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A B S T R A C T   

Medulloblastoma is a highly malignant pediatric brain tumor characterized by its aggressive nature and limited 
treatment options. Metabolic changes have recently emerged as key factors in the development, progression, and 
response to therapy in various types of cancer. Cancer cells exhibit remarkable adaptability by modulating 
glucose, lipids, amino acids, and nucleotide metabolism to survive in nutrient- and oxygen-deprived environ
ments. Although medulloblastoma has been extensively studied from a genomic perspective, leading to the 
identification of four subgroups and their respective subcategories, the investigation of its metabolic phenotype 
has remained relatively understudied. This review focus on the available literature, aiming to summarize the 
current knowledge about the main metabolic pathways that are deregulated in medulloblastoma tumors, while 
emphasizing the controversial aspects and the progress that is yet to be made. Furthermore, we underscored the 
insights gained so far regarding the impact of metabolism on the development of drug resistance in medullo
blastoma and the therapeutic strategies employed to target specific metabolic pathways.   
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1. Introduction 

Embryonal tumors are the most common group of malignant neo
plasms occurring in the Central Nervous System (CNS) [1,2]. Medullo
blastoma (MB) is a cerebellar embryonal tumor that comprises 15% of 
all pediatric CNS malignancies and is a leading cause of cancer-related 
death in childhood [3]. MB patients undergo a multimodal treatment 
schedule which includes maximal safe resection, craniospinal irradia
tion (CSI), and adjuvant platinum- and alkylating agents-based chemo
therapy. With the implementation of this aggressive therapeutic 
approach, along with proper risk stratification, the long-term survival 
rate of patients has significantly improved, with approximately 70–80% 
of patients now able to survive for extended periods. [4,5]. However, up 
to 30% of MB patients still experience tumor relapse, eventually dying 
for the progression of an almost incurable disease. Moreover, even in 
survivors, the frequent consequence of this treatment regimen is a high 
burden of long-term morbidity due to the application of aggressive 
therapies during the developmental age, heavily impacting the patient’s 
quality of life [6–8]. Indeed, aggressively treated MB patients display a 
high incidence of secondary tumors (i.e., hematological malignancies) 
and neurotoxicity, including neurocognitive and endocrine disorders, 
and auditory sequelae [9–11]. 

During the last two decades, the deep molecular analysis of a large 
number of MB tumors allowed to recognize at least four MB subgroups, 
characterized by distinct molecular, biological, and clinical features 
[12] (Summarized in Table 1). It is now widely accepted that the 
observed MB intertumoral heterogeneity may be well resembled by 
these molecular subgroups which include: the wingless (WNT), the sonic 
hedgehog (SHH), the Group 3, and the Group 4 [13–16]. Accordingly, in 
2016, with a recent update in 2021, the World Health Organization 
(WHO) introduced this paradigm classification into the clinical man
agement of MB, now considering both the transcriptome and methylome 
analysis of these tumors as invaluable tools for their correct diagnosis, 
even replacing the histology-based classification employed until then 
[17–19]. Indeed, although all MBs are generally classified as highly 

malignant (grade IV) tumors, their molecular subgrouping better re
sembles their cell of origin and clinical behavior, identifying some pa
tients that would benefit from treatment intensification or 
chemotherapy de-escalation [20–22]. More recently, based on addi
tional molecular investigations performed on increasingly larger patient 
cohorts [20,23–27], this molecular classification has evolved beyond the 
four consensus subgroups by identifying additional smaller sub
categories within each subgroup: the so-called MB “subtypes” [28–30]. 
In this context, it is now clear that MB subgrouping (and subtyping) 
should be considered an irrevocable modus operandi to be employed both 
experimentally and clinically to reliably approach MB heterogeneity 
[20]. 

1.1. Molecular classification 

1.1.1. WNT medulloblastoma 
WNT MB account for 10% of all MB cases, occurring primarily in 

older children (from 4 years of age; median 10–11 years) and very rarely 
in infants (<3 years of age). Tumors belonging to this subgroup usually 
develop in the midline cerebellum and are generally characterized by 
the absence of metastases at diagnosis (less than 5% of patients) and 
excellent outcome (>90% at 5 years) [25,31,32]. Wnt signaling over- 
activation is the clear hallmark of WNT MB, with most of them car
rying CTNNB1 (encoding for β-catenin) mutations (>85%) or patho
genic germline variants of APC [13,33]. Other frequently mutated genes 
are DDX3X, SMARCA4, CREBBP, and KMT2D, which encode for acti
vated β-catenin interacting proteins [29,33]. In addition, monosomy of 
chromosome 6 is very frequently observed in CTNNB1 mutated tumors 
[29,34]. Despite being consistently homogeneous, WNT MBs have been 
further subdivided into the α and β subtypes, characterized by differ
ential age at diagnosis (10 versus 20, respectively) and frequency of 
monosomy of 6 [28]. Due to their intrinsic favorable prognosis, several 
ongoing trials are testing if a potential reduction of CSI and/or chemo
therapy may still exert therapeutic efficacy, although displaying 
decreased long-term toxicity [22]. 

Table 1 
Medulloblastoma subgroups. The table summarizes the clinical and the molecular features of medulloblastoma subgroups, based on data reported in references 
[12,13,16,25,29]. Created with Biorender.com.  

L. Manfreda et al.                                                                                                                                                                                                                              

http://Biorender.com


Biochemical Pharmacology 215 (2023) 115697

3

1.1.2. SHH medulloblastoma 
SHH MBs occur in 25% of patients and display a peculiar bimodal age 

distribution, representing most of the infant and young adult patients 
[25]. These MBs generally arise from the cerebellar hemispheres, with 
very few of them localizing at the midline [31]. According to their title, 
SHH MB are characterized by mutations or copy number alterations at 
the level of SHH pathway-related genes, including inactivating muta
tions and deletions of PTCH1 [17], SUFU mutations (mostly in infants) 
[29,35], and activating aberrations of SMO (almost exclusively in young 
adults)[36]. GLI1-2 and MYCN amplifications and TP53 mutations have 
been retrospectively associated with a poorer outcome in patients 
belonging to this subgroup [37–39]. Moreover, almost all these MBs also 
harbor mutations of the TERT promoter [40]. Hallmark cytogenetic 
events comprise loss of chromosomes 9q and 10q (inducing PTCH1 and 
SUFU loss of heterozygosity), as well as 14q and 17p [23]. More 
recently, four molecular subtypes have been identified in SHH MB: SHH- 
β and SHH-γ tumors, mostly occurring in infants (with SHH-β displaying 
the worst outcome), and SHH-α and SHH-δ, corresponding to childhood 
and adolescent/adult MB cases, respectively. In particular, SHH-α MBs 
are enriched in TP53 mutated tumors (30%), also displaying inferior 
survival relative to SHH-δ cases [28,30,36]. TP53 mutant, GLI2- and 
MYCN-amplified SHH tumors display the most refractory behavior in 
this subgroup [39]. In this context, different studies are exploring the 
potential benefit of using SMO inhibitors, although with only initial 
encouraging results due to acquired resistance [41,42] and the obvious 
insensitivity of MB with downstream SHH pathway mutations (different 
from SMO and PTCH1) [36]. 

1.1.3. Group 3 medulloblastoma 
Group 3 MB comprises 25% of all MB, mainly in infants and young 

children, and displays a significantly inferior outcome (40–60%) rela
tive to the other subgroups. Moreover, up to 50% of these patients 
display metastases at diagnosis. They usually localize at the midline, 
with the involvement of the fourth ventricle [25]. MYC amplifications 
represent a recurrent hallmark of Group 3 MB (17%), clearly associated 
with a particularly dismal prognosis [15,16]. In contrast to WNT and 
SHH MBs, Group 3 is not defined by aberrations occurring in specific 
signaling pathways or recurrent genes, but rather by a defined tran
scriptional profile. In general, these tumors are characterized by 
genomic instability (frequently displaying isochromosome 17q) down
stream affecting the proto-oncogenes GFI1 and GFI1B. Mutations of 
SMARCA4, KDM genes, and OTX2 have also been reported [23,43,44]. 
From a therapeutic point of view, Group 3 MB is subjected to treatment 
intensification and the potential adjuvant administration of Carboplatin 
as a radio-sensitizing agent [45]. BET-bromodomain, CDK, and HDAC 
inhibitors are also under investigation for Group 3 MB patients [46–49]. 

1.1.4. Group 4 medulloblastoma 
Group 4 is the most common MB subgroup (35% of all MB) and 

occurs across all ages [25]. Differently from Group 3, these MBs are 
frequently driven by enhancer hijacking mediated PRDM6 over
expression (17%), also bearing MYCN and CDK6 mutations. Similar to 
Group 3, isochromosome 17q represents the most common cytogenetic 
aberration of Group 4 MB (80%), however without affecting patient 
outcome [24,29,50,51]. As the molecular landscape of Group 4 MB is 
very similar to Group 3, most of the above-mentioned therapeutic 
strategies have been proposed also for this subgroup. However, despite 
current therapy being sufficient to cure a large amount of Group 4 pa
tients, further studies are needed to improve our understanding of the 
molecular drivers of these MBs for a properly tailored treatment [52]. 

Intriguingly, combined analysis of Group 3 and Group 4 MB cases 
disclosed the presence of eight different subtypes, with some of them 
sharing tumors from both subgroups. Collectively, each subtype seems 
to bear different driver events, peculiar cytogenetic alterations, and 
different prognoses [53]. In particular, subtypes I, V, and VII are mixed 
groups, with subtype I frequently displaying OTX2 amplifications and 

GFI activation. Subtypes II, III, and IV comprise almost exclusively 
Group 3 MB. Subtypes II and III are classified as high-risk tumors since 
they are characterized by MYC/MYCN amplifications, whereas subtype 
IV is enriched for younger patients with a favorable prognosis (only in 
non-infants). Subtype VIII is considered a pure Group 4 subtype, 
occurring in older patients displaying a favorable 5-year outcome [29]. 

Based on the above-described heterogeneity displayed by MB tumors 
across, but also within, the four molecular subgroups, their upcoming 
management will undoubtedly need to account for individual tumor 
features. MB heterogeneity may be at least partially explained by the 
presence of small populations of cancer stem cells (CSC) within the tu
mors, which have been recognized as a main contributing factor to 
cancer onset, progression, and resistance to treatments in several tumor 
types, including MB [54]. Then, intra- and intertumoral heterogeneity 
displayed by MB, potentially sustained by peculiar amounts and types of 
tumor-driving CSCs [55,56], may also result in differential metabolic 
needs, with (cancer) stem cell functions relying on distinct metabolic 
adjustments [57,58]. Accordingly, in the last years, the metabolic 
behavior of cancer cells has gained brand new interest for its potential 
ability to contribute to treatment resistance and even provide novel 
intriguing targets to overcome it, with metabolic adaptation engaged by 
cancer cells during tumor growth now considered as a major hallmark of 
several cancers [59]. Indeed, since cancer cells are exposed to a 
dramatically different microenvironment from that of normal cells, they 
must adapt to these challenging conditions by rewiring their metabolic 
activities, to eventually overcome the deficiency of oxygen and nutri
ents. The best-studied mechanism by which cancer cells can reprogram 
their metabolic activity to fulfill their differential energetic demand is 
the so-called “Warburg effect”, also known as “aerobic glycolysis”, 
through which cancer cells can switch their energetic production to
wards glycolysis, even in properly oxygenated conditions [60]. In this 
context, extensive reprogramming in cell metabolism has been reported 
in MB, also displaying a non-uniform profile across MB subtypes 
[61,62]. In particular, Park et al. recently recognized that several 
metabolic pathways may serve as relevant prognostic markers in MB 
subgroups, which are therefore each characterized by specific metabolic 
signatures [63]. However, our knowledge of how the different metabolic 
pathways can interact with each other and even contribute to the above- 
described subgroup-specific features is still limited and frustrated by the 
engagement of complex molecular mechanisms and the coordinated 
action of several signaling molecules. 

In this review we provide a comprehensive view of the state of the art 
of metabolic adaptation in the context of MB progression, describing the 
main metabolic pathways that are deregulated in this pediatric malig
nancy, with a particular focus on the areas that remain controversial and 
the progress that is yet to be made. In addition, this review analyzes the 
metabolic properties that sustain stemness and therapy resistance of MB 
cells, and the influence of tumor microenvironment in MB metabolism. 
Finally, considering that, in supporting tumor progression, the meta
bolic rewiring exposes malignant cells to potential vulnerability, this 
review summarizes the pharmacological strategies that have been re
ported to interfere with metabolic addiction of MB cells, suggesting 
potential therapy combinations as effective approaches to successfully 
treat pediatric patients. 

2. Metabolic pathways in medulloblastoma 

2.1. Glucose metabolism 

The normal brain is a highly respiratory organ and requires a high 
and continuous supply of glucose to fuel physiological brain function. In 
normal neurons, glycolysis metabolizes glucose into pyruvate, which 
under aerobic conditions, supplies the tricarboxylic acid cycle (TCA) to 
provide ATP through oxidative phosphorylation (OXPHOS) and provide 
reducing equivalent to manage oxidative stress (Fig. 1). Differentially, 
astrocytes consume glucose mainly through glycolysis to produce L- 
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lactate that is delivered to neurons to sustain neuronal oxidative meta
bolism thanks to the astrocyte–neuron lactate shuttle. Indeed, high 
glucose metabolism and therefore high glucose influx into the cells, in 
addition to the energy supply, is required by proliferating cells and more 
in particular by proliferating cancer cells to provide building blocks for 
anabolic pathways and redox homeostasis [64]. 

Oncogene-directed metabolic reprogramming of cancer cells has 
been considered an emerging hallmark of cancer [65] and, like most 
cancers, MB undergoes metabolic adaptation to survive and hyper
proliferate in harsh and nutrient-restricted conditions [61]. In this 
context, the decreased mitochondrial function with a concomitant 
enhancement of glycolytic activity even in the presence of oxygen is a 
common feature in metabolic adaptation in many cancers. This phe
nomenon, known also as the Warburg effect [60], empowers cancer cells 
with a survival advantage by contributing to a lower level of Reactive 
Oxygen Species (ROS), thus reducing the cytotoxic effects of oxidative 
damage, and supporting the biosynthesis of metabolic precursors 
required for nucleic acid, amino acid, and lipid synthesis to fuel prolif
eration [65]. 

In addition, brain tumors, including MB, are characterized by the 
presence of regions of intratumoral hypoxia obtained by the rapid and 
uncontrolled proliferation of cancer cells that overtake the ability of the 
pre-existing blood vessel to satisfy the oxygen demand. One of the main 
regulators of metabolic adaptation in hypoxic conditions is the Hypoxia- 
inducible factor-1 (HIF-1α() transcription factor which is induced by 
microenvironmental hypoxic conditions and controls the expression of 
glycolytic genes in adult and cancer stem cells [66,67]. In particular, 
HIF-1α controls glucose uptake by the expression of glucose transporter 
GLUT1 and GLUT3, induces the expression of glycolytic enzymes and 
promotes pyruvate conversion to lactate by inducing LDHA and 

pyruvate dehydrogenase kinase PDK1 expression [68]. Hypoxia and 
HIF-1α over-activation have been correlated with tumor aggressiveness 
and progression in several cancers[69], including MB [70,71], where 
they are crucial for stem cell survival and stem cell maintenance [72]. 

Despite a high expression of the key gatekeeper enzymes involved in 
glycolysis and improved aerobic glycolytic rates have been found among 
group 3 MYC-driven MB [73] SHH MB [74,75] and group 4 [76], the 
role of glycolysis in sustaining MB tumorigenesis is currently debated. 

Gershon et al, demonstrated that SHH together with PI3K signal in
duces the expression of Hexokinase2 (HK2), and its cre-mediate deletion 
abrogates aerobic glycolysis and interferes with Smoothened-induced 
tumorigenesis reducing the aggressiveness of MB in Smo-M2 mice 
models [74]. In addition, SHH signaling has been found to induce the 
expression of the M2 isoform of pyruvate kinases (PKM2) that catalyze 
the last step of glycolysis also in the presence of normal oxygen rate and 
treatment with the pyruvate kinase inhibitor dichloroacetate (DCA) 
efficiently represses MB growth in vitro and in vivo[75]. In contrast, 
more recently, Tech et al demonstrated that PKM2 deletion boosts MB 
cell proliferation and tumorigenesis and highlighted that patients with 
low PKM2 expression trended shorter survival times [77]. 

During aerobic glycolysis, lactate dehydrogenase enzyme (LDH) 
converts pyruvate into lactate with the regeneration of NAD+ which is 
required for the maintenance of the glycolytic pathway and ATP gen
eration. Lactate is finally exported outside the cells through mono
carboxylate transporter 1 (MCT1) which mediates the import/export of 
lactate, pyruvate, and ketone bodies throughout the plasma membrane. 
MB group 3/4 exhibits a high level of lactate and the overexpression of 
LDHA and MCT1 suggesting that MB is sustained by a glycolytic 
phenotype [78]. The inhibition of LDHA using oxamate significantly 
suppresses MB lactate production, aerobic glycolysis, proliferation, and 

Fig. 1. Glucose metabolism. The simplified scheme depicts the main pathway by which glucose is metabolized by cells for energy generation and building block 
biosynthesis. Through glycolytic pathway, glucose is metabolized into pyruvate that can be converted into acetyl-CoA to fuel TCA cycle or into lactate which is then 
secreted. Yellow boxes highlight enzymes that are relevant in medulloblastoma metabolism. Created with Biorender.com. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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motility [78]. 
As we mentioned above, glucose is the major source of energy in the 

brain and lactate is highly produced also in the normal brain, where it 
provides a supplementary energy source through the astrocyte–neuron 
lactate shuttle. Through an isotopic tracing experiment, using uniformly 
labeled glucose, Pham et al recently described the glucose carbons 
contribution to the downstream metabolic pathway in MYC MB ortho
topic tumors and normal brain. In contrast with the “Warburg effect”, 
the presented data demonstrate higher glucose incorporation in TCA in 
MYC MB models than in normal brain suggesting that tumor cells 
simultaneously use glycolysis and OXPHOS [79]. The high rate of 
glucose anaplerosis in MYC MB provides intermediate metabolites for 
the synthesis of glutamate which is then incorporated into glutathione 
and glutamine [79]. In agreement, RNAseq analysis of MYC-driven 
Group 3 MB demonstrates the upregulation of metabolic pathways 
involved in both in glycolysis and TCA cycle and the measurement of 
TCA metabolites revealed enhanced OXPHOS and TCA activity in this 

MB subtype [71]. In addition, Electron Transfer Chain (ETC) proteins 
were found highly expressed in group 3 orthotopic PDXs confirming that 
mitochondrial energy metabolism in upregulated in MYC group 3 MB 
[80]. 

Recently, Badodi and colleagues identified mTOR and inositol 
signaling contribution in the modulation of metabolic adaptation of the 
molecular subgroup G4 characterized by a BMI1High; CHD7Low signature 
[76]. In particular, they found that BMI1High; CHD7Low signature in
duces the deregulation of inositol metabolism and the activation of 
mTOR signaling leading to an impairment of the mitochondrial respi
ration and enhanced aerobic glycolysis, suggesting the administration of 
inositol (IP6) to reduce cell survival and improve chemotherapy 
response. Consistently, they found increased expression of key enzymes 
of glucose metabolism, HK2, PFKP, ENO4, PDK1 and LDHB, BMI1High; 
CHD7Low G4 MB tumor samples but not in G3 MB samples with the same 
signature, suggesting the correlation between the signature and this 
metabolic pathway being specifically pertinent to the G4 subgroup [76]. 

Fig. 2. Amino acid metabolism. This simplified cartoon represents the main metabolic pathways used by cells to produce and use amino acids. Intermediates derived 
from the catabolism of branched-chain amino acid (val, leu, ile) can fuel the TCA cycle, Serine contributes to one-carbon metabolism, while glutamine is metabolized 
by mitochondrial enzymes into glutamate and α-KG, which serves as an important intermediate in the TCA cycle. Yellow boxes represent enzymes that are relevant in 
medulloblastoma metabolism. Created with Biorender.com. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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Currently, there is no clear consensus regarding the relevance of 
glucose metabolism in sustaining tumorigenesis and the aggressiveness 
of MB. However, certain enzymes involved in the glycolytic pathway 
have been identified as having prognostic relevance in this malignancy. 
In particular, HK2 expression has been correlated with SHH patient 
clinical outcome, while ENO1 encoding enolase 1 has been detected in 
all 3 subgroups [63]. 

2.2. Amino acid metabolism 

Amino acid metabolism is a complex and tightly regulated process 
that involves various interconnected pathways (Fig. 2). When cells 
receive amino acids from dietary sources or protein breakdown, they 
undergo a series of reactions to ensure the proper utilization and balance 
of these crucial building blocks. Amino acids can be used for protein 
synthesis or can be metabolized through pathways such as trans
amination, where the amino group of one amino acid is transferred to a 
keto acid, producing a new amino acid and a new keto acid. The amino 
acids can also undergo deamination, where the amino group is removed 
as ammonia, which is further converted into less toxic compounds like 
urea or used in other metabolic processes. The remaining carbon skel
eton can be utilized for energy production or converted into other 
molecules like glucose, fatty acids, or neurotransmitters. Amino acid 
metabolism is crucial for maintaining cellular homeostasis, providing 
the necessary materials for protein synthesis, energy production, and the 
synthesis of other important biomolecules. Dysregulation of amino acid 
metabolism is a well-known characteristic of cancer cells, highlighting 
the importance of altered amino acid processes in cancer development. 
A common feature observed in cancer cells is the heightened uptake and 
utilization of amino acids, which facilitates their accelerated growth and 
proliferation. This enhanced amino acid metabolism in cancer cells plays 
a crucial role in regulating redox state, maintaining homeostasis, con
trolling energy levels, and supporting biosynthesis. One example is the 
increased uptake of the amino acid glutamine by cancer cells, which can 
be used as a carbon and nitrogen source for the synthesis of nucleotides 
and other macromolecules (reviewed in [81]). For example, elevated 
levels of the amino acid serine have been observed in many cancer types, 
and serine metabolism has been implicated in promoting cancer cell 
survival and proliferation [82] but also drug resistance [83,84]. In 
addition, cancer cells often exhibit alterations in amino acid catabolism, 
with increased levels of certain amino acid metabolites. All these pro
cesses are regulated by several oncogenes and tumor suppressor genes, 
including MYC [85,86] and p53 [65,87,88]. Targeting amino acid 
metabolism has emerged as a promising therapeutic strategy in cancer, 
with several amino acid metabolism inhibitors currently being evalu
ated in clinical trials. However, the complex interplay between amino 
acid metabolism and other cellular processes in cancer cells makes it 
challenging to develop effective therapies targeting this pathway [89]. 
Glutamine is the most extensively studied amino acid concerning MB, 
and its metabolism is crucial in sustaining this type of tumor. At the 
neuronal level, glutamine is involved in significant functions related to 
the production of the neurotransmitter glutamate. The metabolism of 
glutamine is comprised of two primary reactions: the first reaction in
volves the enzyme glutaminase, which catalyzes the conversion of 
glutamine into glutamate. In the second reaction, glutamate dehydro
genase converts glutamate into alpha-ketoglutarate, which subsequently 
supports the Krebs cycle. Pham et al’s findings indicate that in ortho
topic high-MYC Group3 MB, glutamine is primarily metabolized by the 
enzyme glutamine transaminase K (GTK) to produce glutathione that 
sustains detoxing activity within the cells [79]. Moreover, recent 
research has shown that p73, a member of the p53 family, supports 
glutamine metabolism in MB by promoting the expression of GLS2 and 
other enzymes involved in glutamine metabolism [90,91]. Additionally, 
a study by Ge et al. revealed that the long non-coding RNA NEAT1 
contributes to chemoresistance in MB cell lines through the miR-23a-3p- 
GLS axis [92]. These findings further support the idea that glutamine 

metabolism plays a significant role in the behavior of MB. 

2.3. Lipid metabolism 

Lipid metabolism in cells is a dynamic and tightly regulated process 
that involves the synthesis, breakdown, and interconversion of various 
lipid molecules (Fig. 3). Lipids are used as essential components of cell 
membranes, energy storage molecules, and signaling molecules. In cells, 
lipids are synthesized through de novo lipogenesis, where acetyl-CoA 
molecules are converted into fatty acids, which can further undergo 
modification to produce different lipid species. Lipid metabolism also 
involves the breakdown of lipids through processes such as beta- 
oxidation, where fatty acids are broken down into acetyl-CoA to 
generate energy. Cells regulate lipid metabolism in response to nutrient 
availability, hormonal signals, and cellular energy status and this gains 
much importance in the contest of cancer. 

Over the past few years, there has been a significant increase in 
research exploring the role of fatty acid metabolism in cancer, leading to 
numerous important discoveries. Fatty acid metabolism modulates 
cancer cells in multiple ways, mediate membrane composition and 
fluidity (depending on glycerophospholipid composition), modulates 
secondary messenger signaling, and controls the presence of substrates 
for mitochondrial ATP and NADH production [93–95]. Notably, fatty 
acid metabolism, through both beta-oxidation and the synthesis of fatty 
acids, can also contribute to drug resistance in various cancers (reviewed 
in Hoy et al., 2011 [96]). However, research on the metabolism of fatty 
acids in MB remains limited, leaving ample space for future studies. To 
date, what is known is that the metabolism of fatty acids is heteroge
neous according to the molecular subgroup of MB [62]. For instance, 
SHH-MBs result in higher lipid levels due to the overactivation of SHH 
signaling that regulates fatty acid metabolism towards increased lipo
genesis. This is due to the upregulation of fatty acid synthase (FASN) and 
Acetyl-CoA carboxylase (ACC1), induced by E2F1, and the concurrent 
downregulation of well-known fatty acid catabolic enzymes like MCAD 
and ACOX1 [97,98]. FASN and stearoyl-CoA desaturase (SCD), both 
encoding enzymes involved in the fatty acid synthesis pathway, were 
also detected as prognostic genes in all three subgroups [63]. 

The mevalonate pathway is a central player in fatty acid metabolism, 
and it is well-established that this pathway contributes significantly to 
the growth and development of tumors [99]. The inhibition of choles
terol biosynthesis, using statins, has proved to be a valid strategy to 
target MB cells. Specifically, it has been demonstrated that in the context 
of SHH group MB, inhibition of cholesterol biosynthesis through the 
inhibition of HMG-CoA reductase by the use of statins or gene silencing 
can repress cell proliferation. Exogenous oxysterols resulting from 
cholesterol oxidation have been observed to activate Smo, which is the 
main receptor responsible for SHH signaling, thus causing this effect. 
Indeed, by inhibiting the synthesis of cholesterol, the levels of its 
oxidized derivatives would also be reduced. In addition, statins can 
synergize with vismodegib, an inhibitor of Smo [100,101]. 

Inhibition of HMG-CoA reductase is effective in inducing cell death 
even in non-SHH models of MB, for example, Myc-driven Group3 and 
Group4 [49,102,103]. This evidence indicates that lipid metabolism is 
likely to be involved in the development, growth, and maintenance of 
MB cells. However, other metabolic processes related to fatty acids, such 
as fatty acids beta-oxidation, are still not well-understood in this type of 
tumor. 

Furthermore, these outlined mechanisms are critical in causing re
currences and drug resistance in other types of tumors [96] but remain 
unexplored in the contest of MB. 

2.4. Nucleotide metabolism 

Nucleotide metabolism is now widely recognized as a crucial feature 
of cancer. Numerous studies have demonstrated that this metabolic 
pathway represents a vulnerability that can be exploited by drugs 
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already available in the market and commonly used in clinical practice 
to treat different types of tumors. As a result, the field of nucleotide 
metabolism holds great promise for significant breakthroughs in cancer 
therapy. 

Within cells, there are two distinct pathways responsible for nucle
otide synthesis: the de novo pathway and the salvage pathway (Fig. 4). 
The de novo pathway provides nucleotide synthesis using simple build
ing blocks such as ribose 5-phosphate, amino acids, CO2, and NH3. In 
contrast, the salvage pathway functions by recycling nucleotides and 
free bases that are released during the breakdown of nucleic acids. In the 
context of cancer, an elevated nucleotide metabolism, usually controlled 
by oncogenic signaling, has been linked to a range of pathological be
haviors, including uncontrolled cell proliferation, resistance to chemo
therapy, the formation of metastases, and evasion of the immune system 
[104–107] New research indicates that nucleotide metabolism may have 
a role in the development of MB, particularly in the group3 myc- 
amplified subgroup [79,108]. In a recent study, Gwynne and col
leagues utilized a genome-wide loss-of-function genetic screening to 

provide compelling evidence that this specific subgroup of MB is highly 
reliant on nucleotide metabolism, specifically the de novo synthesis 
pathway [109]. Out of the proteins essential for cell survival, Dihy
droorotate dehydrogenase (DHODH) has emerged as the most promising 
candidate. DHODH is a key enzyme in de novo pyrimidine biosynthesis, 
catalyzing the oxidation of dihydroorotate in orotate. Furthermore, the 
research provided evidence that inhibiting DHODH, both in vitro and in 
vivo, can specifically target brain tumor-initiating cells (BTICs), through 
a mTORC1 inhibition that leads to cell cycle arrest and the induction of 
apoptosis. While there is robust evidence supporting nucleotide meta
bolism importance in MYC-amplified Group 3 MBs, little is currently 
understood about the remaining subgroups [109]. 

The main metabolic features of MB subgroups are summarized in 
Fig. 5. 

3. Metabolic behavior of medulloblastoma stem cells 

One of the first steps during vertebrate development is the 

Fig. 3. This cartoon provides an overview of the key enzymes and metabolic pathways involved in lipid metabolism in cancer cells. Lipid metabolism comprises fatty 
acid uptake, fatty acid catabolism through the fatty acid oxidation cycle, fatty acid synthesis, and cholesterol synthesis. Blue boxes represent the main enzymes 
involved in lipid metabolism. Created with Biorender.com. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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construction of the nervous system. Neural development is a tightly 
regulated process orchestrated by several signaling pathways whose 
gradient and combination specify at first the dorso-ventral/rostro- 
caudal morphogenesis and, in a second wave of development, deter
mine neural cell fate. 

In this context, neurogenesis is the key event of neural development, 
by which neural stem cells (NSCs) divide, self-renew, and convert to 
postmitotic neurons. The balance between self-renewal and cell-specific 
differentiation of NSCs is controlled both by intrinsic and extrinsic cues 

such as transcription factors, morphogen signals, and cell contact- 
mediated signaling. In the last years, many researches uncovered and 
described another pivotal cellular mechanism able to influence and 
determine neural cell fate: cellular metabolism. 

NSCs metabolism has been demonstrated to determine the balance 
between cellular proliferation, differentiation, or quiescence. Specif
ically, a connection × between NSCs proliferating state and higher levels 
of glycolysis has been proved, while the maturation of neural stem cells 
into fully differentiated neurons, requires a switch in the cellular energy 

Fig. 4. The pyrimidine metabolism. Pyrimidine synthesis is composed of de novo pathway highlighted in green and salvage pathway in red. DHODH, in the orange 
box, has been found to be relevant in MYC-amplified Group 3 MBs Created with Biorender.com. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 5. MB subgroup-specific alteration of metabolic pathways. Schematic cartoon of metabolic genes and pathways that are found to be upregulated in MB sub
groups. Green arrows highlight upregulated pathways, orange boxes represent overexpressed genes. Created with Biorender.com. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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source thus linking differentiation to an upregulation of genes involved 
in the mitochondrial-mediated OXPHOS [110,111]. This metabolic shift 
is not only a means to increase cellular energy production but is 
considered a specific mechanism to drive NSC fate decisions depending 
on the microenvironmental cues. Paradoxically, the human brain has 
been demonstrated to be highly hypoxic with the partial pressure of 
oxygen ranging between 0.55 and 8 %. Despite this evidence, the brain is 
a highly oxidative organ, accounting for 20 % of bodily oxygen con
sumption [112]. Indeed, neural cells strictly regulate metabolites and in 
particular the ROS balance [113] that can function as signaling mole
cules able to coordinate developmental pathways activation (i.e. HIF-1α; 
Wnt/β-catenin and Notch). 

Lipid metabolism has been found to be important in NSC fate and in 
particular in adult hippocampal neurogenesis where it has been shown 
to control the proliferative potential of NSCs. Of note, Knobloch et al. 
demonstrated that the rate of fatty acid oxidation (FAO) in NSCs in the 
hippocampal region, regulated the balance between quiescent and 
proliferative states and, specifically, that FASN is upregulated in NSCs 
whereas FASN knockout mice showed decreased neurogenesis [114]. 
Moreover, the mechanism by which FAO maintains NSC stemness 
whereas lipogenesis drives them toward differentiation has been high
lighted also in humans [115]. 

Another metabolic pathway that plays a crucial role in NSC’s fate 
decisions is also Glutaminolysis. Namba et al in 2020 demonstrated that 
glutaminolysis regulates NSC fate decisions in humans and promotes 
NSC proliferation throughout a Rho GTPase Activating Protein 11B 
(ARHGAP11B)-mediated promotion of the sub ventricular zone basal 
progenitors (SVZ-BPs) proliferation during the embryonic life [116]. 

All the neural metabolic cues considered so far, acquired a particular 
meaning in the cancer context since human cerebral cancers contain cell 
types resembling all the stages of neural development, from cancer stem 
cells, to progenitors-like cells to phenotypically differentiated cancer 
cells, both in adults and children [55,117]. 

It has been always considered that the energy metabolic pathways 
are largely different between cancer and normal cells. However, as it has 
been described for NSCs, cancer stem cells exhibit higher glycolytic 
activity compared to more differentiated cells. This phenomenon is 
crucial for cancer cells since glycolysis represents the starting point for 
nucleotides and lipids production and also amino acids, fundamental 
“build blocks” necessary for proliferation and stress resistance [118]. In 
this context, cerebellar MBs have been deeply investigated during the 
last two decades and their mass structure has been finely delineated and 
compared to the normal cerebellar development to define the cerebellar 
tumors as a mirror of the embryonic cell populations. Luo et al. 
demonstrated that MB is composed of heterogeneous cancer cell pop
ulations including cancer stem-like cells, neuroblast-like cells, and more 
differentiated cells opening the way to speculation and hypothesis on 
the metabolic paradigm linking bioenergetics and cell fate [119]. As for 
many brain tumors also in MB the existence of a cancer stem cells 
population has been postulated and characterized. In particular, MB 
CSCs are endowed with tumor reconstruction capacity being more 
resistant to radiotherapy and chemotherapy compared to more differ
entiated cells, suggesting their role in MB recurrence [120]. Very little is 
known about the specific metabolism of this subpopulation, and the 
metabolic properties that sustain stemness and therapy resistance of MB- 
CSCs remain areas worthy of further investigation. Tsuboi research 
group identified suppressed mitochondrial respiration together with a 
lower level of ROS as the driving mechanism of radio resistance of MB 
CSCs. Specifically, they linked increased endogenous mitochondria ROS 
production with augmented oxidative stress-mediated DNA damage 
after irradiation with a final result of stemness loss [121]. This paper lay 
the ground for further studies starting from the notion that every stage of 
neural development has a complex but very specific cellular metabolic 
state that could potentially be engaged by cancer cells to arise, survive, 
and proliferate [122]. 

4. Modulation of medulloblastoma metabolism by tumor 
microenvironment 

Currently, the concept of a tumor as a singularity has been replaced 
by the idea of a tumor as a complex ecosystem composed of various cell 
types, including pathological and non-pathological cells, with different 
chemical and physical properties such as stiffness [123], pH [124], O2 
tension [125], and metabolites [126]. These factors collectively influ
ence the development, growth, progression, response to treatment, and 
recurrence of tumors, including brain tumors [127–133]. 

Above all, from the metabolic point of view, it has been amply 
demonstrated that the microenvironment, through the modulation of 
the concentration of metabolites and the exchange of them between 
tumor cells and cells present in the microenvironment, can support the 
growth of the tumor itself [134–137]. 

Very little is known about how the tumor microenvironment can 
modulate MB [138] and its metabolic phenotype, however, a very recent 
paper demonstrated that MB cells can metabolize GABA under condi
tions of low nutrient availability in the microenvironment. More spe
cifically, this work demonstrates that, when MB cells find themselves in 
a nutrient-deprived environment such as cerebrospinal fluid (CSF), and 
this happens in cells that express high levels of 4-Aminobutyrate 
aminotransferase (ABAT) and spread in CSF, they can modify their 
metabolism by increasing their ability to make OXPHOS using GABA as 
a source. This promotes their survival capacity in a low-nutrient envi
ronment. The authors hypothesize that the increase in the metabolism of 
GABA mediated by ABAT and of OXPHOS in CSF induces the cell to use 
acetyl-CoA as a metabolic mediator (e.g. to be metabolized for ATP 
production in mitochondria), preventing its use to acetylate histones, 
also modifying epigenetic [139]. To date, this work appears to be one of 
the first pieces of evidence demonstrating how the tumor microenvi
ronment can modulate the metabolism and characteristics of MB cells 
and future research will be necessary to clarify TME-induced metabolic 
alteration in MB. 

5. Metabolic rewiring sustains medulloblastoma resistance 

Resistance to therapeutic agents is one of the major issues in the 
treatment and clinical management of MB patients [140]. Besides the 
alteration in many signaling pathways that are affected by genetic mu
tations, genomic rearrangements, or alterations in epigenetic control, 
recent studies have highlighted the relevance of the metabolic plasticity 
of cancer cells in response and adaptation to therapies [66,67]. Tumors 
are not static entities and rewire their metabolism depending on several 
factors, intrinsic to the cancer cells or influenced by external factors such 
as the microenvironment, chemotherapy, or radiotherapy, and 
increasing evidence suggests that metabolic requirements and de
pendencies evolve throughout cancer progression [141]. Nevertheless, 
to date, there is no clear consensus on how metabolic changes can 
support drug resistance, as different tumors can manifest different and 
sometimes even opposite metabolic changes in response to therapy 
[66,142]. In the context of MB, radioresistant MB stem-like clones 
(rMSLCs) obtained by irradiation of the human MB cell line ONS-76 
showed lower oxygen consumption rate, higher pyruvate kinase (PK) 
activity, and lactate production than parental cells [121]. Indeed, the 
treatment with the PDK1 inhibitor DCA resulted in increased cellular 
oxidative stress and altered mitochondria morphology, thus suppressing 
cancer stem cell-like phenotypes and radioresistance. These findings 
highlight the relevance of metabolism in sustaining radioresistance and 
in maintaining cancer stem cell-like phenotypes, providing new insight 
into the identification of metabolic vulnerability to be exploited for the 
development of metabolic targeting radiotherapy [121]. 

In a more recent paper, Bakhshinyan and colleagues presented 
interesting data about comprehensive and dynamic profiling of MB cells 
at engraftment, after radiation, after chemoradiotherapy, and at relapse, 
in a therapy-adapted patient-derived xenograft (PDX) model of group 3 
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MB recurrence. Temporal transcriptomic profiling at different disease 
stages of this model highlighted that malignant cells rewire metabolic 
pathways including OXPHOS and de novo lipogenesis [143]. 

6. Pharmacologic targeting of medulloblastoma metabolism 

In the last years, successful improvements in the treatment and 
standard of care of patients suffering from several types of cancers have 
been made, nevertheless, chemotherapy resistance still constitutes a 
severe problem to be solved to improve the cure of oncologic patients. 
This issue becomes particularly relevant in the context of pediatric MB, 
where despite the administration of a high dosage of chemotherapeutics 
with unacceptable toxicity, the chance of therapeutic success after the 
onset of relapse, is very low. In the last years, the study of metabolic 
dependencies of MB cells has contributed to the development of 
metabolically-targeted therapies (summarized in Fig. 6) that gave 
encouraging results in preclinical models and clinical trials for more 
effective and less toxic cures. 

The fast glucose consumption rate and the high expression of 
glycolytic enzymes in all MB subgroups suggest a vulnerability toward 
therapies that target glycolysis. Despite many studies highlighting these 
metabolic features of MB cells [74,75,78], only the Lactate Dehydro
genase A (LDHA) inhibitor Oxamate has been reported to inhibit 
glycolysis and to affect cell proliferation and migration of both group 3 
and SHH MB cell lines [78]. In vivo studies conducted on mice models of 
nasopharyngeal carcinoma, Ehrlich carcinoma, and nonsmall cell lung 
cancer demonstrate very low toxicity and high cancer cell selectivity of 
oxamate.However, no in vivo studies has been reported for medullo
blastoma models [144]. Concerning glucose metabolism, but not strictly 
related to the inhibition of the glycolytic pathway, the antidiabetic drug 
Phenformin, which displays also potent activity in several cancers, 
demonstrated encouraging results in SHH-MB mouse models. L. di 
Magno et al., in their elegant study, demonstrate that Phenoformin af
fects SHH MB tumor growth through the inhibition of mitochondrial 
glycerophosphate dehydrogenase (mGPD), a component of the 

glycerophosphate shuttle, leading to a raise of the intracellular NADH 
levels. This redox imbalance induces an association between the core
pressor CtBP2 and Gli1, thereby inhibiting Hh transcriptional output 
and tumor growth [145]. Phenformin was used for the treatment of type 
2 diabetes mellitus but was retired from the market due to a high risk of 
fatal lactic acidosis. However, phenformin’s anticancer effect has been 
described for many tumor types with higher effectiveness and greater 
tissue availability compared to non-toxic metformin. Considering that 
the combination with other anticancer agents seems to be a good 
strategy in the treatment of several cancer types, thus reducing the 
dosage and the toxic effects of phenformin, preclinical and clinical trials 
have been started to determine therapeutic doses and safety profile 
[146]. 

Antimetabolites have been successfully used for decades for the 
treatments of many cancer types and nowadays are standard in many 
modern chemotherapy regimens [147]. In MB important results, ob
tained from a high throughput screening of FDA-approved drugs and a 
preclinical study in xenograft models, suggest that pemetrexed and 
gemcitabine can be added to currently used chemotherapy for the 
treatment of group 3 patients, with an improved effect and little addi
tional myelosuppressive toxicity [148]. 

Another target that has been considered for group 3 treatment is 
DHODH whose inhibition with BAY2402234, Brequinar, and PTC299 
induces a reduction in uridine metabolite availability and hyperlipid
emia, together with a decrease of protein O-GlcNAcylation and c-Myc 
degradation, leading to cell cycle arrest and apoptosis. BAY2402234, 
already under clinical investigation for AML and in recurrent glioma, 
showed good efficacy in a preclinical study in PDOX-model of group 3 
MB, suggesting a possible clinical use of this agent alone or in combi
nation with standard chemotherapy [109]. 

Also, the inhibition of fatty acid metabolism has gained attention in 
the last years, and in particular, the inhibition of HMG-CoA reductase by 
the use of statins is effective in all MB subgroups [102,103]. Relevant 
data has been published concerning the use of simvastatin for the 
treatment of SHH-MB. The study, published by Fan and colleagues, 

Fig. 6. Cartoon summary of drugs targeting key enzymes involved in medulloblastoma metabolism. Drug are represented by red boxes. Created with Biorender.com. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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reveals that statins reduce MB tumor growth in allograft SHH-MB mouse 
models by repressing SHH pathway activation without affecting bone 
development, and suggest their use in combination with a low dosage of 
the SMO antagonist vismodegib [100]. In addition, Lovastatin has been 
found to reduce the proliferation of DAOY cells in vitro and xenograft 
models, via upregulation of miR-33b, a negative regulator of c-MYC 
[103]. Statins are well tolerated by adolescents and children and are 
used for the treatment of dyslipidemia since many years [149], however, 
despite the promising preclinical studies, no clinical trials have been 
started for the treatment of childhood cancers. 

Further considering the glutamine addiction as a targetable vulner
ability in MB, the novel glutamine antagonist prodrug JHU395 was 
found to be effective in multiple human high-MYC MB cell lines in 
reducing cell proliferation and inducing apoptosis. JHU395 displayed 
high activity also in MYC-driven MB orthotopic xenografts extending 
also the median of survival in comparison with vehicle-control treated 
mice [150]. 

7. Conclusions 

The first evidence that cancer cells are endowed with peculiar 
metabolic features date back to a century ago and now, thanks to new 
tools and technologies for biochemical and molecular biology studies, 
metabolism has become a widely studied aspect of tumorigenesis and 
cancer progression. A common feature of cancer cells is the constant 
requirement of metabolites and building blocks to improve the biomass 
and allow uncontrolled and rapid proliferation, without affecting redox 
homeostasis. Cancer-associated metabolic changes profoundly influence 
and can be influenced by the tumor microenvironment and have been 
associated with cancer stem cell maintenance and resistance to therapy 
[65]. Despite a plethora of research articles regarding the study of 
metabolism in the tumoral context has been published in the last decade, 
only a few and sometimes discordant results are related to 
medulloblastoma. 

Although an extensive exploration of the transcriptional and muta
tional landscape of large MB patient cohorts has been performed to 
identify the molecular basis of MB, only a paper recently published by 
Park and colleagues highlights some metabolic pathways as subgroup- 
specific prognostic factors [63]. In addition, it is important to note 
that the results presented by Park et al. were obtained by employing 
subgroup-specific Gene Set Enrichment Analysis (GSEA) combined with 
disease progression data analysis using transcriptomic data from 
Medulloblstoma Advanced Genomic International Consortium (MAGIC) 
projet. However, a study that associates the metabolomic profile of MB 
patients with prognosis or subgroup signatures has not already been 
published. Indeed, until now, only a few studies report comprehensive 
metabolomics analysis of a wide cohort of MB patients and all of them 
identified metabolic alterations without finding specific subgroups sig
natures. Metabolomics data of CSF of MB patients reveal that the TCA 
cycle, alanine, aspartate, glutamate metabolism, and arginine biosyn
thesis pathways are all upregulated in SHH, group 3/4, and group 4 MB. 
Thus, the metabolic profile of CSF is unable to differentiate between 
molecular subgroups, however, it suggests that metabolites of the TCA 
cycle can be used to distinguish MB from the normal brain [151]. In 
another study, the metabolomics analysis of urine samples from MB 
patients in comparison to other brain tumor patients and healthy donors 
reveals alterations in fatty acid oxidation, steroid hormone biosynthesis, 
dopamine metabolism, and leukotriene B4 metabolism [152]. In addi
tion, C. Bennet and his group compared the tissue metabolite profile of 
different paediatric cerebellar tumor types finding that MBs displayed 
significantly higher concentrations of ascorbate, aspartate, phos
phocholine, taurine, and lipids and significantly lower glucose and 
scyllo-inositol in comparison to pilocytic astrocytomas ependymomas 
and ATRTs. Additionally, this work suggests that choline metabolism is a 
good candidate for the development of targeted therapies [153]. 

Despite in the last years genomics and transcriptomics have provided 

countless and unprecedented information about tumorigenesis and 
cancer evolution, a gap between genotype and phenotype remains 
opened and needs to be filled, in particular in the context of pediatric 
brain tumors. However, emerging technologies such as spatial metab
olomics and single-cell metabolomics hold significant promise in 
bridging this divide. By comprehensively identifying metabolites and 
their concentrations in both entire tissues and at the single cell level, 
these technologies provide a direct representation of the molecular 
phenotype in cancer cells. This newfound capability allows researchers 
to gain insights into the intricate metabolic processes occurring within 
cells and tissues, shedding light on the underlying mechanisms of 
tumorigenesis and cancer evolution. Spatial metabolomics techniques 
enable the mapping of metabolite distributions within tissues, unveiling 
spatial heterogeneity that may play a crucial role in tumor development 
and response to therapy [154]. Moreover, single-cell metabolomics al
lows for the examination of metabolic variations at the individual cell 
level, unraveling the diversity within tumor populations and offering a 
deeper understanding of the cellular dynamics that drive disease pro
gression [155]. Together, these cutting-edge technologies provide a 
valuable means to fill the existing gap between genotype and phenotype, 
paving the way for enhanced diagnostic precision, personalized treat
ment strategies, and ultimately improved outcomes for pediatric brain 
tumor patients, MB included. 
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J.C. Lindsey, R.M. Hill, N. Jäger, A. Korshunov, D. Hicks, S. Bailey, M. Kool, 
L. Chavez, P.A. Northcott, S.M. Pfister, S.C. Clifford, Second-generation molecular 
subgrouping of medulloblastoma: an international meta-analysis of Group 3 and 
Group 4 subtypes, Acta Neuropathol. 138 (2019) 309–326, https://doi.org/ 
10.1007/s00401-019-02020-0. 

[54] S.K. Singh, I.D. Clarke, M. Terasaki, V.E. Bonn, C. Hawkins, J. Squire, P.B. Dirks, 
Identification of a cancer stem cell in human brain tumors, Cancer Res. 63 (2003) 
5821–5828. 

[55] M.C. Vladoiu, I. El-Hamamy, L.K. Donovan, H. Farooq, B.L. Holgado, 
Y. Sundaravadanam, V. Ramaswamy, L.D. Hendrikse, S. Kumar, S.C. Mack, J.J. 
Y. Lee, V. Fong, K. Juraschka, D. Przelicki, A. Michealraj, P. Skowron, B. Luu, 
H. Suzuki, A.S. Morrissy, F.M.G. Cavalli, L. Garzia, C. Daniels, X. Wu, M.A. Qazi, 
S.K. Singh, J.A. Chan, M.A. Marra, D. Malkin, P. Dirks, L. Heisler, T. Pugh, K. Ng, 
F. Notta, E.M. Thompson, C.L. Kleinman, A.L. Joyner, N. Jabado, L. Stein, M. 
D. Taylor, Childhood cerebellar tumours mirror conserved fetal transcriptional 
programs, Nature. 572 (2019) 67–73, https://doi.org/10.1038/s41586-019- 
1158-7. 

[56] V. Hovestadt, K.S. Smith, L. Bihannic, M.G. Filbin, M.K.L. Shaw, A. Baumgartner, 
J.C. DeWitt, A. Groves, L. Mayr, H.R. Weisman, A.R. Richman, M.E. Shore, 
L. Goumnerova, C. Rosencrance, R.A. Carter, T.N. Phoenix, J.L. Hadley, Y. Tong, 
J. Houston, R.A. Ashmun, M. DeCuypere, T. Sharma, D. Flasch, A. Silkov, K. 
L. Ligon, S.L. Pomeroy, M.N. Rivera, O. Rozenblatt-Rosen, J.M. Rusert, R. 
J. Wechsler-Reya, X.N. Li, A. Peyrl, J. Gojo, D. Kirchhofer, D. Lötsch, T. Czech, 
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