Zhang J, Black PM. Platelet-derived
growth factor and its receptor expression in human oligoden-
drogliomas. Neurosurgery. 1998;42:341–6.

87. Martinho O, Longatto-Filho A, Lambros MB, Martins A,
Pinheiro C, Silva A, et al. Expression, mutation and copy
number analysis of platelet-derived growth factor receptor
A (PDGFRA) and its ligand PDGFA in gliomas. Br J Cancer.
2009;101:973–82.

88. Kumabe T, Sohma Y, Kayama T, Yoshimoto T,
Yamamoto T. Overexpression and amplification of alpha-
PDGF receptor gene lacking exons coding for a portion of
the extracellular region in a malignant glioma. Tohoku J Exp
Med. 1992;168:265–9.

89. Rand V, Huang J, Stockwell T, Ferriera S, Buzko O,
Levy S, et al. Sequence survey of receptor tyrosine kinases
reveals mutations in glioblastomas. Proc Natl Acad Sci USA.
2005;102:14344–9.

90. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y,
Wilkerson MD, et al. Cancer Genome Atlas Research Net-
work. Integrated genomic analysis identifies clinically relevant
subtypes of glioblastoma characterized by abnormalities in
PDGFRA, IDH1, EGFR, and NF1. Cancer Cell. 2010;17:
98–110.

91. Ozawa T, Brennan CW, Wang L, Squatrito M, Sasayama T,
Nakada M, et al. PDGFRA gene rearrangements are frequent
genetic events in PDGFRA-amplified glioblastomas. Genes
Dev. 2010;24:2205–18.

92. Sørensen SA, Mulvihill JJ, Nielsen A. Long-term follow-up of
von Recklinghausen neurofibromatosis. Survival and malig-
nant neoplasms. N Engl J Med. 1986;314:1010–15.

93. Knobbe CB, Reifenberger G. Genetic alterations and aberrant
expression of genes related to the phosphatidyl-inositol-3’-
kinase/protein kinase B (Akt) signal transduction pathway in
glioblastomas. Brain Pathol. 2003;13:507–18.

94. Zundel W, Schindler C, Haas-Kogan D, Koong A, Kaper F,
Chen E, et al. Loss of PTEN facilitates HIF-1-mediated gene
expression. Genes Dev. 2000;14:391–6.

95. Rich JN, Bigner DD. Development of novel targeted therapies
in the treatment of malignant glioma. Nat Rev Drug Discov.
2004;3:430–46.

96. Watanabe K, Tachibana O, Sata K, Yonekawa Y, Kleihues P,
Ohgaki H. Overexpression of the EGF receptor and
p53 mutations are mutually exclusive in the evolution of
primary and secondary glioblastomas. Brain Pathol. 1996;6:
217–23; discussion 23–4.

97. Parsons DW, Jones S, Zhang X, Lin JC, Leary RJ,
Angenendt P, et al. An integrated genomic analysis of human
glioblastoma multiforme. Science. 2008;321:1807–12.

110 I. Nazarenko et al.



98. Zheng H, Ying H, Yan H, Kimmelman AC, Hiller DJ,
Chen AJ, et al. p53 and Pten control neural and glioma
stem/progenitor cell renewal and differentiation. Nature.
2008;455:1129–33.

99. Ohgaki H, Dessen P, Jourde B, Horstmann S, Nishikawa T,
Di Patre PL, et al. Genetic pathways to glioblastoma:
a population-based study. Cancer Res. 2004;64:6892–9.

100. von Deimling A, Eibl RH, Ohgaki H, Louis DN,
von Ammon K, Petersen I, et al. p53 mutations are associ-
ated with 17p allelic loss in grade II and grade III astrocy-
toma. Cancer Res. 1992;52:2987–90.

101. Soussi T, Wiman KG. Shaping genetic alterations in human
cancer: the p53 mutation paradigm. Cancer Cell. 2007;12:
303–12.

102. Brennan C, Momota H, Hambardzumyan D, Ozawa T,
Tandon A, Pedraza A, et al. Glioblastoma subclasses can
be defined by activity among signal transduction pathways
and associated genomic alterations. PLoS ONE. 2009;4:
e7752.

103. Phillips HS, Kharbanda S, Chen R, Forrest WF,
Soriano RH, Wu TD, et al. Molecular subclasses of high-
grade glioma predict prognosis, delineate a pattern of disease
progression, and resemble stages in neurogenesis. Cancer
Cell. 2006;9:157–73.

104. Robertson T, Koszyca B, Gonzales M. Overview and recent
advances in neuropathology. Part 1: Central nervous system
tumours. Pathology. 2011;43:88–92.

105. Brennan C. Genomic profiles of glioma. Curr Neurol Neu-
rosci Rep. 2011;11:291–7.

106. Huse JT, Phillips HS, Brennan CW. Molecular subclassifi-
cation of diffuse gliomas: seeing order in the chaos. Glia.
2011;59:1190–9.

107. Van Meir EG, Hadjipanayis CG, Norden AD, Shu HK,
Wen PY, Olson JJ. Exciting new advances in neuro-oncol-
ogy: the avenue to a cure for malignant glioma. CA Cancer J
Clin. 2010;60:166–93.

108. Altman J. Are new neurons formed in the brains of adult
mammals? Science. 1962;135:1127–8.

109. Morshead CM, Reynolds BA, Craig CG, McBurney MW,
Staines WA, Morassutti D, et al. Neural stem cells in the
adult mammalian forebrain: a relatively quiescent subpopu-
lation of subependymal cells. Neuron. 1994;13:1071–82.

110. Reynolds BA,Weiss S. Generation of neurons and astrocytes
from isolated cells of the adult mammalian central nervous
system. Science. 1992;255:1707–10.

111. Curtis MA, Kam M, Nannmark U, Anderson MF,
Axell MZ, Wikkelso C, et al. Human neuroblasts migrate
to the olfactory bulb via a lateral ventricular extension.
Science. 2007;315:1243–9.

112. Doetsch F, Caille I, Lim DA, Garcia-Verdugo JM, Alvarez-
Buylla A. Subventricular zone astrocytes are neural stem cells
in the adult mammalian brain. Cell. 1999;97:703–16.

113. Johansson CB,Momma S, Clarke DL, RislingM, Lendahl U,
Frisén J. Identification of a neural stem cell in the adult
mammalian central nervous system. Cell. 1999;96:25–34.

114. Merkle FT, Tramontin AD, García-Verdugo JM, Alvarez-
Buylla A. Radial glia give rise to adult neural stem cells in the
subventricular zone. Proc Natl Acad Sci USA. 2004;101:
17528–32.

115. Ellis P, Fagan BM, Magness ST, Hutton S, Taranova O,
Hayashi S, et al. SOX2, a persistent marker for multipotential
neural stem cells derived from embryonic stem cells, the
embryo or the adult. Dev Neurosci. 2004;26:148–65.

116. Suh H, Consiglio A, Ray J, Sawai T, D’Amour KA,
Gage FH. In vivo fate analysis reveals the multipotent and

self-renewal capacities of Sox2+ neural stem cells in the adult
hippocampus. Cell Stem Cell. 2007;1:515–28.

117. Favaro R, Valotta M, Ferri AL, Latorre E, Mariani J,
Giachino C, et al. Hippocampal development and neural
stem cell maintenance require Sox2-dependent regulation of
Shh. Nat Neurosci. 2009;12:1248–56.

118. Ferri AL, Cavallaro M, Braida D, Di Cristofano A, Canta A,
Vezzani A, et al. Sox2 deficiency causes neurodegeneration
and impaired neurogenesis in the adult mouse brain. Devel-
opment. 2004;131:3805–19.

119. Doetsch F. A niche for adult neural stem cells. Curr Opin
Genet Dev. 2003;13:543–50.

120. Riquelme PA, Drapeau E, Doetsch F. Brainmicro-ecologies:
neural stem cell niches in the adult mammalian brain. Philos
Trans R Soc Lond B Biol Sci. 2008;363:123–37.

121. Ramírez-Castillejo C, Sánchez-Sánchez F, Andreu-Agulló C,
Ferrón SR, Aroca-Aguilar JD, Sánchez P, et al. Pigment
epithelium-derived factor is a niche signal for neural stem cell
renewal. Nat Neurosci. 2006;9:331–9.

122. Shen Q, Goderie SK, Jin L, Karanth N, Sun Y,
Abramova N, et al. Endothelial cells stimulate self-renewal
and expand neurogenesis of neural stem cells. Science. 2004;
304:1338–40.

123. Doetsch F, Petreanu L, Caille I, Garcia-Verdugo JM,
Alvarez-Buylla A. EGF converts transit-amplifying neuro-
genic precursors in the adult brain into multipotent stem
cells. Neuron. 2002;36:1021–34.

124. Craig CG, Tropepe V, Morshead CM, Reynolds BA,
Weiss S, van der Kooy D. In vivo growth factor expansion
of endogenous subependymal neural precursor cell popula-
tions in the adult mouse brain. J Neurosci. 1996;16:
2649–58.

125. Erlandsson A, Enarsson M, Forsberg-Nilsson K. Immature
neurons from CNS stem cells proliferate in response to
platelet-derived growth factor. J Neurosci. 2001;21:
3483–91.

126. Kuhn HG, Winkler J, Kempermann G, Thal LJ, Gage FH.
Epidermal growth factor and fibroblast growth factor-2 have
different effects on neural progenitors in the adult rat brain.
J Neurosci. 1997;17:5820–9.

127. Gonzalez-Perez O, Romero-Rodriguez R, Soriano-
Navarro M, Garcia-Verdugo JM, Alvarez-Buylla A. Epider-
mal growth factor induces the progeny of subventricular zone
type B cells to migrate and differentiate into oligodendro-
cytes. Stem Cells. 2009;27:2032–43.

128. Bachoo RM,Maher EH, Ligon KL, Sharpless NE, Chan SS,
You MJ, et al. Epidermal growth factor receptor and
Ink4a/Arf: convergent mechanisms governing terminal
differentiation and transformation along the neural stem
cell to astrocyte axis. Cancer Cell. 2002;1:269–77.

129. Dai C, Celestino JC, Okada Y, Louis DN, Fuller GN,
Holland EC. PDGF autocrine stimulation dedifferentiates
cultured astrocytes and induces oligodendrogliomas and
oligoastrocytomas from neural progenitors and astrocytes
in vivo. Genes Dev. 2001;15:1913–25.

130. D’Sa-Eipper C, Leonard JR, Putcha G, Zheng TS,
Flavell RA, Rakic P, et al. DNA damage-induced neural
precursor cell apoptosis requires p53 and caspase 9 but
neither Bax nor caspase 3. Development. 2001;128:137–46.

131. Armstrong JF, Kaufman MH, Harrison DJ, Clarke AR.
High-frequency developmental abnormalities in p53-deficient
mice. Curr Biol. 1995;5:931–6.

132. Sah VP, Attardi LD, Mulligan GJ, Williams BO,
Bronson RT, Jacks T. A subset of p53-deficient embryos
exhibit exencephaly. Nat Genet. 1995;10:175–80.

PDGF and PDGF receptors in glioma 111



133. Meletis K, Wirta V, Hede SM, Nistér M, Lundeberg J,
Frisén J. p53 suppresses the self-renewal of adult neural
stem cells. Development. 2006;133:363–9.

134. Bonavia R, Inda MM, Cavenee WK, Furnari FB. Hetero-
geneity maintenance in glioblastoma: a social network. Can-
cer Res. 2011;71:4055–60.

135. Beier D, Hau P, Proescholdt M, Lohmeier A, Wischhusen J,
Oefner PJ, et al. CD133(+) and CD133(-) glioblastoma--
derived cancer stem cells show differential growth character-
istics and molecular profiles. Cancer Res. 2007;67:4010–15.

136. Chen R, Nishimura MC, Bumbaca SM, Kharbanda S,
Forrest WF, Kasman IM, et al. A hierarchy of self-renewing
tumor-initiating cell types in glioblastoma. Cancer Cell.
2010;17:362–75.

137. Clarke DL, Johansson CB, Wilbertz J, Veress B, Nilsson E,
Karlström H, et al. Generalized potential of adult neural
stem cells. Science. 2000;288:1660–3.

138. Galli R, Binda E, Orfanelli U, Cipelletti B, Gritti A,
De Vitis S, et al. Isolation and characterization of tumori-
genic, stem-like neural precursors from human glioblastoma.
Cancer Res. 2004;64:7011–21.

139. Mazzoleni S, Politi LS, Pala M, Cominelli M, Franzin A,
Sergi Sergi L, et al. Epidermal growth factor receptor
expression identifies functionally and molecularly distinct
tumor-initiating cells in human glioblastoma multiforme
and is required for gliomagenesis. Cancer Res. 2010;70:
7500–13.

140. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J,
Hide T, et al. Identification of human brain tumour initiating
cells. Nature. 2004;432:396–401.

141. Bao S, Wu Q, McLendon RE, Hao Y, Shi Q,
Hjelmeland AB, et al. Glioma stem cells promote radio-
resistance by preferential activation of the DNA damage
response. Nature. 2006;444:756–60.

142. Lindberg N, Kastemar M, Olofsson T, Smits A, Uhrbom L.
Oligodendrocyte progenitor cells can act as cell of origin for
experimental glioma. Oncogene. 2009;28:2266–75.

143. Seidel S, Garvalov BK,Wirta V, von Stechow L, Schänzer A,
Meletis K, et al. A hypoxic niche regulates glioblastoma stem
cells through hypoxia inducible factor 2 alpha. Brain. 2010;
133:983–95.

144. Oka N, Soeda A, Inagaki A, Onodera M, Maruyama H,
Hara A, et al. VEGF promotes tumorigenesis and angiogen-
esis of human glioblastoma stem cells. Biochem Biophys Res
Commun. 2007;360:553–9.

145. Calabrese C, Poppleton H, Kocak M, Hogg TL, Fuller C,
Hamner B, et al. A perivascular niche for brain tumor stem
cells. Cancer Cell. 2007;11:69–82.

146. Bao S, Wu Q, Li Z, Sathornsumetee S, Wang H,
McLendon RE, et al. Targeting cancer stem cells through
L1CAM suppresses glioma growth. Cancer Res. 2008;68:
6043–8.

147. Xie Z. Brain tumor stem cells. Neurochem Res. 2009;34:
2055–66.

148. Deinhardt F. The biology of primate retroviruses. In:
Klein G. editor. Viral Oncology. New York: Raven press;
1980. p 359–98.

149. Nistér M, Westermark B. Mechanisms of altered growth
control; Growth factors. In Bigner DD, McLendon RE,
Bruner JM, editors. Pathology of tumors of the nervous
system. 6th ed. Vol 1. London: Arnold, Hodder Headline
Group; 1998. p 83–116.

150. Uhrbom L, Hesselager G, Nister M, Westermark B. Induc-
tion of brain tumors in mice using a recombinant platelet-

derived growth factor B-chain retrovirus. Cancer Res. 1998;
58:5275–9.

151. Uhrbom L, Hesselager G, Ostman A, Nister M,
Westermark B. Dependence of autocrine growth factor stim-
ulation in platelet-derived growth factor-B-induced mouse
brain tumor cells. Int J Cancer. 2000;85:398–406.

152. Fisher GH, Orsulic S, Holland E, Hively WP, Li Y,
Lewis BC, et al. Development of a flexible and specific
gene delivery system for production of murine tumormodels.
Oncogene. 1999;18:5253–60.

153. Uhrbom L, Holland EC. Modeling gliomagenesis with
somatic cell gene transfer using retroviral vectors.
J Neurooncol. 2001;53:297–305.

154. Hesselager G, Uhrbom L, Westermark B, Nistér M. Com-
plementary effects of platelet-derived growth factor autocrine
stimulation and p53 or Ink4a-Arf deletion in a mouse glioma
model. Cancer Res. 2003;63:4305–9.

155. See WL, Miller JP, Squatrito M, Holland E, Resh MD,
Koff A. Defective DNA double-strand break repair underlies
enhanced tumorigenesis and chromosomal instability in
p27-deficient mice with growth factor-induced oligodendro-
gliomas. Oncogene. 2010;29:1720–31.

156. Tchougounova E, Kastemar M, Brasater D, Holland EC,
Westermark B, Uhrbom L. Loss of Arf causes tumor pro-
gression of PDGFB-induced oligodendroglioma. Oncogene.
2007;26:6289–96.

157. Westermark UK, Lindberg N, Roswall P, Bråsäter D,
Helgadottir HR, Hede SM, et al. RAD51 can inhibit
PDGF-B-induced gliomagenesis and genomic instability.
Neuro Oncol. 2011;13:1277–87.

158. Assanah M, Lochhead R, Ogden A, Bruce J, Goldman J,
Canoll P. Glial progenitors in adult white matter are driven to
form malignant gliomas by platelet-derived growth factor-
expressing retroviruses. J Neurosci. 2006;26:6781–90.

159. Assanah MC, Bruce JN, Suzuki SO, Chen A, Goldman JE,
Canoll P. PDGF stimulates the massive expansion of
glial progenitors in the neonatal forebrain. Glia. 2009;57:
1835–47.

160. Appolloni I, Calzolari F, Tutucci E, Caviglia S, Terrile M,
Corte G, et al. PDGF-B induces a homogeneous class of
oligodendrogliomas from embryonic neural progenitors. Int J
Cancer. 2009;124:2251–9.

161. Calzolari F, Appollini I, Tutucci E, Caviglia S, Terrile M,
Corte G, et al. Tumor progression and oncogene addiction in
a PDGF-B-induced model of gliomagenesis. Neoplasia.
2008;10:1373–82.

162. Hede SM, Hansson I, Afink GB, Eriksson A, Nazarenko I,
Andrae J, et al. GFAP promoter driven transgenic expression
of PDGFB in the mouse brain leads to glioblastoma in a
Trp53 null background. Glia. 2009;57:1143–53.

163. Nazarenko I, Hedrén A, Sjödin H, Orrego A, Andrae J,
Afink GB, et al. Brain abnormalities and glioma-like lesions
in mice overexpressing the long isoform of PDGF-A in
astrocytic cells. PLoS One. 2011;6:e18303.

164. Raff M. Glial cell diversification in the rat optic nerve.
Science. 1989;243:1450–5.

165. Raff MC, Miller RH, Noble M. A glial progenitor cell
that develops in vitro into an astrocyte or an oligodendro-
cyte depending on the culture medium. Nature. 1983;303:
390–6.

166. Gil-Perotin S, Marin-Husstege M, Li J, Soriano-Navarro M,
Zindy F, Roussel MF, et al. Loss of p53 induces changes in
the behavior of subventricular zone cells: implication for the
genesis of glial tumors. J Neurosci. 2006;26:1107–16.

112 I. Nazarenko et al.


