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Abréviations

a-KT: alpha-cetoglutarate

ATRX: alpha thalassemia/mental retardation syndrome X-linked
B: brainstem

DNA: deoxyribonucleic acid

F: female

FLAIR : fluid attenuation inversion recovery

Fr: frontal

GBM : glioblastome

HIF : Hypoxia Inducible Factor

IDH: Isocitrate DesHydrogénase

LOH : loss of expression

M: male

MO : maladie d’Ollier / OD : Ollier disease

MS : maffucci syndrome / SM : syndrome de Maffucci
NADP+ / NADPH: nicotinamide adenine dinucleotide
OAII/II: grade 11/111 oligo-astrocytoma

OMS : Organisation Mondiale de la Santé

Oll: grade Il oligodendroglioma

P: parietal

PDGFRA : Platelet-derived growth factor receptor alpha
T: temporal

2HG: R(-)-2-hydroxyglutarate



Introduction

Les gliomes diffus de 1’adulte correspondent aux tumeurs cérébrales primitives du systeme
nerveux central les plus fréquentes [49]. Leur incidence est estimée a 3000 nouveaux cas par
an en France [7].

Les caractéristiques histologique et moléculaire de ces tumeurs permettent de les classer en

plusieurs entités de comportement, évolution et pronostic différents.

Dans la classification OMS, les gliomes sont classés en fonction de leur phénotype et de leur
grade. Ainsi, il s’agira d’un oligodendrogliome si 1’aspect des cellules tumorales évoque celui
d’un oligodendrocyte, ou d’un astrocytome s’il évoque celui d’un astrocyte. Le grading prend
en compte la densité cellulaire, 1’existence de mitoses, d’atypies cytonucléaires, d’une
prolifération endothélo-capillaire et de nécrose.

On distingue ainsi classiquement les tumeurs de bas grade (grade 11 ou I1l), en opposition aux
tumeurs de haut grade, appelées glioblastomes (GBM, grade V). L’évolution naturelle des
tumeurs de bas grade comprend deux phases: une premiére phase de croissance lente et
continue avec une augmentation du diamétre tumoral d’environ 4mm/an, puis une seconde
phase de virage anaplasique avec augmentation de I’agressivité de la tumeur. Les

glioblastomes sont d’emblée agressifs.

Cette classification basée sur I’histologie est complétée par 1’analyse moléculaire, permettant
d’identifier des sous-groupes de pronostics variables [12].

Dans le cas des gliomes de bas grade, I’anomalie génétique la plus fréquemment retrouvée
est une mutation du géne de 1’Isocitrate DesHydrogénase (IDH). Ce géne code pour deux
enzymes homodimériques, IDH1 et IDH2, dont la fonction est de catalyser la conversion de
I’isocitrate en alpha-cetoglutarate (a-KT). Parallelement & cette réaction, elles permettent la
réduction du nicotinamide adenine dinucleotide NADP+ en NADPH. Lorsque ces protéines
sont mutées, elles perdent leur fonction enzymatique normale et gagnent une nouvelle
fonction, celle de produire 1’oncométabolite R(-)-2-hydroxyglutarate (2HG). 2HG inhibe de
maniere compétitive les enzymes dépendantes de 1’a-KT, jouant ainsi un role crucial dans la

régulation des génes et 1’homéostasie des tissus. La mutation IDH, en modifiant



I’épigénétique des cellules gliales (méthylation, modification des histones..), serait ainsi

précocement impliquée dans I’initiation de la gliomagénése [58].

De maniere schématique, on distingue 3 grands groupes de gliomes de bas grade :

- Les gliomes présentant 1’association de la mutation d’IDH et la présence d’une
codélétion 1p/19g. Ce groupe correspond aux gliomes présentant une chimio-
sensibiliteé et le meilleur pronostic en termes de survie (médiane 15 ans).

- Les gliomes avec mutation IDH sans codélétion 1p/19g. Ce groupe de pronostic
intermédiaire est souvent associé a la présence d’une inactivation du géne ATRX. La
survie médiane sera alors de 7 ans.

- Les gliomes sans mutation IDH ni codélétion 1p/19g. Ces tumeurs évoluent de
maniere plus agressive et leur profil moléculaire est tres proche de celui des

glioblastomes. La survie médiane est proche de celle des glioblastomes.

Les glioblastomes correspondent aux tumeurs gliales les plus agressives (grade IV de ’OMS).
On distingue les GBM de novo (90%), et des GBM compliquant I’évolution d’un gliome de
grade Il ou Il (10%). Ces tumeurs sont incurables avec une médiane de survie de 15 mois

malgré un traitement optimal [42].

Le seul facteur de risque de développer un gliome acquis démontré correspond a 1’exposition
aux radiations ionisantes. Une histoire familiale de cancers est retrouvée dans 5% des cas,
s’intégrant parfois dans un syndrome de prédisposition génétique (neurofibromatose de type I
ou Il, syndrome de Li-Fraumeni, syndrome de Turcot, ou la sclérose tubéreuse de
Bourneville) [30]. Cependant dans la majorit¢ de cas familiaux, I’anomalie génétique est
inconnue, malgré la description de plus en plus fréquente de polymorphisme de susceptibilité

aux gliomes [13].

Les enchondromatoses, dont ce travail fait 1’objet, semblent également prédisposer aux
gliomes [44].

La maladie d’Ollier (MO) et le syndrome de Maffucci (SM) sont des pathologies rares
caractérisées par la survenue d’enchondromes multiples. Les patients développent des
tumeurs osseuses dans I’enfance, responsables de problémes essentiellement orthopédique et
rhumatologique. Dans un second temps, ces patients présentent un sur-risque de développer

des cancers, notamment des chondrosarcomes dans le cadre d’une dégénérescence
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d’enchondromes. Ils présentent également un risque accru de développer un gliome,

typiquement associé a une mutation du gene IDH [46].

Chez plusieurs patients atteints d’enchondromatose multiple, la méme mutation d’IDH était
retrouvée sur I’analyse de plusieurs tumeurs de chaque patient (enchondrome, gliome et
hémangiome par exemple), alors que 1’analyse des tissus sains chez ces patients ne présentait
pas la mutation (sang, peau saine par exemple) [38]. C’est ainsi que I’hypothése d’une
mosaique a 1’origine de cette maladie a été proposée. Par ailleurs, plusieurs patientes atteintes
de ces syndromes ont donné naissance a des enfants indemnes de ces maladies. Ainsi, il a
récemment été avancé comme hypothése que ces affections (MO et SM) sont dues a
I’acquisition post-zygotique d’une mutation d’IDH responsable d’un mosaicisme somatique

[38; 41].
L’objectif de ce travail consistait a décrire les caractéristiques des gliomes survenant dans le

cadre d’une enchondromatose multiple, et a les comparer a celles de gliomes associés a une

mutation sporadique d’IDH.
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Abstract

IDH mutations are found in the majority of adult, diffuse, low-grade and anaplastic gliomas
and are also frequently found in cartilaginous tumors. Ollier disease and Maffucci syndrome
are two enchondromatosis syndromes characterized by the development of multiple benign
cartilaginous tumors due to post-zygotic acquisition of IDH mutations. In addition to skeletal
tumors, enchondromatosis patients sometimes develop gliomas. The aim of the present study
was to determine whether gliomas in enchondromatosis patients might also result from
somatic IDH mosaicism and whether their characteristics are similar to those of sporadic
IDH-mutated gliomas. For this purpose, we analyzed the characteristics of 6 newly diagnosed
and 32 previously reported cases of enchondromatosis patients who developed gliomas and
compared them to those of a consecutive series of 159 patients with sporadic IDH-mutated
gliomas. As was the case with sporadic IDH mutated gliomas, enchondromatosis gliomas
were frequently located in the frontal lobe (54 %) and consisted of diffuse low-grade (73 %)
or anaplastic gliomas (21 %). However, they were diagnosed at an earlier age (25.6 years
versus 44 years, p < 0.001) and were more frequently multicentric (32 % versus 1 %, p <
0.001) and more frequently located within the brainstem than sporadic IDH mutated gliomas
(21 % versus 1 %, p < 0.001). Their molecular profile was characterized by IDH mutations
and loss of ATRX expression. In two patients, the same IDH mutation was demonstrated in
the glioma and in a cartilaginous tumor. In contrast to sporadic IDH mutated gliomas, no
enchondromatosis glioma harbored a 1p/19q co-deletion (0/6 versus 59/123, p = 0.03). The
characteristics of gliomas in patients with enchondromatosis suggest that these tumors, as
cartilaginous tumors, result from somatic IDH mosaicism and that the timing of IDH mutation
acquisition might affect the location and molecular characteristics of gliomas. Early
acquisition of IDH mutations could shift gliomagenesis towards the brainstem thereby

mimicking the regional preference of histone mutated gliomas.
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Introduction

Mutations in the IDH1 or IDH2 genes are found in the majority of adult diffuse grade 1l and
grade Ill gliomas and are considered as the earliest oncogenic event in these tumors [58].
These mutations result in the abnormal production of 2-hydroxyglutarate (2-HG) which is
structurally similar to alpha-ketoglutarate. 2-HG competitively inhibits multiple alpha-
ketoglutarate enzymes leading to histone and DNA hypermethylation, altered -cell
differentiation, activation of enzymes implicated in HIF degradation and PDGFRA
overexpression [34,55,29,17]. In addition to gliomas, IDH mutations are particularly frequent
in cartilaginous tumors [58,2]. Ollier disease and Maffucci syndrome are two rare non-
hereditary enchondromatosis syndromes characterized by the development of multiple benign
cartilaginous tumors (enchondromas). Enchondromas appear during childhood and may
progress to chondrosarcomas in up to 30% of cases [3,41]. In Maffucci syndrome,
enchondromas are associated with soft tissue hemangiomas. The analysis of IDH mutations in
multiple cartilaginous tumors and non-neoplastic tissues from enchondromatosis patients led
to the conclusion that these pathologies are due to early post-zygotic acquisition of IDH
mutations, resulting in somatic mosaic mutations of IDH1 or IDH2 [3,41]. In addition to
skeletal tumors, enchondromatosis patients may develop other neoplasm including juvenile
granulosa tumors, cholangiocarcinomas, pituitary adenomas, acute myeloid leukemia and
gliomas. The aim of the present study was to determine whether gliomas in enchondromatosis
patients might also result from somatic IDH mosaicism and whether their characteristics are
similar to those of sporadic IDH-mutated gliomas. For this purpose, we analyzed the
characteristics of 6 newly diagnosed and 32 previously reported cases of enchondromatosis
patients who developed gliomas, and compared them to those of a consecutive series of 159

patients with sporadic IDH-mutated gliomas.
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Patients and methods:

We retrospectively reviewed the medical and radiological records of 6 patients with Ollier
disease (n=5) or Maffucci syndrome (n=1) who were referred to our neuro-oncology
departments (Pitié-Salpétiere Hospital in Paris, Hospices Civils of Lyon, CHU of Bordeaux
and Rennes) for the diagnosis of glioma, as well as 159 consecutive patients who were
diagnosed with an IDH1 or IDH2 mutated sporadic glioma between 2010 and 2014 (Hospices
Civils of Lyon). Multicentric gliomas were defined as multiple gliomas without connecting
T2/FLAIR signal abnormality and distinguished from multifocal gliomas (i.e multiple
gliomas with connecting T2/FLAIR signal abnormality) [1]. IDH mutations and 1p/19q co-
deletion status were determined based on DNA extracted from blood and FFPE tumor using a
standard protocol (Qiagen, QIAmp DNA mini Kit). IDH1 codon 132 and IDH2 codon 172
were sequenced using the Sanger method with the following primers: IDH1-Forward:
TGTGTTGAGATGGACGCCTATTTG; IDH1-Reverse: TGCCACCAACGACCAAGTC,;
IDH2-Forward: GCCCGGTCTGCCACAAAGTC and IDH2-Reverse:
TTGGCAGACTCCAGAGCCCA, as previously reported [24]. The 1p/19q co-deletion was
determined based on the loss of heterozygosity technique (LOH) using microsatellite
polymorphism markers as previously described [21]. In 3 patients, 1.5 pg of DNA extracted
from frozen tumor tissue was outsourced to Integragen Company for the determination of the
genomic profile based on Illumina SNP arrays [25]. In enchondromatosis gliomas,
immunohistochemistry was performed on 4 um thick sections of formalin-fixed paraffin
embedded blocks with a Ventana Benchmark XT Device. The following antibodies were used
after antigen retrieval to assess the expression of ATRX (anti-ATRX, Sigma, polyclonal,
dilution 1/400), IDH1R132H (anti-IDH1R132H, Dianova, clone HO09, dilution 1/50) and
TP53 (clone DO.7, Dako, dilution 1/200). Previously reported cases of patients with Ollier
disease or Maffucci syndrome who developed gliomas were identified through PubMed
searches from January 1970 until September 2015 using the terms “Ollier disease”, “Maffucci
syndrome”, “glioma” and “brain tumor”. We retrieved all relevant articles and checked
additional references quoted in these articles. Categorical comparisons were performed using
Fisher’s exact test and a t-test was used for quantitative variables. The threshold for statistical

significance was p= 0.05.
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Results

The characteristics of our 6 patients are presented in Table 1 and those of the 32 previously
published patients are shown in supplementary Table 1
[27,6,44,37,23,46,57,28,35,54,40,56,5,18,22,14,9,36,48,53,8,38,51,26,43,52,19,15]. The
characteristics of all of the patients are summarized in Table 2.

The diagnosis of Ollier disease (n=28) or Maffucci syndrome (n=10) was made during
childhood based on the occurrence of multiple enchondromas predominating on the
articulations of the knees, hands and toes. The median age at glioma diagnosis was 25.6 years.
At this time, six patients (19%) had a previous history of chondrosarcoma. Clinical
presentation consisted of a variable association of seizures (38%), progressive focal deficits
(41%) and intracranial hypertension (21%). Radiological presentation was suggestive of
diffuse glioma in all of the patients (Figure 1). Tumors were most frequently located in the
frontal lobe (54%) and in the brainstem (21%). Contrast enhancement was present in 27% of
cases. Twelve patients (32%) had multicentric gliomas that were synchronous in eleven
patients and metachronous in one patient. Multicentric gliomas were confined to the
hemispheres in 8 patients and involved both the hemispheres and the brainstem in 4 patients.
Two patients had gliomatosis cerebri. Ten patients (36%) had another intracranial tumor at the
time of glioma diagnosis (skull base enchondroma n=7, pituitary adenoma n=2, skull base

chondrosarcoma n=1).

The glioma was histologically proven in 33 patients. Among the 5 patients without
histological diagnosis, 4 patients had a typical aspect of brainstem glioma consisting of an
infiltrative intra-axial T2/FLAIR hypersignal without contrast-enhancement, and 1 patient had
an aspect suggestive of hemispheric low-grade glioma that was managed with initial follow-
up (patient 2, Figure 1). Histology consisted of diffuse low-grade glioma in 24 patients (73%),
anaplastic glioma in 7 patients (21%) and glioblastoma in 2 patients (6%). An astrocytic
(n=22, 66%) or oligo-astrocytic phenotype (n=8, 25%) was more frequently observed than a
pure oligodendroglial phenotype (n=3, 9%). IDH mutations were assessed in 8 cases (based
on sequencing in 6 patients and on immunohistochemistry only in 2 patients) and detected in
the tumors of 7 patients (IDH1 R132H n=5, IDH2 R172S n=2). In the negative case, no
expression of IDH1 R132H was detected on immunohistochemistry, but other IDH mutations
were not assessed [44]. In two patients (patient 5 and a previously reported patient [38]) the
presence of an IDH mutation could be analyzed in both the glioma and a skeletal tumor and
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the same mutation (IDH1 R132H in patient 5 and IDH2 R172S in [38]) was identified in these
tumors. Since none of our patients underwent a biopsy of more than one glioma, the analysis
of IDH mutations in different gliomas from the same patient could not be performed. No
1p/19q co-deletion was identified in the 6 cases in which it was assessed (oligo-astrocytoma
n=4, oligodendroglioma n=1, glioblastoma n=1). TP53 expression was studied in 6 patients
and found to be expressed in 5 patients. In an additional patient, sequencing demonstrated
missenses TP53 mutations [38]. ATRX expression was studied in 5 patients. A homogeneous
loss of expression was observed in 4 patients and a heterogeneous loss of expression in 1
patient (patient 3). Genomic profiles of the tumors were obtained for 2 patients; one patient
had an isolated LOH of the 17p region covering the TP53 locus (patient 3), and the other
patient had a LOH of chromosome 9 associated with partial losses of chromosomes 14q and
15q and a partial gain of chromosome 11q (patient 5). In patient 3, double staining with anti-
ATRX and anti-IDH1 R132H antibodies identified: (i) areas with maintained ATRX
expression in tumor cells, and (ii) areas with diffuse loss of ATRX expression in tumors cells.
In these last areas, some very rare IDH1 R132H and ATRX positive cells with a normal
morphology were observed (Figure 1). Treatment consisted of surgical resection (46%),
radiotherapy (80%) and or chemotherapy (42%). The median survival after glioma diagnosis

was 5 years.

Independent of histology and 1p/19q co-deletion status, gliomas in enchondromatosis patients
were diagnosed at an earlier age than sporadic IDH mutated gliomas (25.6 years versus 44
years, p<0.001, Figure 2). In addition, they were more frequently multicentric (32% versus
1%, p<0.001), more frequently involved the brainstem (21% versus 1%, p<0.001) and were
not associated with a 1p/19q co-deletion (0/6 versus 59/123, p=0.03).
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Discussion

The high rate of multicentric gliomas, the identification of IDH mutations in all of the gliomas
in which it could be fully assessed and the identical IDH mutations found in both the glioma
and the skeletal tumor of two patients strongly suggest that, in most cases, similar to
cartilaginous tumors, the development of gliomas in enchondromatosis patients results from
somatic IDH mosaicism. The very rare IDH1 R132H and ATRX positive cells with a normal
morphology found in patient 3 may further support this hypothesis. Consistent with the
demonstration of occasional IDH mutated cells in the normal bone, blood and bone marrow of
some enchondromatosis patients, we speculate that these cells may correspond to normal glial
cells with IDH mutations [3,41]. However, this observation must be taken with caution since

morphology is subjective and ATRX expression can be heterogeneous [48].

IDH mutations are considered to be the earliest oncogenic events in the majority of lower
grade gliomas [11]. In animal models, IDH mutations have been shown to be sufficient to
induce enchondromas and chondrosarcomas [20,33]. To our knowledge, this demonstration
has not been previously reported for gliomas, but the occurrence of gliomas in
enchondromatosis patients, in whom IDH mutations are thought to occur as an early post-
zygotic event suggests that IDH mutations can initiate gliomagenesis [3,41]. In addition, the
median age at glioma diagnosis in these patients (25 years) suggests that IDH driven
gliomagenesis is a very slow process. In contrast to enchondromas, however, IDH mutation
alone is probably not sufficient to induce gliomas. Additional alterations, such as ATRX and
TP53 mutations, are necessary [11]. Consistently, Moriya et al. identified a TP53 mutation in
the glioma but not in an enchondroma of their patient, though both lesions shared the same
IDH2 mutation [38]. This could explain why enchondromas appear much earlier than gliomas

in enchondromatosis patients.

It is unknown why only a small percentage of enchondromatosis patients (approximately 5%)
develop gliomas [53]. It could be related to a variable distribution and proportion of mutated
cells within the brain, to the fact that only a small percentage of IDH mutated glial cells
acquire additional alterations, or to the type of IDH mutation present. In cartilaginous tumors
of enchondromatosis patients the IDH1 R132C mutation is more frequent than the IDH1
R132H mutation (70% and 15%, respectively) [3,41], while the IDH1 R132H mutation is the
most frequent mutation (90%) in sporadic IDH mutated gliomas [57]. Enchondromatosis
patients with an IDH1 R132H mutation could have a higher risk of developing gliomas than
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patients with an IDH1 R132C mutation. In our series, an IDH1 R132H mutation was present

in 5 out of the 7 enchondromatosis patients who developed diffuse glioma.

Not surprisingly, like sporadic IDH mutated gliomas, enchondromatosis gliomas were
frequently located in the frontal lobe and were more frequently diffuse low-grade or
anaplastic gliomas than glioblastomas. However, they differed from sporadic IDH-mutated
gliomas in several aspects. First, they were diagnosed at an earlier age. This difference could
be explained by the fact that in sporadic IDH-mutated gliomas, the IDH mutation is acquired
later than in enchondromatosis patients. Second, enchondromatosis gliomas, compared to
sporadic IDH mutated gliomas, more frequently involved the brainstem, which may also be
related to an earlier origin of enchondromatosis gliomas (i.e., during the first years of life,
which is a period associated with the development of infratentorial gliomas). Since both H3-
K27M mutations (which are present in most cases of children brainstem gliomas) and IDH
mutations alter histone methylation, brainstem gliomas may therefore require histone
modification of precursor cells at an early stage of development [34,10,31]. This particularity
could help explaining why early acquisition of IDH mutations mimics the regional preference
of H3-K27M mutated gliomas and why gliomas in that location are rare in adults. At last,
none of the 6 enchondromatosis gliomas that could be tested were associated with a 1p/19q
co-deletion. This observation needs confirmation in a larger series, however, again it could be
related to a different timing of oncogenesis because the 1p/19q co-deletion is virtually absent
in pediatric gliomas [50]. Consistently, in the present series, as in previously reported series,
patients with 1p/19q co-deleted gliomas were older at diagnosis than those with IDH mutated
non 1p/19q co-deleted gliomas [16].

Finally, multicentric gliomas were much more frequent in enchondromatosis than in sporadic
IDH-mutated gliomas. Multicentric gliomas (i.e., with no apparent continuity between
tumors) account for 2 to 5% of sporadic gliomas [1]. Their oncogenesis is debated. In some
cases, evidence has been provided that the multiple tumors actually originated from the same
clone [1]. However, the multicentric presentation of gliomas reported in patients with
inherited glioma predisposition and the high incidence of systemic cancers reported in
patients with multicentric gliomas also suggest that multicentric gliomas may originate from
different clones in patients who have inherited genetic alterations predisposing them to
gliomas [4,30]. Our study shows that somatic mosaicism might be another mechanism leading

to the development of multicentric gliomas. It remains to be determined whether somatic IDH
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mosaicism might be responsible for the occurrence of multicentric gliomas in patients without

enchondromatosis.
Conclusions

In addition to its retrospective design and its small sample-size, limitations of the present
study include the limited number of patients in whom molecular characterization was
possible, the absence of comprehensive molecular analysis and the absence of IDH mutation
assessment in several gliomas from the same patient. Nevertheless, the analysis of glioma
characteristics in patients with enchondromatosis sheds new light on IDH driven
gliomagenesis. It provides evidence that the IDH mutation can initiate gliomagenesis and that
the timing of IDH mutation acquisition might influence the location and molecular

characteristics of gliomas.
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Tables & Figures

Table 1. Clinical, histological and molecular characteristics of our 6 patients with enchondromatosis who developed glioma.

Age at glioma _ IDH 1p19q ATRX loss ) Multi- History of Survival
) ) Sex | Histology ) ] ) Location )
diagnosis (years) mutation | co-deletion | of expression centric | chondrosarcoma | (years)
Ollier disease
IDH1 T (n=1),
28 F OAll No Yes Yes No 2.5+
R132H Fr (n=1)
26 M - - - - Fr (n=2) Yes Yes 1+
IDH1 Fr (n=1),
30 F ol No Yes Yes No 4
R132H T (n=1)
IDH1 Fr (n=2),
31 M GBM No Yes Yes No 0.75
R132H P (n=1)
IDH1
31 F OAIll No Yes Fr No Yes 1.5+
R132H
Maffucci syndrome
IDH2
30 M OAll No Yes B No No 3+
R132S

M: male, F: female, OAII/III: grade 11/111 oligo-astrocytoma, OlI: grade 11 oligodendroglioma, GBM: glioblastoma, -: data not available, T:

temporal, P: parietal, Fr: frontal, B: brainstem, +: alive at last news.
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Table 2. Summary of the clinical, histological and molecular characteristics of Ollier disease

(OD), Maffucci syndrome (MS), enchondromatosis (OD+MS) -present series and literature-

and sporadic IDH mutated glioma patients.

o Maffucci Enchondro- Sporadic IDH E versus S
Ollier disease . .
syndrome matosis (E) mutated gliomas (S) P-value
N 28 10 38 159
N of gliomas 45 12 57 161
Sex ratio (M/F) 18/10 713 25/13 91/68 0.4
Median age
24.7 (6-46) 28.1(17-39) 25.6 (6-46) 44 (6-81) <0.0001
(years, range)
Histology
Grade Il 68% (17/25) 87.5% (7/8) | 72.7% (24/33) 47% (75/159) 0.01
Grade Ill 24% (6/25) 12.5% (1/8) 21.2% (7/33) 39% (62/159) 0.05
Grade IV 8% (2/25) 6.1% (2/33) 14% (22/159) 0.4
Location
Frontal 53.4% (24/45) 58% (7/12) 54.1% (31/57) 67,1% (108/161) 0.1
Parietal 4.4% (2/45) 3.6% (2/57) 7.5% (12/161) 0.4
Insular 4.4% (2/45) 3.6% (2/57) 5,6% (9/161) 0.7
Temporal 13.3% (6/45) 10.5% (6/57) 11.8 % (19/161) 1
Occipital 2.2% (1/45) 1.8% (1/57) 1.9 % (3/161) 1
Brainstem 15.7% (7/45) 42% (5/12) 21% (12/57) 0.6% (1/161) <0.0001
Gliomatosis 4.4% (2/45) 3.6% (2/57) 5% (8/161) 1
Thalamic 2.2% (1/45) 1.8% (1/57) 0.6% (1/161) 1
Multicentric 39.2% (11/28) 10% (1/10) 31.6% (12/38) 1.3% (2/159) <0.0001
IDH mutation 83% (5/6) 100% (2/2) 87.5% (7/8) 100% -
1p/19q co-
) 0% (0/5) 0% (0/1) 0% (0/6) 48% (59/123) 0.03
deletion
Other
intracranial 25% (7/21) 43% (3/7) 36% (10/28) 1.9% (3/159) <0.0001
Tumor
History of
12.5% (3/24) 42.8% (3/7) 19.3% (6/31) 0% <0.0001
chondrosarcoma

M: male, F: female
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Figure 1. MRI characteristics of the diffuse gliomas in the 6 new enchondromatosis patients

and double staining with anti-IDH1R132H and anti-ATRX antibodies.
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Top: MRI findings of patient 1 to patient 6 at diagnosis (axial T2/fluid-attenuated inversion
recovery (FLAIR) sequences) demonstrating multicentric tumors in patients 1, 2, 3 and 4.
Bottom: histological characteristics of the recurrent tumor of patient 3. A) Hematoxylin eosin
staining demonstrating an anaplastic glioma. B) IDH1 R132H expression (brown signal). C)
Diffuse loss of ATRX expression in tumor cells and maintained expression (brown signal) in
endothelial cells. D-G) Double staining demonstrating rare cells with a normal
oligodendrocyte (black arrowheads) or astrocyte (black arrows) morphology expressing both
IDH1 R132H (red signal) and ATRX (brown signal) (inserts showing same cells at higher
magnification) and tumor cells with abnormal morphology and expressing IDH1 R132H but
not ATRX (white arrows).
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Figure 2. Age at glioma in patients with enchondromatosis and sporadic IDH mutated

gliomas according to grade and 1p/19q co-deletion

90 F All patients LGG patients
75 _ 8 8
K (o]
60 |-
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o] L | I .
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Il

— |

Age at glioma diagnosis (years)

Y axis: age at glioma diagnosis (years). X axis: OD/MS: enchondromatosis patients with
glioma, IDH: patients with sporadic IDH mutated gliomas without 1p/19q co-deletion, Codel:
patients with sporadic IDH mutated gliomas with 1p/19g co-deletion. Median age at glioma
diagnosis, was lower in OD/MS than in IDH patients (25.6 vs 41 years, p<0.001) and in IDH
than in Codel patients (41 years vs 50.8 years, p<0.001). The difference remained significant
when taking into account only LGG (OD/MS vs IDH patients: 26.9 vs 39 years, p<0.001;
IDH vs Codel patients: 39 vs 49 years, p=0.01)
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Complément de Discussion

Cette ¢tude a porté sur I’analyse moléculaire, clinique et radiologique d’une série de 6
nouveaux cas de patients avec gliome dans le cadre d’une maladie d’Ollier ou de syndrome de
Maffucci, en association avec 32 cas décrits de la littérature (groupe enchondromatose). Cette
série a eété comparée a une cohorte de 159 patients avec gliome sporadique présentant une
mutation d’IDH. Nous avons mis en évidence un age plus jeune, une atteinte plus
fréqguemment multicentrique et impliquant plus fréquemment le tronc cérébral dans le groupe
gliome associé & une enchondromatose. Par ailleurs de maniere intéressante, aucun gliome du

groupe enchondromatose ne présentait de codélétion 1p/19q.

Une mosaique somatique correspond a la présence au sein d’un méme individu de plusieurs
populations de cellules génétiqguement distinctes [45]. Cela est lié a une mutation post-
zygotique. Au contraire des mutations héréditaires, les mosaiques somatiques affectent une
partie des organes des individus atteints, mais ces mutations ne sont pas transmises a leur
descendance. Les atteintes des organes varient ensuite selon la sensibilité de chaque tissu.
Dans le cas du syndrome de Maffucci et de la maladie d’Ollier, de nombreux organes sont
touchés par la mosaique en faible proportion, mais I’expression de la maladie touche
préférentiellement les articulations (cartilage), et la peau [3,45]. Ce travail ainsi que les
précédents semble indiquer que la mosaique puisse toucher également le cerveau. Dans notre
étude, plusieurs arguments ont conforté I’hypothése d’une mosaique somatique. En effet chez
2 de nos patients, I’analyse de la tumeur cérébrale et d’une autre tumeur cartilagineuse
retrouvait une mutation IDH identique sur les 2 tumeurs. Par ailleurs, une analyse des
lymphocytes du sang de plusieurs patients avait montré la présence ou 1’absence de la
mutation. L’aspect multicentrique plus fréquent des gliomes de notre série permettait
¢galement d’envisager que pour chaque atteinte multicentrique, les différentes tumeurs du
méme patient soit indépendantes, et possiblement liées a une gliomagénese propre, dans le
cadre d’une mosaique d’IDH intracérébrale. L’analyse neuropathologique retrouvant des
cellules d’aspect non tumoral associées a une mutation d’IDH conforte également 1’hypothese

d’une mosaique.
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De maniére intéressante, les 3 patients de cette étude avec gliome multicentrique du groupe
« gliome sporadique » présentaient une prédisposition a développer un gliome, soit dans le
cadre d’un syndrome de Turcot (n=2), soit un antécédent familial de gliome au premier degré
(n=1). 1l semble donc qu’un gliome multicentrique d’emblée soit associé de maniére
fréquente a une prédisposition du patient a développer des gliomes. La prise en charge
prospective de gliome multicentrique dés le diagnostic devra ainsi rechercher de maniere
active une prédisposition aux gliomes, incluant une enchondromatose, et cela d’autant plus
que les patients seront jeunes au diagnostic. En effet, la prise en charge d’une éventuelle

prédisposition familiale ou d’un conseil génétique pourrait en découler.

La mutation d’IDH est actuellement considérée comme une mutation trés précoce dans la
gliomagénése [57,12]. Cette donnée repose sur des analyses moléculaires de tumeurs gliales
primitives a plusieurs sites et de leur récurrence. L’analyse de I’acquisition des mutations en
réalisant des arbres phylogénétiques a permis d’identifier cette mutation comme précoce dans
la gliomagénése. Cependant, le modele de 1I’enchondromatose propose une maladie dont la
date d’acquisition de la mutation d’IDH est supposée connue (embryogénese). L’apparition de
gliomes mutés pour le géne IDH chez ces patients est ainsi un argument clinique en faveur
d’un role de cette mutation dans ’initiation de la gliomagénése. L’dge médian au diagnostic
de gliome étant de 25 ans chez les patients avec enchondromatose, on peut supposer que ce
processus de gliomagénése médié par une mutation IDH dans les gliomes sporadiques soit

tres lent apres acquisition de la mutation.

La localisation plus fréquente du tronc cérébral des gliomes des patients enchondromatose est
également surprenante. Les gliomes sporadiques mutés pour IDH de I’adulte sont en effet trés
rares dans cette localisation sous-tentorielle [57]. Ce sont les gliomes des enfants qui peuvent
se présenter de maniére préférentielle en localisation sous-tentorielle, mais les anomalies
moléculaires des gliomes du tronc des enfants ne présentent pas de mutation IDH [39], mais
sont fréquemment associés a une mutation des histones H3F3A ou HIST1B [59]. La mutation
IDH et la mutation des histones entrainant toutes deux des altérations de la méthylation des

histones, on peut supposer que les gliomes du tronc cérébral requiérent une modification des
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histones a un age précoce, avec une fenétre de temps limitée dans 1’enfance. Cette hypothese
permettrait d’expliquer pourquoi I’acquisition précoce de la mutation d’IDH (patients
enchondromatose) mime par I’atteinte du tronc cérébral les gliomes mutés pour les histones,
et surtout pourquoi les gliomes sporadiques avec mutation d’IDH de 1’adulte sont
exceptionnels dans le tronc cérébral. En d’autres termes, 1’enfance pourrait étre une période a
risque de développer une tumeur cérébrale de maniére préférentielle en sous-tentoriel dés lors
qu’une mutation modifiant les histones se produit, contrairement a 1’age adulte ou le tronc

cérébral semble alors moins sensible a ces modifications épigénétiques.

Les épendymomes sont d’autres tumeurs cérébrales rares montrant de maniere similaire une
localisation préférentielle en fonction de 1’age, privilégiée en localisation sous-tentorielle chez
les enfants, et de localisation plutdt sus-tentorielle chez les adultes [32]. L’age d’acquisition

de la mutation conditionnerait ainsi potentiellement la localisation du gliome.
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Conclusion

Malgré des points communs (histologie, localisation frontale prédominante), les gliomes
survenant dans le cadre d’un mosaicisme somatique d’IDH ont des caractéristiques différentes
de ceux associés a une mutation sporadique d’IDH (age de survenue plus jeune, atteinte plus
fréquente du tronc cérébral), suggérant que les caractéristiques de la gliomagénese associee a
la mutation d’IDH pourrait dépendre en partie de 1’dge auquel apparait la mutation. La
fréquence du caractére multicentrique est bien compatible avec 1’existence d’un mosaicisme
somatique et laisse penser qu’un tel mécanisme pourrait étre également a 1’origine de la

survenue de gliomes multicentriques survenant en dehors d’une enchondromatose multiple.
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TITLE : Characteristics of gliomas in patients with somatic IDH mosaicism

ABSTRACT : IDH mutations are found in the majority of adult, diffuse, low-grade and
anaplastic gliomas and are also frequently found in cartilaginous tumors. Ollier disease and
Maffucci syndrome are two enchondromatosis syndromes characterized by the development
of multiple benign cartilaginous tumors due to post-zygotic acquisition of IDH mutations. In
addition to skeletal tumors, enchondromatosis patients sometimes develop gliomas. The aim
of the present study was to determine whether gliomas in enchondromatosis patients might
also result from somatic IDH mosaicism and whether their characteristics are similar to those
of sporadic IDH-mutated gliomas. For this purpose, we analyzed the characteristics of 6
newly diagnosed and 32 previously reported cases of enchondromatosis patients who
developed gliomas and compared them to those of a consecutive series of 159 patients with
sporadic IDH-mutated gliomas. As was the case with sporadic IDH mutated gliomas,
enchondromatosis gliomas were frequently located in the frontal lobe (54%) and consisted of
diffuse low-grade (73%) or anaplastic gliomas (21%). However, they were diagnosed at an
earlier age (25.6 years versus 44 years, p<0.001) and were more frequently multicentric (32%
versus 1%, p<0.001) and more frequently located within the brainstem than sporadic IDH
mutated gliomas (21% versus 1%, p<0.001). Their molecular profile was characterized by
IDH mutations and loss of ATRX expression. In two patients, the same IDH mutation was
demonstrated in the glioma and in a cartilaginous tumor. In contrast to sporadic IDH mutated
gliomas, no enchondromatosis glioma harbored a 1p/19q co-deletion (0/6 versus 59/123,
p=0.03). The characteristics of gliomas in patients with enchondromatosis suggest that these
tumors, as cartilaginous tumors, result from somatic IDH mosaicism and that the timing of
IDH mutation acquisition might affect the location and molecular characteristics of gliomas.
Early acquisition of IDH mutations could shift gliomagenesis towards the brainstem thereby

mimicking the regional preference of histone mutated gliomas.

KEYWORDS : IDH mutation, glioma, somatic mosaicism, Ollier, Maffucci
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TITRE : Caractéristiques des gliomes survenant dans le cadre d’une enchondromatose

multiple.

RESUME : La maladie d’Ollier (MO) et le syndrome de Maffucci (SM) sont des pathologies rares
rapportées a I’acquisition post-zygotique d’une mutation d’IDH responsable d’un mosaicisme
somatique. Les patients développent des tumeurs osseuses (enchondromes) dans 1’enfance mais ont
¢galement un risque accru de développer un gliome. L’objectif de ce travail était de décrire les
caractéristiques des gliomes survenant dans le cadre d’une enchondromatose multiple (EM) et de les
comparer a celles de gliomes associés a une mutation sporadique d’IDH.

Méthodes : Les caractéristiques clinico-radiologiques et histologique de 29 patients atteints d’une MO
(nouveaux cas n=5, littérature n=24) et de 10 patients atteints d’un SM (nouveaux cas n=2, littérature
n=8) ayant développé un gliome ont été étudiées rétrospectivement et comparées a celles d’une série
de 159 patients ayant développé un gliome associé¢ a une mutation sporadique d’IDH.

Résultats : Les gliomes du groupe EM étaient le plus souvent des gliomes diffus de grade 1l (73%) ou
111 (21%). Une mutation d’IDH était retrouvée chez 7 des 8 patients pour lesquels elle fut recherchée.
Les 2 localisations les plus fréquentes étaient le lobe frontal (53%) et le tronc cérébral (26%),
multicentriques chez 12 patients (30%). En comparaison avec le groupe sporadique, les patients du
groupe EM étaient plus jeunes (28 ans vs 44 ans, p<0,01), avaient plus souvent une atteinte du tronc
cérébral (22% versus 0,5%, p<0,01) et plus souvent des gliomes multicentriques (30% versus 2%,
p<0,01).

Conclusion : Malgré des points communs (histologie, localisation frontale prédominante), les gliomes
survenant dans le cadre d’un mosaicisme somatique d’IDH ont des caractéristiques différentes de ceux
associés a une mutation sporadique d’IDH (age plus jeune de survenue, atteinte plus fréquente du
tronc cérébral), suggérant que les caractéristiques de la gliomagenése associée a la mutation d’IDH
pourrait dépendre en partie de [’age auquel apparait la mutation. La fréquence du caractére
multicentrique est bien compatible avec 1’existence d’un mosaicisme somatique et laisse penser qu’un
tel mécanisme pourrait étre également a 1’origine de la survenue de gliomes multicentriques survenant

en dehors d’une EM.

MOTS-CLES : gliomes, isocitrate deshydrogenase, mosaicisme somatique, Ollier, Maffucci
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