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The WHO (2021) Classification classified a group of pediatric-type high-grade gliomas as IDH wildtype, H3 wildtype but as of currently,
they are characterized only by negative molecular features of IDH and H3. We recruited 35 cases of pediatric IDH wildtype and H3
wildtype hemispheric glioblastomas. We evaluated them with genome-wide methylation profiling, targeted sequencing, RNAseq, TERT

promoter sequencing, and FISH. The median survival of the cohort was 27.6 months. With Capper et al.’s

3% methylation groups as a

map, the cases were found to be epigenetically heterogeneous and were clustered in proximity or overlay of methylation groups PXA-
like (n = 8), LGG-like (n =10), GBM_MYCN (n =9), GBM_midline (n =5), and GBM_RTKIIl (n = 3). Histology of the tumors in these
groups was not different from regular glioblastomas. Methylation groups were not associated with OS. We were unable to identify
groups specifically characterized by EGFR or PDGFRA amplification as proposed by other authors. EGFR, PDGFRA, and MYCN
amplifications were not correlated with OS. 4/9 cases of the GBM_MYCN cluster did not show MYCN amplification; the group was also
enriched for EGFR amplification (4/9 cases) and the two biomarkers overlapped in two cases. Overall, PDGFRA amplification was found
in only four cases and they were not restricted to any groups. Cases in proximity to GBM_midline were all hemispheric and showed
loss of H3K27me3 staining. Fusion genes ALK/NTRK/ROS1/MET characteristic of infantile glioblastomas were not identified in 17 cases
successfully sequenced. BRAF V600E was only found in the PXA group but CDKN2A deletion could be found in other methylation
groups. PXA-like cases did not show PXA histological features similar to findings by other authors. No case showed TERT promoter
mutation. Mutations of mismatch repair (MMR) genes were poor prognosticators in single (p <0.001) but not in multivariate analyses
(p = 0.229). MGMT had no survival significance in this cohort. Of the other common biomarkers, only TP53 and ATRX mutations were
significant poor prognosticators and only TP53 mutation was significant after multivariate analyses (p = 0.024). We conclude that IDH
wildtype, H3 wildtype pediatric hemispheric glioblastomas are molecularly heterogeneous and in routine practice, TP53, ATRX, and
MMR status could profitably be screened for risk stratification in laboratories without ready access to methylation profiling.
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INTRODUCTION

Brain tumor is the commonest solid cancer in children and
glioblastoma accounts for about 6% of all brain tumors in
children'?. Pediatric glioblastoma has an annual incidence of
1.78 per 100,000 population according to CBTRUS and is the
commonest cause of cancer-related death in children®. There is
now a lot of literature confirming that pediatric gliomas have
different molecular pathological features from adult glioblasto-
mas, in spite of histological similarity. In the new WHO 2021 CNS
Tumor Classification, pediatric gliomas are classified separately
from adult gliomas and are divided into low-grade and high-
grade groups®. Pediatric-type high-grade gliomas are now
classified by the new classification into Diffuse midline glioma,
H3K27-altered; Diffuse hemispheric glioma, H3 G34-mutant;
Diffuse pediatric-type high-grade glioma, H3 wildtype and IDH

wildtype; and Infant-type hemispheric glioma
tumourclassification.iarc.who.int].

It is well known that pediatric gliomas are mostly isocitrate
dehydrogenase wildtype. IDH-mutant pediatric gliomas are mostly
found in older children or adolescents®”. It is also well known that
K27 mutation and G34 mutation of the H3 genes (HISTTH3B and
H3F3A) are found in gliomas in the pediatric age group; the former
group was mostly found in midline tumors and the latter being
found in hemispheric tumors and in an older age group®™'". For
glioblastoma located in the midline, other than the classical
H3K27M-altered midline glioma, distinct groups including bitha-
lamic gliomas in children with EGFR amplification or other
alterations'*'3, or tumors characterized by molecular changes
such as mutations of ACVR1' and activation of EZHIP'>'® have
been reported. The group of infantile hemispheric gliomas,
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generally taken as occurring between 1 and 3 years of age, are
also characterized by specific fusion genes of ALK/NTRK/ROS1/
MET'*1718 and seem to have a better prognosis than those of the
older children'®.

The exact incidence of IDH wildtype (wt), H3 wildtype (wt)
pediatric-type high-grade glioma is not known but in a clinical trial
of non-brainstem pediatric high-grade gliomas in children aged
3-18 years, about 40% were H3 wildtype?°. Gliomas arising within
the context of constitutional mismatch repair deficiency (cMMRD),
Lynch syndrome, Li Fraumeni syndrome or previous cranial
irradiation, should be recognized as potential aetiologies for
H3wt pediatric high-grade gliomas. In spite of advances in surgical
and medical treatments, pediatric glioblastoma remains incurable.
Median survival remains as 9-15 months overall for pediatric
glioblastomas?'??, five-year survival is less than 20%2"? and trials
of drugs or targeted agents used against adult glioblastomas have
not shown a survival benefit?.

H3wt, IDHwt pediatric high-grade gliomas are currently defined
by negative mutations for IDH and H3 (H3F3A and HIST1H3B). They
are not characterized by specific molecular or histological features.
There have only been a few genomic studies of IDHwt and H3wt
pediatric glioblastomas. Korshunov et al. studied a series of 87
cases with methylation profiling and proposed they should be
divided into three groups enriched by MYCN amplification
(pedGBM_MYCN), PDGFRA amplification (pedGBM_RTK1), and
EGFR amplification (pedGBM_RTK2)?*. In this study, tumors of
the pedGBM_RTK2 group were associated with a favorable overall
survival (OS), tumors of the pedGBM_RTK1 groups were associated
with an intermediate OS, and tumors of the pedGBM_MYCN
tumors had the worst clinical outcome. Next-generation sequen-
cing (NGS) however was not performed in this study. So the
question may arise whether in routine practice for those
laboratories without day-to-day access to methylation profiling,
one needs to test for EGFR, PDGFRA, and MYCN amplifications. In
another study, Mackay et al. conducted a comprehensive meta-
analysis of pediatric high-grade gliomas'®. According to their
supplementary data, a total of 43 IDHwt, H3wt glioblastomas
located in the midline and the hemispheres were examined by
methylation and NGS. The authors further examined 38 cases of
pediatric glioblastomas from a clinical trial which were IDHwt,
H3wt, and BRAFwt and concluded that they were genetically
heterogeneous?°.

In this study, we aimed to provide a comprehensive molecular
landscape for pediatric IDHwt, H3wt glioblastoma by whole
genome methylation profiling and NGS including both targeted
sequencing and RNAseq and looked for their clinical significance.
We examined in this study only hemispheric tumors as pediatric
midline tumors have unique molecular pathologic changes like
H3K27 alterations, EZHIP activation or EGFR amplification which
were extensively studied'>'>,

MATERIALS AND METHODS

Tumor samples

We searched cases diagnosed as hemispheric glioblastoma with the age
range 1-18 inclusive in four institutions, Prince of Wales Hospital, Chinese
University of Hong Kong (1990-2016), Huashan Hospital, Fudan University,
Shanghai (2012-2018), First Affiliated Hospital of Zhengzhou University,
Zhengzhou (2012-2018) and Children’s Hospital, Guangzhou (2017). The
brackets showed the years when the archives were searched. The reason for
the differences in years related to when electronic medical records were
fully available in the institutions and only one year ‘s archive was available
at Guangzhou Children’s Hospital as the neurosurgical unit was new there.
Tumors which were diagnosed as anaplastic pleomorphic xanthoastrocy-
tomas (PXA) at the time were not included in this study as their molecular
pathology has been extensively covered in the literature®> ?”. High-grade
pediatric gliomas located in the midline were also not recruited as they
have been extensively studied'®'>'>'¢, Seventy-one glioblastomas were
thus retrieved and genotyped for hotspot mutations of IDHT and IDH2 and
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H3.3 (H3F3A) and H3.1 (HIST1H3B). Twenty cases were excluded from this
study due to the presence of IDH1/2, H3.3, or H3.1 mutations. Out of the
remaining 51 cases, 39 cases were subjected to methylation profiling. 12
cases were failed in quality control test. Methylation results suggested
diagnoses other than glioblastomas in four cases which were subsequently
confirmed and they were removed from further studies. So, a total of 35
cases of pediatric IDHwt, H3wt hemispheric glioblastomas were recruited
for detailed analysis.

Histology of all selected cases was reviewed (HC and HKN) to confirm
histological features of glioblastoma as per WHO 2016 Classification,
namely mitoses, cellular atypia, microvascular proliferation, and necrosis’
The approach to gliomas in all three hospitals was maximal safe resection
in the first instance. Ethics approvals were obtained from The Joint Chinese
University of Hong Kong—New Territories East Cluster Clinical Research
Ethics Committee, the Ethics Committees of Huashan Hospital, Shanghai,
The First Affiliated Hospital of Zhengzhou University, Zhengzhou and the
Children’s Hospital, Guangzhou. Data on patient demographics and
therapeutic treatment was retrieved from institutional paper and electronic
records. Survival data, for both OS and progression-free survival (PFS), were
obtained from follow-up clinic visits and direct contact with patients or
close relatives via phone as per our previous studies®®~3°,

IDH1, IDH2, H3.3 (H3F3A), H3.1 (HIST1H3B), and TERT
promoter mutation analysis

Sanger sequencing was employed to confirm that all cases carried the
wildtype for IDH1, IDH2, H3.3, and H3.1>'"33, Similarly, Sanger sequencing
was done to detect hotspot mutations (C228T and C250T) at the promoter
of the gene TERT (telomerase reverse transcriptase)**>*. In brief, formalin-
fixed paraffin-embedded (FFPE) sections were dewaxed in xylene and
rehydrated in graded alcohol. Tissues were then collected and immersed
into Tris-EDTA buffer supplemented with proteinase K. The lysates were
incubated at 56 °C overnight followed by heat inactivation at 95 °C for
5 min. DNA from the lysate was amplified using forward primer, reverse
primer, KAPA Robust HotStart ReadyMix (Sigma)/ KAPA HiFi HotStart
ReadyMix (Sigma). PCR products were visualized on electrophoresis gel,
cleaned with a spin column-based PCR product purification kit (iNtRON
Biotechnology) and sequenced with BigDye Terminator Cycle Sequencing
kit v1.1 (Life Technologies). Primer sequencing and PCR conditions can be
found in previous publications®'333%,

lllumina infinium methylation EPIC BeadChip array

FFPE sections were sent to Sinotech Genomics Co., Ltd, Shanghai, where
the DNA was extracted, bisulfite modified, and subjected to DNA-
methylation profiling by EPIC lllumina Infinium Human (850k) array.
Background correction, global dye-bias normalization, and calculation of
DNA-methylation level were performed according to the previous
publications®. The most variable probes were used to generate t-SNE
plot (t-distributed stochastic neighbor embedding) with Rtsne R package
v0.13%. MGMT promoter methylation status was determined by R package
MGMT-STP27%.

To evaluate copy number variations (CNVs), probe-level signal intensities
were subjected to background correction and dye-bias normalization.
Probes targeting the sex chromosomes, containing single-nucleotide
polymorphisms, or mapping to multiple locations in the human genome
were excluded to avoid inaccurate assessment. Two sets of 50 control
samples derived from male and female donors were used for normal-
ization®®. CNV analysis was performed using the ‘conumee’ R package in
Bioconductor  (http://www.bioconductor.org/packages/release/bioc/html/
conumee.html). A log2 ratio +0.35 was used as the cutoff of amplifica-
tion/loss and a log2 ratio —0.415 was used as the cutoff for homozygous
loss. GISTIC v2.0 analysis was conducted to identify significantly recurrent
copy number amplification and deletions at arm-level and focal-level,
defined as affected regions spanning less than 50% of a chromosome arm.

Targeted sequencing

DNA was obtained from FFPE sections using GeneRead DNA FFPE kit
(Qiagen). The quality and quantity of extracted DNA were evaluated by
QlAseq DNA QuantiMIZE Assay (Qiagen). Samples that passed quality
control were subjected to library preparation with a custom QlAseq
Targeted DNA Panel, covering either the coding exons or hotspot
mutations of 74 genes altered in gliomas and other CNS tumors. The
DNA libraries were then further assessed for quality and quantity before
the libraries were sequenced with MiSeq v3 (lllumina).

Laboratory Investigation (2022) 102:731-740
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Paired-end reads were aligned to the hg19 (GRCh37) build of the human
reference genome with BWA-MEM algorithm on GeneGlobe platform
(Qiagen). Variants were called using smCounter2>® and annotated using
wANNOVAR®®. Variants with the following criteria were excluded: not
passing quality filters, with variant allele fractions of <5%, with variant
allele counts of <5, or with minor allele frequencies of >1% in overall
human population or East Asians or documented in public databases (1000
Genomes, ExAc, gnomAD exome and genome databases).

Targeted RNA sequencing

Total RNA was extracted from FFPE sections using RNeasy FFPE kit
(Qiagen). RNA passing quality control examination was converted into
cDNA, and libraries were then generated using TruSight RNA Pan-Cancer
Target Genes (lllumina), which designed to detect 1385 cancer-related
genes. Paired-end reads were aligned to human genome assembly
GRCh37 (hg19) and fusion genes were called using the STAR aligner and
STAR fusion caller®.

Immunohistochemistry for H3K27me3 expression

H3K27me3 was detected according to the previous study®'. In brief, 4 um
thickness FFPE tissue sections were dewaxed in xylene and rehydrated in
graded alcohol. Immunohistochemical staining was done in BenchMark
ULTRA automated tissue staining system (Ventana Medical Systems).
Sections were incubated with the rabbit polyclonal anti-H3K27me3
antibody (1:100, C36B11, Cell Signaling). Immunostaining was detected
with the OptiView DAB IHC Detection Kit (Ventana Medical Systems). Non-
tumor cells such as endothelial cells and immune cells served as internal
positive controls. Sections were scored positive when more than 80%
tumor nuclei were stained positive for H3K27me3*2,

Fluorescence in-situ hybridization (FISH) analysis

MYCN amplification, EGFR amplification, and PDGFRA amplification were
evaluated by FISH on selective cases to confirm amplification as revealed
by methylation array. The BAC clone (RP11-355H10) containing the
genomic sequences of chromosome 2p24 and the centromere probe
(CEP 2 (D2Z1), Vysis) were used for MYCN amplification detection. The BAC
clone (CTD-2199A14) and the centromere probe (CEP7, Vysis) were used
for EGFR amplification detection. Probes of PDGFRA (CTD-2054G11 and
RP11-231C18) and the centromere probe (CEP 4, Vysis) were employed to
detected PDGFRA amplification. The target probe for EGFR and PDGFRA
were labeled with Spectrum Orange and the reference probe was labeled
with Spectrum Green. In the case of MYCN amplification, the target probe
was labeled with Spectrum Green and the reference probe was labeled
with Spectrum Orange.

L. Hong et al.

In brief, FFPE sections were dewaxed by xylene, heated in 1 M sodium
thiocyanate for 10 min at 80°C and digested with pepsin at 37 °C for
20-30 min. Sections were then rinsed in molecular biology grade water to
stop the digestion and dehydrated by heating. Locus-specific probe was
then denatured at 80 °C for 10 min followed by incubation on slides for
16 h at 37 °C. On the next day, sections were washed twice in 1.5 M Urea/
2x saline sodium citrate at 50 °C for 10 min, and stained with Vectashield
mounting medium containing 4’,6-diamidino-2-phenylindole (Vector
Laboratories). Fluorescent signals were visualized under a fluorescent
microscope (Carl Zeiss).

At least 100 non-overlapping signals were counted and analyzed in each
case. Amplifications were considered when clusters were appeared or >5%
tumor cells displayed a ratio of target to reference signal >2*.

Statistical analysis

Statistical analysis was performed on IBM SPSS software. OS was defined as
the period of time between operation and death or the last follow-up. PFS
was defined as the time between operation and recurrence as revealed by
neuroradiological finding. Chi-square or Fisher's test was applied to
determine correlation between molecular alterations and clinical para-
meters and between different molecular alterations. Survival curves were
evaluated by the Kaplan-Meier (KM) method, and log-rank test was done
to compare survival distribution between groups. Multivariate analysis was
performed by Cox proportional hazards model. P < 0.05 (two-sided) was
considered statistically significant.

RESULTS

Clinical features of the cohort

All tumors were wildtype for IDH1/2, H3.1 (HIST1H3B), and H3.3
(H3F3A) by Sanger sequencing. The clinical features of the 35 cases
in this cohort are shown in Table 1. Male and female ratio was 1.06:
1. The mean and median ages at diagnosis were 12.2 and 13 years
old (range 1-18), respectively. Only one patient was below three
years old. Most tumors were located in the frontal lobes (n =15).
Ten cases were found in the temporal lobes and 8 and 2 cases
were found in the parietal and occipital lobes respectively. Data of
OS and PFS were available in 34 patients (97.1%) and 23 patients
(65.7%) respectively. 27 patients had total resection. Radiotherapy
and chemotherapy were given to 22 and 21 patients respectively.
The mean and median OS of this cohort were 40.6 and
27.6 months, respectively. These appeared to be longer than
those of adult IDHwt glioblastomas (TCGA data). Univariate Cox

Table 1. Clinical characteristic of 35 pediatric H3wt, IDHwt hemispheric gliomas.
Variables All cases Methylation groups p value
(n=33) LGG-like GBM_midline GBM_MYCN GBM_RTKIII PXA-like
(n=10) (n=5) (n=9) (n=3) (n=38)
Age (mean/median) 12.2/13 13.9/15 14.4/16 9.7/8 14.3/13 10.8/10.5 0.118
Sex
Male 18 2 3 0.606
Female 17 3 1
Resection
Total resection 27 7 4 1 7 0.184
Non-total resection 5 1 0
Not available 3 0 0 1 1
Chemotherapy
Yes 22 6 3 6 2 0.827
No 7 3 1 1
Not available 6 1 1 2 1
Radiotherapy
Yes 21 6 3 5 1 6 0.863
No 8 3 1 2 1
Not available 6 1 1 2 1 1
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proportional hazard analyses were performed, and none of the
clinical parameters, including sex, age, resection, chemotherapy
and radiotherapy, was associated with OS and PFS (Supplementary
Table 1).

Pediatric hemispheric IDHwt, H3wt glioblastomas were
epigenetically heterogeneous

Using the topmost differentially methylated probes based on the
Capper et al. publication®, we conducted t-SNE dimensionality
reduction analysis. As shown in Fig. 1 and Table 1, overall, cases in
the cohort were epigenetically heterogeneous, and were clustered
in proximity or overlay of methylation clusters PXA (n=38), LGG
groups (n=10), GBM_MYCN (n=9), GBM_midline (n=5), and
GBM_RTKIIl (n=3). Cases assigned to GBM_MYCN, GBM_RTKIII
directly overlaid the reference cases. Cases assigned to GBM_mid-
line and PXA clustered well but the cases were only in proximity to
the reference groups. Ten cases were not clustered well and could
only be clustered in proximity to three LGG groups: LGG_DNT,
LGG_GG, and LGG_SEGA. We named these case hereafter in this
paper as “LGG-like” and “PXA-like” respectively for convenience.
There was no correlation between methylation groups and clinical
variations (Table 1). Survival analysis revealed that methylation
classes had no impact on OS and PFS (Fig. 2A-D) though there
was a trend for a better prognosis with the LGG/PXA-like cases. We
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have attempted using other means of clustering, e.g., k-means
test, but the results were not satisfactory (data not shown).

Histologically, we were unable to find typical features of PXA
(pleomorphic xanthoastrocytoma) or epitheloid glioblastomas in the
cases assigned to PXA-like (Supplementary Fig. 1). It should be noted
that similar assignments of histologically non-PXA pediatric gliomas
to the methylation group PXA were noted by other authors®354446
and that the Capper et al. classification (version 11b4) currently did
not separate between regular PXA and anaplastic PXA. Similarly,
cases assigned to LGG-like (low-grade gliomas) groups, as depicted
in Supplementary Fig. 2 showed histologically usual features of
glioblastomas similar to the experience of other authors®. All five
cases assigned to GBM_midline were actually hemispheric as all
cases in the whole cohort were hemispheric (Supplementary Fig. 3).
Histologically, cases assigned to GBM_MYCN were also regular
glioblastomas without features of embryonal tumors or “PNET”
(Supplementary Fig. 4). Interestingly, all five cases assigned to
GBM_midline showed loss of H3K27me3 staining with immunohis-
tochemistry (Supplementary Fig. 5).

Copy number variations and MGMT methylation

CNVs together with the clinical and molecular details in this cohort
is depicted in Fig. 3. CNVs in our cohort were derived from DNA-
methylation profiles according to previous study*°. We employed
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GISTIC analysis to identify statistically significant recurrent
amplifications and losses at arm-level and focal-level. At arm-
level, we found in the whole cohort significant amplification at
chromosomes 7p, 7g, 20p, and 20g and significant loss at
chromosome 10q (Supplementary Fig. 6; Supplementary Table 2;
g <0.05). At focal level, we identified significant amplification at
chromosome region 7p11.2 where EGFR is located and losses at
chromosome regions 15q11.2 and 19q13.42 (Supplementary Fig. 7;
g <0.05). Whole chromosome 7 gain/amplification and whole
chromosome 10 loss were found in 8 (22.9%) and 4 (11.4%) cases
respectively. No case showed a combined whole chromosome 7
+/10— as per adult IDHwt glioblastomas®’. Chromosome 7 or 10
alterations were not associated with clinical outcomes (Supple-
mentary Table 2). Chromosome 1p (n=3) and 1q (n=3)
amplifications were associated with poorer OS. Similarly, loss of
chromosome 9p was correlated with a shorter OS (Supplementary
Table 2) but the numbers for all these abnormalities were small.

Next, we determined the prevalence of copy number changes
at gene level as per Shirahata et al.*®. EGFR, PDGFRA and MYCN
amplifications were observed in 25.7%, 11.4% and 17.1%,
respectively (Supplementary Table 3). EGFR, PDGFRA, and MYCN
amplifications were validated by FISH in 9/9, 3/4, and 3/6 of
amplified tumors respectively (Supplementary Fig. 8). The
remaining cases could not be further evaluated due to a lack of
tissues. CDK4 amplification (n = 11) and CDKN2B loss (n = 11) were
common and present in around one-third of our hemispheric
tumors (Supplementary Table 3). Other common alterations
included CCND2 amplification, MET amplification and CDKN2A
loss (Supplementary Table 3). CDKN2A loss was found in all
methylation groups and was not unique to cases assigned to PXA-
like (Fig. 3). CNVs at gene level were not correlated with clinical
outcomes (Supplementary Table 3) including CDKN2A/B loss.
MGMT methylation was identified only in five cases (14.3%), a
frequency lower than the regular adult glioblastomas*® and it had
no prognostic significance (Supplementary Fig. 9).

Association between CNVs and methylation classes

As expected, MYCN amplification was significantly associated with
the GBM_MYCN group (p = 0.008; Supplementary Table 4). MYCN
amplification was confirmed by FISH in three cases with sufficient
tissue materials. EGFR amplification (4/9 cases) was also common
in GBM_MYCN and two cases in this group harbored both
molecular alterations (Fig. 3).

EGFR amplification was found in cases assigned to LGG-like
group (3/10 cases) and GBM_midline cluster (1/5 cases). In the
whole cohort, PDGFRA amplification was found in only four cases
(11.4%) and they were found in different methylation groups. So
we were unable to identify methylation groups specifically
characterized by EGFR or PDGFRA amplification as proposed by
other authors®*. EGFR, MYCN and PDGFRA amplifications were all
not correlated with clinical outcomes (Supplementary Table 3).

Amplification of chromosome 20p was associated with
GBM_MYCN class (p=0.019; Supplementary Table 5) where it
was found in >50% of the cases. Similarly, amplification of
chromosome 20g was associated with GBM_MYCN group (p =
0.019) and chromosome 15q loss was associated with GBM_mid-
line group (p = 0.006).

TP53, ATRX and MMR mutations were poor prognosticators
We then conducted target sequencing to reveal the mutational
profiling of 74 genes relevant to gliomas (Supplementary Table 6).
The list of mutations identified in this cohort is shown in
Supplementary Table 7. The mutational landscape of this study
is also depicted in Fig. 3. None of our cases carried TERT promoter
mutation.

We detected on average 14.94 £+ 29.55 mutations (range 1-121)
per sample. The majority of cases (27/35; 77%) showed few
mutations (<10 mutations); however, 8 tumors had more than 10
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mutations with three tumors carrying >100 mutations. All three of
these cases carried mutations in the mutations of the mismatch
repair (MMR) genes (MSH2, MSH6, MLH1 and PMS2). Tumors
carrying mutations of the MMR genes had significantly higher
number of mutations (p=0.001; 39.70+48.10 vs 5.04+3.41
mutations/sample). Overall, 10 cases showed MMR protein genes.
We evaluated carefully the history of the 10 cases and could not
find any history of any other cancers or tumors. We then separated
tumors into two groups based on mutation counts. Samples with
mutation count =15 were classified into “high mutation count” and
those <15 were classified into “low mutation count”. We detected a
trend towards shorter OS in high mutation samples (p =0.068;
Supplementary Fig. 10). We performed immunohistochemistry on
selected cases with enough tissue materials to confirm MMR
mutations (Supplementary Fig. 11).

The gene with most frequent mutations in this study was TP53
(n=17; 48.6%; Supplementary Table 8). Other frequent mutations
included NF1 (34.3%), PDGFRA (28.6%) and ROST (25.7%). NF1
mutation found across all methylation groups. We evaluated
carefully the clinical history of all cases with NF1 mutations but
could not find any case with documented clinical manifestation of
the NF1 syndrome. All five BRAF V600E mutations were found in
cases assigned to PXA-like group (p =0.001).

For clinical correlation, TP53 mutation was significantly associated
with shorter OS (p = 0.001; Fig. 4A) and PFS (p = 0.040; Fig. 4B). ATRX
mutation was also a negative prognosticator and associated with
shorter OS (p =0.022; Fig. 5A) and PFS (p =0.047; Fig. 5B). MMR
genes were the poor prognosticators for OS (p = 0.007; Fig. 6A) and

A

100 1 L
;\? 80 1 TP53 wildtype (N=18)
2 |
= 60 ‘
<
S
8 40 1 p=0.001
E
E 20 1 TP53 mutant
5 (N=16)

O 1 T T T T T
0 25 50 75 100
Overall survival (months)

B

100
$ 807
z
:S‘; 607 TP53 wildtype (N=13)
s [
o
a 407
s \
2 —
g 207 -
= TP53 mut
7 Ao t\—‘ p=0.040

01

0 25 50 75
Progression-free survival (months)
Fig. 4 Kaplan-Meier survival curves with log-rank test of TP53

mutation status. Pediatric glioblastomas harboring TP53 mutations
had a significant shorter (A) OS and (B) PFS.
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Fig. 5 Clinical significances of ATRX mutation in IDHwt, H3wt
pediatric hemispheric glioblastomas. (A) OS and (B) PFS curves for
ATRX mutation. ATRX mutation was associated with a shorter OS
and PFS.

PFS (p =0.039; Fig. 6B) but significance was lost in multivariate
analyses (Table 2). In multivariate analysis after adjusting age, sex,
extent of resection, chemotherapy, and radiotherapy, TP53 mutation
remained as an independent molecular prognosticator for OS (p =
0.024) and showed a trend towards significance for PFS (Table 2).
When TP53 and ATRX mutation status was combined, tumors
carrying ATRX and/or TP53 mutations also had a significant shorter
OS and PFS (Supplementary Fig. 12A, B).

Fusion genes found in infantile glioblastomas were absent
We carried out RNAseq designed to detect fusions of 1385 cancer-
related genes. Seventeen of 35 samples passed the QC to proceed
library preparation. Two fusion genes were detected. A MN1-PATZ1
fusion gene predicted to be in-frame was found in an 8-year-old
girl with the tumor classified as GBM_MYCN. This fusion was
previously also reported in gliomas and other brain tumors®®*'.
The patient was still alive with a survival of 65.8 months. The other
predicted to be in-frame fusion gene was detected in a 16-year-
old boy, and it was a fusion between the genes ZC3H7B and
ARFGAP3. The patient was alive with a survival of 26.5 months.
Fusion genes ALK/NTRK/ROS1/MET characteristic of infantile
glioblastomas were not identified'”.

DISCUSSION
Korshunov et al. found that some cases diagnosed as pediatric
glioblastomas epigenetically fell into PXA or low-grade glioma
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Fig. 6 Clinical significances of mutations in MMR genes. IDHwt,
H3wt pediatric hemispheric glioblastomas with mutations in the
MMR genes (MSH2, MSH6, MLH1 and PMS2) had a significantly
shorter (A) OS and (B) PFS.

groups though histologically they might not look like PXA or LGG®.
As indicated in the supplementary data of this study, 40 pediatric
glioblastomas were thus classified and they were IDHwt and H3wt.
In a follow-up paper, after excluding those cases which were
classified epigenetically as PXA or low-grade gliomas, this group of
authors determined DNA-methylation profiles in 87 IDHwt, H3wt
pediatric glioblastomas®*. They classified them into three methy-
lation groups by amplifications of MYCN, PDGFRA, and EGFR
(which the authors termed pedGBM_MYCN, pedGBM_RTK1, and
pedGBM_RTK?2, respectively). They found the group enriched by
EGFR amplification had the better prognosis, the group enriched
by MYCN amplification the worse prognosis and the group by
PDGFRA amplification an intermediate prognosis. In our study, we
used the commonly used Capper plot for epigenetic clustering for
brain tumors and clustered this cohort of IDHwt, H3wt hemi-
spheric glioblastomas into PXA-like, LGG-like, GBM_MYCN,
GBM_midline, and GBM_RTKIIl groups using Capper et al's
terminology (version 11b4). The clustering was not perfect as
described under Results.

In our cohort, EGFR amplification was found in GBM_MYCN
cluster (4/9) and also in LGG-like (3/10 cases), and GBM_midline
cluster (1/5 cases). MYCN and EGFR amplifications overlapped in 2
cases. Four out of 9 cases of GBM_MYCN did not show MYCN
amplification. PDGFRA amplification was only found in 4/35 cases
(11.4%) and they were found in different methylation groups.
None of MYCN, EGFR or PDGFRA amplification was a prognos-
ticator in our cohort. So overall we were unable to identify distinct
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Table 2. Multivariate Cox proportional hazard regression model of clinical and molecular features.

oS
Variables HR (95% CI)
Age 1.042 (0.893-1.217)
Sex
Male 1
Female 0.848 (0.268-2.681)

Extent of resection
Total resection
Non-total resection

Chemotherapy
Yes
No

Radiotherapy
Yes
No

ATRX mutation
No
Yes

MMR genes mutation
No
Yes

TP53 mutation
No
Yes

1
2.922 (0.620-13.773)

1
44.606 (3.780-526.323)

1
24.348 (2.699-219.625)

1
2.203 (0.566-8.570)

1
0.786 (0.180-3.426)

1
5.936 (1.261-27.934)

PFS

p value HR (95% ClI) p value

0.599 0.921 (0.795-1.066) 0.270

0.779 1 0.071
0.322 (0.094-1.103)

0.175 1 0.636
1.616 (0.222-11.760)

0.003 1 0.134
0.122 (0.008-1.909)

0.004 1 0.277
4.312 (0.309-60.088)

0.255 1 0.344
2.012 (0.473-8.554)

0.748 1 0.614
1.476 (0.324-6.719)

0.024 1 0.071

3.844 (0.891-16.578)

methylation groups characterized specifically by EGFR or PDGFRA
amplification using the Capper et al. plot. We appreciate that there
are other means of epigenetic clustering but Capper et al.'s plot is
the one most commonly referenced and many of its methylation
groups have been written into WHO 2021 Classification as
desirable diagnostic criteria®.

In this cohort, there was no significant survival difference
among the clusters but LGG/PXA-like cases had a trend towards a
better prognosis than the other groups. The lack of survival
difference could be attributed to the relative smaller sample size
of PXA-like and LGG-like in our cohort (18 cases). One should also
be aware that methylation array is not available to most
pathology laboratories in the world due to cost and lack of
expertise in interpretation, e.g., tSNE and this may restrict their
use in routine diagnoses. BRAF V600E was specific to the PXA-like
tumors in this cohort and there might be consideration for its
regular testing, which is available in many pathology laboratories,
as target therapy may be considered®?. The PXA-like cases did
not have the typical histological appearance of PXA and were not
epitheloid glioblastomas and histologically were indistinguish-
able from regular glioblastomas. But it is well known in the
literature that epigenetic PXA is not equivalent to histological
PXA83644746 and the Capper plot does not have a group of
anaplastic PXA. Similarly, the LGG-like cases in our cohort showed
regular features of glioblastomas and may not be distinguishable
by histology. A similar experience was also reported by other
authors®'°,

In this cohort, 5/9 cases the GBM_MYCN showed MYCN
amplification and one case of MYCN amplification was found in
GBM_midline. Mackay et al. examined 38 cases of IDHwt, BRAFwt,
H3wt pediatric glioblastomas from a clinical trial?®. The common-
est methylation group in their cohort was GBM_MYCN but only
one of their group MYCN showed MYCN amplification. MYCN is
also known to be upregulated in H3.3 G34R/V pediatric gliomas
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and therefore caution should be exercised in the interpretation of
MYCN status in pediatric gliomas>. Interestingly, pediatric
glioblastomas with MYCN amplification has also been associated
with “CNS-PNET” in the literature®*** and adult glioblastoma with
features of PNET are known to show MYCN amplification’®.
However, we found that our cases with MYCN amplification
showed histological features of regular glioblastoma instead of
embryonal tumors.

GBM_midline may actually be defining a group of tumors with
similar epigenetic rather than clinical features. In our cohort, none
of the tumors was located midline. Similar findings of a non-
midline location of pediatric gliomas clustered to this group were
reported by Mackay et al.'. Consideration of an alternate name
for this methylation cluster should be made for better commu-
nication with clinicians and patients. Interestingly, our GBM_mid-
line tumors, although not midline-located, shared with midline
gliomas the interesting property of loss of H3K27me3>. Also
similar to the truly midline pediatric glioblastomas, this group of
GBM_midline tumors was enriched with TP53 mutation (5/5
cases)’®>°. GBM-RTKIII is similar to the cytogenetic abnormalities
of adult GBM. The prognosis is poor similar to the GBM_midline
and GBM_MYCN but the number is too small (n =3) for further
analyses.

Gliomas may exhibit MMR genes and loss of their staining
immunohistochemically®®™®%. These tumors may be associated
with Lynch syndrome in the older population, and in the pediatric
patients, consideration should also be given to cMMRD syn-
drome®® which we were unable to find any hint in the history of
the 10 cases with mutations of the MMR genes. Interestingly,
mutations of MMR in our cohort were associated with a poor
prognosis though this was not significant in multivariate analyses.
They were also associated with a genomic pattern suggestive of a
hypermutation state. In adults, MMR deficient IDH-mutant
astrocytomas also have a poor prognosis®*¢>.
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Fusion genes of ALK/NTRK/ROS1/MET, where potential target
therapy may be available were found in infantile
glioblastomas'”'8%, They were not identified in this cohort of
which only one patient was an infant. It should be noted that we
were only able to successfully perform RNA sequencing in 17
cases of the cohort. RNAseq was not conducted in previous
studies on IDHwt, H3wt pediatric glioblastomas.

In conclusion, we showed in this study that pediatric IDHwt, H3wt
glioblastomas are very heterogeneous as regards to their molecular
and epigenetic landscapes. TP53 and ATRX mutations and MMR
mutations were associated with adverse outcomes and TP53 was the
only biomarker with multivariate significance. As methylation array is
not universally available to most pathology centers due to the cost
incurred and the clinical significance of the methylation groups is still
unclear, we propose that it will be more useful to risk-stratify
pediatric hemispheric IDHwt, H3wt glioblastomas by TP53, MMR, and
ATRX mutations. In regular diagnostic practice, immunohistochem-
istry has been shown to be a reliable method for screening for TP53,
MMR, and ATRX mutations by other authors®36768,
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The datasets generated during the current study are available at http://www.acp.
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