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Abstract

Medulloblastoma is the most common malignant brain tumor in children, but it presents
distinct challenges when occurring in adolescents and young adults (AYAs, aged
15–39 years). Recent molecular profiling has identified four principal medulloblastoma
subgroups—WNT-activated, SHH-activated, Group 3, and Group 4—each demonstrating
unique biological characteristics and clinical outcomes. AYA patients exhibit age-specific
molecular patterns and therapeutic responses substantially different from those of younger
children. This review synthesizes current evidence regarding epidemiology, diagnostic chal-
lenges, molecular characterization, risk stratification, treatment modalities, and outcomes
specific to AYA medulloblastoma patients, highlighting the critical need for age-adapted
therapeutic strategies and dedicated clinical research in this underserved population.

Keywords: medulloblastoma; adolescent and young adult; molecular subgroups; TP53
mutations; MYCN amplification; prognosis; targeted therapy

1. Introduction
Medulloblastoma accounts for about 20–25% of brain tumors in children and accounts

for 63% of intracranial embryonal neoplasms [1,2]. These highly aggressive cerebellar
tumors are very diverse both in terms of their molecular and clinical features. Mostly a
childhood tumor, medulloblastoma is very rarely diagnosed in adolescents and young
adults, in whom it constitutes less than 1–2% of central nervous system (CNS) tumors, with
an annual incidence rate of 0.6–1 per million population [3,4].

The adolescent and young adult (AYA) oncology population, usually referred to as
people aged 15–39 years at the time of diagnosis, holds a special place between pediatric and
adult care paradigms and is faced with distinct biological, psychological, and socioeconomic
challenges [5]. AYA patients with medulloblastoma, despite being a clearly defined clinical
group, are still very poorly represented in clinical trials; there is a big gap in evidence-based
knowledge for optimal treatment and long-term outcomes [6].

Medulloblastoma molecular classification has revolutionized the knowledge of its
heterogeneity. Different studies on gene expression profiling have led to the identification
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of four major molecular subgroups: WNT-activated, sonic hedgehog (SHH) activated,
Group 3, and Group 4, each having its distinct transcriptomic profiles, genetic abnormalities,
age distributions, and clinical outcomes [7,8]. In its 2016 and 2021 editions, the WHO
classifications of CNS tumors introduced molecular subgrouping into the diagnostic criteria,
thus acknowledging this as an essential element for classification and risk stratification [9].

Recent studies have revealed substantial differences in the medulloblastoma biology
of children and adults, implying that pediatric and adult medulloblastomas might actually
be two different kinds of diseases [10,11]. SHH-activated tumors dominate in AYA patients,
whereas Group 3 tumors are relatively scarce compared with the younger child group.
In addition, molecular changes typical for certain ages, such as TP53 mutations, MYCN
amplifications, and TERT promoter mutations, are found to have different prognostic
implications when compared across different age groups [12,13].

In this thorough review, the authors focus on the current knowledge about AYA
medulloblastoma, collating the evidence on AYA-specific epidemiology, molecular charac-
terization, prognostic biomarkers, therapeutic approaches, and survivorship issues. This
compilation aids comprehension. Knowledge of these age-specific features is vital for
formulating logical, biologically informed treatment strategies and for enhancing positive
patient outcomes in this neglected population.

2. Epidemiology and Clinical Presentation
2.1. Age Distribution and Demographics

Medulloblastoma demonstrates bimodal age distribution, with peak incidence during
early childhood (3–7 years) and a smaller secondary peak in early adulthood [4,14]. In AYAs,
annual incidence is approximately 0.6–1.0 per million individuals aged 15–39 years [3].
SEER database analysis of 857 adult patients diagnosed between 1973 and 2014 showed
medulloblastoma most commonly presents in the 20–29 year age group, with a slight male
preponderance (58.5%) and predominantly cerebellar localization (91.6%) [15].

Gender distribution varies across molecular subgroups. Group 3 and Group 4 demon-
strate pronounced male predominance (approximately 2:1 male-to-female ratio) [16]. In
contrast, WNT-activated tumors exhibit relatively balanced gender distribution, while
SHH-activated tumors show variable gender ratios dependent on age at presentation
(Table 1) [17].

Table 1. Molecular subgroups of medulloblastoma: key characteristics and age distributions.

Subgroup Frequency (%) Peak Age Key Genetic Alterations Prognosis
(5-Year OS)

AYA
Prevalence

WNT-activated 10–15 8–12 years CTNNB1 mutations, monosomy 6 >90–95% 10–15%

SHH-activated ~30 Bimodal: <3 years,
>17 years

PTCH1, SMO, SUFU mutations;
TP53 mutations (21%)

70–80% (TP53 WT);
40–50% (TP53 mut) 60–70%

SHH-α 5–7 3–16 years TP53, MYCN, GLI2 amplifications 30–50% Rare

SHH-δ 8–10 Adults TERT promoter mutations 75–85% 40–50%

Group 3 25–27 <10 years MYC amplification (15–20%),
GFI1/GFI1B alterations

50–60% overall;
20–45% (MYC amp) <5%

Group 4 35–40 5–15 years Isochromosome 17q (70–80%),
SNCAIP duplications 75–90% 20–25%

Abbreviations: OS, overall survival; WT, wild-type; mut, mutated; amp, amplified; AYA, adolescent and
young adult.

2.2. Diagnostic Challenges in the AYA Population

Medulloblastoma rarity in AYAs contributes to substantial diagnostic delays compared
to younger children. Classic cerebellar symptoms, including ataxia and hydrocephalus,
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occur in only 60% of AYA cases versus 85% in children [18]. Median time to diagnosis
extends to 4.2 months in AYAs compared to 2.1 months in pediatric populations, reflecting
lower clinical suspicion for posterior fossa tumors in this age group [18]. Delayed recogni-
tion frequently results in more advanced disease at presentation, with 35% of AYA patients
presenting with metastatic disease compared to 25% in pediatric cohorts [18,19]. Most com-
monly reported symptoms in AYA medulloblastoma patients include nausea and vomiting
(60%), headache (43%), and ataxia (40%) [20,21]. However, symptom presentation may
be more subtle and nonspecific compared to younger children, contributing to diagnostic
uncertainty. Increased intracranial pressure manifestations, including papilledema and
sixth cranial nerve palsy, may develop more insidiously in AYA patients due to greater
cranial compliance [21].

2.3. Clinical Risk Stratification

Traditional risk stratification classifies patients based on age at diagnosis, extent of
surgical resection, and metastatic status [22]. Children older than 3 years with minimal
residual tumor (<1.5 cm2) and absence of neuraxial metastases (M0 status) are classi-
fied as standard-risk, achieving >80% long-term survival with contemporary multimodal
therapy [23]. High-risk features include age <3 years at diagnosis, metastatic disease at
presentation (M1–M4), large cell/anaplastic histology, and subtotal resection with residual
tumor exceeding 1.5 cm2 [24]. Application of pediatric risk stratification criteria to AYA
patients presents inherent challenges. The age criterion becomes less relevant in adolescent
and adult populations, while the extent of resection and metastatic status retain prognostic
significance. Recent analyses demonstrate that gross total resection and receipt of adjuvant
radiotherapy represent favorable prognostic factors in adult medulloblastoma, while large
cell/anaplastic histology associates with diminished survival [25].

3. Molecular Subgroups: Characteristics and Age-Specific Distributions
3.1. WNT-Activated

WNT-activated tumors constitute approximately 10–15% of all medulloblastomas,
characterized by nuclear β-catenin accumulation, activating CTNNB1 mutations, and
monosomy 6 [26,27]. These tumors demonstrate the most favorable prognosis among
all subgroups, with 5-year overall survival consistently exceeding 90–95% [28,29]. WNT-
activated tumors arise predominantly in children and occasionally in adults, but rarely
present in infants [30]. The cellular origin of WNT tumors differs fundamentally from
other subgroups, arising from lower rhombic lip progenitors or dorsal brainstem precursor
cells rather than cerebellar granule neuron progenitors [31]. This distinct developmental
origin contributes to characteristic midline localization involving the fourth ventricle, with
frequent extension into the cerebellopontine angle and brainstem [32]. In AYA populations,
WNT-activated tumors maintain their exceptionally favorable prognosis. Remarkably,
TP53 mutations—which confer devastating prognosis in SHH-activated tumors—do not
adversely affect outcomes in the WNT subgroup [33,34]. This differential response may
reflect the capacity of constitutive β-catenin activation to abrogate radioresistance typi-
cally conferred by p53 pathway disruption [35]. Current international clinical trials are
investigating reduced-intensity therapeutic approaches for WNT-activated medulloblas-
toma, recognizing the potential to achieve excellent survival while minimizing long-term
neuro-cognitive and endocrine sequelae associated with conventional therapy [36].

3.2. SHH-Activated

SHH-activated tumors represent only about 30% of medulloblastomas, and they
develop from cerebellar granule neuron precursors due to the constitutive activation
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of the sonic hedgehog signaling pathway [37,38]. These tumors have a tendency to be
laterally localized in the cerebellar hemispheres, which is a notable feature given that other
subgroups typically originate in the midline [39]. The age distribution of SHH-activated
tumors is bimodal and very distinct, as these tumors are mostly seen in infants (<3 years)
and adults (>17 years), while in children aged 3–16 years, they only make up about 10–15%
of the cases [40,41]. In the AYA population, SHH-activated tumors are the main molecular
subgroup, making up over 60% of the cases [42]. The complete hedgehog signaling pathway
is affected through mutations either germline or somatic in the majority of SHH tumors. The
typical variations in the hedgehog pathway that are involved in tumor development include
PTCH1 mutations resulting in loss of normal function, SMO mutations leading to gain of
function, and SUFU mutations causing loss of function [43,44]. In AYA patients, PTCH1
mutations are almost twice as frequent as in pediatric cases, occurring in about 40–50%
of SHH tumors versus 20–30% respectively [45,46]. Recent comprehensive methylation
profiling has subdivided SHH-activated medulloblastomas into four molecular subtypes
with distinct age distributions and clinical characteristics [47]:

SHH-α: Mostly children aged 3–16 years are affected by this subtype, which is the
highest-risk SHH subtype, featuring frequent occurrences of TP53 mutations, MYCN and
GLI2 amplifications, and chromosomal deletions of 9q, 10q, and 17p. The prognosis of this
subtype is worse than that of any other SHH variant [48].

SHH-β: Occurs primarily in infants, exhibits high rates of metastatic disease, and asso-
ciates with focal PTEN deletions, demonstrating inferior survival compared to SHH-γ [49].

SHH-γ: Presents in infancy and is enriched for medulloblastoma with extensive
nodularity (MBEN) histology, representing a favorable-risk group potentially suitable for
therapy de-escalation strategies [50].

SHH-δ: Predominantly affects adults, demonstrates enrichment for TERT promoter
mutations (occurring in 15–20% of AYA cases), and generally associates with a favorable
prognosis [51,52].

3.3. Group 3

Group 3 tumors constitute approximately 25 and 27% of all cases of medulloblas-
toma, and they show the most aggressive biological behavior and the worst clinical out-
come [53–55]. They also have a strong male predominance (2:1 male/female ratio) and
occur almost exclusively in infants and young children; they are exceptionally rare in ado-
lescents and virtually absent in adults [55,56]. A meta-analysis that included 550 patients
with medulloblastoma showed that only 6% of adult patients were classified as Group 3
tumors, further demonstrating the extreme rarity of this tumor type once past early child-
hood [10,57]. The age-restricted distribution of this subtype is suggestive of significant
differences in their cellular origins and/or oncogenic requirements [58]. Approximately
40–50% of Group 3 tumors have distant metastases at diagnosis. They typically have large
cell/anaplastic histology and demonstrate MYC amplification in approximately 15–20%
of cases [10,40,59,60]. The most validated prognostic biomarker within Group 3 tumors is
MYC amplification, which is associated with very poor outcomes, with 5-year overall sur-
vival ranging from 20 to 45% even with the use of intensive multi-modal therapy [10,61,62].
Intra-tumoral heterogeneity was described in a recent single-cell transcriptomic analy-
sis of Group 3 tumors, identifying distinct cell clusters demonstrating highly aggressive
phenotype characteristics and elevated marker expression (e.g., GRM8, AP1S2) correlated
with worse prognosis [63]. The MYC oncogene activates a downstream molecular cascade
that induces complex metabolic reprogramming, including the upregulation of glycolysis,
glutamate metabolism, and the pentose phosphate pathway [64].
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3.4. Group 4

Group 4 tumors represent the most common molecular subgroup, comprising 35–40%
of all cases [65]. These tumors occur across all age ranges but predominate during child-
hood and adolescence. Like Group 3, Group 4 demonstrates male predominance and
frequently presents with metastatic disease [10,66]. Molecular drivers of Group 4 remain
incompletely characterized compared to other subgroups. Characteristic genetic features
include isochromosome 17q (i17q) in 70–80% of cases, tandem duplications of SNCAIP,
and occasional MYCN amplifications [67,68]. Unlike Group 3, MYC amplifications are
exceedingly rare in Group 4 [68,69]. Group 4 tumors demonstrate intermediate prognosis,
with 5-year overall survival rates ranging from 75 to 90%, superior to Group 3 but inferior to
WNT-activated tumors [68–71]. Recent investigations identified molecular biomarkers ca-
pable of stratifying risk within Group 4, including FSTL5 expression patterns distinguishing
high-risk from standard-risk patients [47,72].

4. Critical Molecular Biomarkers in AYA Medulloblastoma
4.1. TP53 Mutations: Subgroup-Specific Prognostic Implications

TP53 mutations occur in approximately 10–16% of all medulloblastomas but demon-
strate striking subgroup-specific distributions and prognostic implications [13,73,74]. The
prognostic significance varies dramatically according to molecular subgroup, age at diag-
nosis, and germline versus somatic mutation status (Table 2) [13,75].

Table 2. Critical prognostic biomarkers in AYA medulloblastoma.

Biomarker Affected
Subgroup(s) Frequency in AYA Prognostic Impact Therapeutic Implications

TP53 mutation SHH (primarily), rare
in others

8–12% overall; 21%
of SHH

Very unfavorable in SHH
(HR 2.0–2.5); neutral

in WNT

Intensified therapy; avoid
radiation in germline cases;

investigational agents

MYC amplification Group 3 Rare (<2% of AYA) Very unfavorable (HR
2.5–3.0)

BET inhibitors, epigenetic
modulators,

metabolic targeting

MYCN amplification SHH, Group 4 5–8% of AYA Unfavorable (HR 1.5–2.0) Aurora kinase inhibitors,
CDK inhibitors

TERT promoter
mutation SHH-δ predominantly 15–20% of AYA Variable; potentially

favorable in some contexts
May predict

radiotherapy sensitivity

Metastatic
disease (M+) All subgroups 25–35% of AYA Unfavorable (HR 1.8–2.2) Intensified CSI (36–39.6 Gy),

systemic therapy

Gross total resection All subgroups Achieved in 60–70% Favorable (HR 0.5–0.7 for
GTR vs. STR) Maximal safe resection priority

Chromosome 6
monosomy WNT 80–85% of WNT cases Favorable

(subgroup marker)
De-escalation strategies

under investigation

Isochromosome 17q Group 4 predominantly 70–80% of Group 4 Intermediate;
subgroup marker

Risk stratification within
Group 4

Abbreviations: HR, hazard ratio; CSI, craniospinal irradiation; GTR, gross total resection; STR, subtotal resection.

In WNT-activated tumors, TP53 mutations occur in approximately 15–20% of cases but
do not adversely affect the excellent prognosis characteristic of this subgroup [13,35,76,77].
Multivariate analyses consistently demonstrate that WNT patients with TP53 mutations
maintain >90% 5-year survival, comparable to TP53 wild-type WNT cases [78]. This remark-
able tolerance may reflect constitutive WNT pathway activation overriding p53-mediated
cellular checkpoints [13,79]. In stark contrast, TP53 mutations in SHH-activated tumors con-
fer a devastating prognosis, particularly in pediatric and adolescent age groups [13,80,81].
SHH tumors with TP53 mutations occur predominantly in children aged 5–18 years (me-
dian age approximately 9–15 years), contrasting with the bimodal age distribution of
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TP53 wild-type SHH cases. Approximately 21% of SHH tumors harbor TP53 mutations,
with enrichment in the SHH-α molecular subtype [13,82–84]. TP53-mutated SHH tumors
demonstrate 5-year overall survival of only 41% (±9%), compared to 81% (±5%) survival
in TP53 wild-type SHH tumors of similar age groups (p < 0.001) [13]. More than 50% of
TP53 mutations in SHH tumors represent germline alterations, frequently occurring in
the context of Li-Fraumeni syndrome [85,86]. Germline TP53 mutations associate with
particularly adverse outcomes, with TP53 mutations accounting for approximately 72% of
deaths in children older than 5 years with SHH medulloblastoma [13]. TP53-mutated SHH
tumors exhibit distinctive biological characteristics explaining their clinical aggressiveness.
These tumors demonstrate the highest overall mutational burden among all medulloblas-
tomas, frequent chromosomal instability including chromothripsis (catastrophic DNA
rearrangements), and co-occurrence with MYCN and GLI2 amplifications. TP53 mutations
in SHH tumors typically occur in association with downstream pathway alterations rather
than upstream PTCH1, SMO, or SUFU mutations, suggesting these tumors are unlikely to
respond to smoothened inhibitors currently in development [10,87–90]. In Group 3 and
Group 4 tumors, TP53 mutations are exceptionally rare, occurring in less than 1–2% of
cases [13,91,92]. Current risk stratification schemas for SHH-activated tumors incorporate
TP53 mutation status as a critical determinant, classifying patients into three risk cate-
gories: standard-risk (TP53 wild-type, non-metastatic, MYCN non-amplified), high-risk
(metastatic and/or MYCN-amplified), and very high-risk (TP53-mutated, either germline
or somatic) [12,93,94].

4.2. MYCN and MYC Amplifications

MYCN amplification occurs in approximately 5–10% of all medulloblastomas and
demonstrates subgroup-specific distributions and prognostic implications. MYCN amplifi-
cations occur primarily in SHH-activated and Group 4 tumors, while MYC amplifications
are largely restricted to Group 3 tumors [95–97]. In SHH-activated tumors, MYCN am-
plification occurs in approximately 8–15% of cases and is associated with significantly
diminished survival, particularly when accompanied by TP53 mutations [98,99]. MYCN
amplification frequently co-occurs with GLI2 amplification in the SHH-α subtype affect-
ing older children and adolescents [100]. While all SHH tumors demonstrate elevated
MYCN expression due to hedgehog pathway activation, only tumors with copy number
amplification demonstrate adverse prognosis, emphasizing the critical distinction between
pathway-driven expression and oncogenic amplification [27,101]. Group 3 tumors have a
15–20% incidence of MYC amplification, making it the strongest negative prognostic factor;
associated 5 year survival rates are <50% [51,102,103]. MYC-amplified Group 3 tumors have
the highest rate (50%) of metastatic disease and show a propensity for large cell (anaplastic)
histology. MYC-amplified Group 3s also have recently been subdivided into high-risk
and very high-risk categories based on their MYC status, which is responsible for most
treatment failures of the patient within this subgroup of medulloblastomas [12,104,105].
MYC is involved in activated oncogene function by modulating metabolic processes such
as increasing glycolysis, changing glutamate metabolism, and activating the pentose phos-
phate cycle. MYC increases the expression levels of some metabolic enzymes through
direct regulation of the same, including transketolase, which has been shown to promote
tumor cell growth while inhibiting apoptotic cell death due to oxidative stress [64,106,107].
Recent large-scale multi-variant comparison analyses across multiple medulloblastoma
subtypes confirm that TP53 mutations, MYCN amplification, and high-risk clinical features
(high-risk clinical features include having disease that is metastatic and subtotal surgical
resection) are all independent of one another in both medulloblastoma subtypes recurrence
and mortality [12,104,108,109].
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4.3. Additional Prognostic Molecular Alterations in AYA Patients

TERT promoter mutations represent a molecular alteration of considerable interest in
adolescent and young adult medulloblastoma. These mutations affect the gene encoding
telomerase reverse transcriptase and are detected in 15–20% of cases within this age group,
showing particular enrichment in tumors harboring SHH pathway alterations. From a
biological standpoint, these genetic changes enable neoplastic cells to maintain telomere
length indefinitely, thereby conferring replicative immortality and circumventing normal
senescence mechanisms. Interestingly, several clinical series have documented improved
survival outcomes among patients whose tumors harbor TERT promoter mutations, a
phenomenon potentially attributable to heightened susceptibility to DNA-damaging thera-
peutic agents [52,110,111]. Defects in DNA repair mechanisms constitute another clinically
relevant molecular feature in this patient population. Homologous recombination de-
ficiency, frequently resulting from alterations in BRCA1/BRCA2 pathway components,
occurs in approximately 8–12% of adolescent and young adult cases. This molecular pheno-
type creates specific therapeutic vulnerabilities, particularly to PARP inhibitor compounds
and platinum-containing chemotherapy regimens. Although less common, mismatch re-
pair deficiency is observed in 2–3% of tumors and may serve as a predictive biomarker for
response to immune checkpoint blockade, given its association with elevated tumor mu-
tational burden. Chromosomal imbalances demonstrate established prognostic relevance
across medulloblastoma molecular subgroups. Monosomy of chromosome 6 correlates
with favorable outcomes and shows enrichment in WNT-activated tumors, while isochro-
mosome 17q represents a recurrent finding in Group 4 medulloblastomas [18,27,112–115].
Conversely, deletions affecting chromosomal arms 9q, 10q, and 17p associate with adverse
prognosis, particularly in SHH tumors harboring concurrent TP53 mutations [61,114,115].

4.4. Epigenetic and Epitranscriptomic Regulation in AYA Medulloblastoma

The molecular pathogenesis of medulloblastoma extends considerably beyond the
canonical framework of somatic DNA mutations, encompassing a rich landscape of epi-
genetic and post-transcriptional regulatory mechanisms that profoundly influence tumor
biology, treatment response, and clinical outcomes. The integration of these multi-layered
regulatory processes in a single pathogenic model is becoming more and more recognized
as necessary for a complete understanding of the biology of different subgroups, especially
AYA patients whose epigenetic landscape reflects age-dependent features.

Non-coding RNAs are a functionally diverse class of regulatory molecules that play
crucial roles in the pathogenesis of medulloblastoma. MicroRNAs (miRNAs), short (~22 nu-
cleotide) single-stranded RNAs that suppress target gene expression by either translational
repression or mRNA degradation, show subgroup-specific expression patterns.

The miR-17/92 cluster, which is transcriptionally activated by MYC and MYCN,
supports cell proliferation and survival in Group 3 and SHH-activated tumors through re-
pression of PTEN and other tumor suppressors, thus converging on the PI3K/AKT/mTOR
pathway. On the other hand, miR-124 and miR-128 act as tumor suppressors in medul-
loblastoma by regulating CDK6, PTBP1, and members of the SHH pathway; their epigenetic
silencing through promoter methylation is predominantly found in high-risk SHH and
Group 3 subgroups. Long non-coding RNAs (lncRNAs) are yet another functionally signifi-
cant regulatory modality. By recruiting the PRC2 complex, thereby causing histone H3K27
trimethylation, HOTAIR mediates transcriptional repression of developmental regulatory
genes and is associated with aggressive phenotypes of SHH and Group 3 medulloblastomas.
H19, a well-known imprinted lncRNA, acts as a competing endogenous RNA (ceRNA) by
sequestering miR-675 and therefore regulates IGF2 signaling, which is one of the ways it
contributes to the characteristic growth patterns of Group 4 tumors. Additionally, RNA
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splicing alterations serve as a mechanism of dysregulation, causing functional abnormali-
ties in medulloblastoma. KDM6A is a histone demethylase and Group 4 tumor suppressor,
which undergoes abnormal alternative splicing to produce dominant, negative isoforms
that hinder the correct H3K27me3 dynamics [115].

Mutations of splicing factors, including alteration of SF3B1 and U2AF1 genes, have
been found in a subset of medulloblastoma. In addition, these mutations produce novel
peptide sequences via new splicing and can be recognized as neoantigens, thus possibly
affecting the immunotherapy responsiveness of these tumor cells. Epitranscriptomic modi-
fications, or chemical modifications of RNA molecules that are distinct from the underlying
nucleotide sequence, are being recognized as having significant functional roles in brain
tumor biology. N6-methyladenosine (m6A), the most abundant internal modification in
eukaryotic mRNA, modulates mRNA stability, translation efficiency, and nuclear export
through the coordinated activity of writer (METTL3/METTL14), eraser (FTO/ALKBH5),
and reader (YTHDF1/2/3) proteins. In medulloblastoma, elevated METTL3 activity
promotes m6A deposition on transcripts encoding hedgehog pathway components, en-
hancing their translational output through YTHDF1-mediated mechanisms and thereby
amplifying SHH signaling in a subgroup-specific manner [116].

In preclinical models, treatment with METTL3 antagonists reduces SHH medulloblas-
toma cell proliferation, thus revealing m6A machinery as a possible target for therapy. The
patterns of histone modifications vary greatly between molecular subgroups and represent
a regulatory layer that is additional to the changes in gene expression. The methylation
of histone H3K27 trimethylation, a process through which the PRC2 complex suppresses
transcription by EZH2, keeps the silencing of the developmental genes and is lost in
Group 4 tumors due to the mutation of the KDM6A gene.

EZH2 inhibitors (tazemetostat) have been shown to have an effect in laboratory
models of medulloblastoma with PRC2 dysregulation, thus justifying the clinical trial of
molecularly selected patients. A graphical representation of the deregulation mechanisms
that affect each molecular subgroup is summarized in Figure 1. The figure shows how
molecular events at the DNA, RNA, and protein levels through a range of epigenetic and
post-transcriptional mechanisms, transcriptional mechanisms such as DNA methylation,
histone modification, non-coding RNA networks, splicing regulation, and epitranscriptomic
marks, all lead to the activation of the main oncogenic gene expression programs of each
molecular subgroup [115,116].

 

Figure 1. Multi-omics integration schema: DNA–RNA–protein regulatory axis in medulloblastoma.
up arrow: increase expression; down arrow: decrease expression.
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5. Treatment Approaches
5.1. Surgical Management

The main treatment for medulloblastoma for all ages is the maximum safe surgical
resection. The surgery objectives include obtaining a histological diagnosis, molecular
characteristics, cytoreduction, and restoring the flow of cerebrospinal fluid [109,116,117].
The extent of resection greatly affects prognosis. Gross total resection (defined as having
no residual disease in postoperative imaging) or near-total resection (defined as having
residual tumor volume of less than 1.5 cm2) has resulted in better prognoses than subtotal
resection results [109,118]. In adults, gross total resection (as an independent prognostic
factor) has been shown to have significantly better overall survival rates at five years than
those with subtotal resection [119]. However, any attempt to achieve aggressive resections
must weigh the potential benefits against the risk of posterior fossa syndrome (cerebel-
lar mutism), cranial nerve deficits, and injury to the brainstem, particularly for tumors
involving critical structures [120]. Modern neurosurgical techniques include intraopera-
tive neurophysiological monitoring (such as brainstem auditory evoked potentials and
electromyography) to reduce the likelihood of neurologic morbidity due to the surgical
resection of the tumor. In select cases where there is hydrocephalus due to obstruction, an
endoscopic third ventriculostomy may be performed, thus avoiding the need for permanent
shunting of the ventricles [121,122].

5.2. Radiation Therapy

Craniospinal irradiation (CSI) with posterior fossa or tumor bed boost represents
a critical component of curative therapy for medulloblastoma in patients older than
3 years [23,123]. Standard-risk patients usually receive 23.4–24 Gy CSI and 54–55.8 Gy
boost to the posterior fossa, while high-risk patients have higher doses of 36–39.6 Gy CSI
as part of their treatment [124,125]. AYA patients respond to radiotherapy differently than
younger pediatric patients because their ability to tolerate radiation and develop long-term
neuro-cognitive effects is different. Contemporary techniques such as intensity-modulated
radiation therapy (IMRT) and proton therapy produce excellent local control in AYA pa-
tients and may reduce potential long-term neuro-cognitive and endocrine complications in
these patients [126,127]. There is consistent evidence that receiving adjunctive radiation
is important for adults with medulloblastoma, which leads to improved prognosis; this
is evidenced by the negative effect of omitting radiation therapy on survival [128,129].
The theoretical dosimetric advantages of proton therapy compared to traditional photon-
based radiation therapy may lower the total dose delivered to developing brain tissue
and may lower the risk of neuro-cognitive deficits, endocrine dysfunction, and secondary
cancers [130].

5.3. Chemotherapy

The usage of adjuvant chemotherapy in adult standard-risk medulloblastoma cases
has been a debate among specialists for years; a growing body of evidence now indicates
that chemotherapy should be included systemically in adults with medulloblastoma even
if they have non-metastatic disease [25,131]. Propensity score analyses in national cancer
databases have demonstrated that radiation plus upfront chemotherapy (CT) yields a signif-
icant increase in OS rates at 5 years as compared with just receiving radiation alone (84% vs.
74%, p = 0.01), with particular benefit observed in M0 patients receiving full-dose CSI [132].
AYA medulloblastoma patients receive standard chemotherapy regimens adapted primar-
ily from using pediatric protocols; typical regimens employ large dose platinum-based
combination drugs including Cisplatin, Vincristine, CCNU (lomustine) and Cyclophos-
phamide. The most common regimens are based upon the “Packer” regimen (Vincristine
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and Cisplatin given during RT followed by maintenance therapy of Cyclophosphamide,
Cisplatin and Vincristine) [23,133,134]. For the management of high-risk and recurrent
medulloblastoma patients, the use of high-dose chemotherapy in conjunction with the
reinfusion of autologous stem cells has been considered. Several studies have shown that
this approach is a safe and effective treatment option for select high-risk and relapsed
patients with medulloblastoma; the myeloablative regimens employed (usually containing
Thiotepa, Carboplatin and Etoposide) enhance the use of HSCT by potentially overcoming
mechanisms of chemorefractory tumor cells. As a population, adult medulloblastoma
patients may also experience a greater frequency of treatment-related toxicity and discon-
tinuation of treatment early than do pediatric medulloblastoma patients, requiring the use
of individualized dose adjustments for all adult patients [135–137]. Despite these issues,
the survival outcomes for adult and pediatric-inspired/adapted regimens of therapy are
comparable to each other and suggest that it is possible to implement intensive multimodal
therapies in AYA patients with medulloblastoma [138].

In Figure 2, a diagnostic algorithm for medulloblastoma in AYAs is proposed. Fol-
lowing initial MRI and neurosurgical resection, integrated histological and molecular
analysis—including DNA methylation profiling, immunohistochemistry, and targeted
sequencing—allows classification into the four WHO 2021 molecular subgroups. Key
AYA-specific biomarkers (TP53, MYCN, TERT promoter) are highlighted at each relevant
decision node to guide risk stratification and treatment planning [9].

Figure 2. Diagnostic algorithm.

Abbreviations: GTR, gross total resection; NTR, near-total resection; STR, subtotal
resection; ETV, endoscopic third ventriculostomy; IHC, immunohistochemistry; FISH, fluo-
rescence in situ hybridization; LCA, large cell/anaplastic; HDCT, high-dose chemotherapy;
ASCT, autologous stem cell transplantation; CSI, craniospinal irradiation; MDT, multidisci-
plinary team.
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5.4. Molecular Subgroup-Directed Therapies

The dominance of SHH-activated medulloblastomas among AYAs, particularly those
caused by PTCH1 or SMO mutations, opens up the possibility of treating the hedgehog
signaling pathway therapeutically. Smoothened antagonists, mainly vismodegib and
sonidegib, have demonstrated effective anticancer activity in preclinical experimental sys-
tems and early human trials [17,139–141]. Clinical response to SMO inhibitors seems to
differ according to patients’ age. Adult patients whose tumors carry mutations of up-
stream pathway components usually get more benefit from these treatments than children
with mutations of downstream genes like SUFU or GLI1. Besides that, TP53-mutated SHH
medulloblastomas represent a major therapeutic dilemma. Besides the fact that they usually
have MYCN and GLI2 amplification, two genes located downstream of smoothened antag-
onists in the signaling pathway, they therefore lack sensitivity to the available hedgehog
pathway antagonists [42,89,141–143]. Latest translational investigations have pinpointed
several epigenetic regulatory mechanisms that may serve as therapeutic targets, which
could work in MYC-driven Group 3 tumors as well [106,144]. Besides the fact that they have
demonstrated anti-cancer effects in models with MYC amplification, BET protein inhibitors,
compounds including CI-994 that target histone deacetylases, and agents that inhibit SETD8
methyltransferase activity, have all been investigated in the same context [97,145,146]. These
results imply that the therapeutic modulation of chromatin regulatory mechanisms could
potentially become a treatment for certain molecular medulloblastoma subsets, although
clinical validation remains necessary.

A critical limitation of smoothened inhibitors in clinical practice is the emergence
of both primary and acquired resistance, severely constraining their therapeutic utility.
Primary resistance is most frequently observed in tumors harboring downstream pathway
alterations: amplification of GLI2 or MYCN, loss-of-function mutations in SUFU, and
chromosomal gains at 2q—all of which sustain transcriptional output of the hedgehog
pathway independent of SMO activity. These molecular features, which characterize the
SHH-α subtype and are enriched in adolescent patients, explain the limited clinical benefit
of vismodegib and sonidegib in this specific subset despite pathway dependence at the
level of SMO [139–141]. Acquired resistance following initial SMO inhibitor response has
been attributed to multiple mechanisms. Point mutations within the SMO ligand-binding
pocket (most notably the D473H substitution) directly impair drug binding. Additionally,
pathway reactivation through non-canonical mechanisms—including activation of the
PI3K/AKT/mTOR axis, WNT pathway co-activation, and epigenetic reprogramming of
GLI target gene accessibility—has been documented in experimental models of acquired
vismodegib resistance [141,142]. In MYC-amplified Group 3 tumors, intrinsic resistance
to conventional targeted agents is compounded by metabolic reprogramming, notably en-
hanced glycolysis and oxidative phosphorylation, which sustain tumor cell survival under
therapeutic stress. Epigenetic plasticity, including dynamic alterations in histone acetylation
mediated by BRD4, further enables transcriptional adaptation and phenotypic switching.
Rational combination strategies currently under investigation aim to address these re-
sistance mechanisms by cotargeting SMO with GLI inhibitors (GANT61), PI3K/mTOR
inhibitors, and Aurora kinase inhibitors, and by combining BET bromodomain inhibitors
with CDK4/6 inhibitors in MYC-dependent subtypes [141–146].

6. Survival Outcomes in AYA Medulloblastoma
Systematic reviews assessing outcomes in AYA patients reveal considerable variations

in reported survival rates that mirror differences in patient cohort, treatment modalities,
and molecular profiling [147]. Five-year overall survival rates vary between 40 and 89%,
whereas disease-free survival ranges between 49 and 89%. Population-based studies offer a
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great perspective of the “real-world” outcomes. The first SEER database study of 454 adult
patients diagnosed between 1973 and 2004 showed 5-year and 10-year overall survival rates
of 64.9% and 52.1%, respectively. A more recent SEER analysis that included 349 patients
diagnosed until 2013 showed an estimated 5-year and 10-year survival rates of 74.2%, and
67.3%, respectively, which were significantly influenced by the extent of resection, receipt of
radiotherapy and chemotherapy, and histological subtype [15,148,149]. Subgroup-specific
survival outcomes demonstrate marked heterogeneity. WNT-activated tumors maintain
excellent prognosis across age groups, with 5-year survival exceeding 90–95% [28]. SHH-
activated tumors demonstrate variable outcomes dependent on TP53 mutation status, with
TP53 wild-type cases achieving 70–80% 5-year survival while TP53-mutated cases experi-
ence only 40–50% survival [13]. Group 3 tumors demonstrate the worst outcomes, with
5-year survival below 50%, particularly in MYC-amplified cases [13,102]. Age at diagnosis
influences survival outcomes within molecular subgroups. Analysis of 550 medulloblas-
toma patients stratified by age demonstrated that adult SHH patients achieved 5-year
overall survival of 81%, significantly superior to pediatric SHH cohorts with TP53 muta-
tions [41]. This survival advantage reflects the lower prevalence of TP53 mutations in adult
SHH cases and enrichment for the favorable-prognosis SHH-δ subtype [47]. Metastatic
status at diagnosis represents a critical prognostic determinant across all age groups. Ap-
proximately 25–35% of new diagnoses in the AYA group are metastatic at presentation,
which is similar to or slightly higher than the pediatric group [3,4,14]. With risk-adapted
therapeutic approaches and molecular profiling, treatment results in the AYA popula-
tion have improved dramatically in recent years. Some recent single-institution series
have demonstrated that 5-year overall survival reaches up to 70–75% for unselected AYA
medulloblastoma patients, whereas progression-free survival is 60–65% [129,136,150,151].

Patterns of Failure and Salvage Strategies

Recurrent medulloblastoma presents formidable therapeutic challenges, with median
survival following recurrence ranging from 6 to 12 months across published series [152].
Failure patterns depict subgroup-specific molecular profiles as Group 3 tumors with high
early systemic and leptomeningeal progression rates, whereas SHH tumors more often
show delayed local recurrence [58,153]. There is insufficient consensus on salvage ther-
apy to treat the recurrent medulloblastoma, and these include re-irradiation (for patients
with a sufficient time interval since first radiotherapy), high-dose chemotherapy with
stem cell rescue, targeted molecular therapies, and experimental immunotherapeutic ap-
proaches [154–156]. Local recurrences treated with re-irradiation using stereotactic radio-
surgery or conformal techniques have shown to be feasible in select cases, and local control
rates of 30–50% were obtained with acceptable toxicity profiles. High-dose chemotherapy
followed by autologous stem cell rescue is a well-recognized salvage procedure, especially
for those who did not undergo the treatment modality at frontline therapy [135,155,157].

7. Survivorship Challenges and Long-Term Sequelae
Survivors of AYA medulloblastoma endure significant long-term health problems due

to chronic medical conditions, as well as changes in neuropsychological function and social
functioning, which have a strong negative effect on their quality of life. Due to the unique
developmental status of AYAs, including transitioning through school, beginning careers,
establishing intimate relationships, and planning for family, the effects of treatment-related
sequelae are amplified [158–160].

7.1. Neuro-Cognitive Effects

The neuro-cognitive deterioration following craniospinal irradiation is dose-dependent
and impairs the functioning of working memory, processing speed, and executive function
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domains [160]. Younger patients at the time of treatment tend to exhibit more severe
neuro-cognitive impairments. Still, even AYA patients show significant neuro-cognitive
decline when compared with age-matched controls. In addition, neuro-cognitive follow-up
of medulloblastoma survivors points to the patient’s condition worsening in several areas
over time, with children being especially vulnerable during phases of rapid developmental
change. AYA survivors had lower levels of qualifications, were less frequently employed,
and depended more on their families compared to sibling controls [161–163].

7.2. Endocrine Complications

Post craniospinal irradiation, the hypothalamic–pituitary axis dysfunction is the most
common endocrine sequelae, seen in almost half of the survivors (40–50%). Growth
hormone deficiency is the major abnormality, followed by thyroid dysfunction, adrenal
insufficiency, and hypogonadotropic hypogonadism. Adult survivors are at a higher risk
of metabolic syndrome, osteoporosis, and cardiovascular disease, which are directly or
indirectly related to their endocrine dysfunction [164–166].

7.3. Ototoxicity and Auditory Complications

Ototoxicity is an outcome of the cumulative effects of cisplatin-based chemother-
apy and posterior fossa radiation therapy, which produces high-frequency sensorineural
hearing loss in 30 to 60% of survivors. Hearing impairment affects AYAs’ quality of life,
educational achievements, and social functioning, particularly when they are attempting to
transition into the workforce or continue their education [167,168].

7.4. Secondary Malignancies

Long-term survivors also have a significantly increased risk of secondary malignancies,
with the cumulative incidence of secondary malignancies approaching 2 to 4% in the
20 years post-diagnosis [169]. Secondary malignancies induced by radiation therapy are
most commonly meningiomas, gliomas, and various sarcomas that develop within or at
the border of the radiated field. Patients with germline mutations of TP53 (Li-Fraumeni
syndrome) have an especially increased risk of developing secondary malignancy and
should be placed on a higher-intensity surveillance protocol [170,171].

7.5. Psychosocial and Quality of Life Considerations

AYA cancer survivors have an increased risk of depression, anxiety and post-traumatic
stress disorder than age-matched controls. Survivors of medulloblastoma have reported
decreased health-related quality of life in a variety of domains, including physical function-
ing, social relationships, and emotional well-being [172–174]. Fertility preservation is an
important concern for AYAs, as alkylating chemotherapy agents and craniospinal radiation
can impact their reproductive abilities. Proactive fertility counseling and cryopreservation
options should be included in the treatment planning of all AYAs [174,175].

8. Future Directions and Research Priorities
8.1. Enhanced Molecular Characterization

By using comprehensive integrative genomic profiling, which combines many tech-
nologies, including whole-genome sequencing with transcriptomics (RNA sequencing),
DNA methylation analyses, and single-cell technologies, the classification of medulloblas-
tomas will continue to become more sophisticated and define new therapeutic targets.
Many studies have shown that there is a significant amount of intratumoral heterogeneity
in the recurrence of medulloblastomas, as well as a large amount of change in molecular
characteristics at the time of recurrence. Thus, repeated molecular profiling is critical in
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relapsed diseases [63,92,176,177]. Liquid biopsy methods assessing circulating tumor DNA
from both cerebrospinal fluid and blood samples represent minimally invasive means
to monitor disease, detect molecular recurrence at an early stage, and assess resistance
mechanisms [178–180]. Implementation of liquid biopsy technologies in clinical practice
could allow adaptive treatment strategies and personalized treatment modifications.

8.2. Novel Therapeutic Strategies

In the past, medulloblastoma has been viewed as an immunologically quiescent
tumor. However, new evidence is surfacing that shows that medulloblastomas have tumor-
infiltrating lymphocytes and therefore may have opportunities for immune treatment [181].
Immunotherapy with PD-1 or CTLA-4 antibodies is now in clinical trials in patients with
recurrent medulloblastoma and is being primarily studied in patients with tumors that have
high mutation rates. Chimeric antigen receptor (CAR) T-cell therapy that targets glypican-2
and B7-H3 expressed on the surface of medulloblastomas is also undergoing investigative
studies in early-phase clinical trials [182,183]. Research into new drug therapies for medul-
loblastoma is progressing rapidly and significantly expanding on the current therapeutic
strategy of using hedgehog pathway antagonists to treat this cancer type. There is now a
large number of targeted agents in various stages of preclinical and clinical testing against
molecular targets that are meaningful to medulloblastoma. This includes: cyclin-dependent
kinase (CDK) 4/6 inhibitors for tumors with aberrant cell cycling, PARP inhibitors for
tumors with a defective homologous recombination (HR) pathway, and Aurora kinase
inhibitors for MYC-amplified tumors [184,185]. All of these different agents exploit unique
molecular dependencies that define groups of medulloblastoma patients.

Group 3 medulloblastomas display unique metabolic changes that could lead to po-
tential targeting in future treatment. Specifically, these tumors have metabolic dependency
on glycolysis, glutamate metabolism and oxidative phosphorylation via mitochondria as
their means to produce ATP [64,186]. Experimental studies using compounds that inhibit
transketolase or glutaminase have yielded encouraging results in laboratory models driven
by MYC oncogene amplification [187,188]. Such metabolic targeting strategies represent
a conceptually distinct therapeutic approach that addresses fundamental bioenergetic
requirements of aggressive medulloblastoma variants.

8.3. Clinical Trial Participation

AYAs diagnosed with medulloblastoma are significantly underrepresented in clinical
trial research, such that less than 10% of qualified AYAs have been included in studies
for the treatment of medulloblastoma [189]. The lack of participation can be attributed to
several barriers. Each participating in medulloblastoma therapeutic studies has included
the limited availability of trials appropriate for the age of the patient, restrictive eligibility
criteria, and a lack of collaboration between pediatric and adult oncologists providing care.
Collaborative international groups such as the International Medulloblastoma Working
Group and specific AYAs will develop clinical trials directed toward the AYA population
as part of their collaborative relationships [190,191]. Modern clinical trials are designed
using risk-adapted therapies incorporating molecular markers; some patients are treated
with reduced intensity therapies, and some patients with high-risk disease are treated with
intensified or targeted therapies [192].

Future clinical trials enrolling AYA patients with medulloblastoma should incorporate
several design elements specifically addressing the biological and clinical characteristics
of this population. First, molecular eligibility criteria must be defined prospectively, with
mandatory pre-treatment classification by the WHO 2021 integrated diagnosis, including
subgroup assignment and assessment of TP53 mutation status, MYCN/MYC amplification,
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and TERT promoter mutation [141]. Stratified randomization by molecular subgroup and
metastatic status is essential to ensure meaningful subgroup analyses, given the relative rar-
ity of non-SHH subtypes in this age group. Second, liquid biopsy should be incorporated as
a protocol-mandated translational endpoint. Circulating tumor DNA (ctDNA) quantified
from plasma and cell-free DNA from cerebrospinal fluid offers minimally invasive opportu-
nities for real-time disease monitoring, assessment of molecular response during treatment,
and early identification of resistance-associated alterations. Serial ctDNA sampling at
baseline, during treatment, at response assessment, and at relapse would enable characteri-
zation of clonal dynamics and identification of emerging resistance mechanisms in a manner
that tissue biopsy cannot feasibly provide. Third, patient-reported outcome instruments
validated for AYA populations should be integrated as co-primary endpoints alongside
traditional radiological and survival endpoints, capturing neuro-cognitive function, fatigue,
fertility concerns, and occupational and social functioning—domains particularly relevant
during the developmental transitions characteristic of this age group. Fourth, adaptive
master protocol designs, such as umbrella or basket trials with pre-specified molecular
biomarker-driven interim analyses, represent the most resource-efficient framework for
investigating multiple targeted agents across molecular subgroups within a rare tumor
population. Finally, mandatory cross-registration between pediatric cooperative groups
(e.g., Children’s Oncology Group) and adult cooperative groups (e.g., EORTC) is essential
to achieve adequate sample sizes and to ensure consistent treatment delivery and data
quality across participating institutions [190–192].

8.4. Precision Medicine Implementation

The application of extensive molecular profiling within routine clinical practice neces-
sitates establishing a strong diagnostic capacity (including reference labs with medulloblas-
toma classification expertise and quality-controlled analysis workflows) [193]. Multidis-
ciplinary tumor boards that include molecular pathologists, neuro-oncologists, radiation
oncologists, and neurosurgeons allow optimal interpretation of molecular test data and
therefore help with treatment planning [194]. The establishment of molecular diagnostic
consensus criteria and standard reporting templates creates consistency in classification,
which in turn aids in the implementation of these assessments across a range of different
health service settings [195]. The 2021 WHO classification of central nervous system tumors
has continued to include molecular diagnostic requirements as part of its official classifi-
cation criteria and clarifies the definitions of groups of tumors based on their integrated
multi-omic assessments [9].

9. Conclusions
Medulloblastoma in adolescents and young adults essentially shows a different clinical

profile that is marked by distinctive molecular features, issues relating to therapy, and
consideration of the survivors’ needs, all of which isolate this group from both younger
pediatric and older adult patients. The dominance of SHH-activated tumors, age-specific
patterns of molecular changes that have a prognostic value, such as TP53 mutations and
MYCN amplifications, as well as the varying ability to tolerate treatments, thus, highlight
the necessity for age, adjusted therapeutic approaches. A very modern risk stratification that
takes into account molecular subgroup classification, TP53 mutation status, MYC/MYCN
amplification, and clinical features facilitates a tailored treatment plan and prognostic
counseling. The combination of targeted molecular therapies, improved radiation tech-
niques, and risk-adapted chemotherapy regimens potentially allows the survival rate to be
elevated, whilst the long-term sequelae that negatively impact the quality of life of people
going through a crucial period of development are being kept at a minimum. There are
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still considerable uncertainties as to the perfect therapeutics for high-risk molecular sub-
groups, as well as the ways of managing recurrent disease and the long-term survivorship
in AYA populations. Increased enrolment in clinical trials, complete molecular profiling,
creation of novel targeted therapies, and coordination of multidisciplinary care delivery
are the four major essential priorities for advancing outcomes in this underserved patient
population. The change from histology-based to integrated molecular classification of
medulloblastoma is a prime example of how precision oncology can be truly revolution-
ary. Further uncovering of molecular pathways responsible for subgroup-specific biology,
discovery of drug targets, and application of basic research to clinical practice can help us
attain the final objective of curing medulloblastoma with the best possible quality of life for
patients at any age, even young adults.
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