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Abstract

The integrated diagnosis of anaplastic oligodendroglioma, IDH mutant and 1p/19q co-
deleted, grade III (039 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 03", Based on pathological, transcriptomic and immunophenotypic studies, a
novel subgroup of newly diagnosed 03 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 03 recurrence
compared to 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 O3 will open new therapeutic avenues overcoming resistance to

current anti-tumor treatments.

Keywords

Anaplastic oligodendroglioma, 1p/19q co-deletion, neuronal intermediate progenitor, embryonic

subventricular zone



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 morphological
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 different oncogenic molecular pathways
with-high clinical relevance were identified, these tumors are now classified by WHO 2016
according to an integrated histomolecular diagnosis combining histological 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 oligodendroglioma IDH-mutant and
1p/19q codeleted (03'9) is a diffuse glioma with chromosome arms 1p/19q co-deletion, IDH (i.e.
IDHI or IDH?2 genes) mutation and one or more criteria of anaplasia (high mitotic activity,
microvascular proliferation, and necrosis) (47). O3 exhibit better prognosis and better
chemosensitivity compared to 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 precursors directly or via neuronal
intermediate progenitors (NIP). After the glial switch, NSC become gliogenic progenitors and
produce: (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 lineage, the transcription
factor INSM1 promotes neuronal fate and expansion of NIP and is downregulated in more
differentiated neuronal 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 traduction of mRNA (1).
The transcription factor SOX11 is involved neuronal differentiation 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 Hopitaux Universitaires La Pitié-Salpétriere, and (ii) a validation
cohort from POLA —prise en charge des tumeurs oligodendrogliales anaplasiques- network
cohort. The training cohort included 33 newly-diagnosed cases: (i) 33 with available tumor tissue
for immunohistochemistry, (ii) 23 with available transcriptome profiling data and (iii) 21 with
enough tumor tissue for targeted expression 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 biological 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
procedures were approved by the ethics committee (Agence de Biomédecine; 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 validation 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. IDHI/2
mutational and chromosome 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'), 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®) (Supplemental 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 IgG (Jackson Immunoresearch
Lab., Inc., Baltimore). Nuclei were labelled with 4',6-Diamidino-2-Phenylindole (DAPI).
Fluorescence microscope Axio Imager Z1 (Zeiss®) was used to acquire signal. The fluorescent
immunolabeling markers (SOX9, INSM1, and marker of proliferation Ki-67) were quantified by

counting single cells. For chromogenic immunolabeling, deparaffinization and immunolabeling



of the sections were performed manually or by a fully automated immunohistochemistry system
Ventana benchmark XT system® (Roche, Basel, Switzerland) using as chromogen: streptavidin—
peroxidase complex with diaminobenzidin, alkaline phosphatase with Fast Red (ultraView
Universal Alkaline Phosphatase Red Detection Kit, Ventana®) or Vector Blue (Vector®). The
chromogenic 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 evaluated by a
score ranging from O 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 labelling x 2) + (percentage area of moderate labelling x 3) + (percentage of intense
labelling x 4). Micrographs were acquired 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 (i.e. lineages from
NSC to neurons, oligodendrocytes and astrocytes) were retrieved from the literature
(Supplemental Table 2, Fig. 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 <0.25, permutations of phenotype (51, 70).

Hierarchical clustering was performed using Babelomics 4.3 with Self Organizing Tree



Algorithm (SOTA) and correlation coefficient of Spearman (50). As a preliminary step, tumor
samples which co-segregate with non-tumor brain were excluded for the following analysis

because they were considered as highly contaminated by non-tumor cells.

Statistical analysis

Discrete variables with normal distribution were compared between two groups by two-tailed t
test; other discrete variables were compared 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 Fisher exact test. A
Bonferroni correction was used when a multiple comparison was performed. Survival analysis

was performed by Kaplan-Meier method and log-rank test.
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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 integrated diagnosis of 03'%) in the training series. CNS cell lineage expression
signatures obtained from previously reported expression arrays were compared between 03
(n=13) versus non 1p/19q co-deleted AOT (n=10) using GSEA (Fig. 1a,b; Supplemental Table
3). Although not reaching statistically significant thresholds, the only enrichments observed in
03" 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) versus non-
tumor brain samples (n=6). In addition, NFIA was significantly underexpressed in O3 id compared
to non 1p/19q co-deleted AOT (n=7) (Supplemental Fig. 1).

In the same line, immunolabeling showed that the ratio of NFIA-positive/total tumor cells
was lower in 03“ than in non 1p/19q co-deleted AOT (0.33 versus 0.79 respectively, nosig =14

and n=190n 1p/19q co-deleted aoT, P=0.0007, Supplemental Fig. 1).

03 share features with embryonic subventricular zone containing NIP
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NIP are located in the embryonic subventricular zone (eSVZ) which is located between
the ventricular zone (VZ) containing the NSC/apical progenitors and the intermediate zone (I1Z)
containing axonal processes and migrating neuronal precursors (Fig. 1c, d).

03" cells were morphologically closer to NIP (at gestational week 19 when
corticogenesis is ongoing) than adult oligodendrocytes (Fig. le-g). Indeed, similarly to O3
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 network with “chicken wire” branching (31, 75) (Fig. 1h-
i), and (ii) 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 (Supplemental Fig. 2).

Finally, the most commonly mutated genes in 039 are CIC, FUBPI, NOTCH?2 and
TCF12 (9, 40) were reported highly expressed in the eSVZ on mouse embryos in public atlas

(Supplemental Fig. 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™" sugbroup (n=7/13, 54%) contained 03 exhibiting higher expression
of NIP and OPC genes. The other 03 were considered as the NIP*¥ subgroup (n=6/13, 46%)
and showed higher expression of genes associated with gliogenic progenitors, astrocytes and

high

mature oligodendrocytes compared to NIP™=" subgroup (Fig. 2a,b).
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Similarly to the results obtained in the training set, O3'¢ overexpressed gene lists of the
neuronal lineage in the multicentric validation cohort including 73 1p/19q co-deleted AOT and
21 non 1p/19q co-deleted AOT (Supplemental Fig.4; Supplemental Table 4). A NIP" subgroup
(n=27/73, 37%) and a NIP'" subgroup (n=46/73, 63%) of 03 were identified (Supplemental

Fig. 5).

NIP"$" 03 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
(Supplemental Fig. 6) and which drives NIP specification and expansion (14, 22, 42), (ii)
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 NIP"€" 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, Fig. 3a-c).

The proportion of tumor cells expressing INSM1 was significantly higher in NIP"€" 03"
compared to NIP°" 03 and to non 1p/19q co-deleted AOT (nniphigh=11, nNiplow=16, Nnon 1p/19q co-
deleted AoT =8 p=0.0163, Kruskall-Wallis) (Fig. 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+
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OPC-like cells (Fig. 3g-j). Interestingly, INSM 1+ and SOX9+ tumor cells both proliferate (Fig.
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"#" versus
NIP®™  tumors (nNtphigh=12, nNplow=16, mean score SOXIInphign=273 +46, mean score
SOX11nwpiow= 248 +74, SOX11 p=0.53; mean score ELAVL2niphign= 206 +104, mean score
ELAVL2Npiow= 177 295, ELAVL2 p=0.43, Mann-Whitney test). Tumor areas with INSM1

expression showed higher expression of SOX11 and ELAVL2 (n=6, Supplemental Fig. 7).

NIP"8" 03 clinico-patho-biological characteristics compared to NIP”" 03
Age, sex, brain location, mitotic activity, and INA expression were not significantly
different between NIP™€" and NIP'*™ 03 tumors or patients (Table 2). Necrosis was significantly

high

more--abundant in NIP subgroup versus NIP*Y subgroup (p=0.0034). Microvascular

heh subgroup versus NIP" subgroup with

proliferation was significantly more frequent in NIP
non adjusted 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"¥ subgroups (nN1Phigh=34, NNtPIow=52,

p=0.582, Supplemental Figure 8) but older age had a worse prognosis (Nage<asy=38, Nages45y=48,

p=0.013) and necrosis and microvascular proliferation showed a trend for shorter survival (ny,
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necrosis=03s Mnecrosis=21, P=0.055, and Nyo microvascular proliferation=16, Nmicrovascular proliferation=/0, p=0.074
respectively).

GSEA for GeneOntology lists found an enrichment in NIP™®" subgroup versus NIP'Y
subgroup for genes involved in DNA metabolism, RNA metabolism, DNA methylation and
histones methylation (Supplemental 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 retinoblastoma and EZH2.

A significant increase of the ratio of INSM 1+ tumor cells/total tumors cells was observed
in a cohort of 8 03" compared to their paired newly-diagnosed 1p/19q co-deleted tumors (paired

t test, p=0.03) (Fig. 4).
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Discussion

Over the last years, significant advances have been accomplished in deciphering
intertumor heterogeneity in anaplastic diffuse gliomas (71). In contrast, intratumor cell
phenotypic heterogeneity has been less investigated. Transcriptomic classification of
glioblastoma identified a “proneural” signature which is enriched in 03" (20, 76). Nevertheless,
the “proneural” signature associates genes of oligodendroglial and neuronal lineages and thus
does not correspond exactly to the proneural specification program governing neuronal versus
glial lineages in the normal CNS. Therefore, the current work was focused in deciphering the
intertumor and intratumor heterogeneity of tumor cell phenotype compared to CNS lineages.

It has been recently demonstrated that the cell of origin of oligodendroglioma is OPC (45,
61) and it is admitted that oligodendroglioma cells mimic normal oligodendroglial lineage (46).
However; we have observed enrichment for gene expression of neuronal lineage (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 downregulated
after embryonic development and are not expressed by adult neurons (2, 22, 42) (Supplemental
Fig. 6). In addition, the neuronal phenotype of some tumor cells was confirmed by INSMI
expression in IDH1 R132H immunoreactive cells. Nonetheless, 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'“.; SOX 11 expression in high grade gliomas was reported (78) and SOX11 overexpression in
xenografted human gliomas cells promoted neuronal differentiation (69). ELAVL2 expression
was-reported in glioblastoma (65) but not in oligodendroglioma. We observed a co-expression of

INSM1, ELAVL2 and SOXI11 in the same tumor areas which supports the activation of a
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neurogenesis gene network in a tumoral subpopulation rather than a random and uncoupled
expression of these markers across the tumor bulk. INSM1 expression corresponds to the more
immature step of NIP expansion in comparison to ELAVL2 and SOX11 which drive neuronal
differentiation. Higher expression of INSM1 in NIP"&" versus 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 —e.g. INA in tumors
with honeycomb “oligodendroglial” morphology (19-21) and see Supplemental 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 recurrently mutated in 03" (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 O3 have a NIP phenotype, embryonic 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 NIP"e" subgroup and CIC, FUBPI, NOTCH2,
TCF12 could have roles in both neuronal and oligodendroglial lineages which require further

studies. CIC and NOTCH?2 are expressed in cerebellar neuronal precursor and NOTCH2 was
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shown to inhibit differentiation and to maintain proliferation (44, 67). Notch signaling had a
tumor suppressor role in a murine glioma 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 neurogenesis 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
promote 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 phenotypes 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). Maintained 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 astrocytomas (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 consistent with SOX9 and NFIA controlling gliogenesis mainly along the astrocytic
lineage in the integrated diagnosis of anaplastic astrocytoma, /IDH-mutant. By contrast, oD3
showed lower expression of SOX9 and sparse NFIA expression consistent with rarer astrocytic

cells. We showed, for the first time to the best of our knowledge, the possibility to distinguish
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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 /DH-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"€" 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 significant differences in genetic alterations between
both subgroups. The enrichment in the NIP"€" subgroup of lists involved in DNA methylation
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
NIP"#" subgroup, and (ii) increase of INSM1 expression in relapses. The increase of the NIP™"
phenotype. during tumor progression could result from tumor dedifferentiation 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 oD34 (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"Y subgroup (26% and 12%
respectively) but NIP"€" phenotype did not have prognostic value. We propose that NIP"&"

phenotype is associated to more aggressive OD3" rather than an independent prognostic factor.
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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
understanding of OD3' biology and open new therapeutic avenues considering neuronal cell

lineage.

Supplementary Material

Supplementary material (supplemental figures) is available.
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Figure legends

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. Significant
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 differentiating neurons. e, neuronal intermediate progenitors (arrowhead) in the
human fetal GW19 SVZ (H&E) are identified by INSM1 immunostaining (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.
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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, [Z:
intermediate zone, NES: Normalized Enrichment Score, NIP: neuronal intermediate progenitor,
NP: neuronal precursor, NSC: neural stem cells, OPC: oligodendrocyte progenitor cell, OD3:
anaplastic oligodendroglioma (grade III), SVZ: subventricular zone, VL: lateral ventricle, VZ:

ventricular zone. Scale bars. C: 250 um, E-G: 5 um, H: 25 um, I: 50 um.

Figure 2. Hierarchical clustering of tumors according to the expression of genes of the
gliogenic progenitor versus NIP.

. high
a, columns correspond to tumors and lines correspond to genes. NIP"®

subgroup contained
1p/19q co-deleted AOT clustering together with higher expression of NIP genes. NIP"" subgroup
contained the other 1p/19q co-deleted AOT. b, WHO 2016 histological and integrated diagnoses
and molecular markers are indicated for each tumor. Abbreviations: A3, IDH-mutant: anaplastic
astrocytoma, IDH-mutant; GBM, IDH-mutant: glioblastoma, IDH-mutant; GBM, IDH-wildtype:

glioblastoma, IDH-wildtype; IHC: immunohistochemical; OA3: anaplastic oligo-astrocytoma;

OD3: anaplastic oligodendroglioma.

Figure 3. INSM1 immunolabelling in anaplastic oligodendroglial tumors

a-c, three sections of the same anaplastic oligodendroglial tumor of the NIP"%"

subgroup were
immunolabeled for IDH1 R132H (brown signal in a, ¢), and INSM1 (blue signal in b, ¢). Some
tumor cells showed cytoplasmic immunolabeling for IDH1 R132H and nuclear immunolabeling
for INSMT1 (c). d, e, immunolabeling of INSM1 (brown signal) and counterstaining (blue signal)

in anaplastic oligodendroglioma of the NIP"#" and NIP'"" subgroups. f, quantification of INSM1

immunolabeling in NIP"" yersus NIP' and non 1p/19q co-deleted tumors with significant
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difference (p=0.0163 Kruskall-Wallis test; asterisk NIP"€" versus NIP'" p=0.0454; asterisk
NIP"" versus non 1p/19q co-deleted AOT p=0.0143; Mann-Whitney test).

hish subgroup by

g-i, double immunolabelling of an anaplastic oligodendroglial tumors of the NIP
INSMT (green, g, i) and SOXO9 (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 NIP"#" subgroup by INSM1 (green, k, m) and Ki-67 (red, 1, 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: 10um, D-E: 50 pm. G-I, K-M: 20 um.

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 relapse. Pairs of tumors are linked by a line. Asterisk correspond to 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.
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species antigen dilution reference provider
rabbit polyclonal ELAVL2 1/500 14008-1-AP Proteintech
mouse monoclonal H09 | IDH1 R132H 1/50 DIA-HO09 Dianova
mouse monoclonal 2E3 INA 1/100 NB300-140 | Novus Biologicals
goat polyclonal Ki67 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 HPAO000356 Sigma-Aldrich

Table 1. List of primary antibodies used for immunohistochemisry

Brain Pathology Editorial Office, Blackwell Publishing, Oxford, UK
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NIPhigh NIPlow
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
OD3 32 45 p=0.470 NS, Fisher
OA3 2 7
Mitoses per 10 high power
fields 11.3 (7.7 n=30) 9.5(7.0n=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 I[HC + 33 46 p=0.236 NS, Fisher exact test
INA IHC - 1 6
(by
IDH mutant 30 51 definition)
IDH wt 1 1
CIC mutated 14 15 p=0.244 NS, chi 2 test
CIC wt 7 16
(by
1p/19q co-del 34 52 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

Table 2. Clinico-patho-biological characteristics of NIP"" and NIP"" subgroups of
oligodendrogliomas

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; S, significant; wt, wildtype, y: years.

Brain Pathology Editorial Office, Blackwell Publishing, Oxford, UK
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Gene ;ﬂ
Symbols Protein Names F R )
APCDDI1 l/)\r((i)cttgi(:lmatosis polyposis coli down-regulated 1 cgectectgetcagatace gatgaaggagggcagaacc 23
CD44 CD44 antigen gacaccatggacaagttttgg cggcaggttatattcaaatcg 13
NG2 Chondroitin sulfate proteoglycan 4 gagaggcagctgagatcagaa tgagaatacgatgtctgcaggt 78
DCX Neuronal migration protein doublecortin aagagccctggtectatge tagagagctggctgetgga 78
GCSFR Granulocyte colony-stimulating factor receptor ccacactcaggcctttctct tgtggggtatggctggag 27
GFAP Glial fibrillary acidic protein agagggacaatctggeaca cagcctcaggttggtttcat 29
IQGAP1 | Ras GTPase-activating-like protein IQGAP1 tgtgcaaaattctatgcagett ggcagtcaccccagagatag 52
MMD2 Monocyte to macrophage differentiation factor 2 | accatctcctggaagaagage catccggtcgaacatgtgta 31
MYC Myc proto-oncogene protein getgettagacgetggattt taacgttgaggggcatcg 66
NANOG | Homeobox protein NANOG agatgcctcacacggagact tttgcgacactcttetetge 31
NES Nestin tgcgggctactgaaaagttc tgtaggeectgtttctectg 76
NFIA Nuclear factor 1 A-type tcgatttatatttggeatactttgtg | ggtccttaatgtcagegtcac 20
OLIG2 Oligodendrocyte transcription factor 2 agctcctcaaatcgeatec atagtcgtcgeagctttcg 12
PDPN Podoplanin aaatgtcgggaaggtactcg agggcacagagtcagaaacg 74
POUSF1 | POU domain, class 5, transcription factor 1 caatttgccaageteetga agatggtcgtttggctgaat 35
PROM1 Prominin-1 tccacagaaatttacctacattgg | cagcagagagcagatgacca 83
SMAD1 Mothers against decapentaplegic homolog 1 tgtgtactatacgtatgagctttgtga | taacatcctggeggtggta 32
SOX2 Transcription factor SOX-2 ctccgggacatgatcage ggtagtgetgggacatgtgaa 3
SOX9 Transcription factor SOX-9 gtacccgeacttgecacaac tegctctegttcagaagtctc 61
STAT3 Signal transducer and activator of transcription 3 | cccttggattgagagtcaaga aagcggctatactgctggtc 14
TCF7L1 Transcription factor 7-like 1 ccatgaacgcctcgatgt gagccaccatgtgaggaga 54
ZCCHC24 | Zinc finger CCHC domain-containing protein 24 | cctgcactccagetatctca gececttgtacacactgttge 11
HPRT1 Hypoxanthine-guanine phosphoribosyltransferase | tgaccttgatttattttgcatacc cgagcaagacgttcagtcct 73
TBP TATA-box-binding protein cggctgtttaacttcgette cacacgccaagaaacagtga 3
Supplemental Table 1. List of genes and primers for analysis of gene expression by
reverse transcription and PCR.

1

Brain Pathology Editorial Office, Blackwell Publishing, Oxford, UK




Brain Pathology

Number of
Gene list names genes Cell types References
NSC 1 243 Adult neural stem cells (6)
NSC 2 25 Embryonic neural stem cells (35)
Neuronal intermediate
NIP 39 progenitors (35)
NP1 469 Neuronal precursors (37)
NP 2 10 Neuronal precursors (10)
Neurons 1 1717 Neurons (11)
Neurons 2 518 Neurons (18)
Gliogenic progenitors 9 Gliogenic neural stem cells (33)
OPC1 314 Oligodendroglial Progenitor cells (18)
OPC2 408 Oligodendroglial Progenitor cells (66)
OPC3 3873 Oligodendroglial Progenitor cells (11
Oligodend. 1 1640 Mature Oligodendrocytes (11)
Oligodend. 2 444 Oligodendrocytes (18)
Oligodend. 3 1857 Oligodendrocytes (11)
APC 1030 Astrocyte precursor cells (11)
Astrocyte 1 126 Astrocytes (6)
Astrocyte 2 2264 Astrocytes (11)
Astrocyte 3 919 Mature Astrocytes (11)
Astrocyte 4 615 Astrocytes (18)

Supplemental Table 2. References of gene lists used for GSEA

Brain Pathology Editorial Office, Blackwell Publishing, Oxford, UK
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Lists enriched in 1p/19q codeleted anaplastic oligodendroglial tumors

FWER RANK

Gene list Names ES NES NOM p-val FDR g-val p-val AT MAX
NP 2 0.812  1.196 0.274 1.000 0.638 3599
NIP 0.558  1.127 0.352 0.802 0.728 1922
OPC 1 0356  1.067 0.318 0.679 0.787 2522
NP 1 0.309  1.008 0.449 0.624 0.839 3105
Neurons 1 0322 0.845 0.660 0.782 0.928 2639
Neurons 2 0327 0.771 0.725 0.767 0.960 1987

Lists enriched in non 1p/19q codeleted anaplastic oligodendroglial tumors
FWER RANK

Gene list Names ES NES NOM p-val FDR g-val p-val AT MAX
Astrocyte 2 -0.560 -1.488 0.021 0.159 0.093 3945
Astrocyte 3 -0.536 -1.439 0.025 0.152 0.172 3918
Oligodend. 1 -0.440 -1.438 0.034 0.102 0.172 4115
NSC 2 -0.847 -1.432 0.014 0.082 0.182 2756
Astrocyte 4 -0.675 -1.422 0.030 0.073 0.191 2891
Astrocyte 1 -0.651 -1.415 0.012 0.065 0.201 3125
NSC 1 -0.581 -1.401 0.047 0.068 0.226 3178
Oligodend. 2 -0.538  -1.323 0.154 0.127 0.358 3741
Oligodend. 3 -0.354  -1.276 0.155 0.165 0.447 4285
OPC2 -0.445  -1.222 0.066 0.213 0.554 1971
OPC3 -0.304 -1.083 0.290 0.371 0.760 3540
Gliogenic progenitors -0.562 -1.061 0.404 0.371 0.788 4590
APC -0.343  -1.060 0.333 0.344 0.788 2988

Supplemental Table 3. Detailed results of GSEA analysis in the training series
Abbreviations. ES, Enrichment Score; NES, Normalized Enrichment Score; NOM p-
val; Nominal p value; FDR g-val, False Discovery Rate q value; FWER p-val, Familywise-

error rate p value.
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Lists enriched in 1p/19q codeleted anaplastic oligodendroglial tumors
FWER RANK

Gene list Names ES NES NOM p-val FDR g-val p-val AT MAX
NP 1 0.422  1.252 0.188 0.713 0.544 2224
NIP 0.626  1.192 0.285 0.490 0.645 1045
NP 2 0.775  1.191 0.296 0.327 0.645 2276
Neurons 1 0.373  0.909 0.567 0.687 0.912 2476
Neurons 2 0.336  0.740 0.777 0.807 0.972 2274

Lists enriched in non 1p/19q codeleted anaplastic oligodendroglial tumors
FWER RANK

Gene list Names ES NES NOM p-val FDR g-val p-val AT MAX
APC -0.474  -1.326 0.070 1.000 0.393 3276
NSC 1 -0.484  -1.318 0.119 0.647 0.411 3086
Astrocyte 2 -0.434  -1.227 0.206 0.748 0.558 3743
Astrocyte 4 -0.512  -1.168 0.299 0.765 0.655 3705
NSC2 -0.643  -1.147 0.339 0.678 0.687 2321
OPC3 -0.313  -1.027 0.391 0.889 0.813 3350
Oligodend. 2 -0.439  -1.019 0.452 0.786 0.821 4400
Oligodend. 1 -0.329  -1.018 0.446 0.689 0.821 4292
Oligodend. 3 -0.298  -1.008 0.426 0.638 0.831 4289
Astrocyte 3 -0.335  -0.885 0.635 0.801 0.914 3705
OPC 2 -0.363  -0.884 0.712 0.730 0.914 2551
Astrocyte 1 -0.395  -0.866 0.692 0.704 0.925 2000
OPC 1 -0.343  -0.846 0.692 0.687 0.943 3461
Gliogenic progenitors -0.409  -0.703 0.830 0.853 0.976 1412

Supplemental Table 4. Detailed results of GSEA analysis in the validation series
Abbreviations. ES, Enrichment Score; NES, Normalized Enrichment Score; NOM p-
val, Nominal p value; FDR g-val, False Discovery Rate q value; FWER p-val, Familywise-

error rate p value.
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i. Gene Ontology gene lists significantly enriched in NIP"" subgroup versus NIP"" subgroup

NOM | FDR FWER | RANK
NAME ES NES |p-val [g-val [p-val |AT MAX
HELICASE ACTIVITY 0.622]1.982| 0.002| 0.008| 0.010 5534
ATP DEPENDENT HELICASE ACTIVITY 0.643 | 1.857| 0.004 | 0.032| 0.077 5443
RNA HELICASE ACTIVITY 0.599|1.822| 0.004| 0.034| 0.115 5534
DNA HELICASE ACTIVITY 0.711]1.782] 0.000| 0.047| 0.199 5443
RIBONUCLEOPROTEIN BINDING 0.687 | 1.737] 0.010| 0.065| 0.321 3019
TRANSLATION _FACTOR ACTIVITY NUCLEIC A
CID BINDING 0.541|1.710| 0.038| 0.078| 0.409 6421
RNA BINDING 0.393 | 1.687| 0.014| 0.087| 0.477 6066
RNA DEPENDENT ATPASE ACTIVITY 0.606 | 1.667| 0.014| 0.098 | 0.559 4894
HORMONE RECEPTOR BINDING 0.555|1.656| 0.025| 0.098 | 0.594 5966
ATP DEPENDENT DNA HELICASE ACTIVITY | 0.736 | 1.655| 0.002| 0.089| 0.594 5443
ATP DEPENDENT RNA HELICASE ACTIVITY 0.613 ] 1.648 | 0.014| 0.086| 0.623 4894
NUCLEAR HORMONE RECEPTOR BINDING 0.562 | 1.636| 0.027 | 0.090| 0.666 5966
METHYLTRANSFERASE ACTIVITY 0.521]1.633] 0.004| 0.086| 0.674 2924
RNA POLYMERASE ACTIVITY 0.634 | 1.625| 0.032| 0.087| 0.704 4718
HYDROLASE_ACTIVITY HYDROLYZING N_GL
YCOSYL COMPOUNDS 0.652 | 1.588| 0.029| 0.118| 0.818 2554
DAMAGED DNA BINDING 0.611]1.559] 0.054| 0.148| 0.878 2590
TRANSLATION REGULATOR ACTIVITY 0.463 | 1.556| 0.076| 0.143| 0.883 6421
BETA TUBULIN BINDING 0.574|1.555| 0.027| 0.136| 0.885 1945
CHROMATIN BINDING 0.626 | 1.548 | 0.026| 0.138| 0.899 3802
STRUCTURAL CONSTITUENT OF RIBOSOME 0.577|1.541] 0.082| 0.140| 0.920 6597
SINGLE STRANDED DNA BINDING 0.510| 1.541] 0.065| 0.134| 0.920 6535
ENDONUCLEASE ACTIVITY_GO 0016893 0.702 | 1.526 | 0.028 | 0.147| 0.934 1929
DNA DEPENDENT ATPASE ACTIVITY 0.703 | 1.525] 0.027| 0.141| 0.935 5443
PROTEIN METHYLTRANSFERASE ACTIVITY 0.622 | 1.516| 0.044 | 0.146| 0.947 2843
HISTONE METHYLTRANSFERASE ACTIVITY 0.670 | 1.501 | 0.045] 0.160| 0.964 2843
TRANSLATION INITIATION FACTOR ACTIVITY | 0.500 | 1.490 | 0.092| 0.168| 0.967 6919
3 5 EXONUCLEASE ACTIVITY 0.564|1.478| 0.103 | 0.179| 0.976 3858
RNA _SPLICING FACTOR_ACTIVITYTRANSESTE
RIFICATION MECHANISM 0.532]1.473]0.100| 0.180| 0.979 4610
MOTOR ACTIVITY 0.605| 1.467| 0.073 | 0.182| 0.982 455
NUCLEOTIDYLTRANSFERASE ACTIVITY 0.438 | 1.463| 0.057 | 0.182| 0.984 2244
DOUBLE STRANDED DNA BINDING 0.505| 1.447| 0.078 | 0.199| 0.990 2590
METALLOENDOPEPTIDASE ACTIVITY 0.579 | 1.446 | 0.061 | 0.195| 0.990 4329
S_ADENOSYLMETHIONINE__DEPENDENT_METH
YLTRANSFERASE ACTIVITY 0.501 | 1.443] 0.057| 0.192| 0.990 2843
DEOXYRIBONUCL_EASEiACTIVITY 0.500| 1.442] 0.091 | 0.188] 0.991 5166
STRUCTURE_SPECIFIC DNA_ BINDING 0.446 | 1.436| 0.066| 0.191| 0.992 5253
MICROTUBULE MOTOR ACTIVITY 0.747|1.419] 0.076| 0.210| 0.995 455
HISTONE ACETYLTRANSFERASE ACTIVITY 0.646 | 1.418| 0.081 | 0.206| 0.995 4837
DNA DIRECTED DNA POLYMERASE ACTIVITY | 0.598|1.408| 0.111| 0.214| 0.998 3774

il. Oncogenic Signalling gene lists significantly enriched in NIP"e subgroup versus NIP"" subgroup

NOM |FDR |FWER | RANK
NAME ES NES |p-val [g-val [p-val |AT MAX
RPS14 DN.V1 DN 0.534]1.477] 0.049| 0.362| 0.404 2383
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MYC_UP.V1_UP 0.467)1.458| 0.066| 0.221| 0.461 2441
GCNP_SHH_UP_LATE.V1 _UP 0.441]1.404] 0.090| 0.256| 0.585 2430
CSR_LATE UP.V1 _UP 0.502]1.399] 0.081 | 0.200| 0.591 3078
PRC2 EZH2 UP.V1 UP 0.479]11.376| 0.078 | 0.200 | 0.640 899
GCNP_SHH UP _EARLY.V1 _UP 0.407]1.368] 0.097| 0.178| 0.663 1138
RB_P107_DN.V1 _UP 0.507|1.314| 0.152| 0.233| 0.750 3329
RB_P130 DN.V1 _UP 0.38911.309] 0.089| 0.214| 0.757 2034
VEGF_A UP.V1 DN 0.457]1.281] 0.140| 0.231| 0.798 2951
E2F1 _UP.V1 _UP 0.385]1.272] 0.162| 0.222| 0.808 1756

Supplemental Table 5. GSEA analysis of NIP"" versus NIP'" subgroup for Gene Ontology and

Oncogenic Signalling in the validation series.

Abbreviations. ES, Enrichment Score; NES, Normalized Enrichment Score; NOM p-

val, Nominal p value; FDR g-val, False Discovery Rate q value; FWER p-val, Familywise-

error rate p value.
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Neuronal markers References
INA/internexine alpha (20,21)
synaptophysin (16, 38,49,56,79)
chromogranin (77)
neurofilament H (15,73,79)
béta-tubulin class II1 (34),

subunit 1 of NMDAR (80)

MYT1L, RIMS2, SNAP97, SNCB (55)

Supplemental Table 6. Neuronal Markers expressed in oligodendroglial tumors
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Supplemental Figure Legends

Supplemental Figure 1. RT-qPCR and immunohistochemistry for lineage markers of
central nervous system 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,c, RT-qPCR in anaplastic 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: embryonic 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. ¢, pairwise comparison by Wilcoxon rank sum test of the level
of expression for the markers with significant Kruskal-Wallis test. *: p <0,05; **: p<0,01; ***
p<0,001. d-f, NFIA immunolabeling 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
innon 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: oligodendrocyte

progenitor cell.
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Supplemental Figure 2. Internexin alpha immunolabeling.

Internexin alpha (INA) immunolabeling was positive in adult human neurons (a,c), negative
in adult human oligodendrocytes (b,d). e,f, double immunolabeling of INA and OLIG2
showed that oligodendrocytes 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).

Supplemental Figure 3. Murin homologs of genes frequently mutated in 1p/19q co-
deleleted 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

(ii1) Brain Gene Expression Map (http://www.stjudebgem.org) (Magdaleno et al., 2006).

Sections are shown with rostral on the left, dorsal on the top, ventricular zone (solid
arrowhead) and subventricular zone (open arrowhead) for Cic (a), Olig2 (b), Notch2 (c),
Tcf12 (d), Fubpl (e) and Cux2 (f). Olig2 and Cux2 are shown to localize the subventricular
zone. Cic, Notch2, Fubpl and Tcf2 were expressed in embryonic subventricular zone. g, level
and expression pattern of genes shown in a-f are summarized with gray scale (low expression
in light grey and high expression in dark grey). Abbreviations: svz, subventricular zone; vz,

ventricular zone.
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Supplemental Figure 4. 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 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. Abbreviations.
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.

Supplemental Figure 5. Hierarchical clustering of anaplastic oligodendroglial 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 signature. Columns correspond to
tumors and lines correspond to genes. NIP"®" subgroup corresponded to 1p/19q co-deleted
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.
Abbreviations: 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; O3id:
integrated diagnosis of anaplastic oligodendroglioma, IDH-mutant and 1p/19q co-deleted;

OD3,; anaplastic oligodendroglioma.
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Supplemental Figure 6. INSM1 immunolabeling in non tumor 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 neuroendocrine

carcinoma (d).

Supplemental Figure 7.

a, schema of the fetal cerebral cortex. Neural stem cells in the ventricular zone (VZ) produce
neuronal intermediate progenitor (NIP) which migrate to the suubventricular 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. SOX11 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 maintained expression in neuronal
precursor of 1Z 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
NIP"" tumor. j, expression score of SOX11 was non significantly higher in NIP"€" versus
NIPY tumors (p=0.53, Mann-Whitney). k, high expression of ELAVL2 in a NIP"E" tumor. 1,
expression score of ELAVL2 was non significantly higher in NIP"E" versus NIP'" tumors
(p=0.43, Mann-Whitney test). m-o, consecutive sections of a NIP"&" tumor were
immunolabeled for INSM1 (m), SOX11 (n) and ELAVL2 (0); some arcas 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:

ventricular zone.

Brain Pathology Editorial Office, Blackwell Publishing, Oxford, UK



Brain Pathology Page 54 of 62

Supplemental Figure 8.

Kaplan-Meieir survival curves and p value of log-rank test are shown for the variables: (a)

age (Nage<sasy=38, Nage-45y=48), (b) necrosis (Nno necrosis=65, Nnecrosis=21), (€¢) microvascular
. . _ _ high

prOllferathﬂ (nno microvascular proliferation_16, Nmicrovascular proliferation_70), and (d) NIP £ versus

NIP*Y groups (nxiphigh=34, NNrplow=52).
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