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INTRODUCTION

Diffuse high-grade astrocytomas, that is, anaplastic astrocytoma
[AA; World Health Organization (WHO) grade III] and glioblas-
toma multiforme (GBM; WHO grade IV) represent approximately
8%—12% of all primary central nervous system (CNS) tumors in
childhood (6). Although pediatric cases do not differ histopath-
ologically from their adult counterparts, significant differences
concerning their clinical features have been observed. Although
curative therapy options are still absent and long-term survivors
are an exception in adults as well as in children (29, 34), infants
(<3 years of age) with high-grade gliomas (iHGGs) appear to have
a better clinical outcome (2, 3, 17, 25, 28) and long-term survival
over 20 years after diagnosis was described (13, 32). In the past
few years, integrated molecular genetic profiling of pediatric high-
grade gliomas (pHGGs) improved the understanding of obviously
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Abstract

Pediatric high-grade gliomas are considered to be different when compared to adult high-
grade gliomas in their pathogenesis and biological behavior. Recently, common genetic
alterations, including mutations in the H3F3A4/ATRX/DAXX pathway, have been described
in approximately 30% of the pediatric cases. However, only few cases of infant high-
grade gliomas have been analyzed so far. We investigated the molecular features of 35
infants with diffuse high-grade astrocytomas, including 8 anaplastic astrocytomas [World
Health Organization (WHO) grade III] and 27 glioblastomas (WHO grade IV) by
immunohistochemistry, multiplex ligation probe-dependent amplification (MLPA),
pyrosequencing of glioma-associated genes and molecular inversion probe (MIP) assay.
MIP and MLPA analyses showed that chromosomal alterations are significantly less fre-
quent in infants compared with high-grade gliomas in older children and adults. We only
identified H3F34 K27M in 2 of 34 cases (5.9%), with both tumors located in the posterior
fossa. PDGFRA amplifications were absent, and CDKN24 loss could be observed only in
two cases. Conversely, 1q gain (22.7%) and 6q loss (18.2%) were identified in a subgroup
of tumors. Loss of SNORD located on chromosome 14q32 was observed in 27.3% of the
infant tumors, a focal copy number change not previously described in gliomas. Our
findings indicate that infant high-grade gliomas appear to represent a distinct genetic entity
suggesting a different pathogenesis and biological behavior.

significant differences concerning the pathogenetic mechanisms of
these tumors as well as their putative cell of origin. PDGFRA
amplification and chromosome 1q gain have been described as the
most common genetic alterations in childhood HGG, whereas
adult high-grade gliomas (aHGGs) showed significantly higher
frequencies of EGFR amplification, chromosome 7q gain and
chromosome 10q loss (27, 30). Furthermore, mutations in the
H3F3A4/ATRX/DAXX chromatin remodeling pathway have been
reported as driver mutations in approximately 30% of pHGGs (12,
33). These findings may lead to the conclusion that aHGGs and
pHGGs are molecularly different, and specific therapeutic strate-
gies may have to be applied to pediatric patients. Given their low
frequency, diffuse iHGGs have still not been studied in detail
regarding their genomic alterations so far (2, 27, 30, 33). Recently,
genomic fusions of the NTRK gene family were identified in few
cases of iIHGGs (39). Deciphering the crucial pathways involved in
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the biology of such tumors may lead to the identification of new
therapeutic targets and options for iHGG patients whose main
treatment strategy is characterized by employing chemotherapy or
any other cytostatic treatment to postpone or even omit radio-
therapy. In this study, we investigated a cohort of 35 diffuse iHGGs
by genome-wide analysis of copy number changes by molecular
inversion probe (MIP) profiling and by focused mutation analysis
of candidate genes, comparing our findings with a control group of
16 pHGGs.

MATERIALS AND METHODS

Tumor tissues and immunohistochemistry (IHC)

Formalin-fixed paraffin-embedded (FFPE) tissue specimens from
35 infant primary diffuse high-grade astrocytomas were analyzed.
The series included 27 GBM (WHO grade IV) and 8 AA (WHO
grade III), retrieved from the archive of the Institute of Neuropa-
thology, University of Bonn Medical Center, the DGNN German
Brain Tumor Reference Center, Bonn, Germany, and from the
Department of Pathology, Catholic University, Rome, Italy. All
tumors were classified according to the WHO classification of
tumors of the CNS (22) using standard histological and immuno-
histochemical methods. No stereotactic biopsy material was
included in this study. Immunohistochemical analysis (IHC) was
performed on a Ventana Benchmark XT Immunostainer (Roche
Ventana, Darmstadt, Germany) with antibodies against glial
fibrillary acidic protein (GFAP; Dako, Glostrup, Denmark),
microtubule-associated protein 2 (Map2; Sigma, St. Louis, MO,
USA), p53 protein (Dako), Olig-2 (R&D Systems, Abingdon,
UK), alpha thalassemia/mental retardation syndrome X-linked
protein (ATRX; Sigma) and Ki67 (MIB-1; Dako). Cases with
<15% of stained tumor cell nuclei were considered suggestive to
harbor an ATRX mutation.

DNA extraction

DNA from 35 FFPE tumors was purified using the QlAamp DNA
Mini Tissue Kit (Qiagen GmbH, Diisseldorf, Germany) according
to manufacturer’s instructions after proteinase K digestion.
Hematoxylin—eosin (H&E) stained sections of each case were
reviewed carefully by two independent neuropathologists before
they were selected for DNA extraction. All samples selected con-
tained at least 80% of vital tumor.

MIP assay

To identify copy number gains and losses, we used an MIP array
including approximately 330 000 inversion probes (Affymetrix,
Santa Clara, CA, USA). The MIP assay was performed as
described previously (38). The raw MIP data file was analyzed
using the Nexus Copy Number 7.0 Discovery Edition software
(BioDiscovery, El Segundo, CA, USA). BioDiscovery’s SNP-
FASST2-Segmentation algorithm was used to make copy number
and loss of heterozygosity (LOH) calls. GISTIC (Genomic Iden-
tification of Significant Targets in Cancer) analysis was used to
distinguish significant chromosomal aberrations from random
background (5).
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Multiplex ligation-dependent probe
amplification (MLPA)

For MLPA analyses of BRAF V600E mutational status and
homozygous deletion of CDKN24, the SALSA MLPA (MRC
Holland, Amsterdam, The Netherlands) P105 (glioma 2 probemix)
and P175 (tumor gain probemix) assay were used in accordance
with manufacturer’s instruction (15). Briefly, 100 ng of tumor
DNA was heat-denatured for 5 minutes and cooled down to 25°C.
Hybridization of the sample to probemix was performed for 16 h
at 60°C. After ligation, polymerase chain reaction (PCR) was
carried out in a total volume of 50 uL containing 10 uL of the
ligation mix in a thermocycler (Biometra, Gottingen, Germany). A
LIZ-labeled internal size standard was added to the tumor samples.
Fragments were separated and quantified on an ABI 3730 capillary
sequencer after denaturation (Applied Bioscience, Darmstadt,
Germany) and afterward analyzed with the GeneMapper software
(Applied Bioscience). After normalization of the assay against
normal cerebellar tissue (FFPE material), a difference of minus
threefold standard deviation from the mean was considered as
significant loss regarding CDKN2A. Homozygosity of CDKN2A
deletion was verified with MIP analysis.

Pyrosequencing analysis for mutation hot
spots of H3F3A, TERT and FGFR1

For pyrosequencing analysis, single-stranded DNA templates
were immobilized on streptavidin-coated Sepharose high-
performance beads (GE Healthcare, Uppsala, Sweden) using the
PSQ Vacuum Prep Tool and Vacuum Prep Worktable (Biotage,
Uppsala, Sweden), according to manufacturer’s instructions, then
incubated at 80°C for 2 minutes and allowed to anneal to 0.4 mM
sequencing primer at room temperature (RT). Pyrosequencing
was performed using PyroGold Reagents (Biotage) on the
Pyromark Q24 instrument (Biotage), according to manufacturer’s
instructions. Controls in which the sequencing primer or template
were omitted were used to detect background signal. Pyrograms
were analyzed using the PyroMark Q24 software (Biotage), using
the allele quantification (AQ) software to determine the percent-
age of mutant vs. wild-type alleles according to percentage rela-
tive peak height. A mutational screening of H3F34 (hot spot
codons 27 and 34), TERT promoter (hot spots C228 and C250)
and FGFRI (hot spot codons 546 and 656) were carried out as
previously reported (10-12).

Telomere-specific fluorescence in situ
hybridization (ALT-FISH)

The presence of an alternative mechanism of telomere elongation
(ALT) has been investigated on consecutive sections, analyzing
telomere length performed with FISH with FITC-PNA (peptide
nucleic acid) probes (Dako, K532511) complementary to the
telomeric repeated sequences. The PNA probe does not recognize
subtelomeric sequences, allowing an exact measurement of the
telomere length. Staining has been compared with endothelial
cell nuclei as normal internal control. Five micrometer sections
were cut from the FFPE tissues for FISH analysis. Slides were
deparaffinized in an oven at 60°C for 60 minutes and incubated in
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xylene. Slides were then dehydrated in 100% ethanol for 5
minutes at RT and treated for 20 minutes at RT in 0.2 M HCI,
then with pretreatment solution (1 M sodium thiocyanate) for 30
minutes at 80°C. Slides were then incubated with 1 mg/mL
pepsin in 0.01 M HCI for 20 minutes at 37°C. The sample DNA
was denatured at 80°C for 5 minutes together with fluorescein-
conjugated PNA probe. The hybridization (30 minutes, RT) was
followed by a brief wash with a stringent solution at 65°C for 5
minutes. Coverslips were mounted with 2 X 10 uL antifade
reagent containing DAPI as counterstain. FISH sections were
examined with an Axiolmager M1 microscope (Carl Zeiss, Jena,
Germany), using a 100X oil immersion objective and analyzed by
two investigators. Signals were counted for at least 100 tumor
cells and evaluated with a telomere-specific image analysis soft-
ware (ISIS, MetaSystems, Milan, Italy).

RESULTS

Clinical and histopathological features

Our cohort of 35 iIHGGs comprised 8 AA (WHO grade I1I) and 27
GBM (WHO grade 1V), affecting 15 male and 20 female patients

Age at diagnosis 0—< 9 months

Molecular Profiling of Diffuse High-Grade Astrocytomas in Infants

with a median age at surgery of 9 months (range: 30th gestational
week to 35 months, mean age 11.7 months; Figure 1). Eight cases
represented congenital high-grade gliomas (cHGGs). Five cases
were midline tumors. A randomly chosen cohort of 16 non-infant
pHGG cases (6 male; 10 female; age range 4—15 years; median 11
years; mean 10.6 years) was also included in the study. Infants
younger than 9 months had exclusively supratentorial tumors,
whereas infants older than 9 months showed different tumor
localizations including supratentorial, infratentorial and spinal sites
(Figure 1).

Typical histopathological features of AA or GBM became
visible by H&E staining: the tumors showed high cellularity and
increased mitotic activity, with microvascular proliferation and/or
areas of necrosis in GBM cases (Figure 2). All tumors were posi-
tively stained with one or more glial markers such as GFAP, Map2
and Olig-2. Proliferation activity evaluated with Ki67 antibody
varied between 5% and 30% of the positively labeled tumor cell
nuclei. Expression of Olig-2 could be detected in 57.1% of all
cases (Figure 1), and appeared to be more consistently expressed
in patients older than 9 months (15/17; 88.2%). In infants younger
than 9 months, nuclear expression of Olig-2 was found in 5 of 18
cases (27.8%).

Age at diagnosis >9—-35 months

28(12{13|21{31|15] 2{30|32|35| 4/10][11]|33| 7|29|26| 34 9|18|2227

WHO grade
Gender

AA®IIL: 8; GBM®IV: 27
m: 15; f: 20

Localization

Age at diagnosis

p53 accumulation 6/35;17.1% II »
Olig-2 expression 20/35;57.1%
1q gain 5/22;22.7%
6q loss 4/22;18.2%
10q loss 2/22;9.1% Molecular
PDGFRa gain Jampl. 0/22; 0% inversion
EGFR gain / ampl. 0/22; 0% probe analysis
PTEN loss 1/22; 4.5%
SNORD loss 6/22;27.3%
CDKN2A loss 2/35;5.7% MLPA

] ] H3F3A K27M mut 2/34;5.9%

|| L TERT mut 1/35;2.9% Pyrosequencing
| FGFR1 mut 0/33; 0%
BRAF V600E mut 2/33;6.1% MLPA

ATRX loss of expression 6/35;17.1% IHC

il Alternate telomere lengthening 6/35; 17.1% FISH
H: "non-infant like genotype"
28[12[13[21]31[15] 2[30[32[35] 4]10]11[33] 7[29[26[34 of18[22[27] 5| 6] 1]19[20[14] 3] 823 25]16]17]|24]
 WHO grade Il Male Gain Supratentorial 0-12 months
WHO grade IV | | Female | Heterozygous loss Posterior fossa 13-24 months.
Homozygous deletion Spinal 25-36 months
Not analyzed

Figure 1. Clinical data and molecular features of 35 infant high-grade
gliomas (iHGGs). The figure summarizes the clinical, histopathological
and molecular features of the cases of iIHGGs included in our study.
Copy number alteration was analyzed by molecular inversion probe
(MIP) analysis; genomic alteration and mutational status of candidate
genes were analyzed by multiplex ligation-dependent probe amplifica-
tion (MLPA) and pyrosequencing; nuclear expression of p53 and Olig-2
was studied by immunohistochemistry (IHC); alternative telomere
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lengthening (ALT) was investigated by fluorescence in situ hybridization
(FISH). The patients are sorted by age (from the youngest patient, #28
on the left, to the oldest patient, #24 on the right). Median age at
diagnosis was 9 months. Midline tumors are indicated by an asterisk (*).
AA°lll = anaplastic astrocytoma WHO grade Ill; ampl. = amplification;
GBM°IV = glioblastoma multiforme WHO grade IV, WHO = World
Health Organization.
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GBM case #16

GBM case #20

HE

ATRX
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GBM case #5 GBM case #13

Figure 2. Histopathological and immunohistochemical features (p53, Olig-2 and ATRX) of four representative cases of infant glioblastoma
patients. Glioblastomas [glioblastoma multiforme (GBM)] show microvascular proliferation and tumor necrosis with pseudopalisading of the vital

tumor cells.

Genomic alterations in iHGGs

MLPA and MIP analyses showed that infant HGG had a stable
genome with very few copy number changes, restricted to few
recurrent alterations (Figure 1). Notably, the frequency of genetic
alterations was higher in children older than 9 months, suggest-
ing an increase of genetic instability in correlation to the age at
diagnosis. Figure 3 shows the virtual karyogram of 22 iHGGs
analyzed by MIP arrays. Gains of chromosome 1q (22.7%) and
loss of chromosome 6q (18.2%) as well as chromosome 10q
(9.1%) were observed in some cases (Figure 1), whereas other
genomic alterations including large losses of chromosome 13q
and chromosome 14q were absent. No iHGG cases showed
EGFR or PDGFRA amplifications. We found only two tumors
with CDKN2A loss and one case with loss of PTEN. Both GBM
harboring a homozygous deletion of CDKN24 were located
supratentorially and affected the 12- and 33-month-old children,
respectively.

In addition to these copy number alterations, a few focal genetic
changes could be detected by MIP profiling and GISTIC (Support-
ing Information Table S1). Six cases (27.3%) showed
heterozygous loss of SNORD113 and SNORD114 genes encoding
for small nucleolar RNA (snoRNA) in the chromosomal region
14q32 (Figure 3B).
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H3F3A, TERT and FGFR1 mutational status,
ATRX and p53 expression and ALT-FISH

Using pyrosequencing-based analyses, point mutations of H3F34,
TERT and FGFRI were detected in only a few tumors. While all
cases showed FGFRI wild-type sequences, we identified one
sample with TERT C250T mutation (1/35;2.9%) and two cases with
H3F34 K27M mutation (2/34; 5.9%). Moreover, BRAF V600E
mutations were detected in two cases using MLPA (2/33; 6.1%),
affecting 15- and 17-month-old children, respectively (Figure 1).
Interestingly, the four tumors showing H3F34 K27M and/or BRAF
V600E mutations were localized in the posterior fossa (Figure 1).

Nuclear accumulation of p53 (Figure 1) and expression of
ATRX were investigated immunohistochemically. Six cases (6/35,
17.1%) showed a nuclear accumulation of p53, suggesting the
presence of an underlying 7P53 mutation. Loss of nuclear expres-
sion of ATRX was found in six cases (6/35; 17.1%) (Figures 1 and
2). This finding was not associated with patients’ age. Fourteen
cases (40%) showed either ATRX loss or H3F3A4 mutation or
nuclear accumulation of p53 protein. Notably, ATRX loss, H3F34
K27M mutation and nuclear accumulation of p53 were mutually
exclusive. Out of 35 cases, 6 (17.1%) showed significantly
increased fluorescence signals indicative of ALT (Supporting
Information Figure S1).

Brain Pathology 25 (2015) 409-417
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Figure 3. Virtual karyogram and loss of SNORD in 22 tumors analyzed by molecular inversion probe (MIP) arrays. Gains of chromosome 1q or losses
of chromosome 6qg become obvious (A). Losses are indicated in red and gains in blue. As a focal genetic alteration, a heterozygous loss of SNORD
on chromosome region 14q32, a known tumor-suppressor region, could be detected in six cases (B).

Comparison of molecular features between changes in most tumors (Figures 3A and 4), the non-infant cohort

iHGGs and pHGGs

The low frequency of genomic alterations in iHGGs became even
more evident by comparison to pHGG cases. While the virtual
karyograms of infant cases showed a stable genome with few
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displayed frequent chromosomal changes (Figure 4). A statistic
analysis using a Mann—Whitney rank sum test showed that iHGGs
demonstrated significant lower number of gains or losses of whole
chromosomes compared with pHGGs (P-value 0.017; Figure 5A).
The difference was also significant when the number of

413



Molecular Profiling of Diffuse High-Grade Astrocytomas in Infants

Gielen et al

7 8 9 10 11 12 13 14 15 16 17

1 2 3 4 5 3 8 19 20 21 2 X ¥
Chromosomes
100 -
% L 4 ke !
difference 0 e [54 WWMW;“M
50
100
Signlﬁcan‘ - e o — v = - o o — - — - ———
iHHG (n:22) s i Ml S — T B ST NP R T DS S g sl Beminat b e

oG wrer o SN oy Wb S g 0 by 8 e <

Figure 4. Cumulative chromosomal aberrations of 22 infant cases in
comparison to 16 non-infant pediatric high-grade gliomas. Molecular
inversion probe (MIP) analysis shows that chromosomal alterations are
significantly less frequent in diffuse infant high-grade gliomas (iIHGGs)
compared to pediatric high-grade gliomas (pHGGs). The comparison plot
is obtained by subtracting the genomic alterations of groups. The dif-
ference is expressed in percentage for the gains and losses for each

chromosomal arms with gains or losses spanning the entire chro-
mosome arm (P-value < 0.001) and the number of chromosomal
arms with focal copy number aberrations (P-value 0.001) were
analyzed (Figure 5B,C). Notably, by looking at individual
karyograms in detail, it was evident that five infant cases (#6, #14,
#16, #22 and #24) showed genomic alterations, which are more
common in non-infant HGG. Interestingly, all of these cases were
found in children older than 9 months; four of them displayed also
chromosome 1q gain. Vice versa, two of pHGGs (2/16, 12.5%)

location (gain and loss are shown as up and down, respectively) and
tracked in the upper part of the figure. Bars in the track “Significant”
indicate regions where there is a significant difference of the copy
number changes between the compared groups (P < 0.05). The profile
of copy number changes (losses in red, gains in blue) for each group is
displayed in the lower track of the plot.

exhibited a typical “infant-like” aberration pattern and these
patients were 12 and 13 years old, respectively.

DISCUSSION

In the last few years, several reports highlighted the significant
differences between pHGGs and aHGGs, but only a limited
number of iHGGs were included and investigated in larger case
series of pHGGs (27, 30). In particular, no dedicated studies have
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4 10 *
I £. N
-l
0 [ ] ' ¢ 0 |—_T—| —
iHGG pPHGG iHGG pHGG iHGG pHGG
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Number of chromosomes Number of chromosome arms Number of chromosome arms

with entire loss or gain

Figure 5. Box plot diagrams of the comparison of infants vs. non-infant
high-grade gliomas (HGGs) using a Mann-Whitney rank sum test. The
graphs show the number of chromosomes with cytogenetic alterations
(gain/losses) affecting the whole chromosomes (A), the number of
chromosome arms with cytogenetic alterations (gains/losses) affecting
the entire chromosome arm (B) and number of chromosome arms with
focal copy number aberrations (C) in infant high-grade gliomas (iHGGs)
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with entire loss or gain

with focal gains or losses only

compared to pediatric high-grade gliomas (pHGGs). The iHGGs pre-
sented a significantly lower frequency of chromosomal alterations when
compared to their non-infant counterparts. The horizontal line repre-
sents the median value; the lower and upper limits of the box represent
the interquartile range. Focal copy number aberrations are defined as
gains or losses spanning from 10% to 50% of a chromosome arm.
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been performed specifically in order to decipher the molecular
features of iHGGs, although these tumors represent a challenge in
terms of therapeutic management.

The results of our study showed that iHGGs may represent a
distinct molecular entity among pHGGs defined by its stable
genome. In particular, they are characterized by a low rate of copy
number variations (CNVs) and by low incidence of mutations such
as H3F3A or focal genomic alterations such as PDGFRA ampli-
fication. Basically, iHGGs do not appear to share any of the
molecular features that are considered to date as highly character-
istic of pHGGs.

cHGG cases in our study seem not to present significant differ-
ences in terms of cytogenetics or mutational status when compared
to iHGGs of older infants. In a gene expression profile study, Macy
et al reported similarities of cGBM to both pediatric and adult
GBM (23). In particular, although chromosome 10q loss was
found in two of six cHGGs investigated by Brat ef al/ (7), we did
not observe any chromosome 10q loss in the eight cHGGs
included in our series.

In accordance with previous studies (4, 27), we found that the
frequency of cytogenetic alterations in terms of the number of
gains or losses of whole chromosomes, the number of gains or
losses of whole chromosome arms and the number of chromo-
somal arms with focal alterations (Figure 4) was significantly
lower in iHGGs when compared to pHGGs. Notably, iHGGs
showed a very low incidence of chromosomal loss of 10q, 13q and
14q, gains of chromosome 1q or chromosome 7 which are among
the most common cytogenetic alterations in pHGGs (27). Con-
versely, the frequency of other alterations such as gain of chro-
mosome 1q and loss of 6q and 10q appeared to increase with age,
thus, becoming obviously more frequent in older infants. This
observation is also supported by the data reported by Paugh et a/
(27): in 11 infants investigated, they found no 1q gain and only
one case showed a loss of chromosome 10q (27). Moreover, high
copy gain of PDGFRA or homozygous deletion of CDKN2A
seems to be rare in iHGGs. In accordance with previously pub-
lished data (27), we found only two tumors with CDKN24 loss but
no PDGFRA or EGFR amplification. In 2010, Verhaak et al pro-
posed a biological classification of GBM subtypes characterized
by abnormalities in PDGFRA, IDHI, EGFR and NFI based on
integrated genomic analyses of adult GBM (37). Our findings
indicate that iHGGs do not fit into these suggested subtypes.
Even more focused subtyping based on /DH mutational status
and epigenetic profiles are also not helpful to appraise iHGGs
(31, 35).

iHGG cases of our cohort did not present a significant inci-
dence of H3F3A4 mutations, which are considered a driving
oncogenetic event in a significant subgroup of pHGGs (33, 35).
Whereas H3F3A4 K27M mutation occurs in 22%—-30% of pHGGs
(12, 33), we only found two mutated cases (6%) in our series of
iHGGs. Notably, ATRX protein expression was absent in 17.1%
(6/35) of our cases, which is similar to the usual incidence found
in pHGG series (33). The discrepancy in the H3F34 K27M muta-
tion rate between iHGGs and pHGGs could potentially be
explained by the different statistical distribution of the tumor
localizations in these subgroups (midline vs. hemispheric). Both
lesions showing the H3F34 K27M mutation in our series were
midline tumors localized infratentorially, that is, in the posterior
fossa. However, as ATRX loss of expression or H3F34 mutation
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or p53 accumulation occurred in about 40% of the cases, it can be
hypothesized that the derangement of the H3F3A/ATRX/DAXX
pathway may play some role in a subgroup of iHGGs. Unfortu-
nately, a direct comparison with previous studies is not possible
due to the absence of iHGG cases in the more recently published
pHGG series with H3F3A4/ATRX/DAXX pathway analysis (33),
and vice versa, such alterations had not been investigated in detail
in previous cytogenetic and molecular studies including iHGGs
4, 7, 23, 27, 30).

Telomere-specific FISH analysis was performed to gain a more
detailed insight in the correlation of ATRX loss of expression
and alternative telomere lengthening (ALT) which had been pre-
viously described in a limited number of pHGGs. While
Schwartzentruber et al found ALT to be strongly associated with
loss of ATRX expression (approximately 79%) in pediatric GBM
(1, 14, 33), Liu et al could not detect a significant association
between both features (21). In our own cohort, we identified six
cases with ATRX loss and six cases with ALT but only three
cases harboring both alterations. Given the limited number of
altered cases in our cohort, we cannot draw any firm conclusion
concerning a correlation of ALT and ATRX loss of expression.
Moreover, other mechanisms alternative to A7RX mutation may
be responsible for ALT in iHGGs as it was previously suggested
for pHGGs (33).

BRAF V600E and TERT promoter mutations appear to be rare in
iHGGs (19). We identified only one single case harboring a TERT
C250T mutation. As expected, FGFRI mutations described in
pediatric pilocytic astrocytomas and rare aGBM (16) were absent
in our own iHGG series, suggesting a limited incidence of such
alterations in iHGGs.

From a diagnostic point of view, the relatively low frequency of
mutations and genomic alterations commonly observed in pHGGs
(eg, H3F34 mutations and PDGFRA amplification) limits the
potential utility of such markers for the differential diagnosis of
gliomas affecting infants. Accordingly, a cytogenetic analysis
showing a relative lack of genomic alterations and stable
cytogenetic profile in a glial tumor arising in this age group does
not exclude the presence of a malignant tumor. Because this spe-
cific “iHGG genotype” could be also, even rarely, observed in
older children (>3 years of age), particular attention must be taken
in the interpretation of cytogenetic data of gliomas affecting older
children.

Notably, GISTIC analysis yielded only a limited number of
significant focal copy number changes (see Supporting Informa-
tion Table S1). In six cases (27.3%), a loss of SNORD genes
encoding for C/D box snoRNAs on chromosome 2 and chromo-
some 14 could be detected. These snoRNAs are considered to play
a crucial role in post-transcriptional modifications of ribosomal
and also spliceosomal RNAs in identifying the correct sites for
2’-O-ribose methylation of target RNA. While snoRNAs were
thought to act mainly in cellular housekeeping for a long time, in
the past few years, evidence has augmented that snoRNAs and
their dysfunction are involved in oncogenesis, for example, in
diffuse large B-cell lymphoma (36), breast and prostate cancer (8,
9, 26), and non-small-cell lung cancer (20). Moreover, snoRNAs
seem to have oncogenic as well as tumor-suppressor functions in
tumorigenesis (24). Interestingly, the genes SNORDI113 and
SNORD114 are located on chromosome 14 in the 14q32 region
mapped as tumor-suppressor locus in esophageal cancer (18). Loss
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of SNORD therefore may represent a driving oncogenic event in
the development of diffuse iHGGs not previously described in
glioma. However, such a role has to be validated in functional
studies.

In conclusion, our findings indicate that iHGGs constitute a
distinct genetic entity suggesting a different pathogenesis and bio-
logical behavior. Loss of SNORD may represent an important step
in the molecular pathogenesis as a potential deregulation of tumor-
suppressive functions and subsequent tumor development. As an
alteration specific for iHGGs, it may represent a marker supporting
the diagnosis of this tumor entity as well as novel target of therapy
for these patients.
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SUPPORTING INFORMATION

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

Figure S1. FISH analysis of ALT in infant HGG. Representative
images of telomere-specific fluorescence in situ hybridization
(FISH) show alternative lengthening of the telomeres (ALT) in
tumour cells (A) vs. tumour cells without telomere lengthening
(B).

Table S1. GISTIC analysis of infants HGG.
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