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A B S T R A C T

The need of reliable syngeneic animal models for gliomas has been addressed in the last decades by reproducing
genetic alterations typical of human glioblastoma in the mouse. Since different alterations underlie different
molecular glioblastoma subtypes it is commonly expected that tumors induced by specific alterations represent
models of the corresponding subtypes. We tested this assumption by a multilevel analysis ranging from a detailed
histopathological analysis to a genome-wide expression profiling by microarray and RNA-seq on gliomas in-
duced by two distinct molecular alterations: the overstimulation of the PDGF- and the EGF- pathways. These
alterations are landmarks of proneural and classical glioblastoma subtypes respectively. However, our results
consistently showed a strong similarity between the two glioma models. The expression profiles of both models
converged toward a signature typical of oligodendrocyte progenitor cells, regardless the wide differentiative
potential of the cell of origin. A classification based on similarity with human gliomas profiles revealed that both
models belong to the proneural subtype.

Our results highlight that reproducing a molecular alteration specific of a glioblastoma subtype not ne-
cessarily generates a tumor model recapitulating such subtype.

1. Introduction

In recent years, high-throughput molecular studies by genome wide
profiling has allowed a more accurate knowledge of high-grade glioma
biology. Classifications of human gliomas in subtypes based on their
gene expression profile have been suggested by several authors [1,2].
Gene expression profiling revealed that glioma cells resemble specific
lineages of nervous system: for example, proneural subtype shows oli-
godendrocyte progenitor cells (OPCs) signature, while classical subtype
shows astrocytic signature [2]. However, these resemblances do not
necessarily reflect the tumor cell of origin. A correlation is rather es-
tablished between gene expression profiles and mutations: EGFR gene
mutations are prevalent in the classical glioma subtype, NF1 gene
mutations in the mesenchymal subtype and PDGFR-A and IDH1 al-
terations in the proneural subtype.

The different subtypes underlie different biological features and,
possibly, a specific response to different therapeutic approaches [3–6],
representing to date a major challenge in modelling experimental

gliomas. Several murine high-grade glioma models have been devel-
oped based on driver mutations found in human patients, according to
the hypothesis that genetic aberrations responsible for gliomagenesis
play an important role in tumor maintenance too [7]. The importance
of molecular alteration over the cell of origin is strongly suggested by
observations on PDGF-B induced murine gliomas. These tumors show
features typical of human proneural subclass, regardless the multi-
lineage differentiation potential of the transduced cells. In particular,
PDGF-B transduction of both post-natal, lineage-restricted, progenitor
cells [8,9] and multipotent embryonic radial glial cells [10] generates
gliomas constituted by similar oligodendrocyte progenitor–like cells.
Given the prominence of the genetic alteration in the definition of
tumor subtype, it could be expected that tumor models recapitulating
different glioma subtypes may be induced by introducing mutations
typical of such subtype in embryonic neural progenitor cells (NPC).

To test this hypothesis, in the present study we thoroughly com-
pared murine high grade gliomas (mHGGs) induced by the alteration of
PDGF pathway, typical of the proneural subtype, with those induced by
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sustained activation of the EGFR, typical of the classical subtype [2,11].
Both tumor models were generated from orthotopically transplanted
embryonic NPC harboring specific genetic lesions: the overexpression of
PDGF-B or the expression of the constitutive active EGFR receptor
EGFRvIII together with the INK4a/Arf homozygous deletion (INK4a−/

−); [12].

2. Material and methods

2.1. Animal procedures

Mice were handled in agreement with the guidelines conforming to
current Italian regulations for the protection of animals used for sci-
entific purposes (D.lgs 26/2014) that implements EU Directive 2010/
63/EU for animal experimentations. Procedures were approved by the
Ethical Committee for Animal Experimentation of the Ospedale
Policlinico San Martino and by the Italian Ministry of Health. The ex-
periments were performed with the BALB/c mouse strain, both wild-
type and p16/p19 knock-out (INK4a−/−).

Mice were anesthetized with a cocktail containing Fentanyl/
Midazolam/Metadominine (0.05/5/0.5 mg/kg, respectively), a 5 mm
scalp incision was performed to expose the bregma area. Up to 2 μl of
suspension, containing transduced cells, were injected by a Hamilton
syringe guided by a stereotaxic apparatus at bregma coordinates:
anterior-posterior, 1.0 mm; lateral, 1.5 mm left and 2.5 mm below the
skull surface. After surgery skin was sutured with adsorbable wire
(Johnson & Johnson Ethicon Sutures Vicryl 4/0) and mice were awaken
by a specific antidote cocktail containing Atipamezol, Flumacenil and
Naloxone (2.5/0.5/1.2 mg/kg, respectively). Mice were monitored
daily after transplant and killed at first signs of neurological distress or
at experiment endpoint. Mice brains were explanted and pictures were
taken under a Leica fluorescence stereomicroscope (Wetzlar, Germany).

2.2. Cell cultures and retroviral transduction

Primary murine high grade gliomas expressing DsRed fluorescent
reporter were obtained as follows: NPC were dissociated from the whole
telencephalon of mouse embryos 14 days post coitum (embryonic day
14; E14) mouse embryos as previously described [13]. NPC were plated
at density of 3 × 105 cells/cm2 on 24-well plates coated with Matrigel
matrix (1:200; BD Biosciences, Franklin Lakes, NJ) and cultured in
DMEM-F12 added with B27 supplement, human bFGF and EGF (10 ng/
ml). Immediately after plating, cells were transduced with
pCAG:DsRed-EGFRvIII or pCAG:DsRed-PDGF retroviral vectors already
described [14,15]. After 7 days 2 × 104 transduced cells were in-
oculated intracranially in adult BALB/c mice. Glioma cells were dis-
sociated from explanted tumor masses as previously reported [16] and
cells were maintained in the culture medium described above. For the
analysis of INK4a−/− NPC population composition, 5 × 105 acutely
dissociated NPC were plated onto 13 mm-diameter coverslips coated
with poly-D-lysine, fixed in 4% PFA after 2 h and immunostained. For
the analysis of INK4a−/− NPC differentiative potential and clonal
analysis, 2.5 × 105 untransduced NPC, cultured for 5 days in the same
conditions as for the cells to be intracranially transplanted, were de-
tached and plated onto 13 mm-diameter coverslips coated with poly-D-

lysine and incubated in SATO medium [17] for 7 days, then fixed in 4%
PFA. For clonal analysis, cells were incubated, immediately after
plating, with a low titer viral preparation in order to transduce about
50 cells per coverslip. Clones were then identified basing on the spatial
clustering of their members as visualized by the EGFP reporter gene
expression.

2.3. Neuropathological analysis and immunostainings

Brains were removed and fixed in 10% formalin. 2–4 μm thick
paraffin-embedded tissue sections were used for hematoxylin and eosin
(H&E) staining and blindly analyzed. For IHC, sections were depar-
affinized, rehydrated and endogenous peroxidase activity blocked with
in methanol 0.3% H2O2 for 20 min. Antigen retrieval (when necessary)
was performed in either 1.0 mM EDTA buffer (pH 8.0) or 1 mM Citrate
buffer (pH 6.0). Sections were then washed in TBS (pH 7.4) and in-
cubated with primary antibodies (see Table 1 in Supplementary
Methods) in TBS 1% bovine serum albumin. Reaction was revealed by
Novolink Polymer (Leica Microsystems) or Dako EnVision + Dual Link
System Peroxidase (Dako Cytomation) detection systems followed by
DAB and counterstaining with Hematoxylin. Images were acquired
through an Olympus DP70 camera mounted on an Olympus Bx60 mi-
croscope using CellF imaging software (Soft Imaging System GmbH).
Statistical analyses on quantifications of positive cells were performed
with two-sided t-test and are reported as mean ± standard deviation.

For immunofluorescence staining, brains were fixed in 4% paraf-
ormaldehyde, cryoprotected in 20% sucrose and sectioned with a Leica
CM3050 S cryostat. Sections were washed in PBS and incubated with
primary antibodies in PBS with 10% goat serum as described in Table 2
of the Supplementary Methods. Binding of primary antibody was re-
vealed with fluorescent secondary antibodies as detailed in Supple-
mentary Methods Table 3.

The images of whole coronal brain sections were acquired by epi-
fluorescence microscope (Axio Imager. M2, Zeiss, Oberkochen,
Germany) by Slide Explorer2 plug-in of Micromanager [53].

Quantification of percentage of cells in immunostaining analysis has
been done by analyzing a minimum of 450 cells per single experiment.
Statistical analysis was performed with Student T-test and with a
number of independent samples (nExp) equal or greater than 5, suffi-
cient to reach a power>90% with significant threshold alpha = 0.05
on effect size d = 2.5.

2.4. Microarray and RNA sequencing analyses

RNA extracted from cells cultured in vitro for less than 10 passages
and derived from 2 mHGGPDGF and 4 mHGGEGFRvIII primary tumors
derived from 4 independent NPC cultures were hybridized on
Affymetrix GeneChip Mouse Genome 430 2.0 Array (GEO Accession
Number GSE133095) by AROS Applied Biotechnology (Aarhus,
Denmark). Raw data from transcriptome database for murine astro-
cytes, neurons, and oligodendrocytes (GSE9566 [18]) and from data of
wide gene expression profile of cells from sub ventricular zone (SVZ,
GSE58260 [19]) murine adult olfactory bulb stem cells (OBSCs;
GSE37516 [20]) and radial glial cells (RG; GSE8034 [21]) performed
on the same microarray platform were obtained from literature as CEL
format and analyzed with the same procedures of our samples.

Data were analyzed using the R3.4.2 software and BioConductor
version 3.5.35 [22]. Expression values were extracted from raw data
files using the RMA method built in the affy 1.54.0 library package. In
order to eliminate batch effects, the entire dataset was eventually
quantile normalized [23]. Principal component analysis (PCA) and
heatmap representations are based on the 1% of the genes showing the
highest variance in expression levels between neural lineages. Differ-
entially expressed genes were ranked by using RankProd 3.2.0 library,
with PFP = 0.05 as threshold for significance.

For RNA sequencing, cells obtained by dissociation of 3 different

Abbreviations used

EGFR epidermal growth factor receptor
PDGF platelet-derived growth factor
DsRed red fluorescent protein isolated from Discosoma
NPC Neural progenitor cells
OPC Oligodendrocyte progenitor cells
PCA principal component analysis
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mHGGPDGF and 3 mHGGEGFRvIII primary tumors derived from 4 in-
dependent NPC cultures were independently sorted for DsRed expres-
sion with FACSAria II and directly harvested in Trizol (Invitrogen)
containing tubes. At least 0.1 μg RNA was send to BGI genomics (BGI,
Shenzhen, China) and sequenced on BGISEQ-500 RS generating
50 base-pair single-end reads. Raw data from “Glia, Neurons, and
Vascular Cells of the Cerebral Cortex transcriptome database” were

obtained from literature (GSE52564 [24]) as fastq files and analyzed in
parallel with our data. The high-quality clean tags were mapped to
reference genome (mm10) using STAR [25]. To quantify the gene ex-
pression level, RSEM analysis was carried out [26], acquiring expected
read counts of each gene for each sample, based on the mapping results.
These data were used for successive analyses. Normalization, data
trimming and differential expression analysis were performed by edgeR

Fig. 1. Induction of glioblastoma
models by different molecular lesions.
(A) The scheme depicts how the tumor
models were generated. mHGGPDGF
were induced by orthotopic transplan-
tation of NPC from wild-type E14 em-
bryos following the retroviral trans-
duction of PDGF-B. mHGGEGFRvIII were
induced by orthotopic transplantation
of NPC from INK4a−/− E14 embryos
following the retroviral transduction of
EGFRvIII. Tumor masses obtained can
be dissociated, cultured and in-
tracerebrally transplanted in naïve
mice, giving rise to secondary tumors.
(B–D) Comparison of NPC composition
and their differentiative potential in
wild-type and INK4a−/− E14 embryos.
Barplots indicate the percentage of
marker-positive cells (nExp = 5, error
bars show the standard deviation). (B)
Analysis of glial progenitor markers in
acutely dissociated NPC from wild-type
and INK4a−/− E14 embryos. (C)
Analysis of mature neural lineage
markers in NPC from wild-type and
INK4a−/− E14 embryos after 7 days of
in vitro differentiation. (D)
Representative micrographs showing
immunoreactivity for specified markers
in in vitro differentiated NPC. (E)
Survival curves of mice transplanted
with NPC overexpressing PDGF-B
(green line) or EGFRvIII (red line). (F)
Survival curves of mice transplanted
with cells derived from primary
mHGGPDGF (green line) or
mHGGEGFRvIII (red line). (G–J)
Representative dorsal images of brains
harboring primary mHGGPDGF (G), pri-
mary mHGGEGFRvIII (H), secondary
mHGGPDGF (I) and secondary
mHGGEGFRvIII (J). DsRed fluorescent
reporter expressed by tumor cells were
represented in green (G,I) or in red
(H,J). Scale bar: 2 mm. (For inter-
pretation of the references to colour in
this figure legend, the reader is referred
to the Web version of this article.)
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[27]. Principal component analysis (PCA) and heatmap representations
are based on the 5% most differentially expressed gene between neu-
roepithelial-derived lineages (astrocytes, neurons, mature and im-
mature oligodendrocytes and OPCs). GoTerm enrichment analysis was
carried with ClueGO [28] plugin for Cytoscape [29].

Raw and processed data are available on GEO Dataset (Accession
number GSE109614).

3. Results

3.1. Mice transplanted with mHGGPDGF and mHGGEGFRvIII tumor cells
developed high-grade gliomas

Murine gliomas driven by the overexpression of PDGF-B (herein
referred as to mHGGPDGF) were generated by transplanting adult BALB/
c mouse brains with murine NPC explanted at embryonic day 14 (E14)
and transduced with a PDGF-B overexpressing retroviral vector as
previously described (Fig. 1A [30]). All mice injected (n = 16, from 5
independent embryonic NPC cultures, herein after referred as to PDGF-
group) developed neurological symptoms due to gliomas between 24
and 169 days after transplant (Fig. 1B). On the contrary of PDGF-B
transduction, EGFRvIII transduction is not able, by alone, to drive
glioma formation from wild type NPC and needs further alterations,
such as the disruption of INK4a locus [31,32]. Therefore, to develop a
second model of glioma, based on EGFRvIII overexpression, we em-
ployed E14 NPC derived from INK4a knock-out mice [12]. In order to

assess whether the disruption of INK4a locus would alter the identity of
NPC population or their differentiation potential we compared the ex-
pression of cell-lineage marker between telecephalic cells derived from
E14 wild-type and INK4a−/− embryos 2 h after tissue dissociation and
plating. The analysis revealed no gross changes in the percentage of
nestin-positive progenitor cells (nExp = 5, Fig. 1B), nor in the per-
centage of cells expressing the radial/astroglial marker GLAST and the
oligodendrocyte progenitor cells markers Olig2 and PDGFRα (Fig. 1B).
Analogously, no difference was observed in the differentiation ability of
INK4a−/− NPC in term of expression of neural cell lineage markers
(Fig. 1C and D) after 7 days in differentiation medium. All these ex-
periments indicate that homozygous deletion of the INK4a locus doesn't
grossly alter the identity and the fate of NPC.

Four independent E14 INK4a−/− NPC cultures were transduced
with the vector carrying EGFR-vIII and DsRed. Cells were then ortho-
topically transplanted in 20 adult wild-type BALB/c mice (herein after
referred as to EGFRvIII–group, Fig. 1A). All the mice injected but two
developed neurological symptoms between 27 and 141 days after
transplant as a consequence of developing a glioma (Fig. 1E).

All transplanted mice were killed as soon as they showed neurolo-
gical symptoms. Brains of both PDGF- and EGFRvIII-groups showed
large DsRed positive tumor masses (Fig. 1G and H). Cells derived from
microdissection of tumor masses from both groups were maintained in
culture in a serum-free medium optimized for the growth of neural stem
cells. Primary tumor cells were tested to generate secondary tumors
after up to 15 passages in culture. Cells derived from three independent

Fig. 2. Histopatological analysis of mHGGPDGF and
mHGGEGFRvIII.
(A) Coronal brain sections of mice harboring sec-
ondary mHGGPDGF or mHGGEGFRvIII. In blue are
shown cell nuclei (Hoechst 33342), in red the DsRed
fluorescent reporter expressed by tumor cells. (B)
Representative micrographs of brain sections of sec-
ondary mHGGPDGF and mHGGEGFRvIII stained with
hematoxylin and eosin. The asterisks indicate a
pseudopalisade, arrows indicate neuronal satelli-
tosis, arrowheads indicate mitotic figures. (C)
Immunohistochemical staining of section of sec-
ondary mHGGPDGF and mHGGEGFRvIII stained with
antibodies targeting indicated proteins. (D)
Histograms reporting the percentage of Olig2, Sox2
and Ki67 positive cells in mHGGPDGF and
mHGGEGFRvIII sections. (E) Immunofluorescence
microphotographs of section of secondary mHGGPDGF
or mHGGEGFRvIII stained with anti-GFAP (green)
antibody. In blue are shown nuclei; in red the tumor
reporter (DsRed). Scale bars: 1 mm (A), 50 μm
(B,C,E). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the Web version of this article.)
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tumors induced by PDGF-B (mHGGPDGF) and six independent tumors
induced by EGFRvIII (mHGGEGFRvIII) were transplanted in adult BALB/
c mice. All the mice transplanted with cells derived from mHGGPDGF
tumors showed neurological symptoms within 39 days (n = 17) and
DsRed-positive masses were observed in all their brains. Among the
mice transplanted with mHGGEGFRvIII (n = 56), only 37 developed
neurological symptoms within 77 days (Fig. 1F) and showed large
DsRed-positive tumor masses (Fig. I,J). The remaining mice (n = 19)
were killed within 155 days after transplant and were found devoid of
Ds-Red positive cells (data not shown). Altogether, data suggest that
mHGGEGFRvIII are less aggressive than mHGGPDGF, at least upon sec-
ondary transplantation.

3.2. Neuropathological characterization of mHGGPDGF and mHGGEGFRvIII

Gliomas obtained from transplant of mHGGPDGF or mHGGEGFRvIII
cells were analyzed in blind.

Histologically, mHGGPDGF tumors were highly cellularized and
showed a strong infiltrating behavior with poorly defined tumor bor-
ders and diffusion along the white matter fibers and periventricular
space (Fig. 2A and B). mHGGPDGF were composed by mitotically active
small/medium size cells with hyperchromatic nuclei and showed
pseudopalisading necrotic foci as well as hypertrophic vessels, some of
which were proliferating. mHGGEGFRvIII tumors were also densely cel-
lulated and composed by small/medium size cells, but with a more
uniform size and definite oligodendroglial-like appearance, as com-
pared to the mHGGPDGF tumor model. (Fig. 2B). Interestingly, these
tumors showed better defined borders even infiltrating single cells
showed prominent neuronal satellitosis in the adjacent brain par-
enchyma.

Mitotic index appeared high in both models, although the propor-
tion of cells expressing the proliferating marker Ki67 is significantly
higher in mHGGEGFRvIII (Fig. 2C and D). As expected, mHGGEGFRvIII
expressed EGFRvIII and, consequently, showed diffuse and intense
EGFR expression, as assayed by both a pan-EGFR and EGFRvIII specific
immunostainings. All the other markers appeared expressed with si-
milar pattern in both models with SOX2 and Olig2 expressed by vir-
tually all tumor cells, high level of S100, ATRX preservation, IDH1-
R132H and p53 not expressed (Fig. 2C and D). Of note, GFAP im-
munostaining resulted virtually negative in both models, highlighting
only sparse intratumoral reactive astrocytes, in line with a proneural

and oligodendroglia-like phenotype (Fig. 2C). Immunofluorescence
staining demonstrated that GFAP-positive cells were bystander astro-
cytes rather than cancer cells since they did not express the retroviral
driven reporter DsRed (Fig. 2E). Overall, although mHGGPDGF showed a
more aggressive and infiltrating phenotype, the two models appeared
unexpectedly histologically similar, both sharing proneural oligoden-
drocyte-like features, despite difference in the underlying molecular
alteration.

3.3. Molecular profiling of cultured mHGGPDGF and mHGGEGFRvIII cells
revealed close similarities

In order to substantiate similarity of the two models, as suggested by
pathological analysis, gene-expression profiling was performed by mi-
croarray starting from biological replicates of cells grown in vitro, de-
rived from primary mHGGPDGF (n = 2) or mHGGEGFRvIII (n = 4) dif-
ferent tumors (Fig. 3A). Unsupervised hierarchical clustering based on
Euclidean distances extended to all genes, grouped the two type of
tumors in two distinct cluster (Fig. 3B). However, differential expres-
sion analysis revealed a strong similarity between the two groups. The
gene annotation enrichment analysis based on BP-GOTERM associated
to 50 most differentially expressed genes (DEGs) failed to identify any
meaningful gene cluster. mHGGEGFRvIII appeared slightly more differ-
entiated showing higher expression of macroglial lineage markers
(GFAP, MBP, s100), although to levels much lower than in the re-
spective cell types.

In order to characterize the cell phenotype of mHGGPDGF and
mHGGEGFRvIII gliomas, we compared their transcription profiles with
those obtained with the same microarray platform by other groups
from: murine astrocytes, neurons, oligodendrocyte progenitor cells and
mature oligodendrocytes [18]; sub-ventricular zone stem cells (SVZ
[19]); olfactory bulb stem cells (OBSC [20]); radial glia cells from E18
mouse embryo [21].

Results were summarized by a principal component analysis (PCA;
Fig. 3D), based on the subset of most differently expressed genes be-
tween the wild type lineages. In the PCA, mHGGPDGF and mHGGEGFRvIII
tumor cells appeared in between OPCs and SVZ cells, closest to the first.

Unsupervised hierarchical gene clustering of all the samples confirmed
that both mHGGPDGF and mHGGEGFRvIII tumor cells clustered together
with OPCs. Interestingly, OPCs expression profile was more correlated to
that of mHGG cells than to the profile of adult neural stem cells.

Fig. 3. Microarray expression profiles of
cultured mHGGPDGF and mHGGEGFRvIII.
(A) Representative micrographs of
mHGGPDGF and mHGGEGFRvIII derived cells
cultured as monolayers. Scale bar 50 μm.
(B) Hierarchical clustering of four in-
dependent mHGGEGFRvIII- and two
mHGGPDGF- cultures. (C) Principal compo-
nent analysis and (D) heatmap displaying
cultured astrocytes, neurons, OPCs, oligo-
dendrocytes, radial glia, SVZ/OB stem cells,
mHGGPDGF and mHGGEGFRvIII profiles. PCA
and heatmap were based on the 1% most
differentially expressed gene between
neural lineages.
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RNA-seq analysis from ex-vivo samples confirmed that both models
clusterize with OPCs.

Since murine tumor cells underwent to some passages in culture
before being collected for genome-expression analyses, we asked whe-
ther the high similarity found between mHGGPDGF and mHGGEGFRvIII
tumor expression profiles was due to biases related to culture condi-
tions rather than reflecting the real composition of tumor tran-
scriptomes.

We therefore analyzed acutely dissociated cells from mHGGPDGF and
mHGGEGFRvIII tumor masses derived from the injection of 4 in-
dependent NPC cultures, isolated by fluorescence-activated cell sorting
(FACS), based on the expression of the fluorescent reporter DsRed. RNA
extracted from purified cell populations was sequenced on the BGISEQ-
500 RS platform, obtaining 41.3 ± 3.7 million 50bp reads per sample.

An unsupervised hierarchical clustering of transcriptome profiles
taking account of all genes showed that the samples grouped in two
different clusters according to the molecular lesion that induced them
analogously to what observed in microarray data (data not shown). The
analysis showed that the majority of DEGs were overexpressed in
mHGGPDGF (Fig. 4A). Moreover, gene annotation enrichment analysis
on BP-GOTERM revealed that while the set of DEGs overexpressed by
mHGGEGFRvIII did not make a coherent picture, the set of DEGs over-
expressed by mHGGPDGF was clearly enriched in genes whose function is
connected with the regulation of immune system (Fig. 4B).

The transcriptome profiles of freshly dissociated mHGGPDGF and
mHGGEGFRvIII cells were then compared to those of the main lineages of
murine CNS (astrocytes, neurons, OPCs, oligodendrocytes and micro-
glia) derived from publicly available repository [24]. The PCA analysis

and the unsupervised hierarchical clustering based on the most differ-
entially expressed genes between neuroepitalial derived lineages con-
firmed that mHGGPDGF and mHGGEGFRvIII cluster together and their
closest group among the healthy neural phenotypes is represented by
the OPCs (Fig. 4C and D). In the reported PCA analysis microglial cell
profiles were omitted since they appeared so different from all the other
cell types to dominate the first component of the PCA, compressing the
differences between the other lineages on the second and further
components, thereby hampering their separation.

In addition, in order to assign mHGGPDGF and mHGGEGFRvIII to a
glioma molecular subclass, we used Classification to Nearest Centroids'
(ClaNC) algorithm [33] to build a model classifier using as training set
data derived from The Cancer Genome Atlas (TCGA Research Network:
http://cancergenome.nih.gov/), as described in the materials and
methods section. We then used the classifier generated to allocate
mHGGPDGF and mHGGEGFRvIII to their molecular subclass basing on
their expression profile (Fig. 4E). This analysis showed that the profile
of both mHGGPDGF and mHGGEGFRvIII are compatible with the pro-
neural class, corroborating the picture emerged from the histopatho-
logical analysis.

3.4. EGFRvIII expression induces NPC to acquire an oligodendroglial
identity

We previously demonstrated that the bias toward the oligoden-
droglial lineage observed in E14 NPC transduced with PDGF-B is due to
a “de novo” induction of OPC phenotype rather than to a selective
proliferation of already committed precursors [10]. We asked if a

Fig. 4. RNA-seq expression profiles of acutely dissociated mHGGPDGF and mHGGEGFRvIII.
(A) Volcano plot displaying differential gene expression between mHGGEGFRvIII and mHGGPDGF. Genes significantly upregulated in mHGGPDGF are represented in
green while those upregulated in mHGGEGFRvIII are represented in red (p < 5 × 10−4). (B) Network of enriched GoTerm generated by annotation enrichment
analysis of the set of differentially expressed genes. (C) Principal component analyses and (D) heatmap displaying RNA-seq data from the indicated lineages of the
central nervous system and from acutely dissociated mHGGEGFRvIII and mHGGPDGF. (E) Heatmap representing subtype signature classification of 3 independent
mHGGEGFRvIII and 3 mHGGPDGF generated using Classification to Nearest Centroids' (ClaNC) algorithm trained on TGCA primary human glioblastoma. . (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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similar effect is responsible of the bias towards the OPC lineages of
mHGGEGFRvIII gliomas, and we therefore carried the same clonal ana-
lysis as previously done for PDGF-B (Fig. 5A). NPC from INK4a−/− E14
embryos were transduced with low titre EGFRvIII-expressing or control
virus, both carrying EGFP as reporter genes. After 7 days cultures, cells
were fixed and immunostained. Clonal progeny of each transduced
progenitor was identified basing on the spatial clustering of EGFP ex-
pressing cells (Fig. 1 A). The analysis showed that OPC, defined basing
on Ng2 expression, were three times more frequent in EGFRvIII trans-
duced cells than in the control (38 ± 7% vs 13 ± 4%, t-test p < 0.01
Fig. 5B). This increase in Ng2-positive cells was paralleled with a si-
milar increase in the percentage of clones containing at least one Ng2-
positive cell (Ng2-clones; from 38 ± 8% to 11 ± 3%, p < 0.01;
Fig. 5C). On the contrary, neither the prevalence of Ng2-positive cells
inside the Ng2-clones (Fig. 5D) nor their size (Fig. 5E) were different.
These results are consistent with a scenario were EGFRvIII over-
expression, similarly to PDGF-B, drives multipotent progenitor cells
towards an OPC fate rather than to selectively increase proliferation of
already committed OPC cells. In the latter case, the frequency of Ng2-
clones is expected to be unchanged while Ng2 prevalence in clones and
Ng2-clone size should be increased.

4. Discussion

Glioma modelling is essential in order to develop novel therapies.
Syngeneic immunocompetent models are particularly interesting when
focusing on the interaction between therapy and immune system
[34–37]. One of the common way to create syngeneic glioma models
relies on the reproduction of genetic alterations known to be involved
in the formation of human gliomas. Since PDGF and EGF pathway al-
terations are respectively landmarks of the proneural and classical GBM
subtypes in human [2,11], the introduction of such alterations was
expected to generate models representative of the two GBM subtypes
[38,39]. PDGF-B has been reported to induce mainly low grade gliomas
when transduced in post-natal GFAP-positive cells. However, high
grade gliomas with oligodendroglial features resembling human pro-
neural subtype are known to be induced by PDGF-B overexpression in
embryonic progenitor cells [10] or by using lentiviral vectors in the

dentate gyrus of adult mice [9]. EGFRvIII induced tumors in INK4a−/−

mouse background have been described to generate tumor resembling
high-grade astrocytomas [40,41]. Former studies, however, reported
that the expression of EGFRvIII in a subset of glial cells in the same
mouse background give rise to gliomas with oligodendroglial features
[42], similar to those induced by PDGF-B. These contrasting observa-
tions could be due to the use of different cells of origin that is known to
contribute to tumor subtype acquisition [43–45] and could mask or
alter the effective potentiality of the driver mutation. We therefore
decided to unbiasedly clarify the role of the driver mutation via a direct
comparison between the glioma models induced by them. We thus in-
troduced the molecular alterations in NPC at early stages of neuro-
genesis that have the ability to give rise to all the neuroepithelial
lineages of the central nervous system (CNS) [46]. In our opinion, this
represents the best benchmark to challenge the notion that given mo-
lecular subtypes depend on specific driver mutations. We, for the first
time, performed a thorough comparison between the EGFRvIII and
PDGF-B induced gliomas encompassing an accurate histopathological
description and transcriptomic analysis carried out by both microarrays
and RNA-seq. In order to interpret our transcriptomic data, we made an
effort to frame them in the context of expression profiles of all the CNS
neuroepithelial lineages. Overall, our data showed that the two models
are indeed very similar, sharing a proneural and oligodendroglioma-
like traits and differing only on marginal aspects, suggesting that, even
when occurring in unrestricted progenitor cells, the driver mutation is
not necessarily predictive of the tumor phenotype in animal models.
The molecular analysis confirmed this view, revealing that cells com-
posing both mHGGPDGF and mHGGEGFRvIII share an OPC-like pheno-
type. The principal component analysis based on the expression levels
of the genes with higher variance among the main lineages of CNS,
shows that both models consistently ended almost equidistant from
neurons, astroglia and mature oligodendrocytes. Among the progenitor
cells represented in the picture (late foetal radial glia, adult SVZ neural
stem, and OPCs), mHGGPDGF and mHGGEGFRvIII resulted closest to
OPCs/NG2-Glia, which represents the largest dividing population in the
murine adult brain [47].

The main difference in molecular profiles of mHGGPDGF and
mHGGEGFRvIII are related to genes involved in the immune-response

Fig. 5. EGFRvIII transduction drives neural progenitors to develop as OPCs.
(A) Schematic representation of the possible outcomes at the clonal level of EGFRvIII overexpression in cultured neural progenitor cells. Transduction could: (a') have
no effect on NG2 expression (or even repress it); (a'') induce the expression of Ng2 thus increasing the percentage Ng2-clones (i.e. clones containing at least one Ng2-
positve cell); (a''') drive the selective expansion of Ng2-positive cells thus increasing the clonal size of Ng2-clones and the abundance of Ng2-positive cells in them. (B)
Percentage of Ng2-positive cells among the transduced cells. (C) Percentage Ng2-clones among all clones; (D) abundance of Ng2-positive cells in Ng2-clones. (E) Size
of Ng2-clones. (B–E) Error bars show the standard error of the mean. **p < 0.01 in a 2-tailed Student's t-test.
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regulation. This could represent a first hint of the existence of a deeper
difference between mHGGPDGF and mHGGEGFRvIII at the level of mi-
croenvironment that could be underestimated by the analysis of the
phenotype of the sole tumor cells. Transcriptomic data are in line with
previous studies showing the existence of a mutual reshape between
tumor and immune cells [48–50] and suggest that the immune micro-
environment influences and contributes to the overall heterogeneity
shown in glioma subtypes. Interestingly, the acquisition of a marked
immune-evasive phenotype has been recently described in the pro-
gression from low-to high-grade gliomas in a related PDGF-B induced
gliomas [51] and is correlated to high malignancy and to a reshape of
the immune tumor microenvironment. Indeed, mHGGPDGF showed a
higher penetrance compared to mHGGEGFRvIII, which is able to suc-
cessfully root in only 70% of transplanted mice (versus 100% in
mHGGPDGF) and suggested that the immune-evasive phenotype could be
induced, at least in part, by PDGF-B overexpression rather than re-
presenting a mandatory step in all glioma progression. Further analyses
specifically focused on tumor-associated cells are however necessary to
clarify the role of tumor microenvironment on glioma heterogeneity.
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