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Tumor cells with neuronal intermediate progenitor features
define a subgroup of 1p/19q co-deleted anaplastic gliomas
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Abstract

The integrated diagnosis of anaplastic oligodendroglioma, IDH mutant and 1p/19q co-
deleted, grade Il (0O3'%) is a histomolecular entity that WHO 2016 classification
distinguished from other diffuse gliomas by specific molecular alterations. In contrast, its
cell portrait is less well known. The present study is focused on intertumor and intratumor,
cell lineage-oriented, heterogeneity in O3'. Based on pathological, transcriptomic and
immunophenotypic studies, a novel subgroup of newly diagnosed O3 overexpressing
neuronal intermediate progenitor (NIP) genes was identified. This NIP overexpression
pattern in 03 is associated with: (i) morphological and immunohistochemical similarities
with embryonic subventricular zone, (ii) proliferating tumor cell subpopulation with NIP
features including expression of INSM1 and no expression of SOX9, (iii) mutations in
critical genes involved in NIP biology and, (iv) increased tumor necrosis. Interestingly,
NIP tumor cell subpopulation increases in O3 recurrence compared with paired newly
diagnosed tumors. Our results, validated in an independent cohort, emphasize intertumor
and intratumor heterogeneity in 03! and identified a tumor cell subpopulation exhibiting
NIP characteristics that is potentially critical in oncogenesis of 03, A better
understanding of spatial and temporal intratumor cell heterogeneity in 03 will open new
therapeutic avenues overcoming resistance to current antitumor treatments.
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INTRODUCTION

Anaplastic diffuse gliomas form a group of primary malignant brain
tumors with a significant clinical, radiological, histological and
molecular intertumor heterogeneity. Historically and in WHO 2007,
the histological diagnosis of these tumors was defined by morpho-
logical similarities between tumor glial cells and normal glial cells
(46): anaplastic astrocytoma (A3)/glioblastoma (GBM), anaplastic
oligodendroglioma (OD3) or anaplastic oligo-astrocytoma (OA3)
presenting astrocyte-like cells, oligodendrocyte-like tumor cells, or a
mixed phenotype, respectively. Because key mutations defining dif-
ferent oncogenic molecular pathways with high clinical relevance
were identified, these tumors are now classified by WHO 2016
according to an integrated histomolecular diagnosis combining his-
tological information (demonstration of diffuse glioma and grading
criteria) and molecular information (presence or absence of key
molecular alterations) (4, 41, 47, 64).

The WHO 2016 integrated diagnosis of anaplastic oligodendro-
glioma IDH-mutant and 1p/19q codeleted (03') is a diffuse glioma
with chromosome arms 1p/19q co-deletion, IDH (ie, /DHI or
IDH?2 genes) mutation and one or more criteria of anaplasia (high
mitotic activity, microvascular proliferation, and necrosis) (47).
03 exhibit better prognosis and better chemosensitivity compared
with other anaplastic diffuse gliomas (12, 74). However, they
ineluctably relapse and become resistant to anti-tumor treatments
similarly to the other diffuse gliomas. 03 frequently present the
histological diagnosis of OD3 or OA3, express the “proneural”
tumor signature (20) but the cell phenotype of this histomolecular
entity is poorly understood.

Several recent works on human tumors and murine models of
gliomas showed that oligodendroglial precursor cells (OPC) are the
cells of origin and/or the tumor propagating cells in gliomas with
oligodendroglial morphology (45, 61). In contrast, tumor cells with
neural stem cells (NSC) phenotype were rarely found in such
tumors (7).

In embryo, neural stem cells (NSC) produce, first, neuronal pre-
cursors directly or via neuronal intermediate progenitors (NIP).
After the glial switch, NSC becomes gliogenic progenitors and pro-
duce: (i) oligodendrocytes via OPC and, (ii) later, astrocytes via
astrocyte precursors cells (APC) (39). Gene expression is highly
dynamic during specification and differentiation of these lineages
as showed by single cell analysis (35). In the early neuronal line-
age, the transcription factor INSM1 promotes neuronal fate and
expansion of NIP and is downregulated in more differentiated neu-
ronal cells (22, 35). ELAVL2 [embryonic lethal abnormal visual
system (ELAV)-like neuron-specific RNA binding protein 2] is
highly expressed in NIP (35) and promotes neuronal differentiation
and mitotic arrest by regulation of the transduction of mRNA (1).
The transcription factor SOX11 is involved in neuronal differentia-
tion from NIP to mature neuron (8, 13, 35). We, thus, decided to
investigate the phenotype of 03 tumor cells in light of cell types
reported during CNS development.

MATERIAL AND METHODS

Patients and tumors selection

Two cohorts of adult supratentorial high grade diffuse gliomas
were established retrospectively: (i) a training cohort from the
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Hopitaux Universitaires La Pitié-Salpétriere, and (ii) a validation
cohort from POLA—prise en charge des tumeurs oligodendro-
gliales anaplasiques—network cohort. The training cohort included
33 newly diagnosed cases: (i) 33 with available tumor tissue for
immunohistochemistry, (ii) 23 with available transcriptome profil-
ing data and (iii) 21 with enough tumor tissue for targeted expres-
sion profiling using RT-PCR. Six adult non-tumor brain tissue
samples (from epilepsy surgery) were used as non-tumor control.
Informed consents of patients were obtained for review of medical
records for researches purposes and molecular analysis of biologi-
cal tissues. The POLA network validation cohort included 94 cases
with available transcriptome profiling data previously reported
(62). Human fetuses without any neuropathological alterations
were collected after legal abortion or spontaneous death. All proce-
dures were approved by the ethics committee (Agence de Bioméde-
cine; approval number: PFS12-0011).

Pathology, genetic and transcriptomic analysis

Tumors of the training cohort were reviewed by two pathologists
(FB and KM). Histological characteristics of tumors of the valida-
tion cohort were established during a central review described in a
previous report (62). Only histological diagnoses of OD3 or OA3
which are further called anaplastic oligodendroglial tumors (AOT)
were selected for further studies. /DH1/2 mutational and chromo-
some arms 1p/19q statuses were determined as previously described
(20, 30). Tumors were then classified according to the WHO 2016
integrated diagnoses of (i) anaplastic oligodendroglioma, IDH-
mutant and 1p/19q co-deleted (03'Y), anaplastic astrocytoma IDH-
mutant, glioblastoma IDH-mutant, glioblastoma IDH-wildtype and
anaplastic oligo-astrocytoma, NOS. The three last tumor types were
gathered in a group termed “non 1p/19q co-deleted AOT”. The
RNA extraction and the gene expression profiling upon Genechip
Human Genome U133 Plus 2.0 Expression array (Affymetrix, CA)
were performed as previously described (20).

Reverse transcription-PCR (RT-PCR)

Quantitative gene expression measurements, at mRNA level, were
performed for 24 genes (22 genes of interest and 2 control genes)
using the « UPL assay design center » (Roche Applied Science®)
(Supporting Information Table 1). RT-PCR was performed as
described previously (3).

Immunohistochemistry and staining scoring

Tissue sections were cut from formalin-fixed and paraffin-embedded
(FFPE) tumor samples. Sections were deparaffinized and rehydrated.
For fluorescent immunolabeling, antigen retrieval was performed
using pH = 6.0 citrate buffer or pH = 8.0 Ethylenediaminetetraacetic
acid buffer and microwave heating. After blocking with fetal calf
serum, sections were incubated with primary antibodies (Table 1).
The following secondary antibodies were used: Alexa 488 Donkey
anti-Mouse IgG, Cy3 Donkey anti-Rabbit IgG, Cy3 Donkey anti-
Goat 1gG (Jackson Immunoresearch Lab., Inc., Baltimore). Nuclei
were labeled with 4',6-Diamidino-2-Phenylindole (DAPI). Fluores-
cence microscope Axio Imager Z1 (Zeiss”™) was used to acquire sig-
nal. The fluorescent immunolabeling markers (SOX9, INSM1, and
marker of proliferation Ki-67) were quantified by counting single
cells. For chromogenic immunolabeling, deparaffinization and
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Table 1. List of primary antibodies used for immunohistochemistry.

Neuronal progenitors in gliomas

Species Antigen Dilution Reference Provider

Rabbit polyclonal ELAVL2 1/500 14008-1-AP Proteintech
Mouse monoclonal H09 IDH1 R132H 1/50 DIA-H09 Dianova

Mouse monoclonal 2E3 INA 1/100 NB300-140 Novus Biologicals
Goat polyclonal Kie7 1/80 sc-7844 Santa Cruz
Mouse monoclonal INSM1 1/250 sc-271408 Santa Cruz
Rabbit polyclonal NFIA 1/400 NBP1-81406 Novus Biological
Rabbit polyclonal SOX9 1/50 sc-20095 Santa Cruz
Rabbit polyclonal SOX11 1/100 HPAO00356 Sigma-Aldrich

immunolabeling of the sections were performed manually or by a
fully automated immunohistochemistry system Ventana benchmark
XT system® (Roche, Basel, Switzerland) using as chromogen: strep-
tavidin—peroxidase complex with diaminobenzidin, alkaline phospha-
tase with Fast Red (ultraView Universal Alkaline Phosphatase Red
Detection Kit, Ventana®) or Vector Blue (Vector®). The chromo-
genic immunolabeling of markers (INSM1 for Insulinoma-associated
1, NFIA for Nuclear Factor I/A) were quantified by evaluating the
ratio of the number of immunopositive cells out of the number of all
tumor cells. The ELAVL2 and SOX11 immunolabeling were eval-
uated by a score ranging from 0 to 400 adapted from Hirsch et al
(28). The percentage of tumor cells at different staining intensities
was determined by visual assessment: Score = (percentage area of
weak labeling X 2)+ (percentage area of moderate labeling X
3) + (percentage of intense labeling X 4). Micrographs were
acquirgd with Axiocam ICc 1 camera and Axiovision 4.8.2 software
(Zeiss™).

Computational biology analysis

Gene signatures of the different CNS cell types observed during
development (ie, lineages from NSC to neurons, oligodendrocytes
and astrocytes) were retrieved from the literature (Supporting Infor-
mation Table 2, Figure 1a) (39). A gene list was retrieved from
study of NIP in the cerebral cortex (35) and only genes expressed
in both subpallium and pallium of mouse embryo were selected to
build a forebrain NIP signature. Human genes homologous to
murine genes were identified using the software bioDBnet (53).
Gene Set Enrichment Analysis (GSEA) was performed with the
JavaGSEA application using the following parameters: number of
permutations = 1000, False Discovery Rate less than 0.25, permu-
tations of phenotype (51, 70). Hierarchical clustering was per-
formed using Babelomics 4.3 with Self Organizing Tree Algorithm
(SOTA) and correlation coefficient of Spearman (50). As a prelimi-
nary step, tumor samples which co-segregate with non-tumor brain
were excluded for the following analysis because they were consid-
ered as highly contaminated by non-tumor cells.

Statistical analysis

Discrete variables with normal distribution were compared between
two groups by two-tailed ¢ test; other discrete variables were com-
pared by Mann—Whitney test. Discrete variables were compared
between three or more groups by Kruskal-Wallis test; post-hoc
pairwise comparisons were performed by Wilcoxon rank sum test
or by Mann—Whitney test. Qualitative variables were compared by
Chi-square test if expected values were superior to 5, if not by
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Fisher exact test. A Bonferroni correction was used when a multi-
ple comparison was performed. Survival analysis was performed
by Kaplan—Meier method and log-rank test.

RESULTS

03'? overexpress neurogenesis genes

In order to determine the cell phenotype of 03, we compared gene
expression of 03™ to non 1p/19q co-deleted AOT (tumors with OD3
or OA3 histological diagnoses that do not fulfill the criteria of inte-
grated diagnosis of 03'%) in the training series. CNS cell lineage
expression signatures obtained from previously reported expression
arrays were compared between 03 (n=13) vs. non 1p/19q co-
deleted AOT (n = 10) using GSEA (Figure la, b; Supporting Infor-
mation Table 3). Although not reaching statistically significant
thresholds, the only enrichments observed in O3*“:were: (i) neuronal
intermediate progenitor (NIP), (ii) neuronal precursor, (iii) neuron
and (iv) OPC. By contrast, 03" showed significant underexpression
of gene lists related to NSC, mature oligodendrocytes and astrocytes.

Using quantitative RT-PCR, expression of markers of CNS cell
lineages revealed significantly overexpression of Doublecortin
(DCX, neuronal precursor marker) and underexpression of Nuclear
factor 1 A-type (NFIA, glial marker) in 03 (n = 14) vs. non-tumor
brain samples (n = 6). In addition, NFI4 was significantly underex-
pressed in 03 compared with non 1p/19q co-deleted AOT (n = 7)
(Supporting Information Figure 1).

In the same line, immunolabeling showed that the ratio of
NFIA-positive/total tumor cells was lower in O3 than in non 1p/
19q co-deleted AOT (0.33 vs. 0.79 respectively, npsziq =14 and
= 19%0n 1p/19q co-deleted a0T> P = 0.0007, Supporting Information
Figure 1).

034 share features with embryonic
subventricular zone containing NIP

NIP are located in the embryonic subventricular zone (eSVZ)
which is located between the ventricular zone (VZ) containing the
NSCl/apical progenitors and the intermediate zone (IZ) containing
axonal processes and migrating neuronal precursors (Figure 1c, d).

03 cells were morphologically closer to NIP (at gestational week
19 when corticogenesis is ongoing) than adult oligodendrocytes (Figure
le—g). Indeed, similarly to 03™ tumor cells, NIP have round nucleus,
clear chromatin, several small nucleoli, and clear perinuclear halo.

03¢ share additional similar features with eSVZ from E15.5
mouse embryo cerebral cortex: (i) a rich anastomotic capillary
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Table 2. Clinico-patho-biological characteristics of NIP"" and NIP'®" subgroups of oligodendrogliomas.

Niphigh NIP'°ew
n 34 52
Age (y) 48.7 (11.1 n=34) 44.9 (11.0 n=52) P=0.121 NS, t test
Male 20 31 P=0.941 NS, chi 2
Female 14 21
Frontal lobe involved 28 43 P=0.811 NS, chi 2
Frontal lobe not involved 6 8
0oD3 32 45 P=0.470 NS, Fisher
OA3 2 7
Mitoses per 10 high power fields 11.3 (7.7 n=230) 9.5(7.0 n=47) P=0.210 NS, Mann-Whitney
Microvasc. proliferation 32 38 P=0.0142 NS, chi 2
No microvasc. proliferation 2 14
Necrosis 14 6 P=0.0034* S, chi2
No necrosis 20 46
INA IHC + 33 46 P=0.236 NS, Fisher exact test
INA IHC — 1 6
IDH mutant 30 51 (by definition)
IDH wt 1 1
CIC mutated CIC wt 14 15 P=0.244 NS, chi 2 test

7 16
1p/19q co-del 34 52 (by definition)
Non 1p/19q co-del. 0 0
9p loss 9 14 P=0.963 NS, chi 2 test
9p retained 25 38
10q loss 5 4 P=0.146 NS, Fisher test
10q retained 26 51

Cases of training and validation series were gathered. Standard deviation is indicated between brackets. Number of cases is precised between
brackets. The threshold of significance P< 0.05 was adjusted for multiple comparison by Bonferroni method. The adjusted threshold is P< 0.0045.
Abbreviations: co-del., co-deletion; IHC, immunohistochemistry; microvasc., microvascular; NS, non-significant; OA3, anaplastic oligo-astrocytoma;

OD3, anaplastic oligodendroglioma; S, significant; wt, wildtype, y: years.

network with “chicken wire” branching (31, 75) (Figure 1h—i), and
(i) a perinuclear dot expression staining pattern of the neuronal
intermediate filament internexin alpha (INA), a positive-marker of
neurons and their early precursors (43) and a negative marker of
oligodendrocytes (Supporting Information Figure 2).

Finally, the most commonly mutated genes in O3 are CIC,
FUBPI, NOTCH2 and TCFI2 (9, 40) were reported highly
expressed in the eSVZ on mouse embryos in public atlas (Support-
ing Information Figure 3).

Two subgroups of 03'? were identified based
on their expression of NIP genes

A hierarchical clustering of 03 was thus performed based on
genes committing to neurogenesis or to gliogenesis (NIP list and
gliogenic progenitor list). Two subgroups of 03 were identified.
The NIP"E" sugbroup (n = 7/13, 54%) contained 03 exhibiting
higher expression of NIP and OPC genes. The other O3 were con-
sidered as the NIP'" subgroup (n = 6/13, 46%) and showed higher
expression of genes associated with gliogenic progenitors, astro-
cytes and mature oligodendrocytes compared with NIPME" gub-
group (Figure 2a, b).

Similarly to the results obtained in the training set, 03" overex-
pressed gene lists of the neuronal lineage in the multicentric valida-
tion cohort including 73 1p/19q co-deleted AOT and 21 non 1p/
19q co-deleted AOT (Supporting Information Figure 4; Supporting
Information Table 4). A NIP"" subgroup (n = 27/73, 37%) and a
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NIP' subgroup (n = 46/73, 63%) of 03" were identified (Sup-
porting Information Figure 5).

NIP"9" 039 exhibit proliferating INSM*/SOX9
tumor cells subpopulation

The following markers addressing different steps of the neuronal
lineage were used: (i) INSM1 as a specific marker of NIP in the
developing CNS, not expressed in the adult CNS (Supporting
Information Figure 6) and which drives NIP specification and
expansion (14, 22, 42), (i) ELAVL2 as a marker of NIP promoting
mitotic arrest and neuronal differentiation (1, 35), (iii) SOX11 as a
marker of differentiation from NIP to neurons (8, 13), and (iv)
SOX9 as a marker of immature glial cells and OPC (33).

INSM1 immunostaining was positive in large tumor cells areas
characterized by high cell density in NJphieh subgroup tumors. In
addition, association of nuclear INSM1 labeling with cytoplasmic
IDH1 R132H labeling within the same cells demonstrated that 03
tumor cells express INSM1 (n = 2/2, Figure 3a—c).

The proportion of tumor cells expressing INSM1 was signifi-
cantly higher in NIP"€" 03" compared with NIP'Y 03¢ and to
non 1p/19q co-deleted AOT (nniphigh = 11, Nnipiow = 16, Nyon 15/
19 co-deleted AoT =8 P = 0.0163, Kruskal-Wallis) (Figure 3d—f).

INSM1 and SOX9 immunolabeling mainly excluded each other
showing their expression by two distinct tumor cell populations:
INSM1+/SOX9- NIP-like cells and INSM1-/SOX9+ OPC-like

Brain Pathology 27 (2017) 567-579
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cells (Figure 3g—j). Interestingly, INSM1+ and SOX9+ tumor
cells both proliferate (Figure 3k—n, data not shown).

ELAVL2 and SOX11 immunolabeling showed expression by a
majority of tumor cells with heterogeneous level in a majority of
OD3™, Assessment of the expression by Hirsch score showed a non-
statistically significant higher expression of SOX11 and ELAVL2 in
NIP"" vs. NIP®Y tumors (NN1Phigh = 12, Nppiow = 16, mean score
SOX11niphigh = 273 +£46, mean score SOXI Inpiow = 248 £74,
SOX11 P=0.53; mean score ELAVL2yppign= 206 =104, mean
score ELAVL.2xpiow = 177 £95, ELAVL2 P = 0.43, Mann—Whitney
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Figure 1. Expression of cell lineage signatures according to 1p/19q
co-deletion status in anaplastic oligodendroglial tumors. a. Schematic
representation of embryonic central nervous system lineages. Neural
stem cells produce neurons, becomes gliogenic progenitors after the
glial switch and then produce oligodendrocytes and astrocytes.
b. Normalized Enrichment Score obtained by Gene Set Enrichment
Analysis for cell lineage signatures is presented by a color scale. Sig-
nificant enrichments (False Discovery Rate < 0.25) are indicated by an
asterisk. ¢. Human cerebral cortex at gestational week 19 (GW19)
(H&E). d. Schema of the embryonic mammalian cerebral cortex with
its layers: ventricular zone containing neural stem cells, subventricular
zone containing neuronal intermediate progenitors, intermediate zone
containing neuronal precursors and cortical plate containing differenti-
ating neurons. e. Neuronal intermediate progenitors (arrowhead) in
the human fetal GW19 SVZ (H&E) are identified by INSM1 immuno-
staining (inset in e). f, g. Adult human anaplastic oligodendroglioma
with tumor cell (arrowhead in f, H&E) and residual oligodendrocyte
(arrowhead in g, H&E). h. Murine cerebral cortex SVZ at embryonic
day 15 and i. human anaplastic oligodendroglioma: both presented
honey comb aspect and branched vessels. Abbreviations. 1p/19q co-
del., 1p/19q co-deletion; APC, astrocyte precursor cell; CP, cortical
plate; CTX, cerebral cortex; GE, ganglionic eminence; gliogenic prog.,
gliogenic progenitors; IZ, intermediate zone; NES, Normalized Enrich-
ment Score; NIP, neuronal intermediate progenitor; NP, neuronal pre-
cursor; NSC, neural stem cells; OPC, oligodendrocyte progenitor cell;
OD3, anaplastic oligodendroglioma (grade Ill); SVZ, subventricular
zone; VL, lateral ventricle; VZ, ventricular zone. Scale bars. C: 250 pum;
E-G: 5 um; H: 25 pm; I: 50 pm.

test). Tumor areas with INSM1 expression showed higher expression
of SOX11 and ELAVL2 (n = 6, Supporting Information Figure 7).

NIP"9" 034 clinico-patho-biological )
characteristics compared with NIP'°" 03¢

Age, sex, brain location, mitotic activity, and INA expression were not
significantly different between NIP"€" and NIPY 03 tumors or
patients (Table 2). Necrosis was significantly more abundant in NIP"e"
subgroup vs. NIP®™ subgroup (P = 0.0034). Microvascular prolifera-
tion was significantly more frequent in NIP"€" subgroup vs. NIP'*"
subgroup with nonadjusted P = 0.0142. However, this difference was
not significant if p is adjusted for multiple comparisons (threshold of
significance P < 0.0045). Chromosome arm 9p and chromosome arm
10q losses occurred at similar rates in both subgroups. The analysis of
overall survival showed no statistically significant difference between
NIP"" and NIP'Y subgroups (DN1Phigh = 34, NNipiow = 52, P = 0.582,
Supporting Information Figure 8) but older age had a worse prognosis
38, Nyge~ a5y =48, P=0.013) and necrosis and micro-
showed a trend for shorter survival
21> P=0. 055 and Do microvascular proliferation —
16, Njcrovascular profiferation = 70, P = 0.074, respectively).

GSEA for GeneOntology lists found an enrichment in NIP"€"
subgroup vs. NIP'" subgroup for genes involved in DNA metabo-
lism, RNA metabolism, DNA methylation and histones methyla-
tion (Supporting Information Table 5). GSEA for Oncogenic
Signature lists found an enrichment in NIP™&" subgroup in both
training and validation sets for genes associated with: (i) activation
of Sonic Hedgehog, MYC, E2F1 and, (ii) inactivation of retinoblas-
toma and EZH2.

(Nage < 45y =
vascular  proliferation

(nno necrosis 65 nnecmsns
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Figure 2. Hierarchical clustering of tumors according to the diagnoses and molecular markers are indicated for each tumor. Abbre-

expression of genes of the gliogenic progenitor vs. NIP. a. columns
correspond to tumors and lines correspond to genes. NIPhigh
subgroup contained 1p/19g co-deleted AOT clustering together with
higher expression of NIP genes. NIPlow subgroup contained the other
1p/19q co-deleted AOT. b. WHO 2016 histological and integrated

A significant increase of the ratio of INSM1+ tumor cells/total
tumors cells was observed in a cohort of 8 03 compared with
their paired newly diagnosed 1p/19q co-deleted tumors (paired ¢
test, P = 0.03) (Figure 4).

DISCUSSION

Over the last years, significant advances have been accomplished
in deciphering intertumor heterogeneity in anaplastic diffuse glio-
mas (71). In contrast, intratumor cell phenotypic heterogeneity has
been less investigated. Transcriptomic classification of glioblas-
toma identified a “proneural” signature which is enriched in O3™
(20, 76). Nevertheless, the “proneural” signature associates genes
of oligodendroglial and neuronal lineages and thus does not corre-
spond exactly to the proneural specification program governing
neuronal vs. glial lineages in the normal CNS. Therefore, the cur-
rent work was focused in deciphering the intertumor and intratumor
heterogeneity of tumor cell phenotype compared with CNS
lineages.
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viations: A3, IDH-mutant: anaplastic astrocytoma, IDH-mutant; GBM,
IDH-mutant: glioblastoma, IDH-mutant; GBM, IDH-wildtype, glioblas-
toma, IDH-wildtype; IHC, immunohistochemical; OA3, anaplastic oligo-
astrocytoma; OD3, anaplastic oligodendroglioma.

It has been recently demonstrated that the cell of origin of oligo-
dendroglioma is OPC (45, 61) and it is admitted that oligodendro-
glioma cells mimic normal oligodendroglial lineage (46). However,
we have observed enrichment for gene expression of neuronal line-
age (NIP, neuronal precursors and neurons) in 03", Contamination
of tumor tissue by infiltrative normal adult neurons cannot account
for the expression of NIP markers as INSM1 which are downregu-
lated after embryonic development and are not expressed by adult
neurons (2, 22, 42) (Supporting Information Figure 6). In addition,
the neuronal phenotype of some tumor cells was confirmed by
INSM1 expression in IDH1 R132H immunoreactive cells. None-
theless, contamination of tumor samples by residual neurons may
explain the expression of the gene lists related to mature neurons.
We also observed frequent expression of the NIP markers ELAVL2
and SOX11 by tumor cells of OD3'®. SOX11 expression in high
grade gliomas was reported (78) and SOX11 overexpression in
xenografted human gliomas cells promoted neuronal differentiation
(69). ELAVL?2 expression was reported in glioblastoma (65) but not
in oligodendroglioma. We observed a co-expression of INSM1,
ELAVL2 and SOX11 in the same tumor areas which supports the
activation of a neurogenesis gene network in a tumoral
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Figure 3. INSM1

immunolabeling in
tumors. a—c. three sections of the same anaplastic oligodendroglial
tumor of the NIPhigh subgroup were immunolabeled for IDH1 R132H
(brown signal in a, c), and INSM1 (blue signal in b, ¢). Some tumor

anaplastic  oligodendroglial

cells showed cytoplasmic immunolabeling for IDH1 R132H and
nuclear immunolabeling for INSM1 (c). d, e. Immunolabeling of
INSM1 (brown signal) and counterstaining (blue signal) in anaplastic
oligodendroglioma of the NIPhigh and NIPlow subgroups. f.
Quantification of INSM1 immunolabeling in NIPhigh vs. NIPlow and
non 1p/19q co-deleted tumors with significant difference (P =0.0163
Kruskal-Wallis test; asterisk NIPhigh vs. NIPlow P =0.0454; asterisk
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NIPhigh vs. non 1p/19g co-deleted AOT P =0.0143; Mann-Whitney
test). g-i. Double immunolabeling of an anaplastic oligodendroglial
tumors of the NIPhigh subgroup by INSM1 (green, g, i) and SOX9
(red, h, i) with quantification (j). Both markers are expressed by two
mainly exclusive tumor cell populations. k-m, double immunolabeling
of an anaplastic oligodendroglial tumors of the NIPhigh subgroup by
INSM1 (green, k, m) and Ki-67 (red, I, m) with quantification (n). Most
INSM1+ cells are negative for Ki-67 (open arrowhead, f-h) and a
minority of INSM1+ cells are positive for Ki-67 (solid arrowhead, f-h).
Scale bars. A-C: 10 pm, D-E: 50 pm. G-I, K-M: 20 pm.
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Figure 4. INSM1 expression in newly diagnosed tumors and their
relapse. a, b. H&E of a newly diagnosed anaplastic oligodendroglioma
(a) and its relapse (b). c. Quantification of the ratio of INSM1 positive
tumor cells among the total tumor cells in initial tumors and their

subpopulation rather than a random and uncoupled expression of
these markers across the tumor bulk. INSM1 expression corre-
sponds to the more immature step of NIP expansion in comparison
to ELAVL2 and SOXI11 which drive neuronal differentiation.
Higher expression of INSM1 in NIP"&" vs. NIP'Y favors a more
immature phenotype of this subgroup whereas ELAVL2 and
SOX11 are more widely expressed in both NIP"&" and NIP'%
subgroups.

Previous works reported neuronal features in O3' supporting a
neuronal specification of some AOT cells: (i) a rare neurocytic
morphology (48, 52, 54, 60), (ii) a rare gangliocytic morphology
(29, 58, 72, 81), or (iii) frequent neuronal markers expression, for
example, INA in tumors with honeycomb “oligodendroglial” mor-
phology (19-21) and see Supporting Information Table 6 for the
list of other neuronal markers expressed in AOT). The absence of
neurocytic/gangliocytic histological variants in our series excludes
that the enrichment of neuronal gene lists that we observed in 03¢
corresponds to these rare variants. As most of the gene lists were
inferred by homology with mouse cell types, our comparisons need
to be improved in the future using characteristics of human neural
lineages. The comparison of O3 with the neuronal lineage opens
new perspectives for investigating tumor biology. Genes recur-
rently mutated in O3 (CIC, FUBPI, NOTCH2, TCF12) are
expressed in murine embryonic cortical SVZ at E13.5. These genes
could be involved in cortical NIP biology although such a role has
not been reported. Indeed, at E13.5, only neurogenesis occur in the
cortical SVZ whereas oligodendrogliogenesis will occur at birth
(36). As some tumor cells of 03 have a NIP phenotype, embry-
onic SVZ could be a model to test a specific functional effect of
these mutations in NIP. Nevertheless, we did not find association
between CIC mutation and NIPME! subgroup and CIC, FUBPI,
NOTCH2, TCF12 could have roles in both neuronal and oligoden-
droglial lineages which require further studies. CIC and NOTCH?2
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P =0.03, paired t test. d, e. INSM1 immunolabeling (brown) and blue
counterstaining of the newly diagnosed (d) and relapsing (e) tumors.
Scale bar: a, b, d, e: 100 um.

are expressed in cerebellar neuronal precursor and NOTCH?2 was
shown to inhibit differentiation and to maintain proliferation (44,
67). Notch signaling had a tumor suppressor role in a murine gli-
oma model: the decrease of Notch signaling in this murine model
mimicked glioblastoma with primitive neuronal component (25).
Our analysis revealed an enrichment of MYC and Shh signaling in
the NIP"&" subgroup which may be involved in NIP-like tumor
cells proliferation. MYC pathway was shown to promote neurogen-
esis in the chick embryo (83) and MYC amplification transform
gliomas into glioblastoma with primitive neuroectodermal tumor-
like component/GBM-PNET-like (59) termed glioblastoma with
primitive neuronal component in WHO 2016 (47). MYC activity
was shown to be increased in a subgroup of OD3' by several
mechanisms (32). The extracellular signal Shh was shown to pro-
mote proliferation of bipotent (neuronal and oligodendroglial)
embryonic progenitors (82). Shh and MYC signaling pathways
thus appear as putative therapeutic targets to treat OD3' with
NIP"" phenotype.

Based on gene expression profiling, we observed different phe-
notypes among AOT associated to the expression of the master
genes controlling glial specification and to the tumor genotypes.
SOX9 and NFIA together control a glial fate (17, 33, 57). Main-
tained NFIA expression determines astrocytic fate by inhibiting
SOX10. By contrast, NFIA downregulation in OPC allows
SOX10-induced oligodendroglial specification (27). SOX10 was
previously shown to be expressed in all glioma subtypes, whereas
NFIA expression was low in oligodendrogliomas and high in astro-
cytomas (5, 23, 26, 63, 68). We observed higher expression of
SOX9 and NFIA, and significant enrichment of gene list related to
astrocytes in non 1p/19q co-deleted AOT. These findings are con-
sistent with SOX9 and NFIA controlling gliogenesis mainly along
the astrocytic lineage in the integrated diagnosis of anaplastic astro-
cytoma, /DH-mutant. By contrast, OD3' showed lower expression
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of SOX9 and sparse NFIA expression consistent with rarer astro-
cytic cells. We showed, for the first time to the best of our knowl-
edge, the possibility to distinguish 1p/19q co-deleted and non 1p/
19q co-deleted AOT by the ratio of NFIA+ tumor cells with high
sensitivity and specificity. Although loss of ATRX identified most
of IDH-mutant non 1p/19q co-deleted tumors, NFIA could help
detection of ATRX maintained, non-1p/19q co-deleted tumors. Its
reliability waits for validation in larger series.

We described a new intertumor heterogeneity in OD3™ based on
the NIP phenotype: NIP"" and NIP'" subgroups. The NIP"&h
subgroup accounted for 54% and 37% of training set and validation
set, respectively. The two subgroups could correspond to different
cell of origin or oncogenic pathways but we did not observe signifi-
cant differences in genetic alterations between both subgroups. The
enrichment in the NIP"&" subgroup of lists involved in DNA meth-
ylation and EZH2 function suggests that methylation profiles could
also distinguish the two subgroups and will require further studies.
Alternatively, NIP"&" subgroup could result from the progression
of NIP'Y subgroup as suggested by: (i) more frequent necrosis and
microvascular proliferation in NIPY&" subgroup, and (ii) increase of
INSMI1 expression in relapses. The increase of the NIP"€" pheno-
type during tumor progression could result from tumor dedifferenti-
ation and increased plasticity between glial and neuronal lineages.
Differently, a small subpopulation of progenitor-like tumor cells
that lack differentiation and harbor higher lineage plasticity could
exist in the initial tumor and would increase during tumor
progression.

Microvascular proliferation and necrosis were associated to
shorter survival in OD3' (24). In our series, these parameters
showed a non-statistically significant trend for worse prognosis
probably because of the limited number of cases. NIP"" subgroup
showed more frequent microvascular proliferation (94%) and
necrosis (41%) than NIP'®™ subgroup (26% and 12%, respectively)
but NIP"€" phenotype did not have prognostic value. We propose
that NIphieh phenotype is associated to more aggressive oD3'd
rather than an independent prognostic factor.

Finally, our work identifies novel intertumor and intratumor
tumor cell heterogeneities in OD3' based on the presence of tumor
cells with NIP phenotype. These findings will help the understand-
ing of OD3™ biology and open new therapeutic avenues consider-
ing neuronal cell lineage.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Figure S1. RT-qPCR and immunohistochemistry for lineage
markers of central nervous system in anaplastic oligoden-
droglial tumors. a, schematic representation of embryonic cen-
tral nervous system lineages. Neural stem cells produce neurons,
becomes gliogenic progenitors after the glial switch and then
produce oligodendrocytes and astrocytes. b, ¢, RT-qPCR in ana-
plastic oligodendroglial tumors (AOT) with or without 1p/19q
co-deletion, and in control (non tumoral cerebral tissue). b,
genes correspond to markers of the different cell types: embry-
onic stem cells (cyan), NSC (blue), neuronal precursors (green),
gliogenic  progenitors  (yellow), oligodendroglial lineages
(orange), and astrocytic lineage (purple). Asterisk correspond to
significant Kruskal-Wallis test for global alpha risk<0,05. c,
pairwise comparison by Wilcoxon rank sum test of the level of
expression for the markers with significant Kruskal-Wallis test.
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*p <0,05; **: p<0,01; *** p<0,001. d-f, NFIA immunolabel-
ing in 1p/19q co-deleted and non 1p/19q codeleted AOT.
Nuclear labeling (brown) of few cells in 1p/19q co-deleted AOT
(D) and of most of the cells in non 1p/19q codeleted AOT (e).
f, quantification of the ratio of NFIA immunolabeled tumor
cells. 1p/19q co-deleted AOT have significantly lower ratio than
non 1p/19q co-deleted AOT, p=0.0007, t test. A threshold of
50% NFIA positive tumor cells predicted 1p/19q co-deletion
with sensibility 89% and specificity of 92% in n=33 AOT.
Abbreviations. APC: astrocyte precursor cell, 1p/19q co-del.:
1p/19q co-deletion, ESC: embryonic stem cell, gliogenic prog.:
gliogenic progenitors, NIP: neuronal intermediate progenitors,
NP: neuronal precursor, NSC: neural stem cells, OPC: oligoden-
drocyte progenitor cell.

Figure S2. Internexin alpha immunolabeling. Internexin alpha
(INA) immunolabeling was positive in adult human neurons (a,
¢), negative in adult human oligodendrocytes (b, d). e, f, double
immunolabeling of INA and OLIG2 showed that oligodendro-
cytes are OLIG2 positive and INA negative. Embryonic murine
neuronal precursors (g) showed INA immunolabeling as a dot
(arrowhead in g) similarly to some tumor cells of 1p/19q co-
deleted anaplastic oligodendroglial tumors (arrowhead in h).
Figure S3. Murin homologs of genes frequently mutated in
1p/19q co-deleted oligodendroglial tumors are expressed in
the embryonic subventricular zone. a-f, in situ hybridization
on sagittal sections were retrieved from: (i) Genepaint (Visel
et al, 2004), (ii) Allen Brain Atlas (©2012 Allen Institute for
Brain Science. Allen Developing Mouse Brain Atlas [Internet].
Available from: http://developingmouse.brain-map.org), and (iii)
Brain Gene Expression Map (http://www.stjudebgem.org) (Mag-
daleno et al, 2006). Sections are shown with rostral on the left,
dorsal on the top, ventricular zone (solid arrowhead) and sub-
ventricular zone (open arrowhead) for Cic (a), Olig2 (b), Notch2
(¢), Tcf12 (d), Fubpl (e) and Cux2 (f). Olig2 and Cux2 are
shown to localize the subventricular zone. Cic, Notch2, Fubpl
and Tc¢f2 were expressed in embryonic subventricular zone. g,
level and expression pattern of genes shown in a-f are summar-
ized with gray scale (low expression in light grey and high
expression in dark grey). Abbreviations: svz, subventricular
zone; vz, ventricular zone.

Figure S4. Lineage signature expression according to 1p/19q
co-deletion status in anaplastic oligodendroglial tumors of
the validation series. a, schematic representation of embryonic
central nervous system lineages. Neural stem cells produce neu-
rons, becomes gliogenic progenitors after the glial switch and
then produce oligodendrocytes and astrocytes. b, Normalized
Enrichment Score obtained by Gene Set Enrichment analysis for
cell lineage signatures is presented by a color scale. Abbrevia-
tions. APC: astrocyte precursor cell, codel.1p/19q: co-deletion
1p/19q, ESC: embryonic stem cell, gliogenic prog.: gliogenic
progenitors, NES: Normalized Enrichment Score, NIP: neuronal
intermediate progenitors, NP: neuronal precursor, NSC: neural
stem cells, OPC: oligodendrocyte progenitor cell.

Figure S5. Hierarchical clustering of anaplastic oligodendro-
glial tumors of the validation series. a, tumors were clustered
according to the differential expression of genes of the gliogenic
progenitor signature and neuronal intermediate progenitor signa-
ture. Columns correspond to tumors and lines correspond to
genes. NIP"" subgroup corresponded to 1p/19q co-deleted
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AOT clustering together with higher expression of NIP genes.
NIP"" subgroup corresponded to other 1p/19q co-deleted AOT.
b, histology and molecular of each tumor is indicated. Abbrevi-
ations: A3, IDH-mutant: anaplastic astrocytoma, IDH-mutant;
GBM, IDH-mutant: glioblastoma, IDH-mutant; GBM, IDH-
wildtype: glioblastoma, IDH-wildtype; OA3, anaplastic oligo-
astrocytoma; OA3, NOS: anaplastic oligo-astrocytoma, NOS;
03id: integrated diagnosis of anaplastic oligodendroglioma,
IDH-mutant and 1p/19q co-deleted; OD3, anaplastic
oligodendroglioma.

Figure S6. INSM1 immunolabeling in nontumor and tumor
human tissues. INSM1 immunolabeling was negative in adult
human cerebral cortex (a) and white matter (b). It was diffusely
positive as a nuclear staining in medulloblastoma (¢), and neuro-
endocrine carcinoma (d).

Figure S7. a, schema of the fetal cerebral cortex. Neural stem
cells in the ventricular zone (VZ) produce neuronal intermediate
progenitor (NIP) which migrate to the subventricular zone
(SVZ). NIP proliferate and produce neuronal precursor which
migrate through the intermediate zone (IZ) to the cortical plate
(CP). In the CP, neuronal precursors differentiate into neurons.
INSM1 is expressed in NIP. SOXI11 and ELAVL2 are
expressed from NIP to neurons. b, SOX11 immunolabeling of
the human fetal cerebral cortex at 13 gestation week showed
prominent expression in the SVZ containing NIP (¢), and main-
tained expression in neuronal precursor of IZ and neurons of
CP (d). Scarce SOX11 immunolabeling in adult white matter (e)
and cerebral cortex (f). Weak ELAVL2 immunolabeling in adult
white matter glial cells (g) and high expression in adult cerebral
cortex neurons (h). i, high expression of SOX11 in a NIPMe"
tumor. j, expression score of SOXI11 was non significantly
higher in NIPME" versus NIP'®Y tumors (p=0.53, Mann-Whit-
ney). k, high expression of ELAVL2 in a NIPMEY tumor. 1,
expression score of ELAVL2 was non significantly higher in
NIP"E" versus NIP™Y tumors (p=0.43, Mann-Whitney test). m-
0, consecutive sections of a NIP"#" tumor were immunolabeled
for INSM1 (m), SOX11 (n) and ELAVL2 (0); some areas of
the tumor showed a high co-expression of INSM1, SOX11 and
ELAVL2 (arrowheads in m-o). Abbreviations: CP: cortical
plate, IZ: intermediate zone, SVZ: subventricular zone, VZ: ven-
tricular zone.

Figure S8. Kaplan—Meier survival curves and p value of log-
rank test are shown for the variables: (a) age (nuge<4sy=38,
nage>45y:48)a (b) necrosis (nno necrosis:65a nnecrosis:21)a (C)
microvascular proliferation (nno microvascular proliferation:16s
Nmicrovascular proliferation:70)a and (d) NIPhlgh versus NIPlOW
groups (niphigh =34, DNIPlow=2).

Table S1. List of genes and primers for analysis of gene expres-
sion by reverse transcription and PCR.

Table S2. References of gene lists used for GSEA References:
(6, 10, 11, 18, 33, 35, 37, 66).

Table S3. Detailed results of GSEA analysis in the training
series

Abbreviations. ES, Enrichment Score; NES, Normalized Enrich-
ment Score; NOM p-val, Nominal p value; FDR g-val, False
Discovery Rate q value; FWER p-val, Familywise-error rate p
value.

Table S4. Detailed results of GSEA analysis in the validation
series
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Abbreviations. ES, Enrichment Score; NES, Normalized Enrich-
ment Score; NOM p-val, Nominal p value; FDR g-val, False
Discovery Rate q value; FWER p-val, Familywise-error rate p
value.

Table S5. GSEA analysis of NIP"€" versus NIP'Y subgroup for
Gene Ontology and Oncogenic Signaling in the validation series.
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Abbreviations. ES, Enrichment Score; NES, Normalized Enrich-
ment Score; NOM p-val, Nominal p value; FDR g-val, False
Discovery Rate q value; FWER p-val, Familywise-error rate p
value.

Table S6. Neuronal Markers expressed in oligodendroglial tumors
References: (15, 16, 20, 21, 34, 38, 49, 55, 56, 73, 77, 79, 80).
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