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Medulloblastoma (MB) is the most prevalent malignant
brain tumor in children, known for its heterogeneity and
treatment-associated toxicity, and there is a critical need for
new therapeutic targets. We analyzed the somatic mutation
profile of 15 driver genes in 69 Latin-Iberian molecularly char-
acterized medulloblastomas using the Illumina TruSight Tumor
15 panel. We classified the variants based on their clinical
impact and oncogenicity. Among the patients, 66.7% were
MBgup, 13.0% MBywny, 7.3% MBgps, and 13.0% MBgps.
Among the 63 variants found, 54% were classified as Tier I/I
and 31.7% as oncogenic/likely oncogenic. We observed 33.3%
of cases harboring at least one mutation. 7P53 (23.2%, 16/69)
was the most mutated gene, followed by PIK3CA (5.8%, 4/69),
KIT (4.3%, 3/69), PDGFRA (29%, 2/69), EGFR (1.4%,
1/69), ERBB?2 (1.4%, 1/69), and NRAS (1.4%, 1/69). Approxi-
mately 41% of MBgyy tumors exhibited mutations, TP53
(32.6%) being the most frequently mutated gene. Tier I/II and
oncogenic/likely oncogenic TP53 variants were associated with
relapse, progression, and lower survival rates. Potentially
actionable variants in the PIK3CA and KIT genes were

Correspondence: Rui Manuel Reis, Molecular Oncology Research
Center, Barretos Cancer Hospital, Rua Antenor Duarte Vilela, 1331,
Barretos, SP 14784-400, Brazil. Email: ruireis.hcb@gmail.com

Received 29 January 2024; revised 16 April 2024; accepted 18
April 2024.

identified. Latin-Iberian medulloblastomas, particularly the
MBgsyy, exhibit higher mutation frequencies than other
populations. We corroborate the 7P53 mutation status as an
important prognostic factor, while PIK3CA and KIT are
potential therapeutic targets.
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INTRODUCTION

Brain tumors have a high global mortality rate,
and according to the Global Cancer Observatory
(GLOBOCAN), they accounted for over 250 000 deaths
in 2020." Medulloblastoma (MB) is the most common malig-
nant brain tumor in children and can also occur in adults. It
originates embryonically and primarily affects the cerebel-
lum.>* Histologically, medulloblastoma can be categorized
into four subtypes: classic, nodular/desmoplastic, extensive
nodularity, and large cells/anaplastic.' The newest World
Health Organization (WHO) central nervous system
(CNS) classification divided medulloblastoma into the
molecular subgroups that significantly affect patient prog-
nosis: MBwnt, MBsgu TP53-mutant, MBgyy TP53-wil-
dtype, and MB non-WNT/non-SHH (MBg,,3 and
MBG,p4).2'3'5 Since 2017, medulloblastomas have been
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classified into additional subgroups based on their
methylation profile, highlighting this tumor’s extensive
complexity and heterogeneity.®’

The treatment of medulloblastoma primarily involves
surgical resection, chemotherapy with multiple drugs,
and radiotherapy.® It is important to note that current
treatments can be highly toxic and lead to various
sequelae, especially in children who are still in their
developmental stages.”'” Additionally, some patients
might develop resistance to the administered drugs, and
relapse might occur, further complicating the clinical
management of this type of cancer.''"*

Therefore, identifying new therapeutic targets that benefit
these patients is urgently needed. Next-generation sequenc-
ing (NGS), particularly panels of driver genes that can iden-
tify genetic mutations of targeted genes, is routinely used for
personalized medicine and demonstrates improvements in
the clinical management of patients with brain tumors.'*!
The mutation profile of medulloblastomas has been highly
explored in the North American population.'® However, its
landscape must be better understood in other populations, to
diminished the disparity in our genomic knowledge.

This study aimed to characterize the somatic muta-
tional profile of Latin-Iberian medulloblastomas by
evaluating somatic variants in 15 driver genes for solid
tumors using NGS.

MATERIALS AND METHODS
Patients

This retrospective study evaluated primary and treatment-
naive medulloblastomas between 2000 and 2022 from five
institutions in three Latin-Iberian countries: Brazil (Barretos
Cancer Hospital, Ribeirdao Preto Medical School and Federal
University of S3o Paulo), Argentina (Italian Hospital of
Buenos Aires), and Portugal (Sdo Jodo Hospital). Experi-
enced neuropathologists reviewed the cases. The cases were
previously characterized into MBwnt, MBspn, MBg.p3, and
MBGrp4,17 and the somatic mutation analysis of CTNNBI was
performed in MBwnr cases.'® Furthermore, following the
WHO classification,” all MBgyy, were evaluated for TP53
mutation status. Therefore, the present series has an overrep-
resentation of MBgyyy cases. The study was approved by the
Research Ethics Committee of Barretos Cancer Hospital
(protocol number 1248/2016).

Next-generation sequencing

DNA was isolated from formalin-fixed paraffin-embedded
(FFPE) tumor tissue using the commercial QIAamp
DNA micro kit (QIAGEN, Germany), as previously
described.” DNA quality was evaluated by Nanodrop
2000 (Thermo Scientific, USA) and a Qubit 2.0 Fluorometer
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(Thermo Fisher Scientific) was used to assess the DNA con-
centration with a Qubit dsDNA HS assay Kkit.

The mutational profile of tumor DNA from 69 patients
was determined by next-generation sequencing using the
TruSight Tumor 15 (TST15) commercial panel (Illumina,
USA) following the manufacturer’s instructions and as
previously reported.”’

The TST15 panel evaluates 250 amplicons from 15 genes
associated with solid tumors, namely AKTI, BRAF, EGFR,
ERBB2, FOXL2, GNAIll, GNAQ, KIT, KRAS, MET,
NRAS, PDGFRA, PIK3CA, RET, and TP53. Library prepa-
ration with the TruSight Tumor 15 was performed before
sequencing at the MiSeq platform. SOPHiA DDM soft-
ware (SOPHia GENETICS, Switzerland) was used for
variant analysis. We considered a variant allele frequency
(VAF) 2 10% and a read depth =500x. Additionally, we
applied filters to exclude synonymous and intronic vari-
ants. The Integrative Genomics Viewer (IGV) allowed
the visual inspection of these data.

Classification of genetic variants

The scoring system proposed by the Clinical Genome
Resource (ClinGen) and other consortia was used for vari-
ant classification.”! The variants were then classified based
on their oncogenicity considering several pieces of evidence
available in the databases: Franklin, VarSome; varSEAK;
ClinVar; LitVar; cBioPortal; Cancer Genome Interpreter
(CGI); Cancer Hotspots; EAP53 server; The TP53 database;
The Genome Aggregation Database (gnomAD); and
ABraOM. The guidelines proposed by the Association for
Molecular Pathology in conjunction with the American Soci-
ety of Clinical Oncology and the College of American
Pathologists were used to classify the variants into four tiers
according to their level of clinical significance.”* For Tier I
classification, we considered the presence of drugs specifi-
cally targeting medulloblastomas and/or TP53 mutations in
MBgyn. For Tier II, we included variants associated with
drugs currently under investigation for medulloblastomas or
previously approved by the Food and Drug Administration
(FDA) for other diseases. We also determined which of the
identified variants were actionable with the assistance of the
OncoKB website (https:/www.oncokb.org/).”

Clinicopathological characteristics and statistical
analyses

Patients’ clinicopathological features were collected from
patient’s clinical files and stored on the REDCap platform.
Statistical analyses were conducted using the IBM SPSS Sta-
tistics for Windows (version 25), with a significance level of
95% (P-value <0.05). The log-rank and Kaplan—Meier tests
were used for overall survival analysis, while Fisher’s exact
and y* tests were used for clinical-molecular associations.
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RESULTS
Patient clinicopathological features

The patients’ clinicopathological features are summarized
in Table 1. Overall, the median age of medulloblastomas
was approximately 12 years, and molecularly, most cases
belonged to the Sonic Hedgehog (SHH) molecular sub-
group (66.7%, 46/69), followed by Wingless (WNT) (13%,
9/69), Group 4 (13%, 9/69), and Group 3 (7.3%, 5/69)
(Table 1).

Mutational profile and actionable variants

The TruSight Tumor 15 panel showed the presence of
63 variants (Table S1). We observed variants in all genes

Table 1 Clinicopathological features of medulloblastomas
(n=69)

Characteristics Parameters N %
Age at diagnosis Infant (<4 years) 17 24.6
Pediatric (4-18 years) 29 421
Adult (>18 years) 23 333
Country of origin Brazil 52 75.4
Argentina 8 11.6
Portugal 9 13
Sex Male 41 59.4
Female 28 40.6
Molecular subgroup SHH 46 66.7
WNT 9 13
Group 3 5 73
Group 4 9 13
Histology Classic 31 44.9
Nodular/desmoplastic 19 27.5
Extensive nodularity 5 7.2
Large cell/anaplastic 7 10.2
NI 7 10.2
Metastasis at diagnosis Yes 17 24.6
No 49 71
NI 3 4.4
Surgical extension Partial 21 30.4
Total 41 59.4
NI 7 10.2
Chemotherapy Yes 52 754
No 7 10.1
NI 10 145
Radiotherapy Yes 46 66.7
No 14 20.3
NI 9 13
Relapse Yes 11 15.9
No 36 522
NI 22 31.9
Progression Yes 14 20.3
No 35 50.7
NI 20 29
Status Alive 42 60.9
Death cancer specific 21 30.4
Death external causes 4 5.8
NI 2 29

Abbreviations: NI, no information; SHH, Sonic Hedgehog; WNT,
Wingless.

except AKTI, GNAQ, and RET. Of the identified vari-
ants, 54% were classified as Tier I or Tier II (34/63) and
31.7% as oncogenic or likely oncogenic (20/63). All onco-
genic/likely oncogenic variants were classified as Tier I or
Tier II, except for the p.(Glul32Lys) variant in the NRAS
gene, which was classified as Tier III. Only variables with
significant impact (Tier I/II or oncogenic/likely oncogenic)
were considered for further analysis.

Overall, we observed that 33.3% (23/69) of cases har-
bored at least one mutation (Fig. 1). TP53 (23.2%, 16/69)
was the most mutated gene, followed by PIK3CA (5.8%,
4/69), KIT (4.3%, 3/69), PDGFRA (2.9%, 2/69), EGFR
(1.4%, 1/69), ERBB2 (1.4%, 1/69), and NRAS (1.4%,
1/69) (Fig. 1 and Figure S2).

Tumors of the MBgyyy subtype had a higher proportion
(41.3%, 19/46) of mutated cases (Fig. 1). The most
mutated was the TP53 gene (32.6%, 15/46), followed by
PIK3CA (6.5%, 3/46), KIT, and PDGFRA, with 4.3%
(2/46) each, and NRAS (2.2%, 1/46). In the MBwnr sub-
group, 33.3% of cases (3/9) showed variants (Fig. 1).
Mutations in MBwnt were found in 7P53 (11.1%, 1/9),
PIK3CA (111%, 1/9), KIT (11.1%, 1/9), and EGFR
(11.1%, 1/9) genes. Mutations of the CTNNBI gene were
previously reported in 77.8% (7/9) of the cases.'® No vari-
ant was observed in MBg;p3, and one variant (11.1%, 1/9)
in the ERBB2 was found in MBg;,p4 (Fig. 1).

Among the 63 identified variants, four were considered
therapeutically actionable genes: on PIK3CA, p.
(Glu545Asp), p.(His1047Arg), and p.(GluS42Lys); and at
KIT, p.(Arg634Trp).

Association of molecular profile with clinical
pathological features and outcome

The Tier I/II or oncogenic/likely oncogenic TP53 vari-
ants were associated with relapse (P = 0.011), progres-
sion (P = 0.007), and lower overall survival (P = 0.040)
(Fig. 2, Table 2). The low number of cases with a muta-
tion in the other genes hampered further statistical
analysis.

No statistically significant difference in survival time
was observed for the variables: age at diagnosis, country
of origin, gender, molecular subgroup, histological sub-
type, metastasis, extent of surgery, radiotherapy,
and relapse. However, as expected, cases with disease
progression showed lower survival (P =0.016). The
use of chemotherapy was also statistically significant
(P <0.001) (Table 2).

DISCUSSION

The present study evaluated the somatic mutation profile
of hotspot regions in 15 driver genes in Latin-Iberian pri-
mary medulloblastomas. We observed a higher frequency
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Fig1 (A) Heatmap of the frequencies of mutated cases with variants classified as Tier I/II or oncogenic/likely oncogenic in the
69 medulloblastomas. (B-D) Lollipop of the identified variants in the three most mutated genes: TP53, PIK3CA, and KIT,
respectively.
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Fig 2 Overall survival of patients with 7P53 variants classified as
Tier I/II or oncogenic/likely oncogenic versus wild-type patients.

than reported in other populations. We also found that
TP53 is a prognostic factor, and potential therapeutic vari-

The three most frequently mutated genes were 7TP53
(23.2%, 16/69), PIK3CA (5.8%, 4/69), and KIT (4.3%, 3/69).
Interestingly, the frequencies of mutated cases for each gene
were higher than reported in the literature. In the cBioPortal
database, which includes mainly patients from Europe or
North America,'***?’ the reported frequencies are: TP53
(3.9%, 25/645); PIK3CA (2.2%, 14/645); and KIT (0%,
0/645). In a Chinese study, Wong et al. observed the follow-
ing values for adult medulloblastoma: TP53 (15.7%, 11/70);
PIK3CA (42%, 3/70); KIT (8.6%, 6/70)** Moreover,
despite our series having an enrichment of the SHH sub-
group due to the selection criteria, we observed a higher fre-
quency of 7TP53 mutated cases (33%, 15/46) in this subgroup
compared with the SHH cases reported by Northcott et al.
(13% 17/131).'° There could be several reasons for these
differences, including the distinct NGS methodologies or
ethnicities. In 2023, reported on the distinct incidence of
CTNNBI mutations in WNT medulloblastomas.'®

We identified actionable variants in the PIK3CA and
KIT genes. Three PIK3CA variants, p.(GluS45Asp),

ants were identified in the PIK3CA and KIT oncogenes. p-(His1047Arg), and p.(GluS42Lys), are currently
Table 2 Estimate overall survival (5 years) for the clinical and molecular variables
CI (95%) CI (95%)
Variable Parameters N  OS five years X Lower Upper My Lower Upper P-value
Age at diagnosis Infant (<4 years) 17 52.94% 107.15 59.59 15471 39.36 - - 0.121
Pediatric (4-18 years) 28 78.57% 13820 103.46 17294  * - -
Adult (>18 years) 22 54.55% 81.03  46.62 11543 55.95 8.61 103.29
Country of origin Brazil 50 58% 110.16 8422 136.10 * - - 0.143
Argentina 8 62.5% 5407 2380 8434 3548 - -
Portugal 9 100% 180.01 138.80 221.23  * - -
Sex Male 39 58.97% 110.67  78.40 14293 8597 - - 0.195
Female 28 71.43% 136.63 105.03 168.22  * - -
Molecular subgroup SHH 45 60% 90.40  67.75 113.06 85.97 - - 0.329
WNT 9 88.89% 7591 6021  91.60  * - -
Group 3 5 80% 155.64 7436 236.91 * - -
Group 4 8 50% 100.07  36.85 16328 22.86 - -
Histology Classic 30 66.67% 137.45 10419 17070  * - - 0.713
Nodular/Desmoplastic 19 57.89% 92.68 5841 12694  * - -
Extensive nodularity 5 80% 54.01 31.72 76.30 * - -
Large cells/anaplastic 7 57.14% 38.68 25.17 5220 44.61 29.74 59.48
Metastasis at diagnosis ~ Yes 16 56.25% 102.44 5513  149.75 42.64 - - 0.572
No 48 66.67% 10125 7929 12321 @ * - -
Surgical extension Partial 21 47.62% 96.26 5358 13894 35.48 0 87.80 0.155
Total 40 70% 10421 7948 12895  * - -
Chemotherapy Yes 52 69.23% 133 10540 160.59  * - - <0.001
No 7 14.29% 10.49 124 1975 378 0 9.43
Radiotherapy Yes 46 65.22% 12427 9422 15432  * - - 0.357
No 14 57.14% 90.53 4931 131.74 % - -
Relapse Yes 11 54.55% 74.02  30.19 117.86 42.64 22.99 62.29 0.846
No 36 58.33% 11339 8345 14333 = - -
Progression Yes 14 28.57% 4539 1285 7794 1399 0 30.84 0.016
No 35 68.57% 129.84 100.15 159.53  * - -
Tier I/IT or O/LO Mutant 16 43.75% 64.85 3207 97.62 4264 1432 70.96 0.040
TP53 variants Wildtype 51 70.59% 142.87 11724 16851  * - -

Note: Mean (X) and median (Md) values (months) were obtained using the Kaplan-Meier method. * indicates that the median is not reached;
the dashes (-) indicate uncalculated limits; bold type represents statistically significant P-value (p < 0.05). Abbreviations: CI, confidence interval;
N, number of cases (differs for each variable due to undisclosed data); O/LO: oncogenic/likely oncogenic; OS, overall survival.
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indicative of target therapy in metastatic breast cancer,
using alpelisib (PI3K inhibitor) and fulvestrant.”” The pre-
sent PIK3CA variants p.(Glu545Asp), p.(His1047Arg),
and p.(GluS42Lys) are considered drivers for triggering
oncogenic events by altering the affinity of proteins
involved in the PI3K-AKT-mTOR pathway.” In medullo-
blastoma, these variants have been described as more com-
mon in the WNT and SHH subgroups, consistent with our
findings.’" Of note, Niesen et al. showed that in transgenic
mice, Pik3ca mutations alone are insufficient to cause
developmental alterations or to initiate MB, yet in conjuga-
tion with SMO and PTCHI1, it results in accelerated tumor
SHH MB growth and metastatic capacity.”’ This PI3K-
AKT-mTOR pathway pathway can activate GLI non-
canonically, promoting the Hedgehog pathway’s activa-
tion.”* Therefore, targeted therapies focusing on PIK3CA
represent a treatment alternative for medulloblastomas,
especially for tumors resistant to smoothened (SMO) inhib-
itors.>*#3* The KIT variant identified p.(Arg634Trp) is
located in exon 13. Mutations in this exon is responsive to
sunitinib in gastrointestinal stromal tumors (GIST)*> and
other drugs have been used for these patients with varia-
tions in the KIT gene in general.***’ Further studies are
warranted to address the response of medulloblastoma
patients harboring these actionable variants.

TP53 was the most frequently mutated gene in our
series. We identified that the presence of variants clas-
sified as Tier I/Il or oncogenic/likely oncogenic was
associated with reduced survival compared to wild-type
patients and with relapse and progression. This rein-
forces the prognostic value of 7TP53 mutations in
medulloblastomas. We also observed the presence of a
high VAF (=70%) in some cases, suggesting a putative
germline context, such as Li-Fraumeni syndrome.***’
Despite the predominance of Brazilian cases in this
series, we did not observe the p.R337H founder variant
of TP53, which is strongly associated with predisposi-
tion to Li-Fraumeni tumors.’*™** Our TST15 NGS
panel covers the complete coding sequencing of the
TP53 gene, including the p53 transactivation (TAD)
domain of the 337 codon. Therefore, consistent with
this finding, previous studies did not report this variant
in CNS tumors, except in choroid plexus carcinoma,*’
or reported a low detection frequency.***> Thus, the
present study supports that the p.R337H variant of TP53
does not predispose individuals to medulloblastomas.

Despite the novelty of the findings of our study, it
has some limitations, such as the limited number of
cases analyzed, particularly of non-SHH subtype, and
the limited clinical data available due to the retrospec-
tive and multi-institutional nature of the study. Addi-
tionally, evaluating a larger number of cases and
expanding the analysis to other medulloblastomas

LGRP Barateiro et al.

cancer driver genes, such as PTCHI,*>* would help in
the development of appropriate medicine for Latin-Iberian
medulloblastoma. In this context, our group is conducting a
whole-exome sequencing of Brazilian medulloblastoma,
which will allow a landscape molecular analysis of this
neoplasm.

In conclusion, this is the most extensive study evaluat-
ing a panel of driver genes in primary Latin-Iberian
medulloblastomas. We observed, particularly in the
MBgsyy, higher mutation frequencies than in other
populations, corroborated the TP53 mutation status as an
important prognostic factor, and identified PIK3CA and
KIT as potential therapeutic targets.
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SUPPORTING INFORMATION

Additional supporting information may be found in the
online version of this article at the publisher’s website:
http://onlinelibrary.wiley.com/doi/10.1111/neup.12979/
suppinfo.

Figure S1. Graphical abstract of the study. FDA, Food
and Drug Administration; VUS, variant of uncertain
significance.

Figure S2. Localization of variants in other mutated genes:
EGFR (A); ERBB2 (B); NRAS (C); PDGFRA (D).

Table S1. Variants with VAF =10% identified in patients
with medulloblastoma and classified according to clinical
impact and oncogenicity.
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