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Abstract

Purpose Elongation of telomeres is necessary for tumor cell immortalization and senescence escape; neoplastic cells use to
alternative pathways to elongate telomeres: telomerase reactivation or a telomerase-independent mechanism termed alterna-
tive lengthening of telomeres (ALT). Telomerase and ALT pathway has been explored in adult and pediatric gliomas and
medulloblastomas (MDBs); however, these mechanisms were not previously investigated in MDBs metastatic at the onset.
Therefore, we analyzed the activation of telomerase and ALT pathway in a homogenous cohort of 43 pediatric metastatic
medulloblastomas, to investigate whether telomere elongation could play a role in the biology of metastatic MDB.
Methods We evaluated telomeres length via telomere-specific fluorescence in situ hybridization (Telo-FISH); we assessed
nuclear expression of ATRX by immunohistochemistry (IHC). H3F3A and TERT promoter mutations were analyzed by
pyrosequencing, while UTSS methylation status was analyzed via methylation-specific-PCR (MS-PCR).

Results H3F3A mutations were absent in all MDBs, 30% of samples showed ATRX nuclear loss, 18.2% of cases were
characterized by TERT promoter mutations, while 60.9% harboured TERT promoter hyper-methylation in the UTSS region.
Elongation of telomeres was found in 42.8% of cases. Metastatic MDBs control telomere elongation via telomerase acti-
vation (10.7%), induced by TERT promoter mutations in association with UTSS hyper-methylation, and ALT mechanism
(32.1%), triggered by ATRX inactivation. Among non-metastatic MDBs, only 5.9% (1/17) showed ATRX nuclear loss with
activation of ALT.

Conclusions Our metastatic cases frequently activate ALT pathway, suggesting that it is a common process for senescence
escape in primary metastatic medulloblastomas. Furthermore, the activation of mechanisms for telomere elongation is not
restricted to certain molecular subgroups in this high-risk group of MDBs.

Keywords Alternative lengthening of telomeres - Telomerase - TERT mutations - ATRX - H3F3A - Metastatic
medulloblastomas

Introduction

Telomeres preserve chromosome integrity by preventing

loss of genetic information occurring as the consequence
of lagging-strand shortening during DNA replication [1, 2].
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transcriptase, which elongates telomeres. However, in a
subset of cancers that lack telomerase activity, telomeres
are maintained by employing a non-telomerase-depend-
ent mechanism, the alternative lengthening of telomeres
(ALT) pathway, dependent on homologous recombination
[2-7].

Approximately 90% of tumours maintain telomere length
by up-regulating telomerase; activating mutations in the pro-
moter of the human telomerase reverse transcriptase cata-
lytic subunit (h\TERT) were found in several tumours [4,
6-11], related to telomerase up-regulation [4, 6, 12, 13].
Furthermore, a previous study regarding TERT promoter
methylation identified a subset of 5 CpG sites called UTSS
(upstream of the transcription start site) region whose
hyper-methylation increased TERT expression [14, 15].
With respect to Central Nervous System (CNS) tumours,
adult gliomas show the highest frequency of TERT pro-
moter mutations (30-50%), while these mutations are rare
in pediatric gliomas (5-10%) [6, 16, 17, 18]. TERT promoter
mutations were found also in ~20% of medulloblastomas,
associated with higher age at diagnosis and SHH molecular
subgroup [3, 7].

Tumours which do not activate telomerase trigger the
ALT phenotype for telomere length maintenance [7, 8, 19,
20]. ALT occurs by homologous recombination, although
the mechanisms of ALT are still not well-known, previous
studies revealed that somatic mutations in the genes encod-
ing for the a-thalassemia/mental retardation syndrome
X-linked proteins (ATRX), the death domain-associated
protein (DAXX) chromatin remodelling complex and H3.3
histone, appear to be highly related to ALT-positive tumours
[4, 21-24]. Mutations of ATRX/H3F3A have been frequently
reported in pediatric gliomas, correlated with ALT activa-
tion (22-44%) [4, 12, 21-26]. Conversely, ALT was rarely
observed in MDBs (2-5%) [7, 12], restricted to SHH and
Group 3 subgroups [3, 7, 27].

Alternative Lenghtening of Telomere, defined by large
very bright intranuclear foci of telomere FISH signal, was
strongly related to loss of nuclear ATRX expression [22].
Alterations in ATRX has been considered to represent a
“nearly perfect surrogate for the ALT phenotype” [16]. Tel-
omere elongation via telomerase reactivation was defined by
high telomere fluorescence intensity in presence of TERT
promoter mutation and UTSS hypermethylation [14].

Medulloblastomas are heterogeneous tumours comprising
four main molecular subgroups (WNT, SHH-TP53-wt, SHH-
TP53 mutated, Non-WNT/Non SHH), associated with dif-
ferent clinical outcomes [28—34], and, more recently, each of
them has been shown to comprise different genetic subtypes
[27, 35]. Approximately 30% of pediatric MDBs occur with
overtly clinical metastasis at the onset [36]; such metastatic
presentation identifies the patients as high-risk and it occurs
in all molecular variants [29, 31, 32, 37-39].
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Telomerase/ALT pathway and their clinical utility has
been explored in adult and pediatric gliomas [4, 23-26].
Few studies have investigated such alterations in medul-
loblastomas [3, 7, 27], however, none of these focused-on
tumours with metastatic dissemination at the onset. Here we
analyzed the activation of mechanisms involved in control of
telomere lengthening in a homogenous cohort of pediatric
MDBs with metastasis at the onset, with the aim of defining
whether telomere elongation could play a role in metastatic
behaviour of medulloblastoma.

Materials and methods

Study cohort—pediatric metastatic
and non-metastatic medulloblastomas

Formalin-fixed paraffin embedded (FFPE) tissue specimens
from 43 primary metastatic pediatric medulloblastomas
were analyzed; all analyses were performed on samples from
the initial operation of the primary site in the posterior fossa.
Informed consent was obtained from all participants or par-
ents included in the study. All tumors were classified by
two independent neuropathologists according to the World
Health Organization (WHO) classification of central nerv-
ous system tumors [32, 40], using standard histological and
immunohistochemical methods. Metastatic MDBs (M1-M4
according to Chang staging system) included in this study
were treated with the Milano HART protocol [41] and were
recruited from 1998 to 2014 at INT Pediatric Oncology Unit
Milano; the cohort included 32 classic MDBs (74%), nine
with large cell/anaplastic (21%) and two with desmoplastic/
nodular histology (5%). Age at diagnosis ranged from 3.2
to 21 years with a median age of 10.3 years and an average
follow-up of 155 months. The female/male ratio was 4:39
(see Table 2 in Supplementary material for details).

Based on previously performed methylation profile analy-
sis and molecular subgrouping according to WHO genetic
classification [29, 30, 32, 40] there were five WNT (11.6%),
seven SHH TP53 wt and two SHH TP53-mutated, (21%),
15 non-WNT/non-SHH (Group 3 and 4) (34.8%) and 14
(32.6%) not classifiable (NC) medulloblastomas.

We further analyzed 17 pediatric non-metastatic medul-
loblastomas (10M/7F), with a median age of 10.1 years,
classified as above. This series included 11 classic MDBs
(64.7%), four large cell/anaplastic (23.5%) and two desmo-
plastic/nodular histology (11.8%). Two cases were classi-
fied as WNT activated MB (11.8%), three in SHH TP53 wt
(17.6%), eight in non-WNT/non-SHH (Group 3/ 4) (47%)
and four (23.5%) were not classifiable (NC) (see supple-
mentary Table 3). FFPE samples were analyzed via IHC
for nuclear ATRX loss and Telo-FISH for telomeres length
measurement.
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Immunohistochemistry for evaluation of ATRX
nuclear expression

Protein expression was evaluated via immunohistochem-
istry (IHC). This was carried out by streptavidin—bio-
tin—-immunoperoxidase technique on 3-um sections of
FFPE samples. Primary antibody incubation was per-
formed with anti-ATRX antibodies (NBP1-83077 Novus
Biologicals, rabbit polyclonal, 1:1000 dilution) overnight.
Protein expression was quantified by counting stained
tumor cell nuclei of 1000 cells in tumor regions consid-
ered as the most immunoreactive to determine the label-
ling index (LI) (% positive nuclear reactivity). Cases with
<15% immunopositive tumor nuclei were considered sug-
gestive to harbour an ATRX inactivating mutations, since
loss of nuclear ATRX expression was published to be
caused by mutation scattered at multiple positions in the
ATRX coding sequence [16, 26]. Endothelial cells served
as internal positive control.

PCR and pyrosequencing analysis for H3.3 and TERT
promoter hotspot mutations

DNA from FFPE tumours was purified using the QIAamp
DNA Mini Tissue Kit (Qiagen, Diisseldorf, Germany)
according to the manufacturer’s instructions. All samples
selected for DNA extraction contained at least 70% of
tumor. Primers were designed to amplify the TERT pro-
moter region containing the C228T and C250T hotspots,
corresponding to positions 124 and 146 bp upstream of
the ATG site. For H3F3A mutational analysis, primers
were designed to amplify the hotspot codons in exon 2,
corresponding to amino acids K27 and G34.

For pyrosequencing analysis, single-stranded DNA
templates were immobilized on streptavidin-coated
Sepharose high-performance beads (GE Health care,
Uppsala, Sweden) using the PSQ Vacuum Prep Tool and
Vacuum Prep Worktable (Biotage, Uppsala, Sweden),
according to manufacturer’s instructions. Pyrosequencing
was performed using PyroGold Reagents (Biotage) on the
PyroMark Q24 instrument (Biotage), according to manu-
facturer’s instructions. Negative controls, in which the
sequencing primer or template were omitted, were used
to detect background signal. Pyrograms were analyzed
by using the Pyro Mark Q24 software (Biotage), using
the allele quantification (AQ) software to determine the
percentage of mutant versus wild-type alleles according
to percentage relative peak height as previously described
[9, 25]. All primers and PCR conditions are described in
Supplementary Materials (Supplementary Table 1).

Methylation-specific PCR (MS-PCR) for TERT
promoter methylation status

A quasi-quantitative methylation specific polymerase chain
reaction was used to determine methylation status in a subset
of five CpG sites localized — 600 bp upstream of the tran-
scription start site (UTSS region) of TERT. Genomic DNA
samples were prepared using the QIAamp DNA Mini Tissue
Kit (Qiagen) according to the manufacturer’s instructions.
Bisulfite modification of DNA for methylation analysis was
conducted using the EZ DNA Methylation Kit from ZYMO
Research (Irvine, CA), according to the manufacturer’s
instructions.

The five CpG sites were targeted using specific primers
to amplify bisulfite-modified DNA. Two pairs of primers
were used, each pair comprised of a forward and a reverse
primer specific for unmethylated and methylated alleles
(Supplementary Table 1). For quasi-quantitative MS-PCR
we first serially diluted tumor bisulfite-DNA samples;
finally, we used 100 ng of bisulfite-DNA for PCR ampli-
fication (detailed PCR and cycling conditions are available
upon request). In each reaction, we used normal brain tissue
as negative control and two positive controls: one genomic
DNA fully methylated and one completely un-methylated,
supplied by Chemicon. The PCR products were visualized
on agarose gel using transilluminator and imaging system
(Hartland, WI, USA), and the acquired images were digital-
ized using ImageJ Software (NIH, Bethesda MD, USA). We
used the primarily generated digitalized data for the compar-
ative analysis between methylated and un-methylated alleles.
The Mean Intensity of the amplification bands (in pixels)
was measured using ImagelJ; the intensity of the bands for
methylated DNA were compared to intensity for un-methyl-
ated DNA for each sample to assign a specific Methylation
Value (MV). UTSS region was considered hyper-methylated
when the MV was >30% compared to the un-methylated
DNA for each analyzed sample.

Telomere-specific fluorescence in situ hybridization
and analysis

The elongation of telomeres was investigated on consecutive
sections via telomere-specific fluorescence in situ hybridiza-
tion (Telo-FISH), by analyzing telomere length with FITC-
PNA (Peptide Nucleic Acid) probes (K532511, Dako), com-
plementary to the telomeric repeated sequences. The PNA
probes do not recognize sub-telomeric sequences, allowing
an exact measurement of the telomere length. Endothelial
cell nuclei were used as normal internal control.

Five um sections were cut from FFPE tissues for Telo-
FISH technique and analyzed according to the manufactur-
er’s instructions (Dako). FISH sections were examined with
an Axiolmager M1 microscope (Carl Zeiss, Jena, Germany)
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by two investigators. Signals were counted for 200 tumor
cells; as described in literature [22, 23], telomerase/ALT-
positive cases were identified when > 10% of tumor cells
display large, very bright intranuclear foci of telomere FISH
signals.

Deconvolved images were converted into TIFF files and
exported for telomere specific image analysis using the
TFL-Telo V2 software (BC Cancer Res. Centre, Vancouver,
Canada) [42]. TFL-Telo is a quantitative program that meas-
ure telomeres intensity (in pixels) within the nuclear space.
Telomeres analysis using TFL-Telo determined the numbers
of telomeres, the signal intensities and the distribution for
each image. Quantitative telomeres analysis was performed
on > 100 nuclei for patient (see supplementary Fig. 7 for
details). The mean intensity of telomeres, considered to be
proportional to the total length of telomeres, was measured
for each case. We analyzed positive and negative controls
for elongation of telomeres to establish a threshold (Fluo-
rescence Mean Intensity =~ 1000), used to identify different
telomeric profiles in our cases (shown in Fig. 3).

TFL-Telo indicated the presence of two telomeric pro-
files, displaying significant differences in telomere length
(p<0.0001) and number of telomeric aggregates between
positive controls (pediatric high-grade gliomas previously
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Fig.1 H3F3A and TERT promoter mutations, ATRX nuclear loss
and UTSS methylation. a Selected wild-type sample without H3F3A
mutation. b Selected wild-type sample without TERT mutation, a
case with TERT C228T mutation and a case with TERT C250T muta-
tion (arrows indicate proportional variations in the height of the
peaks indicating the presence of a specific point mutation). ¢ Selected
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analyzed with telomerase/ALT activation) and negative con-
trols (non-neoplastic brain tissues or telomerase/ALT nega-
tive brain tumours).

Statistical analysis

The association between categorical variables and survival
of patients was tested using Kaplan—Meier method. Over-
all survival (OS) was determined from the date of diagno-
sis to the date of death or last follow-up visit before death;
progression-free survival (PFS) was the interval from the
date of starting chemotherapy to the date of progression or
death, whichever occurred first, with censoring at the latest
follow-up visit for alive and progression-free patients. The
log-rank test was used to compare survival according to the
prognostic factors.

Results

We screened a cohort of 43 primary metastatic pediatric
MDBEs, in order to define activating mechanisms that control
telomere elongation in this aggressive presentation of the
most common malignant pediatric brain tumor.

MDB with ATRX nuclear loss

% "")ﬁ ¥ Mr!
s » 2%

Positive controls

Case 2

Negative controls

Un-methylation

samples with 100% nuclear positivity (left) and with >60% nuclear
negativity (right) for ATRX IHC, arrows indicate endothelial cells as
internal positive control. d Selected samples with hyper-methylated
and un-methylated UTSS region, positive and negative controls were
included
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H3F3A (Fig. 1a) and TERT promoter (Fig. 1b) muta-
tions were analyzed by pyrosequencing. Since the presence
of inactivating mutations of the ATRX gene results in loss
of nuclear expression, we evaluated its nuclear staining by
IHC (Fig. 1c); UTSS methylation status was analyzed by
methylation-specific-PCR (Fig. 1d).

ATRX nuclear loss was observed in 30% (9/30) of meta-
static medulloblastomas, while none of the analyzed cases
showed a H3F3A mutation (0/20, 0%). TERT promoter
mutations were found in 18.2% (6/33) of MDBs: five cases
with TERT C250T and one with TERT C228T mutation.
Study of TERT promoter methylation status in UTSS region
showed that 60.9% (25/41) of medulloblastomas were char-
acterized by hypermethylation (Table 1).

These findings underlined that ATRX and TERT altera-
tions were mutually exclusive, except for one medulloblas-
toma analyzed, and that hypermethylation in UTSS region
was very frequent. Interestingly, alterations involved in the
activation of mechanisms for telomere elongation were
found to be present in all molecular subgroups, with lower
frequency in non-WNT/non-SHH MDBs of the Group 4
variant (Table 1).

Presence of TERT mutations was not associated with
older age at diagnosis in our metastatic MDB cohort
(median=10.03 WT vs. 12.87 mut; p=0.17, t test assuming
un-equal variances) (see results in Supplementary Fig. 1).

Telomere elongation is frequently detected
in metastatic medulloblastomas

Twenty-eight metastatic MDBs with available material were
tested via Telo-FISH to evaluate the elongation of telomeres
(Fig. 2).

Elongation of telomeres was found in 42.8% (12/28)
of cases and it was present in all molecular subgroups
(Table 1), suggesting that the activation of these mechanisms
is not restricted to certain molecular variants of metastatic
medulloblastomas.

Table 1 Incidence of alterations within metastatic MDBs

All clinical, genetic and molecular features, histological
characteristics, and telomere lengthening results were shown
in Supplementary Materials (Supplementary Table 2).

Correlation of variables with overall survival (OS) and
progression free survival (PFS) was not statistically signifi-
cant due to the limited number of cases (see Supplementary
material for details).

ALT/telomerase activation

Telomere length association with ATRX, H3F3A and TERT
promoter alterations showed that cases with ATRX nuclear
loss were always associated with telomere elongation (9/9,
100%), with a significant increase in fluorescence signals
(compared to normal tissue and negative controls) indicative
of ALT activation. The differences in fluorescence intensity
of telomeres between medulloblastomas with ATRX altera-
tions compared to wild-type cases were statistically signifi-
cant (p value=0.0019) (Fig. 3).

Medulloblastomas with TERT promoter mutations were
frequently associated with increase of telomere length (4/5,
80%) in association with UTSS hypermethylation, which
was not sufficient by itself to activate elongation of telom-
eres (data not shown).

Samples with ATRX/H3F3A/TERT wild-type did not
show telomere elongation (0/16, 0%); all these wild-type
cases showed a significantly reduced fluorescence signals
and the mean intensities of telomeres were comparable to
those of the negative controls.

Cases with ALT or telomerase activation showed the
same level of fluorescence intensity of telomeres measured
via TFL-Telo, highlighting that Telo-FISH is useful to iden-
tify telomere elongation.

Cases with ALT activation (n=9) and negative cases
(n=16) showed worse OS compared to medulloblastomas
with telomerase activation (n=3), with an overall survival
of 66.6% and 68.7% respectively compared to 100%. These
data were not statistically significant (p=0.55 for OS and
p=0.54 for PES) (Supplementary Fig. 6).

Tumor type ATRX nuclear loss H3F3A mutations

Metastatic MDBs (%) 30% (9/30) 0% (0/20)
SHH 33.3% 0%
WNT 11.2% 0%
Group 3 22.2% 0%
Group 4 11.2% 0%
Not classifiable (NC) 22.2% 0%

TERT promoter UTSS hyper-methylation Telomere elongation
mutations

18.2% (6/33) 60.9% (25/41) 42.8% (12/28)
16.7% 28% 33.3%

33.3% 12% 16.7%

16.7% 24% 25%

0% 4% 8.3%

33.3% 32% 16.7%

Summary of results for ATRX inactivation, H3F3A and TERT promoter mutations, UTSS methylation status and telomere elongation, percent-

age of analyzed cases
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Fig.2 Telo-FISH analysis of telomere length in metastatic MDBs.
Image shows a representative case with elongation of telomeres in
>20% of neoplastic nuclei (a), compared to a case with basal level of
telomeres in 100% of cells (b) (magnification X 100). Green signals

represent telomeres; insert a shows neoplastic nucleus with large and
very bright telomere FISH signals, indicative of the activation of tel-
omere elongation; insert b shows neoplastic nucleus with basal level
of telomeres characterized by small and homogeneous telomere foci
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Fig.3 Telomere length related to the status of ATRX and TERT pro-
moter. Figure shows the TFL-Telo quantification of telomeres fluores-
cence intensity in cases characterized by ATRX nuclear loss, TERT

Furthermore, we analyzed 17 non-metastatic medul-
loblastomas, in order to evidence cases with ALT activa-
tion. Interestingly, only one of 17 cases (5.9%) showed
loss of nuclear ATRX with activation of ALT analyzed
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promoter mutations and/or UTSS hypermethylation, and double
wildtype; positive and negative controls were included. The dotted
black line represents the telomere elongation threshold

by Telo-FISH; this case was classified as Group 3 MDB
and showed a classic histology. All the other cases (16/17,;
94.1%) did not show evidence for ATRX loss and/or ALT
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(Supplementary Table 3). These data confirmed published
data of a frequency of approximately 5% [3, 7, 27].

Discussion and conclusion

Telomere elongation is necessary for tumor cell immor-
talization and senescence escape. In neoplastic cells, this
is achieved through two alternative mechanisms: the reac-
tivation of telomerase via TERT promoter mutations, or a
telomerase-independent mechanism called ALT, dependent
on homologous recombination [3—7]. We analyzed the acti-
vation of mechanisms involved in control of telomere length-
ening, in order to investigate the role of telomere elongation
in metastatic behaviour of MDBs.

To this end we screened a homogeneous cohort of pedi-
atric metastatic MDBs, evaluating telomere length increase,
ATRX nuclear loss, H3F3A and TERT promoter mutations
and methylation status at UTSS.

Our results show that elongation of telomeres is fre-
quently activated in primary metastatic medulloblastomas
(42.8%), Telo-FISH is useful to identify telomere elongation,
however it is not sufficient by itself to evidence the activation
of one of the two specific pathways of elongation, with this
respect our results show a prevalence of ALT mechanism
(32.1%) compared to telomerase up-regulation (10.7%) in
metastatic MDBs.

Most cancers up-regulate the enzyme telomerase to elon-
gate telomeres. In particular, hotspot activating mutations of
the TERT promoter (C228T and C250T) lead to enhanced
expression of telomerase, being responsible for telomere
length maintenance [4, 12, 38—46]; these mutations were
found in several tumours, including pediatric brain tumours
[4, 6, 7, 9]. TERT promoter mutations were detected in
approximately 20% of medulloblastomas, with higher fre-
quency in SHH methylation subgroup [3, 27]. Our results,
in line with previous studies, show that metastatic medullo-
blastomas harbour these alterations (18.2%); differently from
previous reports, we provide evidence that all molecular sub-
groups, unless Group 4, harbour TERT promoter mutations
suggesting that telomerase up-regulation is not restricted to
SHH variant in this high-risk group of patients.

Furthermore, a previous study on TERT promoter DNA
methylation identified a specific region, named as UTSS,
that was hypermethylated in high-grade brain tumours,
increasing TERT expression [14]; UTSS hyper-methyla-
tion was also associated with tumour progression and poor
prognosis [14]. Our results show that hypermethylation in
UTSS region is very frequent in metastatic MDBs (60.9%),
and trend (p=0.1) towards association with a worse out-
come, supporting the concept that such molecular alteration
is associated with more aggressive behaviour of tumours.
Moreover, our findings suggest that UTSS hypermethylation

is not sufficient by itself to activate elongation of telomeres
in MDBs; however, TERT promoter mutations correlate with
increase of telomere length only in association with UTSS
hypermethylation. Interestingly, TERT promoter mutations
and hypermethylation seem to act synergistically, increasing
telomere length via telomerase up-regulation.

A subset of tumours, which do not up-regulate telomer-
ase, can activate the ALT mechanism to elongate telomeres.
ALT pathway is frequently activated by mutations on H3F3A
and/or ATRX genes, previously reported in pediatric brain
tumours and correlated with increase of telomere length
[23-26, 43].

H3F3A mutations were absent in our series, suggesting
that telomere elongation via ALT pathway can be selectively
activated by ATRX alterations in MDBs. In fact, ALT acti-
vation and telomere elongation are strongly correlated with
ATRX nuclear loss in our metastatic medulloblastomas, as
previously reported for gliomas [4, 21, 22, 25].

Previous studies revealed that ALT was highly activated
in pediatric high-grade gliomas (22-44%), but rarely found
in medulloblastomas (2-5%) [7, 12, 27]. Interestingly, we
show that metastatic medulloblastomas activate ALT path-
way with higher incidence (32.1%) compared to our series
of non-metastatic MDBs (1/17; 5.9%) and previously ana-
lyzed series in literature (~5%) [3, 7, 27], highlighting the
differences between metastatic and non-metastatic tumors
in control of telomere elongation, and suggesting that ALT
mechanism is a common process to escape from senescence
in metastatic MDBs. Differently from previous studies [3,
7, 27] where ALT/telomerase activation was restricted to
SHH and Group 3 MDBs, we provide evidence that these
mechanisms can be activated in all molecular subgroups.

Metastatic MDBs with ALT activation showed worse OS,
even if not statistically significant, compared to cases with
telomerase activation. Interestingly, in line with our findings,
recent data in literature showed an association between ALT
and worse OS in a subset of pediatric malignant gliomas
[47].

Inhibitors against mechanisms of telomere maintenance
are in development for pediatric brain tumors; current thera-
pies include telomerase inhibitors for gliomas with TERT
promoter mutation and ATRX inhibitors for gliomas with
ALT [48]. Our findings might contribute to the development
of new therapeutic strategies using these specific targeted
treatments for a subset of metastatic tumors with telomerase/
ALT activation; however, further validation on a larger pro-
spective cohort will be necessary to clarify the role of ALT/
telomerase activation on pediatric metastatic MDB outcome.

In conclusion, we show that elongation of telomeres is
frequently activated in metastatic medulloblastomas (42.8%),
which could control elongation of telomeres both via tel-
omerase up-regulation (10.7%), induced by TERT promoter
mutations in combination with UTSS hypermethylation, and
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ALT mechanism (32.1%), triggered by ATRX inactivation
but not by H3F3A mutations.

In all analyzed cases, except one in which ATRX and
TERT alterations coexist, ALT and telomerase activation are
mutually exclusive. Furthermore, the activation of mecha-
nisms for telomere elongation is not restricted to certain
molecular subgroups of metastatic medulloblastomas.

Due to the low incidence of primary metastatic medullo-
blastoma, our study has the intrinsic limit of the small size of
our cohort: extending the enrollment period would improve
the statistical significance of our results.

Understanding of molecular mechanisms to activate elon-
gation of telomeres in metastatic MDBs can improve knowl-
edge about tumour cells escape from senescence and may
contribute to the risk stratification of patients and develop-
ment of new targeted treatments [48] for a subset of these
tumours.
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