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Abstract

We identified a rare heterozygous germline loss-of-function variant in the tumor necrosis factor receptor-associated
factor 2 (TRAF2) in a young adult patient diagnosed with medulloblastoma. This variant is located within the TRAF-

C domain of the E3 ubiquitin ligase protein and is predicted to diminish the binding affinity of TRAF2 to upstream
receptors and associated adaptor proteins. Integrative genomics revealed a biallelic loss of TRAF2 via partial copy-
neutral loss-of-heterozygosity of 9q in the medulloblastoma genome. We further performed comparative analysis
with an in-house cohort of 20 medulloblastomas sequenced using the same platform, revealing an atypical molecular
profile of the TRAF2-associated medulloblastoma. Our research adds to the expanding catalog of genetic tumor syn-

dromes that increase the susceptibility of carriers to MB.
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Introduction

Medulloblastoma (MB) is an embryonal neoplasm of the
cerebellum that primarily affects children, adolescents,
and young adults, with an incidence rate of 5 cases per 1
million individuals [1]. Although the overall survival rate
in many patients with localized disease and/or favora-
ble molecular subgroups is high, the quality of life for
patients with MB, in general, remains suboptimal [1, 2].
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The long-term toxicity burden from current therapies
underlines the urgent need for a deeper understanding
of the biology of this malignancy to enable the devel-
opment of more effective, less toxic therapies. Recent
advancements in DNA methylation-based tumor profil-
ing have unveiled the remarkable molecular heterogene-
ity of MB, identifying four distinct molecular subgroups:
WNT (MByyr), Sonic Hedgehog (MBgyy), Group 3,
and Group 4 [1, 3]. These subgroups are characterized by
unique genomic alterations and clinicopathological fea-
tures, underscoring the importance of subgroup-specific
therapeutic approaches [1, 3]. Elucidating the intricate
molecular landscapes of each MB subgroup is imperative
to identify novel therapeutic targets and optimize risk-
stratified therapeutic strategies.

While MB is extensively documented within the pedi-
atric population, there remains a significant gap in
knowledge regarding the condition in adolescents and
young adults (AYA) (ages 15-39) and adults (ages 40
and above). AYA/adults account for 10-30% of MB and
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most patients are diagnosed with MBgyy, MByyy or
Group 4 [1, 4, 5]. Treatment approaches for AYA/adult
patients with MB are largely extrapolated from pediatric
protocols, which may not sufficiently address the unique
characteristics of the disease in older patients [6]. Con-
sequently, elucidating the distinct features of MB in AYA
and adults is crucial for developing tailored treatment
strategies and improving clinical outcomes.

Genetic tumor syndromes such as Gorlin syndrome
(SUFU, PTCHI), Li-Fraumeni syndrome (7P53), Famil-
ial Adenomatous Polyposis (APC), and Fanconi anemia
(BRCA2, PALB?2) have been identified as genetic risk fac-
tors for MB in children, adolescents, and young adults
[7]. However, most genetic studies in MB have primarily
focused on pediatric patients, leaving the role of genetic
tumor syndromes in AYA and adult patients with MB
largely unexplored. The discovery of novel germline
variants associated with AYA/adult MB would have sig-
nificant implications for genetic counseling and testing,
potentially further improving clinical management for
patients with MB.

In this study, we present a case of a young adult patient
with MB associated with a germline loss-of-function
(LOF) variant in the TRAF2 gene. Furthermore, we con-
ducted a molecular comparison of this patient with our
in-house cohort of 19 MB cases, highlighting the unique
molecular characteristics of the TRAF2-associated MB.
To our knowledge, this is the first documented instance
of a young adult patient with medulloblastoma harboring
a germline TRAF2 variant. This case underscores the het-
erogeneity of the disease and the necessity for a deeper
exploration of genetic tumor syndromes in the AYA and
adult MB population.

Case presentation

A 21-year-old woman with no significant past medi-
cal history presented to her primary care provider with
a 3-week history of worsening headaches accompanied
by nausea. She also noted difficulty with walking and felt
unsteady. She was referred to a local emergency depart-
ment, where a computed tomography (CT) scan, and
brain magnetic resonance imaging (MRI) revealed a
4.5 cm contrast-enhancing mass in the posterior fossa,
which caused obstructive hydrocephalus with brainstem
compression, tonsillar herniation, and moderate dilation
of the third and lateral ventricles (Fig. 1A). An MRI of
the spine and cerebrospinal fluid analysis showed no evi-
dence of metastatic disease. Her family history was not
significant for malignancy. She underwent a gross total
resection (GTR) of the mass via occipital craniectomy
complicated by severe posterior fossa syndrome, includ-
ing mutism, emotional lability, and ataxia. Histological
examination of the tumor showed a small round blue cell
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tumor with brisk mitotic activity. The tumor was posi-
tive for synaptophysin, exhibited membranous but not
nuclear immunoreactivity for -catenin, displayed com-
bined nuclear and cytoplasmic positivity for YAP1, was
patchy positive for p75-NGFR, and negative for GABI.
The Ki-67 proliferation index was elevated (Fig. 1B).
These findings supported the diagnosis of medulloblas-
toma, classic histology, WHO grade 4. The overall risk
classification was deemed "average risk" [8].

Next-generation  sequencing, including mRNA
sequencing and DNA sequencing, was conducted on a
formalin-fixed, paraffin-embedded (FFPE) tissue block
and matched peripheral blood (Materials and methods).
In silico estimation revealed the tumor content to be very
high (97%). Somatic mutations are presented in Table 1.
We further conducted subsequent analyses of the
patient’s MB genome in conjunction with genomes from
19 other MB patients at our institution. At first glance,
there were some genomic features suggestive of a Sonic
hedgehog (SHH)-activated MB (Fig. 2A). The tumor har-
bored a copy-neutral loss-of-heterozygosity (LOH) of 9q
(Fig. 2B), typically seen in the MBg;;; subgroup and most
frequent in the MBgyy , and MBgy s subtypes [9]. In
addition, the presence of a somatic MAX hotspot muta-
tion (R60Q) (Table 1) was consistent with MBgy, as
MAX hotspot mutations have previously been observed
exclusively in the MBgy; subgroup (in two adults and
one child) [10].

DNA methylation-based tumor classification of the
index tumor was performed using two brain tumor clas-
sifiers (Materials and methods). The Heidelberg-DKFZ
brain tumor classifier revealed a calibrated score of 0.837
that the tumor belongs MBgyy; class, falling short of the
0.90 score required for definitive MB subgroup classifica-
tion. The NCI (Bethesda) brain tumor classifier identi-
fied the tumor as a neuroblastic embryonal tumor with
a high score of 0.992. However, it was unable to defini-
tively determine the molecular subtype. The classifier’s
best match was MBgys though this was associated
with a low score of 0.253. Moreover, the tumor showed
no significant mRNA expression of the curated markers
associated with the four MB subgroups (Materials and
methods, Fig. 2A). Principal component analysis of the
tumor’s global gene expression profile was inconclusive
based on the first two principal components (Fig. 2C).
Together, these findings suggested a medulloblastoma
with atypical molecular features.

Other notable genomic findings included a het-
erozygous somatic MYC hotspot mutation (P74L)
located within the MYC Box 1 phospho-degron, which
enhances the stability of MYC by affecting protein
degradation [11]. The somatic MAX hotspot muta-
tion (R60Q) was homozygous via copy-neutral LOH of
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Fig. 1 A MRI Brain. Left: T1 Axial FLAIR+ gadolinium at diagnosis, revealing large, midline, enh

T1 Axial+gadolinium, showing evidence of suboccipital craniotomy with surgical cavity without gross residual disease. B Histopathology. Top left
and middle: H&E stained sections show a small round blue cell tumor with brisk mitotic activity; Top right: N75-NGFR immunostain shows patchy
positivity; Bottom left: -catenin immunostain shows membranous positivity in the tumor cells without nuclear accumulation; Bottom middle:
YAP1 immunostain shows nuclear and cytoplasmic positivity in the majority of tumor cells; Bottom left: The Ki-67 proliferation index is markedly
increased. All images are x100 magnification except the top middle image which is x400 magnification

chromosome 14 (Table 1, Fig. 2B). Given that MYC and
MAX form a heterodimer [12], double hits in MYC and
MAX likely contributed to dysregulation of MYC sign-
aling. In our patient, MYC expression was significantly
elevated, ranking second among 20 samples in the MB

cohort with exceeding levels relative to MB Group 3,
where MYC overexpression is a known driver [9, 10].
Although no focal MYC amplification was observed,
this finding could imply a possible structural rearrange-
ment that affected MYC enhancer that may not have
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Table 1 Somatic and rare germline variants detected with target gene panel sequencing in our index case

Gene Position (in hg19)  Status Effect AA change dbSNP Normal  Tumor CADD 1000G
VAF (%)  VAF (%) Frequency
(%)
TP53 chr17:7577121 Somatic Missense R273C rs121913343 0 48 27.7 0
MAX chr14:65544747 Somatic Missense R60Q 0 96 21.3 0
MYC chr8:128750684 Somatic Missense p74L 0 39 22.7 0
HTRTA chr5:63256991 Somatic Missense A186T rs557845021 0 6 21.7 0
SMAD1 chr4:146436129 Somatic Missense 1122F 0 45 27.2 0
MADILT chr7:1855841 Somatic Missense K674N 0 54 22.1 0
CHD7 chr8:61765674 Somatic Frameshift F2131fs 0 48 0
BIRC2 chr11:102239036 Somatic Frameshift 1376fs 0 48 0
ERBB3 chr12:56495522 Somatic Frameshift T1238fs 0 45 0
NPPB chr1:11918519 Germline Missense R47H 1s5229 50 42 4388 0.38
BCAR3 chr1:94048471 Germline Missense S358N rs142961077 48 49 18.79 0.12
CACNA1S ~ chr1:201047035 Germline Missense R531C 1s751671175 45 52 35 0
HOXDT11 chr2:176972168 Germline Missense A29S rs149509317 48 44 222 0.30
SP110 chr2:231037654 Germline Missense E538K rs149682257 49 48 11.77 0.02
ROBO2 chr3:77611868 Germline Missense V502L 1s562416957 47 44 233 0.08
TET2 chr4:106156969 Germline Missense T624A 48 50 0.015 0
NEK1 chr4:170359272 Germline Missense S881C rs543224510 52 47 1048 0.10
FAT1 chr4:187628746 Germline Missense T746A rs372906523 46 47 16.15 0.20
FGFR4 chr5:176523696 Germline Missense R703W 1s774539398 45 42 204 0
NSDT chr5:176637800 Germline Missense M800I 1s747267793 48 46 0.001 0
MAMLT chr5:179192601 Germline Missense H197L rs558589991 48 49 9.29 0.06
HISTIHIE  chr6:26156758 Germline Missense A47V 15141942142 43 51 16.62 0.06
TRAF3IP2 ~ chr6:111912641 Germline Missense pP226T rs139282334 52 46 18.82 0.26
TRAF3IP2  chr6:111913185 Germline Inframe Insertion ~ P44dup rs142054894 49 47 18.72 0
SLC22A1 chr6:160543233 Germline Missense R89K 1s371964408 52 46 4.019 0
TBP chr6:170871046 Germline Inframe Deletion ~ Q91_Q9%del 36 36 22 0
GLI3 chr7:42004286 Germline Missense 114627 15371464477 51 50 8522 0
FGFR1 chr8:38273475 Germline Missense H589Q 49 45 218 0
TSC1 chr9:135786868 Germline Missense S334L rs118203481 46 99 21 0.02
TRAF2 chr9:139818372 Germline  Stopgain R403X 45 929 39 0
CYP2C9 chr10:96740981 Germline Missense R335W rs28371685 48 43 255 0.72
ABCC2 chr10:101590486 Germline Missense G921S rs41318029 47 46 027 0.34
TEAD4 chr12:3104098 Germline Missense A56T s148347828 46 48 32 0.02
BAZ2A chr12:56992943 Germline Missense R1793Q 1762971471 52 52 286 0
LATS2 chr13:21562482 Germline Inframe Insertion  A478_P479dup  rs550642106 72 65 11.88 0
BRCA2 chr13:32918788 Germline Missense D2312v rs80358916 50 41 27 0.02
TINF2 chr14:24709952 Germline Missense S245Y 15142777869 47 43 14.6 0.10
SOS2 chr14:50585300 Germline Missense T1254R 52 97 10.78 0
MCIR chr16:89986546 Germline Missense D294H rs1805009 48 45 209 0.34
SMYD4 chr17:1686759 Germline Missense Q678K 15530674372 42 51 6.053 048
GID4 chr17:17962266 Germline Missense V2311 rs200321621 46 52 224 0
CD79A chr19:42383204 Germline Missense T75M rs199967393 46 48 8.94 0.02
ASXLT chr20:31022796 Germline Missense A761T rs146052718 46 51 254 0
DNMT3B chr20:31375172 Germline Missense R190H rs774138031 48 47 10.64 0
DNMT3B chr20:31383238 Germline Missense A384T rs150682895 51 46 14.35 0.54
ZMYND8  chr20:45867566 Germline Inframe Insertion ~ Q847dup 569370037 40 40 14.86 0
CECR2 chr22:18031793 Germline Missense P1288L rs181553013 40 42 14.82 0.08

BCR chr22:23653975 Germline Frameshift V1094fs 1s372013175 24 14 37 0
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Table 1 (continued)
Gene Position (in hg19)  Status Effect AA change dbSNP Normal  Tumor CADD 1000G
VAF (%)  VAF (%) Frequency
(%)
ZNRF3 chr22:29444445 Germline Missense H227Q 1s55775472 48 49 26.1 0.18
BRWD3 chrX:79978103 Germline Missense K612E 47 49 226 0
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Fig. 2 A Oncoprint (top half) and gene expression heatmap (bottom half) of 20 medulloblastoma patients. Relevant drivers and cytogenetic
events were included for the oncoprint. Gene signatures associated with MB subtypes were curated from a published scRNA-seq study (Materials
and methods). Hierarchical clustering using these gene expression markers was employed to guide tentative subgroup assignment (Materials

and methods). The arrows indicated the index case, also denoted as PO_3512. B Copy number result of our patient. Top: log coverage ratio of tumor
versus matches normal; Bottom: B-allelic fraction (BAF) values. The hg19 coordinate of CNLOH segment covering TRAF2 is chr9:131,909,737-
141,213,430. C Transcriptome-wide Principal component analysis (PCA) (Materials and methods). The percentages indicate the proportion

of variance explained by each principal component. D Gene set enrichment analysis (GSEA) was performed on the gene expression data of our
patient using the Reactome Pathway Database. The gene list was pre-ranked based on the z-scores calculated from 20 MB cases (Materials

and methods)

been detected by targeted panel sequencing. Gene set
enrichment analysis further demonstrated that several
upregulated genes in this tumor, relative to the rest of
the MB cohort, were enriched in pathways related to
RNA processing and translation (Fig. 2D). This pat-
tern aligns with the known role of MYC in enhancing
RNA processing and translation [13], suggesting that

MYC signaling contributed to MB development in our
patient.

Partial copy-neutral LOH of 9q is a less frequent
cytogenetic event in MBgyy; (Fig. 2B). The LOH region
did not encompass PTCHI and ELPI, two driver genes
commonly affected by 9q LOH events in MBg; [10, 14].
A detailed analysis of all protein-coding genes within the
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9q34.3 LOH region revealed a rare germline loss-of-func-
tion (LOF) variant in TRAF2 (p.Arg403Ter; c.1207C>T).
No other rare germline LOF variants were identified in
the 9q LOH region, apart from a rare, clinically benign
germline missense variant in TSCI (p.S334L; ClinVar
VCV000041686). We further confirmed that the TRAF2
LOF variant is heterozygous in the patient’s germline
genome (VAF 45%) and homozygous in the MB genome
(VAF 99%) (Table 1). Further familial genetic testing
was not possible; hence, we could not ascertain parental
inheritance. We were, however, able to determine that
TRAF2 p.Arg403Ter is exceedingly rare in humans with
a germline carrier frequency of 1 in 806,922 (gnomAD
database v4.1.0).

Tumor necrosis factor (TNF) receptor-associated fac-
tor 2 (TRAF2) is a ubiquitin ligase integral to various
signaling pathways in innate immunity, inflammation,
or apoptosis (Fig. 3A) [15, 16]. In pro-survival pathways,
TRAF2 functions as a positive regulator of TNF-medi-
ated signaling. Upon TNF binding to TNF receptor 1
(TNER1), TRAF2 is recruited to TNFR1 by interacting
with the adaptor protein TRADD and Receptor Inter-
acting Protein 1 (RIPK1). Subsequently, TRAF2 recruits

Page 6 of 10

Cellular Inhibitor of Apoptosis 1 and 2 proteins (cIAP1/2,
also known as BIRC2/3), which facilitates the poly-
ubiquitination of RIPK1 and other components of the
signaling complex. Ubiquitinated RIPK1 interacts with
TGEFp-activated kinase 1 (TAK1) and other proteins to
activate the canonical nuclear factor-kB (NF-kB) signal-
ing pathway (Fig. 3A), resulting in the expression of vari-
ous genes involved in proliferation and inflammation [15,
16]. Additionally, TRAF2 participates in TNF-mediated
activation of the c-Jun N-terminal kinase (JNK) signal-
ing pathway through RIPK1 and TAK1 (Fig. 3A) [16-18].
The JNK signaling pathway can induce Activator Pro-
tein 1 (AP-1) dependent gene expression. This signaling
cascade can also lead to apoptosis, although the precise
mechanisms remain unknown [17].

Like other members of the TRAF family, TRAF2 pos-
sesses an N-terminal domain characterized by a RING
structure and four zinc fingers [19]. The C-terminal
TRAF domain is subdivided into the TRAF-N and
TRAF-C subdomains. The TRAF-N subdomain features
a coiled-coil structure that facilitates both homo- and
hetero-oligomerization. The TRAF-C subdomain con-
sists of antiparallel f-strands and interacts with receptor
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Fig.3 ATRAF2 is involved in TNF-mediated NF-kB and JNK signaling activation, which could result in proliferation and apoptosis. B Top: Domain
structure of TRAF2 protein. The germline variant was depicted as the red dot. Bottom: various TRAF2 mutants and their NF-kB dependent luciferase
expression:+, tenfold over the level seen in the vector control; ++, a greater than 20-fold induction over the level seen in the vector control. Light
orange boxes denote deleted regions. The figure was adapted from Takeuchi et al., Journal of Biological Chemistry, 1996 [21]. C Gene expression
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and adaptor proteins, including BIRC2 [20]. The stop-
gain variant identified in this patient significantly trun-
cates the TRAF-C subdomain, thus potentially affecting
its capacity to bind with other crucial signaling proteins
(Fig. 3B).

However, it has been observed that the TRAF2 protein
with a partially truncated C-terminal domain may still
retain some residual binding activity [21]. In a functional
study, various mutants with progressively truncated
TRAF-C domains were engineered and overexpressed
in HEK293 cells [21]. These synthetic deletions demon-
strated the ability to activate the downstream signaling
pathway to varying degrees (Fig. 3B). One of their con-
structs truncated TRAF2 at codon 400, closely resem-
bling the truncation at codon 403 due to the germline
LOF variant described in our index patient. Truncation
of TRAF2 at codon 400 exhibited a milder activation of
downstream signaling compared to the construct that
completely eliminated the TRAF-C domain (Fig. 3B).
Strikingly, our patient further harbors a heterozygous
somatic LOF mutation in the E3 ligase BIRC2 (Table 1).
In this context, the somatic LOF BIRC2 mutation con-
verges on the same pathway, further diminishing the
residual binding efficacy of TRAF2, thereby potentially
leading to additional inhibition of apoptosis (Fig. 3A).

Transcriptome provided deeper insights into the onco-
genic context of the signaling pathway involving TRAF2
and BIRC2. Our patient exhibited significantly higher
expression levels of pro-apoptotic genes, such as Fas
receptor (FAS) and harakiri (HRK) [22, 23], compared to
other tumors in our MB cohort (Fig. 3C). The tumor also
demonstrated elevated expression level of chemokine
(C-X-C motif) ligand 1 (CXCLI), which is linked to
inflammation [24]. These findings lead us to hypothesize
that an inflammation-like phenotype could have con-
tributed to tumorigenesis. Subsequently, biallelic loss
of TRAF2 and monoallelic loss of BIRC2 could have col-
laborated in evading apoptosis and thus triggering MB
development.

Discussion and conclusion

Despite the advancements facilitated by next-genera-
tion sequencing in elucidating the genomic diversity
of medulloblastoma, our understanding of this com-
plex disease remains incomplete. MB in AYA and adult
patients introduces additional complexity due to its
unique genomic and epigenomic features, which dif-
fer from pediatric cases. Group 3 medulloblastoma is
rarely observed in adults. Approximately 60% of adult
medulloblastoma cases are SHH-activated, 25% belong
to Group 4, and 15% are WNT-activated [4, 5]. MBgy, is
further divided into four subtypes with distinct molecu-
lar profiles and clinical outcomes. Among them, MBgy; 5
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is the most common in young adults and adults, with a
median age of onset of 26 years, and have better progno-
sis [4, 9].

Our 21-year-old patient with MB presents a challenge
to the current central nervous system (CNS) tumor clas-
sification system. Immunohistochemistry revealed that
the tumor lacked nuclear B-catenin, but showed both
nuclear and cytoplasmic YAPI positivity, as well as N75-
NGER, supporting its classification as MBgy; [25]. How-
ever, DNA methylation classification and gene expression
clustering results remained inconclusive. Additionally,
the tumor lacked somatic mutations in PTCHI1, SUFU,
SMO, and the TERT promoter, which are typically seen
in MBgyy [1, 9, 10]. Also, somatic and germline TP53
mutations are generally found in MBgy;; patients aged
5-18 years [26]. Furthermore, MYC overexpression is
more commonly associated with MB Group 3 rather than
MBgy [1, 9, 10].

MB has been linked to various genetic tumor syn-
dromes. Gorlin syndrome, which arises from germline
variants in PTCHI1 and SUFU, is associated with an
increased risk of the desmoplastic/nodular subtype
of medulloblastoma. Li-Fraumeni syndrome, charac-
terized by germline variants in TP53, increases sus-
ceptibility to medulloblastoma and a range of other
malignancies. APC-associated polyposis increases the
risk of medulloblastoma, particularly the WNT subgroup
[7, 27]. Recently, pathogenic germline variants in BRCA2,
PALB2, GPRI161, and ELPI have also been implicated in
medulloblastoma malignancy [7, 14, 28]. It has been esti-
mated that 40% of pediatric patients with MBg;; harbor
a genetic tumor syndrome [14]. The case presented in our
study suggests that TRAF2-associated medulloblastoma
is a novel genetic tumor syndrome.

Somatic mutations in TRAF2 are observed in less than
6% of human cancers [29]. Somatic loss-of-function
mutations and deletions in TRAF2 have been identified
as drivers in hematological malignancies, including man-
tle cell lymphoma, diffuse large B-cell lymphoma, and
multiple myeloma [30, 31]. This highlights the critical
role of TRAF2 as a negative regulator of the non-canon-
ical NF-kB pathway in lymphoid cells [30, 31]. How-
ever, the role of TRAF2 in solid tumors remains largely
unexplored, further complicated by its dual function as
both an anti-apoptotic and pro-apoptotic factor within a
complex cellular signaling network [15-18]. In the con-
text of CNS tumors, another member of the TRAF family
and E3 ubiquitin ligase, TRAF7, has been identified as a
somatic driver in meningioma [32].

In addition to the germline TRAF2 loss-of-function
variant and partial copy-neutral LOH of 9q, this patient’s
tumor also acquired a somatic LOF mutation in BIRC2,
another E3 ubiquitin ligase that interacts with TRAF2.
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Similar to TRAF2, BIRC2 has been identified as a tumor
suppressor in hematological malignancies [31], while it
may function as an oncogene in other tumors through
gene amplification [33]. BIRC2 and TRAF2 potentially
act as tumor suppressors within a signaling axis that typi-
cally induces cell death, such as through JNK-induced
apoptosis or TNF-stimulated necrosis [17, 18]. Nota-
bly, somatic hotspot mutations in another E3 ligase,
KBTBD4, have been characterized in MB [34]. Our find-
ings could have significant implications for understand-
ing the broader role of dysregulated E3 ubiquitin ligases
in medulloblastoma.

In conclusion, our case report suggests that germline
loss-of-function TRAF?2 alterations may represent a novel
risk factor for medulloblastoma. Further studies in ado-
lescent, young adult, and adult MB populations are war-
ranted to determine their prevalence, full spectrum of
co-occurring somatic driver alterations, and therapeutic
and prognostic implications.

Treatment outcomes

The patient received craniospinal irradiation (CSI) treat-
ment in accordance with standard-of-care protocols.
She was administered a dose of 23.4 Gy to the entire
neuraxis and an additional 30.6 Gy boost to the tumor
bed in 30 fractions, accompanied by weekly intravenous
vincristine. Furthermore, the patient underwent chemo-
therapy as per the Children’s Oncology Group protocol
ACNSO0331. This regimen includes cisplatin, CCNU, vin-
cristine, and cyclophosphamide, administered as main-
tenance cycles over a total of seven cycles. Maintenance
chemotherapy was discontinued prematurely for this
patient due to profound and prolonged cytopenias. Dur-
ing the course of therapy, the patient developed bilat-
eral high-frequency hearing loss at 8000 and 12,000 Hz,
necessitating a reduction in the cisplatin dose. The
patient has been disease-free for 5 years and 4 months
following surgery. Annual MRI brain and spine scans will
continue for surveillance purposes. The patient and her
family have been informed about the rarity of the ger-
mline variant and its potential association with hemato-
logical malignancies.

Materials and methods

Clinical sequencing was conducted following stand-
ard protocols in our Clinical Laboratory Improvement
Amendments (CLIA)-certified sequencing laboratory
[35]. For each patient, we performed targeted sequenc-
ing on DNA from the tumor and matched normal
peripheral blood, using a panel covering 1,714 genes,
including probes for the TERT promoter region. Tumor
RNA sequencing was performed with an exome-cap-
ture transcriptome protocol developed in our lab,
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covering all coding genes. Bioinformatic analyses—
including mutation calling, copy number analyses, and
gene expression profiling—were carried out as previ-
ously described [35].

Gene expression signatures were derived from a pub-
lished single-cell RNA sequencing (scRNA-seq) study,
which performed UMAP clustering on 39,946 single
cells from 28 MB patients [36]. For the WNT, SHH,
and Group 3 clusters, the top 10 genes with the high-
est log fold change from differential expression analyses
(as described in [36]) were selected. For Group 4, the
top 20 genes were chosen due to the high heterogeneity
within this group. Lowly expressed genes were removed
to ensure reliable detection in bulk sequencing data,
resulting in a final set of 36 expression markers (Fig. 2A).
Hierarchical clustering, based on Euclidean distance
and the single-linkage method, was applied to the log2-
transformed Fragments Per Kilobase of transcript per
Million mapped reads (FPKM) values. This clustering
approach identified tentative WN'T, SHH, Group 3, and
Group 4 subgroups, with the index patient identified as
an outlier (Fig. 2A heatmap). Genomic features, includ-
ing mutations and copy number alterations, were curated
from previous genomic studies and reviews [1, 9, 10], and
aligned with RNA-seq-derived subgroup classifications
(Fig. 2A Oncoprint).

Additionally, transcriptome-wide principal component
analysis (PCA) was performed on the log-transformed
FPKM values. Gene variance was calculated across sam-
ples for each gene’s log-transformed expression data.
Low-variance genes were filtered by removing the bot-
tom 10% with the lowest variance, based on variance
quantiles (Fig. 2C). Gene set enrichment analysis of the
index case, using a pre-ranked list of z-scores calculated
among 20 patients, was performed on the Reactome
Pathways Database with WebGestalt (Fig. 2D).

DNA methylation analysis of the index case was per-
formed using the Infinium MethylationEPIC v2.0 Kit.
DNA methylation-based tumor classification of the index
case was conducted with the Heidelberg-DKFZ brain
tumor classifier v12.5 (https://www.molecularneurop
athology.org/mnp) and the NCI (Bethesda) classifier v2.
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