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Abstract

Background Gliomas with FGFR3:TACC3 fusion mainly occur in adults, display pathological features of glioblastomas
(GB) and are usually classified as glioblastoma, IDH-wildtype. However, cases demonstrating pathological features of
low-grade glioma (LGG) lead to difficulties in classification and clinical management. We report a series of 8 GB and 14
LGG with FGFR3:TACC3 fusion in order to better characterize them.

Methods Centralized pathological examination, search for TERT promoter mutation and DNA-methylation profiling
were performed in all cases. Search for prognostic factors was done by the Kaplan-Meir method.

Results TERT promoter mutation was recorded in all GB and 6/14 LGG. Among the 7 cases with a methylation
score>0.9 in the classifier (v12.5), 2 were classified as glioblastoma, 4 as ganglioglioma (GG) and 1 as dysembryoplas-
tic neuroepithelial tumor (DNET). t-SNE analysis showed that the 22 cases clustered into three groups: one included
12 cases close to glioblastoma, IDH-wildtype methylation class (MC), 5 cases each clustered with GG or DNET MC but
none with PLNTY MC. Unsupervised clustering analysis revealed four groups, two of them being clearly distinct: 5
cases shared age (<40), pathological features of LGG, lack of TERT promoter mutation, FGFR3(Exon 17):TACC3(Exon 10)
fusion type and LGG MC. In contrast, 4 cases shared age (>40), pathological features of glioblastoma, and were TERT-
mutated. Relevant factors associated with a better prognosis were age <40 and lack of TERT promoter mutation.

Conclusion Among gliomas with FGFR3:TACC3 fusion, age, TERT promoter mutation, pathological features, DNA-
methylation profiling and fusion subtype are of interest to determine patients'risk.

Keywords FGFR3:TACC3 fusion, DNA-methylation profiling, 2021 WHO classification of CNS tumours, Glioblastoma,
Pediatric low grade glioma
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Introduction

The current World Health Organization (WHO) classifi-
cation of Central Nervous System (CNS) tumors classi-
fies diffuse gliomas into three groups: adult-type diffuse
gliomas, pediatric-type diffuse low-grade gliomas (LGG)
and pediatric-type diffuse high-grade gliomas [21]. The
terminology “adult-type” versus “pediatric type” means
that the most frequent age of onset occurs in adult ver-
sus pediatric setting, respectively, but some exceptions
might occur. Among each group, several tumor types
are recorded, defined by essential and desirable crite-
ria resulting from the combination of histopathological,
genetic and/or epigenetic data [21]. Adult-type diffuse
gliomas include astrocytoma, IDH-mutant, oligoden-
droglioma, /IDH-mutant and 1p/19q-codeleted and glio-
blastoma, IDH-wildtype whereas four tumor types are
recorded in the group of pediatric-type diffuse LGG: dif-
fuse astrocytoma, MYB or MYBL-altered, angiocentric
glioma, polymorphous low-grade neuroepithelial tumor
of the young (PLNTY) and diffuse LGG, Mitogen-Acti-
vated Protein Kinase (MAPK) pathway-altered [21].

In the era of targeted therapies, the identification of
molecular alterations that are “druggable” are of utmost
interest [19, 29, 34]. In this context, the discovery of
FGFR3:TACC3 fusion in a subset of tumors previously
classified as glioblastoma [30] has prompted physicians
to better characterize this group and to explore the thera-
peutic efficacy of FGFR inhibitors in patients with glioma
harboring FGFR3:TACC3 chromosomal translocation
[13-15, 22, 31]. The molecular characterization of fusion-
positive glioma revealed that FGFR3:TACC3 is mutu-
ally exclusive with IDH and H3 mutation but it is often
associated with TERT promoter mutation and +7/—10
chromosome copy-number changes and amplification of
CDK4 and /or MDM?2 [13, 31]. In adult setting, patients
suffering from a glioblastoma, /DH-wildtype harboring
FGFR3::TACC3 fusions have a better survival rate than
cases without FGFR3::TACC3 fusion [13].

Interestingly, in the adult setting, diffuse gliomas with
FGFR3:TACC3 fusions have specific histopathological
features that include oligodendrocyte-like cells, branched
vessels, frequent calcifications and extravascular CD34

(See figure on next page.)
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immunohistochemical expression [8]. Of interest, we and
others have reported that these histopathological features
are also shared by some pediatric-type diffuse LGG, i.e.
PLNTY and a subgroup of diffuse LGG, MAPK pathway-
altered [17, 23]. These two distinct tumor types might
display FGFR3::TACC3 fusion. However, fewer than 15
pediatric cases are reported in the literature and their
prognosis is unknown, leading to difficulties in their clin-
ical management [12, 17, 20, 23, 25, 28].

In the present study we report a multicenter series of
adult and pediatric patients presenting with a diffuse
oligodendroglioma-like glioma with a FGFR3:TACC3
fusion, without (14 cases) or with (8 cases) features of
microvascular proliferation and/or necrosis, in order to
better characterize the clinico-pathological, molecular
and epigenetic spectrum of these rare gliomas.

Materials and methods

Tumor samples

The inclusion criteria were: diffuse oligodendroglioma-
like gliomas, with a FGFR3:TACC3 fusion detected
by NGS using the FusionPlex® Lung kit by ArcherDX
(ArcherDX Inc. Boulder, CO, USA), adapted to sequenc-
ing on MiSeq (Illumina Inc., San Diego, CA, USA), with
or without features of microvascular proliferation and/or
necrosis, and lacking IDH1/2 or H3 mutation tested by
a brain tumor gene mutation panel developed using the
MassARRAY iPlex technology and MassARRAY online
design tools (Agena Bioscience) and with one avail-
able formalin-fixed-paraffin embedded (FFPE) block. A
total of 22 cases fulfilled these criteria. The FFPE blocks
concerned the first surgical excision in 20 cases, the ini-
tial excision (#12) and the recurrence (#12bis) in one
(case #12, illustrated in Fig. 1) and the recurrence only
in another one (case #21). These cases were retrieved
from 8 University Hospital Centers: GHU Paris Psychia-
try and Neurosciences, Marseille, Lille, Lyon, Toulouse,
Nice, Montpellier and Rennes. Three cases (#13, #16
and #19) have been previously reported [2, 23]. Written
informed consent to be included in this study was pro-
vided by the participants or participants’ legal guardian/
next of kin. This study was reviewed and approved by

Fig. 1 lllustration of an adult case presenting histologically as a low grade glioma (#12). This is an adult case of glioma (24 years at diagnosis)
with FGFR3:TACC3 fusion with a low grade glioma (LGG) histological appearance initially and at recurrence. MRI at initial diagnosis showed a
right frontal lesion with calcification and contrast enhancement (a). MRI at recurrence (b, ), showed an anterior high signal on FLAIR (c) without
contrast enhancement (b). Histology at initial diagnosis (d, hematoxylin—phloxin—safron) and recurrence (e hematoxylin-phloxin-safron) showed
an infiltrative and circumscribed growth pattern (f anti-neurofilamnet immunostaining), of an oligodendroglioma-like tumor with profuse
microcalcifications (boxes) and without microvascular proliferation or tumoral necrosis. There was a strong and diffuse CD34 extra-vascular
expression (g anti-CD34 immunostaining) and a strong and diffuse FGFR3 expression (h anti-FGFR3 immunostaining). No mitotic activity was
observed and proliferation index was low (i anti-MIB1 immunostaining). Patient was simply monitored after surgeries and is still alive to date.
Methylation class with v12.5 was ganglioglioma at both initial and recurrence with calibrated scores (CS) of respectively 0.41 and 0.61. Copy
number variation (CNV) plots generated by the molecularneuropathology.org platform were the same between initial and recurrence (j). Gain of
chromosome 7/loss of chromosome 10 was observed and there was mutation of TERT promotor. Scale bars: D, E: 50um; F, G, H, I: 100 um
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Fig. 1 (Seelegend on previous page.)
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the Aix-Marseille University ethics committee (2019-
25-04-003). Clinical and radiological data were retro-
spectively collected for each case. Clinical data included
sex, tumor location, age at diagnosis, type of resection
and extent of surgical resection and follow-up (including
date at last follow-up and date of progression or recur-
rence). Preoperative imaging (available for 21 patients)
was collected and centrally reviewed by a senior neuro-
radiologist (MEG). Minimal imaging data consisted in
at least the MRI report and if available, FLAIR and T1
with gadolinium injection MRI sequences. Well-defined
ring-enhancement was assessed as present or absent to
determine whether cases presented radiologically as high
or low grade tumors in order to look for sampling issues
in cases of glioblastoma, IDH wildtype as mentioned in
Zhang et al. [27, 36].

Pathological analysis and immunohistochemistry

Samples were stained with haematoxylin—phloxin—saf-
fron (HPS) according to standard protocols. All tissue
samples were centrally reviewed (DFB, AM). For each
case, the following pathological features were searched
for: diffuse or circumscribed growth pattern, microvas-
cular proliferation, tumoral necrosis, calcification, dys-
morphic ganglion cells, specific glioneuronal element,
mitotic activity (/mm?). Search for immunohistochemi-
cal expression of OLIG2 (6F2, Dako®), CD34 (QBEnd10,
Roche®), Neurofilament (2F11, Menarini®), Ki67 (MIB1,
Dako®), FGFR3 (FGER3, Clinisciences®) was performed.
Cases presenting pathological features of microvascular
proliferation and/or tumoral necrosis were classified as
glioblastoma (GB), cases without microvascular prolifer-
ation and lack of tumoral necrosis were classified as low-
grade glioma (LGG).

DNA extraction and quantification

DNA was extracted from each tumor sample (n=23)
using the IDXTRACT-mag-FFPE kit (ID-Solutions, Gra-
bels France) coupled to the automaton (IDEAL-32, ID-
Solutions) as per the manufacturer’s directions. DNA
was quality checked and quantified using DNA calibrated
by an external standard range using the IDQUANTq kit
(ID-Solutions) and the Mic® quantitative PCR instru-
ment (Bio Molecular Systems, Queensland, Australia).
Technical steps for DNA extraction were performed at
La Timone University Hospital (Marseille). When insuf-
ficient DNA was extracted, additional sections were
utilized.

TERT promoter mutation
Mutation in TERT promoter was searched for by ddPCR
assays according to previously published method [3].
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DNA methylation analysis

Samples containing at least 250 ng DNA were selected
for DNA-methylation profiling (n=23). DNA bisulfite
conversion was undertaken using the ZymoEZ DNA
methylation kit (Zymo research, USA), then treated with
FFPE DNA Restore kit (Illumina, San Diego, CA, USA)
and DNA clean and concentrator-5 (Zymo research,
USA). Standard quality controls confirmed DNA quan-
tity/quality and bisulfite conversion. The DNA was then
processed using the Illumina Infinjum HumanMeth-
ylation EPIC Bead-Chip array (Illumina, San Diego, CA,
USA) according to the manufacturer’s instructions. The
iScan control software was used to generate raw data
files from the BeadChip in .idat format, analysed using
GenomeStudio version 2.0 (Illumina, San Diego, CA,
USA) and were checked for quality measures according
to the manufacturer’s instructions.

DNA methylation data processing

The .idat files were uploaded to the online CNS tumor
DNA methylation classifier (11b4 and 12.5 versions)
from the German Cancer Research Center (Deutsches
Krebsforschungszentrum, DKFZ) at https://www.molec
ularneuropathology.org and a report for every tumor was
generated, providing prediction scores for methylation
classes (MC) and chromosomal copy-number-variation
(CNV) plots. The scores were integrated to the histo-
pathological findings according to the recommendations
from Capper et al. [10, 11]. A prediction score>0.9, in
v12.5 or >0.84 in v11b4, was considered high and rele-
vant for diagnosis.

Additional analyses were performed in R studio
(v4.0.2). Raw signal intensities were obtained from .idat
files using the minfi Bioconductor package (v1.34.0).
Background correction and dye-bias correction were
performed on each sample. Filtering criteria of probes
were removal of probes targeting X or Y chromosomes
and removal of probes containing single nucleotide poly-
morphisms. Hierarchical clustering was performed using
the Complex Heatmap package (2.4.3). Clustering of beta
values from methylation arrays was performed based
upon Euclidean distance with a ward algorithm. Meth-
ylation heatmaps show only the most variable probes
(SD>0.20). t-distributed stochastic neighbor embed-
ding (t-SNE) dimensional reduction analysis was per-
formed using the Rt-SNE package, with the following
parameters: exaggeration factor =42, normalize = TRUE,
pca_scale=TRUE, pca_center =TRUE, eta=500,
theta=0.01, max_iter =5000, pca=TRUE. Visualization
was done using ggplot2version 3.3.6 and Plotly version
3.10.0. In order to build the t-SNE we used as refer-
ence cohort cases retrieved from our DNA-methylation
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profiling database that were classified by the v12.5 ver-
sion of the Heidelberg classifier with CS>0.9 as follows:
glioblastoma, IDH-wildtype mesenchymal subtype MC
(12 cases); glioblastoma, IDH-wildtype RTK1 subtype
MC (12 cases); glioblastoma, IDH-wildtype RTK2 sub-
type MC (12 cases); DNET MC (11 cases); and GG MC
(10 cases).

Chromosomal CNV analysis

Chromosomal CNV were searched for by visual inspec-
tion of CNV profiles generated by the molecularneu-
ropathology.org platform as described [11, 32]. Visual
inspection indicated: a gain of chromosome 7 if a com-
plete gain was present; a deletion of chromosome 10 if a
complete deletion was present; an EGFR amplification if
a high-level amplification of EGFR locus was present.

Statistical analysis

Categorical variables were presented as frequencies and
continuous variables as medians and ranges. The Fisher
exact test was used to compare categorical variables.
Progression-free survival (PFS) was defined as the time
from the date of diagnosis to recurrence or death from
any cause. Overall survival (OS) was defined as the time
from the date of diagnosis to death from any cause. The
Kaplan—Meier method was used to estimate survival dis-
tributions. Log-rank tests were used for univariate com-
parisons. Statistical tests were two-sided, the threshold
for statistical significance was p=0.05. Statistical analy-
sis was done using IBM SPSS Statistics software Version
27.0.0.0 (IBM, Bois-Colombes, France).

Results

Clinicopathological data

Ten women and 12 men (sex-ratio male/female 1.2) were
included. The median age at diagnosis was 42.5 years
(1-77). Six patients were aged less than 20 years (27%),
4 between 20 and 40 years (18%), 7 between 40 and 60
years (32%) and 5 above 60 years (23%). Fourteen cases
had a history of epilepsy whereas six cases presented
with a neurological deficit, and information was missing
for 2 cases. Seventeen cases had undergone gross total
resection and 4 had a biopsy or partial resection, and no
information was available for the last case.

Follow-up data were available for all cases, with a
median follow-up of 28.65 months (1.2-133.6 months).
Twelve patients experienced recurrence or progression
with a median time of 27.1 months (2-77.9 months).
Five patients died from their disease with a median time
of 15.6 months (11-28.3 months). Seven patients were
treated according to Stupp protocol [33], 2 patients were
treated with concomitant radiotherapy and chemother-
apy, 3 patients received adjuvant anti-FGFR targeted
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therapy (cases #10 and #15 who died after respectively
11 and 28.3 months, and case #19 who was alive at last
follow-up after 37.3 months post-surgery).

Nineteen tumors were supratentorial (7 temporal, 6
frontal, 3 parietal, 3 in more than one lobe but always
involving the temporal lobe) whereas in 3 cases the loca-
tion was infratentorial and median (2 in the fourth ven-
tricle and one in the mesencephalon). Altogether 10
cases involved the temporal lobe and 12 did not. Ten
cases presented radiologically with well-defined ring-
enhancement suggestive of neoangiogenesis and a high-
grade tumor (Table 1). Eleven cases did not have contrast
enhancement. Pre-operative imaging was not available in
one case.

Among the 22 cases reviewed, 14 presented histo-
pathological features of LGG (no microvascular prolifer-
ation, no necrosis and lack of mitotic activity, Fig. 2) and
8 had histopathological features of glioblastoma (micro-
vascular proliferation and/or necrosis). Except one case
which was extensively calcified, all tumors demonstrated
a diffuse growth pattern on anti-neurofilament immu-
nostaining. Calcifications were recorded in 16/21 cases
(10 LGG cases and 6 GB), and information was lacking in
one. Specific glioneuronal element and dysmorphic gan-
glion cells were not observed. All cases displayed a strong
and diffuse immunohistochemical expression of FGFR3.
Extravascular CD34 expression was observed in 14/21
cases (10 LGG cases and 4 GB), and not available in one.

Molecular data

TERT promoter mutation was recorded in 14 cases,
absent in 8. Importantly all cases with histopathologi-
cal features of glioblastomas displayed TERT promoter
mutation but also 6/14 with histopathological features
of LGG cases. Chromosomes+7/—10 was observed
in 11 cases including the 8 cases with pathological fea-
tures of glioblastoma and 3 LGG cases and was always
associated with TERT promoter mutation. EGFR ampli-
fication was never detected. Molecular data are sum-
marized in Table 1. The most frequent fusion types
were FGFR3(Ex17):TACC3(Ex10) (9/22 cases) and
FGFR3(Ex17)::TACC3(Ex11) (7/22 cases).

DNA methylation profiling data

For each case, the DNA MC and the CS according to the
v11b4 and the v12.5 versions of the DKFZ classifier are
summarized in Table 1. Seven samples had a CS above 0.9
with v12.5 for the following MC: ganglioglioma (4 cases),
glioblastoma, IDH-wildtype, RTK2 or mesenchymal sub-
types (2 cases), dysembryoplastic neuroepithelial tumor
(1 case). Fifteen cases had a CS under 0.9 with v12.5 for
the following MC: glioblastoma, IDH-wildtype, RTK2
or mesenchymal subtypes (6 cases), ganglioglioma (5



Page 6 of 16

(2023) 11:14

Métais et al. Acta Neuropathologica Communications

860 99 650 99 D91 99 €dnoin | M-HAI9D Jussald pa1eIny - (0LX9)EDDVLH(81X2)EY4D4 ON 9551 8¢ L1
660 95 680 DORD) 99 ¢ dnoig 9971d wasqy  adApim  (Z1X9)eDDVLH(L 1X9)gY4Dd ON 5951 (o] oL#
660 99 00 99 D91 95 ¢dnolo  |M-HAIgD ussqy pareINIA- (1 1XS)EDDVLH(Z 1X9)€94D4 1ussald 9951 4 Sl#
660 95 660 99 D91 99 ¢ dnoig 9971d wesqy  2dAIPIM  (ELXR)EDDVLE(L LX) EYADS ON 9551 4 145
9C0 SHI €0> WN 95 ¢ dnoio 9971d 1Uasqy adAIpiim - (0LX3)EDDVLI(/ LX) €YD 1ussalg 991 14 cL#
2dAip|im
HQl ewoy
190 99 ¥£0 -Se|qolo D) ydnolo  IM-HAI g9 JU9s3ld pa1eIN (0LX9)EDDVL(Z 1X2)EY4D4 VN 9551 YN SIqcl#
L0 99 €10 95 D91 a9 ydnolo  IM-HAI 9 U953l pa1eINA (0 1XR)EDDVLH(£ LX) €YD ON 591 174 CL#
€C0 99  €0> AN a5 ydnoio  |M-HAI 9D 1U9sald parRINIA- (1L LXS)EDDVLH(L 1X9)ed4D4 Jussald g9 N4 LL#
dAL Jjowny
LE0  "SIW 9D 6£0 snxad 49 gdnoio  IM-HAI gD 1ussqy pa1eIN- (L L1XS)EDDVLH(Z 1XR)EY4DS VN BRJ 9% oL#
adAip|im
dAL Hdl ewol
Y80  TSIWTED  £90 -Se|qons D) gdnoin | M-HAI 9D 1Uss3ld Pa1RINIA-+ (0LXR)EDDVL(Z LX) EH4DS ON 951 LL 604
adA1pjim
dAL Hdl ewol
680 SINED  S80 -Sejqono a5 ¢dnoin | M-HAI 99 Jussald pareIN- (1L 1X9)EDDVLH(LLXS)EH4D4 Hussald D) 09 80#
adAip|im
HQl ewoy
750 99 060 -Sejqono D) ydnoin | M-HAI 9D 1uasqy pa1eIN- (L LX)EDDVL(LLX3)EH4D4 ON 991 99 L0#
adA1p|im
dAL Hdl ewol
180  "SIWgD 10 -Se1qol9 a5 ¢dnoin | M-HAI 9D Ussald pareIN- (L LX9)EDDVLH(LLX3)EH4D4 HUss9ld D) 89 90#
adAip|im
HQl ewol
9¢€0 99 660 -Sejqono D) ydnolo  1M-HAI 89 Jussald pa1eIN  (8X9)EDDVL(LLX3)EH4D4 HU9s9ld D) 89 So#
2dA1p|im
dAL Hdl ewoy
60  TSIN'ED 660 -Sejqons D) ¢dnoin | M-HAI 9D 1USsld PRI+ (0LXR)EDDVL(L LX) €D HU3s9ld D) €9 YO#
a2dA1piIm
dAL HQal ewoy
90  TSINED 660 -Sejqono D) ¢dnoio  IM-HAIED 1Uasald RIS N2 OIS BLEVARC)SEDE Jussald 991 59 €0#
2dAip|im
Hdl ewoy
(50 DILYTED 660 -Sejqons D) zdnoin | M-HAI 9D JUss3ld pa1RINN - (L LXR)EDDVL(L 1X9)€H4DS HU2s9ld D) 144 o#
2dA1p|Im
Hdl ewol
v60 O 9D 660 -Sejqono D) ¢dnoio  IM-HAIED JUssald PRI (IUNEDDVLH(8 LX) 4D HUss3ld D) 99 LO#
sisoubelp
11snp buuaisnp lzoz  oL—/L+ Jsj0woud juswiaduUeYUD sisoubeip leniul
STIASD  STIADW LLASD PALLADW INS-3  [edlydiesdty OHM 14> 143l uoisng 3senuo)  [ed1bojoisiH 1eaby ON

SOIsli=1oeieyd Ie|nd9|ON L ojqel



Page 7 of 16

sse[> uone|Ay1aw Jowny jeuoinauol|b Bujwioy 9119504 | NOY ‘UonedYIsSe|d uoneziuebiQ YijeaH PO LZ0Z 01 Bulpiodde sisoubelp pajesbarul ewol|b apelb moj dueipad o7 ‘yaiew ou N ‘Sge|ieAe 10U i ‘(]9Aou)
Sse|d uonejAyaw JueInw-yy45dd Jowny [euoinauoi|b pioxAw (jaAou) Jubinw-y44odd INOXAW ‘A60oj03siy ewol|b apesb mo| Do7 ‘ssejd uolrejAyiaw iy ‘ssejd uolejAyiaw ewoljbolbueb ewolb apesb mo| Do ‘D7 ‘ssed
uone|Ayaw Jowny |eldyydaoinau dnsejdofiquiasAp ewollb apeib mo| [ING ‘D97 ‘ABojoisiy 1e ewol|b apelb mo| D7 ‘uosyul uj ‘sse|d uolejAyiaw ewol|b duaydsiway ajiueul HHf ‘sse|d> uone|fyiaw ewolbolbueb oo
‘sse|> uonejAyiaw adAigns 7y 1y ewoise|qol|b zy 1y~ go ‘ssejd uonejAyiaw adAigns jewAyduassw ewolse|qollb 441 S go ‘Ab6ojoisiy 1e ewoise|qol|b go ‘uonedyisse|d uoineziuebiQ YyiesH plAop LZ0g 03 buipiodde
sisoubelp pajeibalul 2dA1p|Im-H@gl ‘ewolse|qol|b | M-Hl g9 ‘Busisn|d INS-} Aq ssejd uone|Ayiaw ewoise|qol|b go ‘uoxa X3 ‘sse|d uoliejAyaw Jowny [eldyiidaoinau disejdoAiquiasAp (NG ‘9103s pajeiqiied §O

(2023) 11:14

6£°0 99 80 13ING 'O 13Nd | dnoio 95951d 1asqy adAIPIIM  (0LXR)EDDVLE(Z LX) EYH4D ON 591 | H
(j9nou)
ueinw
-vd4450d
/G0 INDXAW 950 13ING 'O 13Nd | dnoio 991d 1Uasqy adApiim X3)€4494 ON 591 6C SIqLc#
86'0 1INd 660 13INd ©91 13INd | dnoio 551d U=sqy 2dApiim X9)€Y494 ON 591 9 oc#
8C0 INDY  9¢0 13ING 'O91 13Nd | dnoio 9951d 1Uasqy adAipjim X3)€4494 ON 591 6C 6l#
/10 1INa 90 13NQ 991 13Nd | dnoig 997d wesqy  =dApIm X2)€£4494 ON 9971 €l SL#
sisoubelp
19snp Buuaisnpd 120z OoL—/L+ J330woud jJuswAdURYUD sisoubelp lenul
STIASD STIADIN LLIASD PALLADIN INS-}  [ediydleldly OHM 4D 1431 uoisng jsenuo)  |ed1bojoisiH je aby ON

Métais et al. Acta Neuropathologica Communications

(PanuNUOd) | 3jqey



Métais et al. Acta Neuropathologica Communications (2023) 11:14

cases), dysembryoplastic neuroepithelial tumor (1 case),
infantile hemispheric glioma (1 case), rosette forming
glioneuronal tumor (1 case), myxoid glioneuronal tumor,
PDGFRA-mutant (novel) (1 case). For the only case
(#12) that benefited from two DNA methylation analy-
ses (performed on the initial and recurrence surgeries),
both specimens were classified as GG MC with the v12.5,
although the CS were low (0.41 and 0.60). Interestingly
the recurrence sample (#12bis) was classified by v11b4 in
the glioblastoma /DH-wildtype MC family (mesenchymal
subtype) with a low score and reclassified as GG by v12.5
(Fig. 1). Moreover, 2 cases (#05 and #07) were classified
as glioblastoma, IDH-wildtype (mesenchymal subtype) in
v11b4, and reclassified as GG (with low CS, respectively
0.36 and 0.54) with the v12.5 version of the classifier.
However, because of their low confidence score, these
cases should be considered as “non classifiable” espe-
cially because the DNA MC changed from one version of
the classifier to another and therefore emphasizing that
the information given by the DNA methylation analy-
sis might be questionable in some cases. Importantly, 2
cases (#15 and #17) classified as LGG, GG by v11b4 with
CS<0.84 received a higher score for the same MC with
v12.5 (respectively 0.99 and 0.98). None received a MC
of PLNTY.

T-distributed stochastic neighbor embedding analysis

of DNA methylation data

t-SNE analysis showed that the 22 cases clustered into
three main groups (Fig. 3). The first one, close to glio-
blastoma, IDH-wildtype MC (mesenchymal and RTK2
subtypes), formed a separate group of 12 cases (cases #1
to #12 and its relapse, #12bis) and was therefore named
glioblastoma or GB cluster. The second group of 5 cases
clustered tightly with ganglioglioma MC (cases #13 to
#17) and was therefore named ganglioglioma or GG clus-
ter. The third group of 5 cases formed a separate clus-
ter in close vicinity of dysembryoplastic neuroepithelial
tumor MC (cases #18 to #22), and was therefore named
dysembryoplastic neuroepithelial or DNET cluster.
Therefore, 10 cases had a DNA-methylation profile close

(See figure on next page.)
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to pediatric low grade glioneuronal tumors whereas 12
were closer to glioblastoma, IDH-wildtype.

Unsupervised clustering analysis based

on DNA-methylation data

Unsupervised hierarchical clustering based on our series
of 22 cases classified at histology as GB (8 cases) or LGG
(14 cases) revealed four main groups (1-4) although
group 1 was clearly distinct from the three others (Fig. 4).
Group 1 comprised 5 cases (cases #18 to 22) that shared
young age (<40 years), pathological features of LGG,
lack of TERT promoter mutation, lack of chromo-
some+7/— 10, FGFR3(Exon 17):: TACC3(Exon 10) fusion
type and displayed a MC of LGG. Group 2 was made up
of 4 cases (cases #1 to #4) that shared old age (>40 years),
pathological features of glioblastoma, presence of TERT
promoter mutation, and chromosome+ 7/—10. Group 3
comprised 9 cases (cases #6, #8, #9, #10 and #13 to 17)
and group 4 comprised 4 cases (cases #5, #7, #11, #12 and
its relapse, #12bis), and were more heterogeneous. Five
cases from group 3 displayed a MC of high-grade glioma
(4 glioblastomas, IDH-wildtype MC and one infantile
hemispheric glioma MC) and 4 others had a MC of LGG
GG. Two of nine cases had histopathological features of
glioblastoma, IDH-wildtype, whereas the 7/9 other cases
demonstrated pathological features of LGG but among
them 4 demonstrated TERT promoter mutation asso-
ciated in two cases with chromosome+7/—10. Inter-
estingly, the 3/7 cases that had features of LGG but no
TERT promoter mutation were less than 20 years old. In
contrast, all cases of group 4 displayed a MC of GG and
TERT promoter mutation although histopathological fea-
tures were LGG in two cases and GB in the two others.
None of these patients were younger than 20 years nor
older than 60 years.

Correlation with clinical, radiological and molecular data

Although some correlations reached significance, Fisher’s
test results should be viewed with caution given the small
number of subjects (Additional file 1: Table S1). Age at
diagnosis under 40 years was significantly associated with

Fig. 2 lllustration of a pediatric case of FGFR3:TACC3 low grade glioma (#22 & #14). Upper panel a-e illustrates the case of a 1-year-old at
diagnosis child (#22). Clinical presentation was a West syndrome starting at 6 months of life. MRI revealed a left temporal infiltrative tumor (@ T1
with gadolinium injection; b FLAIR sequence). Surgical resection was performed at 1 year old. Histological examination ¢ showed a diffuse glial
tumor with calcifications, there was no microvascular proliferation, no necrosis, nor mitotic activity. There was no CD34 extravascular expression (d).
Methylation class with v12.5 was ganglioglioma with a calibrated score of 0.39, and the case clustered with ganglioglioma cluster on t-SNE, it fell
within cluster 1 with other low-grade tumors on hierarchical clustering. Copy number plot generated by the platform did not show copy number
variation (e). Lower panel f-i illustrates the case of a 12-year-old child (#14) with chronic epilepsy. MRI show a left temporal without contrast
enhancement (fT1 with gadolinium injection, g FLAIR sequence), surgical resection at 12 years old and revealed a diffuse oligodendroglioma-like
tumor with calcification and strong and diffuse CD34 expression and FGFR3(ex17):TACC3(ex13) fusion, very suggestive of a polymorphous low
grade neuroepithelial tumor of the young (PLNTY) in the absence of ganglion cells (h hematoxylin—phloxin—saffron). There was no TERT promoter
mutation and no chromosome + 7/— 10 (i CNV plots from DNA methylation profiling). Methylation class was ganglioglioma with 0.99 calibrated

score. Scale bars: 50 um
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Fig. 3 t-distributed stochastic neighbor embedding DNA-methylation profiling data analysis. t-SNE analysis of 23 glioma samples with
FGFR3:TACC3 fusion (black triangles and blue triangles for recurrences) compared to reference cohort samples retrieved from our DNA-methylation
profiling database that were classified by the v12.5 version of the Heidelberg classifier with calibrated scores (CS) > 0.9 as follows: glioblastoma,
IDH-wildtype mesenchymal subtype methylation class (MC) (12 cases, blue dots); glioblastoma, IDH-wildtype RTK1 subtype MC (12 cases, purple
dots); glioblastoma, IDH-wildtype RTK2 subtype MC (12 cases, grey dots); LGG DNET MC (11 cases, yellow dots); and LGG GG MC (10 cases, green
dots)
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Fig. 4 Unsupervised hierarchical clustering of DNA-methylation profiling data. Unsupervised hierarchical clustering of 23 glioma samples

with FGFR3:TACC3 fusion based on the 10,000 most variably methylated probes. Samples with CS>0.9 were considered as matching with the
MC proposed by the v12.5 version of the DKFZ classifier, CS < 0.9 were considered not matching. Chr chromosome, DNET dysembryoplastic
neuroepithelial tumor, GG ganglioglioma, IHG infantile hemispheric glioma, LGG low grade glioma, GB IDH-WT glioblastoma IDH-wildtype, GB_
MES_TYP glioblastoma mesenchymal subtype, GB_RTK2 glioblastoma RTK2 subtype, MYXGNT, PDGFRA-mutant (novel) Myxoid glioneuronal tumor,
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LGG histology at initial diagnosis (p=0.014). TERT pro-
moter mutation was significantly more frequent in older
patients (>40 at initial diagnosis) (»=0.001). TERT pro-
moter mutation was significantly associated with GB
cluster (p<0.0001) and FGFR3(Ex17):TACC3(Ex11)
fusion type (p=0.022). Younger patients (<40 years)
were more likely to fall within the GG/DNT cluster
(p=0.002), whereas older patients (>40 years) were more
likely to fall within the GB cluster. Interestingly, tumors
of GB cluster were more likely to develop outside the
temporal lobe, whereas the tumors of GG/DNT cluster
were mainly located in the temporal lobe (p=0.017).
Importantly, some cases that had pathological features of
LGG and belong to GB cluster after t-SNE analysis were
initially classified as GG MC with the v12.5 version of
the classifier. This is the case for case #12 and its relapse,
#12bis, suggesting that the MC per se is not predictive of
the prognosis especially if the score is low.

Besides, two LGG (cases #13 and #15) had well-defined
contrast enhancement suggestive of a surgical “under-
sampling” However, both cases clustered in GG/DNT
cluster in t-SNE and did not have chromosome +7/— 10,
although case #15 (72 year-old) presented a TERT pro-
moter mutation with a score of 0.99 for GG MC in v12.5.
This last case had a progression at 28 months and died of
his disease after 66 months. Again, this further highlights
that DNA methylation profiling is neither a grading tool
nor a substitute for histological diagnosis and when the
DNA MC class is discrepant with pathological features,
caution must be paid, even if the score is high. All histo-
logical glioblastomas had imaging features of high grade
gliomas.

Search for prognostic factors
Survival analysis according to age at first diagnosis

Patients under 40 years of age have a significantly better
PES and OS than patients over 40 years of age (respec-
tively p=0.002 and p=0.007) (Fig. 5a, b).

Survival analysis according to tumor location

There was no statistically significant difference between
PFS (p=0.137) and OS (p=0.299) for tumors located
in the temporal lobe (or involving the temporal) and the
non-temporal tumors.

Survival analysis according to histological diagnosis

Patients with pathological features of glioblastoma had a
worse PFS (p=0.012) than LGG but OS was not signifi-
cantly different (p =0.065).

Survival analysis according to TERT promoter mutation
Whatever the histological diagnosis or the t-SNE clus-
tering, it was obvious that cases with TERT promoter
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mutation had a worse prognosis in comparison with
cases lacking TERT promoter mutation for both PFS
(p=0.005) and OS (p=0.032) (Fig. 5c, d).

Survival analysis according to fusion type

In our series of diffuse gliomas with FGFR3:TACC3
fusion, PFS (»=0.029) and OS (p=0.001) were
significantly ~ worse in  gliomas demonstrating
FGFR3(Ex17):TACC3(Ex11) fusion (Fig. 5e, f). In con-
trast, gliomas with FGFR3(Ex17)::TACC3(Ex10) fusion
had a significantly better OS (»p=0.032) but PFS was not
significantly different (p =0.328).

Survival analysis according to t-SNE clustering

Patients from GG/DNT cluster had a significantly better
PES than patients from GB cluster (p =0.024) but OS was
not significantly different (»p =0.126).

Discussion

Diffuse gliomas with FGFR3:TACC3 fusion have
been mainly reported in the adult setting where they
account for 3.1-11.8% of cases with pathological fea-
tures of glioblastoma [4, 13, 22, 30, 31]. The frequency
of FGFR3:TACC3 fusion in gliomas with pathological
features of low grade is more difficult to appreciate but
does not exceed 4% in some studies [16, 23, 31]. Impor-
tantly, fewer than 15 FGFR3: TACC3 pediatric gliomas,
presenting initially with LGG histological features, have
been reported to date, including one case of PLNTY with
secondary malignant transformation [1, 6, 12, 17, 18, 20,
23, 25, 28].

Diffuse gliomas with FGFR3::TACC3 fusion display some
recurrent pathological features but heterogeneous
epigenetic signature and clinical behavior

Whatever the age of patients and location, diffuse glio-
mas with FGFR3::TACC3 fusion display recurrent patho-
logical features including oligodendroglioma-like cells,
branched vessels, often associated with calcifications and
CD34 extra-vascular expression associated in some cases
with pathological features of glioblastoma (microvascular
proliferation and/or necrosis) [6-9, 12, 17, 20, 23, 26].

In contrast, diffuse gliomas with FGFR3:TACC3
fusion display epigenetic heterogeneity and do not form
a single MC cluster. Glioblastomas with FGFR3:TACC3
fusion are mainly distributed between mesenchymal
and RTK2 MC subtypes [22]. Consistently, most of the
cases of the present study formed a quite homogeneous
cluster on t-SNE, close to GBM-mesenchymal subtype
MC and GBM RTK2 subtype MC but far away from the
GBM RTK1 subtype MC, the other cases belonging to
LGG clusters. Interestingly, a previous study identified
among 79 glioblastomas with FGFR3::TACC3 fusion 11
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Fig. 5 Survival analysis according to WHO CNS 5 diagnosis and age at diagnosis. Kaplan-Meier curves for progression-free (a) and overall (b) survival
for gliomas with FGFR3:.TACC3 fusion according to age at initial diagnosis (>40 vs. < 40). Kaplan-Meier curves for progression-free (c) and overall

(d) survival for gliomas with FGFR3:TACC3 fusion according to TERT promotor mutation status (mutated vs. wild-type). Kaplan—Meier curves for
progression-free (e) and overall (f) survival for gliomas with FGFR3:TACC3 fusion according to FGFR3:TACC3 fusion type (FGFR3(Ex17):TACC3(Ex11) vs.
other fusions). OS overall survival, PFS progression-free survival

cases that formed on t-SNE analysis a separate cluster
(named ‘outlier’” FGFR3:TACC3 positive glioblastoma,
GBM-F3T3-0) close to the cluster of GBM-mesenchy-
mal subtype [35]. Among them, 5/11 cases had patho-
logical features of glioblastoma, and 6 had features of

LGG. Although these cases were originally classified as
GBM-mesenchymal subtype by the v11b4 version of the
classifier, 7/11 were reclassified as LGG GG with the
v12.5 version, but the CS were low. Accordingly, none of
these cases were found in the ganglioglioma cluster in the
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t-SNE performed by the authors. In the present study we
also recorded cases whose MC scores changed between
v11b4 and v12.5: from glioblastoma, /IDH-wildtype (mes-
enchymal subtype) MC to GG MC (v12.5 version) or
LGG MC in v12.5 and indeed clustered in DNT or GG
cluster by t-SNE analysis; but we also observed cases that
clustered with GB by t-SNE analysis. Altogether these
results suggest that t-SNE analysis might provide impor-
tant information when the score for a MC remains low.
In addition to the epigenetic heterogeneity, we also
observed that the clinical behavior of glioma with
FGFR3:TACC3 fusion was also heterogeneous with some
patients that had a stable disease in contrast to others.

The importance of age, epigenetic signature, TERT
promoter mutation and FGFR3::TACC3 fusion subtype
for prognostic stratification
Although our study comprised a limited number of
cases, it highlights that patients younger than 40 years
with pathological features of LGG, lack of TERT pro-
moter mutation and FGFR3(Ex17):TACC3(Ex10)
fusion have a good prognosis in contrast to those that
are older than 40 and display TERT promoter and
FGFR3(Ex17):TACC3(Ex11) fusion. Although DNA
methylation profiling may suggest a prognostication by
an epigenetic signature of LGG or a matching methyla-
tion class associated to a low-grade tumor set, it must be
remembered that classification using methylation profil-
ing remains a tool for research use and does not predict
the individual prognosis of the case tested and therefore
cannot be considered as a grading tool. Indeed, the case
#15 in the present study had progression and died after
66 months despite having an histology of LGG with a
matching methylation class of GG (score 0.99) and clus-
tering by t-SNE analysis with GG.

Further studies are required to confirm these new
findings.

Diffuse gliomas with FGFR3::TACC3 fusion: a nosological
issue

Diffuse gliomas with FGFR3:TACC3 fusion are not
recognized as a distinct tumor type in the 2021 WHO
classification of CNS tumors, which is in keeping with
their clinical and epigenetic heterogeneity. This leads to
major difficulties in their subtyping and grading accord-
ing to the WHO 2021 [21]. In fact, when these diffuse
gliomas occur in adults, it is easy to classify them among
the group of glioblastoma, IDH-wildtype grade 4 if the
tumors display pathological or molecular features of glio-
blastomas [21]. As relevantly reported, such cases might
also represent two subgroups of glioblastomas: early/
evolving or “undersampled” depending on the absence
or presence of typical neuroradiological features of
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glioblastoma, respectively [13, 22]. But we have to keep in
mind that among glioblastoma, /DH-wildtype, those that
harbor FGFR3::TACC3 fusion display a better prognosis
than the others [13, 22].

In contrast, in pediatric setting and in young adults, the
finding of a FGFR3:: TACC3 fusion in a tumor displaying
pathological features of LGG (whatever the neuroradio-
logical findings) leads to major difficulties in its classifi-
cation. In the absence of DNA methylation profiling, the
pathologist can choose between PLNTY (grade 1) or dif-
fuse LGG, MAPK-pathway-altered (no grade attributed
yet). In fact, the diagnosis of PLNTY relies on the follow-
ing essential criteria: “diffuse growth pattern and oligo-
dendroglioma-like component and few (if any) mitotic
figures and regional CD34 expression and IDH-wild type
status and BRAF V600E mutation or FGFR2 or 3 fusions”.
Eight cases (#09, #12, #14, #16-19, #21) of the present
series fulfilled these criteria although for none of them
was proposed a PLNTY MC by the v12.5 of the DKFZ
classifier (MC were: GG, DNET, GB_MES_TYP, RGNT,
MYXGNT, PDGFRA-mutant (novel)). Of interest, the
only case with FGFR3::TACCS3 fusion included in the first
description of PLNTY was not analyzed by DNA methyl-
ation [17]. Therefore, caution should be used when diag-
nosing PLNTY in patients with LGG and FGFR3:TACC3
fusion, especially because malignant transformation asso-
ciated with TERT promoter mutation at recurrence has
been reported [6, 7]. The other alternative diagnosis: “dif-
fuse LGG, MAPK-pathway-altered” might be preferred
although this tumor type lacks specific pathological fea-
tures as well as epigenetic signature [5, 23]. Besides, the
prognostic significance of a TERT promoter mutation in
these two tumor types, PLNTY and diffuse LGG, MAPK-
pathway-altered, has not been fully elucidated yet as well,
and there are yet no guidelines to classify such tumors.
As shown by the present study, alternative diagnoses
such as DNET and GG can be proposed by DNA meth-
ylation profiling with high confidence score, however this
proposition should be taken with caution in the absence
of characteristic pathological features (glioneuronal ele-
ment, neoplastic ganglion cells). To date, histology takes
precedence over the methylation class in these two tumor
type classifications according to WHO CNS5 2021. To
the best of our knowledge, except for one case of the
present series, FGFR3::TACC3 fusion has never been
reported in cases classified by DNA methylation profiling
as DNET, even in large series [24]. Besides, the prognos-
tic significance of TERT promoter mutation in cases with
a methylation score of ganglioglioma is largely unknown.

To conclude, although glioma with FGFR3:TACC3
fusion is not a distinct tumor type in the WHO 2021 clas-
sification of CNS tumor, searching for FGEFR3::TACC3
fusion in diffuse IDH-wildtype glioma especially if it
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displays an oligo-like appearance and whatever the age
of the patient is of utmost importance since these tumors
might benefit from targeted therapy, although the evi-
dence for their efficacy remains limited to date.

Age, TERT promoter mutation, combined pathologi-
cal features, DNA-methylation profiling as well as fusion
subtype are of interest to determine patients’ stratifica-
tion risk.
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