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Simple Summary: Medulloblastoma is the most common type of malignant brain tumor that occurs
in the pediatric population. It is associated with significant morbidity and mortality due to the
long-lasting side effects associated with its treatment and its high potential for relapse despite the im-
plementation of aggressive therapeutic modalities, including surgery, chemotherapy, and craniospinal
irradiation. Hence, enhancing medulloblastomas’ response to therapy and attenuating their ability to
resist treatment is an important clinical goal. Herein, we explore the various mechanisms that drive
this resistance, which can be shared with other types of brain tumors, specific to medulloblastoma,
or specific to a molecular subtype of medulloblastoma. Subsequently, we discuss potential targeted
agents and innovative therapeutic strategies that can help in undermining the discussed mechanisms
and enhancing this tumor type’s response to treatment.

Abstract: Medulloblastoma is the most frequently encountered malignant brain tumor in the pediatric
population. The standard of care currently consists of surgical resection, craniospinal irradiation, and
multi-agent chemotherapy. However, despite this combination of multiple aggressive modalities,
recurrence of the disease remains a substantial concern, and treatment resistance is a rising issue.
The development of this resistance results from the interplay of a myriad of anatomical properties,
cellular processes, molecular pathways, and genetic and epigenetic alterations. In fact, several efforts
have been directed towards this domain and characterizing the major contributors to this resistance.
Herein, this review highlights the different mechanisms that drive relapse and are implicated in
the occurrence of treatment resistance and discusses them in the context of the latest molecular-
based classification of medulloblastoma. These mechanisms include the impermeability of the
blood-brain barrier to drugs, the overactivation of specific molecular pathways, the resistant and
multipotent nature of cancer stem cells, intratumoral and intertumoral heterogeneity, and metabolic
plasticity. Subsequently, we build on that to explore potential strategies and targeted agents that
can abrogate these mechanisms, undermine the development of treatment resistance, and augment
medulloblastoma’s response to therapeutic modalities.

Keywords: cancer stem cells; combination therapy; medulloblastoma; molecular pathways; treatment
resistance; tumoral heterogeneity

1. Introduction

Medulloblastoma is the most frequently encountered pediatric malignant brain tumor,
accounting for 6.4% of all central nervous system (CNS) tumors in children and adoles-
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cents [1,2]. An average of 318 cases of pediatric medulloblastoma (ages 0–19 years) were
diagnosed yearly in the United States between 2016 and 2020 [2]. Currently, medulloblas-
tomas are characterized as WHO grade IV embryonal tumors and are classified into four
molecular subgroups. This understanding of medulloblastomas and their classification
has evolved greatly over time since they were first described by Harvey Cushing and
Percival Bailey in 1925. They initially characterized them as a subset of gliomas that prefer-
entially develops from the cerebellar vermis [3,4]. Cushing and Bailey noted the presence
of undifferentiated “medulloblasts” that have persisted from earlier stages of neural tube
development, and hence, the nomenclature of these tumors was coined [3]. Later, further
investigation into these tumors led to their identification as embryonal tumors independent
from gliomas and to classifying based on their histological characteristics. Nevertheless,
the 2016 World Health Organization (WHO) classification of central nervous system tumors
came to revolutionize the classification of medulloblastoma into a molecular profile-based
one [5]. This was reiterated in the latest 2021 WHO classification, which further expanded
the molecular subclassification of these tumors. Herein, our current understanding of
medulloblastomas primarily stems from a molecular perspective categorizing them as
wingless-related integration site (WNT)-activated, sonic hedgehog (SHH)-activated, group
3, or group 4 medulloblastomas [6]. Nevertheless, the current mainstay of treatment of
these tumors consists of maximal safe surgical resection, adjuvant multi-agent chemother-
apy, and, with the exception of infants, risk-adapted craniospinal irradiation [7]. However,
this multifaceted management entails several short-term and long-term adverse effects for
patients and can alter their quality of life. Moreover, even with these aggressive treatment
modalities, recurrence of the disease remains a major concern and the development of
treatment resistance constitutes a continuously evolving threat [8]. This review aims to
highlight the underlying mechanisms and processes that drive treatment resistance in
medulloblastoma and augment the recurrence of these tumors. Moreover, the review
explores promising strategies and tractable targets that can hinder the development of
treatment resistance in medulloblastoma and may constitute a more favorable prognosis
for patients.

2. The Molecular Subgroups of Medulloblastoma
2.1. WNT-Activated Medulloblastoma

The least common molecular subgroup of medulloblastoma, WNT-activated medul-
loblastomas, occurs in approximately 10% of all cases [9]. These tumors stem from muta-
tions resulting in hyperactivation of the canonical β-catenin-dependent aspect of the WNT
pathway [10]. Mutations occur most commonly (85–90% of the time) in exon 3 of CTNNB1,
which is the gene responsible for encoding β-Catenin [11,12]. This leads to degradation-
resistant forms of the protein, which then accumulates in the nucleus. The other common
mutation is the partial loss of chromosome 6 in an equal proportion of cases [13]. Other
genetic mutations, which are not exclusive to WNT medulloblastomas, have been revealed
by whole genome sequencing, most commonly, DDX3X, SMARCA4, TP53, and KMT2D.
These genes are known to interact with the accumulated β-catenin and remodel chromatin,
implying the development of cooperative mutations [14].

Tumors in the WNT subgroup typically have classic morphology, which entails round
nuclei, regular cell size (less than 4× an RBC), and the absence of frequent mitosis [9].
Further, in classic medulloblastomas, Homer Wright rosettes are often present. They often
originate near the midline but frequently extend into the cerebellar peduncle and brainstem,
protruding through the Foramen of Luschka. These tumors have a high hemorrhage degree,
possibly due to the poor development of a blood-brain barrier [15]. The enhanced perme-
ability of the blood–brain barrier, facilitated by the release of WNT antagonists, improves
the penetration of chemotherapeutic agents to the tumor site, which is important for these
agents to elicit their effects. In the pediatric population, WNT medulloblastomas have
favorable prognoses, however, prognosis is unclear for adult WNT medulloblastomas [13].
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Five-year progression-free survival for this subgroup was found to be 64.4% [16].
These tumors occur most commonly in the pediatric population and are rarely metastatic.
The WNT-activated medulloblastoma exhibits molecular stratification into two subgroups:
WNT-α (70%) and WNT-β (30%) [17]. The former predominantly manifests in children
with widespread monosomy in chromosome 6, whereas in the latter group, patients are
primarily adults, and chromosome 6 remains diploid. Five-year overall survival for the
WNT-α group is 97%, while for the WNT-β group it is 100% [18].

2.2. SHH-Activated Medulloblastoma

SHH-activated medulloblastomas are the second most common type of medulloblas-
tomas, occurring in 30% of all patients [9]. These tumors have a bimodal distribution,
wherein the two peaks of incidence are in infants and then in people older than 16 years of
age [5]. In fact, it is the most abundant adult medulloblastoma type [15]. The key driver
genes in medulloblastomas include PTCH1 (28%), TP53 (13.6–21%, primarily observed
in patients aged 5 to 18 years), KMT2D (12.9%), DDX3X (11.7%), MYCN amplification
(8.2%), BCOR (8%), LDB1 (6.9%), TCF4 (5.5%), and GLI2 amplification (5.2%) [19,20]. MYCN
amplification is closely linked to deletions of chromosome 9q, where the PTCH1 gene
(9q22) is also situated. While less frequent than chromosome 9 loss, SHH-activated medul-
loblastomas may exhibit losses in 10q and 17p, as well as gains in 3q and 9p. Mutations
associated with the enduring activation of the SHH pathway in medulloblastomas are
frequently detected and typically affect the SHH receptor PTCH-1 [21]. Less commonly,
mutations may target suppressor of fused (SUFU) or smoothened (SMO) proteins, resulting
in expression of GLI1, an oncogenic transcription factor. The specific impact of the upreg-
ulation of genes within the SHH pathway in the mechanisms of this subgroup remains
unclear [22]. However, there is a suggestion that the abnormal activation of SHH signal-
ing might trigger re-initiation of developmental programs controlling the proliferation
of cerebellar external granule cells, possibly playing a crucial role in the oncogenesis of
desmoplastic medulloblastomas.

Tumors in the SHH subtype typically have all histological variants, but the desmo-
plastic/nodular (DN) variant, at an occurrence of slightly greater than 50%, is the most
common, followed by classic, and lastly large cell/anaplastic (LCA). DN is nodular, and
shows neurocytic differentiation with interspliced embryonal components, wherein there
is likely pericellular collagen deposition [11,23]. On the other hand, LCA is characterized
by larger cell size, more cytologic variability, nuclear wrapping/molding, increased mitotic
activity, and increased presence of apoptotic bodies [24]. SHH MBs primarily occur in the
cerebellar hemispheres but can also occur within the cerebellar vermis. The Medulloblas-
toma Advanced Genomics International Consortium (MAGIC) has introduced additional
substructures within SHH medulloblastomas, categorizing them into four molecular sub-
groups (SHH-α, β, γ, δ) [17]. These finer molecular distinctions within the SHH subtype
exhibit distinct genomic irregularities and are linked to specific clinical characteristics.
Notably, the SHH-δ medulloblastoma group is predominantly observed in adults, while
most children are classified under the SHH-α group. Tumors found in infants are primarily
composed of SHH-β and SHH-γ tumors, with the SHH-β group being associated with
a slightly poorer outcome (67% 5-year survival compared to 88% 5-year survival) [25].
Currently, methylation profiling is the only way to identify the detailed subclasses of SHH
medulloblastomas.

2.3. Non-WNT/Non-SHH: Group 3 and Group 4
2.3.1. Group 3 Medulloblastoma

Group 3 medulloblastomas are common in children and infants and comprise about
25% of all medulloblastoma cases [9]. These tumors are linked with a rapid clinical progres-
sion. They often display aggressive features, including large cell/anaplastic morphology,
and may exhibit cytologic pleomorphism, augmented cell size, high mitotic activity, nu-
clear wrapping/molding, and the increased presence of apoptotic bodies [9]. They are
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characterized by specific molecular changes, such as amplification of the MYC oncogene
and isochromosome 17q, which is known to contribute to the aggressive behavior of these
tumors. In specific, Group 3γ is characterized by the presence of the MYC amplification
and carries the worst prognosis with a 42% 5-year overall survival rate, while Group 3β is
characterized by the activation of GFI genes, loss of DDX31, and gain of OTX2 and has a
56% 5-year survival rate [18]. Finally, Group 3α commonly occurs in infants and has a high
rate of metastasis at diagnosis (43%), but it is paradoxically associated with better survival
(66% 5-year survival rate) [18].

Group 3 medulloblastomas are more specifically associated with midline structures
within the cerebellum. They can infiltrate the surrounding structures, such as the brainstem
and cerebellar peduncles. Tumors that belong to Group 3 and Group 4 medulloblastomas
are typically of large cell/anaplastic nature or classic morphology, with Group 3 more likely
to be of large cell histology than group 4 [9].

2.3.2. Group 4 Medulloblastoma

Group 4 medulloblastomas are the most common in children, and the most common
among all medulloblastomas, comprising 35% of cases [9]. They also occur three times as
often in males as in females. Group 4 tumors tend to show rapid and progressive growth,
leading to the compression of nearby structures, like the brainstem and fourth ventricle,
and have the potential to metastasize to the leptomeninges, spinal cord, and supratentorial
brain structures [26]. They have a poor prognosis, and often display large cell/anaplastic
morphology [9]. Poor prognosis in group 4 tumors is preceded by early age at diagnosis,
often infancy, as well as metastasis, while better prognosis includes loss of chromosome 11
and gain of chromosome 17. The associated predisposition genes for group 4 are also PALB
and BRCA2. Just like the other groups, Group 4 is also categorized into different subgroups
with distinct genetic hallmarks. Herein, the subgroups 4α, 4β, and 4γ are characterized
by MYCN amplification, SCNAIP duplication, and CDK6 amplification, respectively [27].
They all carry similar prognoses, with a 5-year survival rate of around 70–80% [18].

Group 3 and 4 medulloblastomas have the poorest prognosis of all medulloblastomas.
These are both frequently metastatic non-WNT/non-SHH tumors, and exist along a tran-
scriptomic continuum, indicating similarities between the two tumor types [26]. Where
these tumors lie on this continuum is determined by molecular pathology and disease
course and is thought to mirror early cerebellar development.

Group 3 and Group 4 tumors have large intratumoral heterogeneity and the continuum
can be broadly divided into eight subtypes. Subtype I is driven by GFI1/GFI1B activation
and OTX2 amplification. Subtype II is driven by MYC amplification, GFI1/GFI1B activation
and mutations in KBTBD4, SMARCA4, CTDNEP1, and KMT2D. Subtype III is driven by
both MYC and MYCN amplification, while subtype V is driven by MYCN amplification
only. Subtype VI is also driven by MYCN amplification in addition to PRDM6 activation.
Subtype VII is driven by KBTBD4 mutation and subtype VIII is driven by PRDM6 activation
and mutations in KDM6A, ZMYM3, and KMT2C. The drivers of subtype IV are still not
known [26]. The four molecular subtypes and their characteristics are summarized in
Table 1.

Table 1. The different epidemiologic characteristics, genetic profiles, and histologic appearance of the
four molecular subtypes of medulloblastoma.

WNT SHH Group 3 Group 4

Prevalence 10% 30% 25% 35%

Peak Incidence
(age group) 10–12 years <3 years and >17 years 3–5 years 5–10 years

Prognosis Good Good for MBEN Poor Intermediate
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Table 1. Cont.

WNT SHH Group 3 Group 4

5-year survival >90% 70% 50% 75%

Predisposing Genes CTTNB1, APC SUFU, PTCH1, PALB2, BRCA2, TP53 PALB2, BRCA2

Histologic Presentation Classic Classic, D/N, LC/A, MBEN LC/A

Metastasis at diagnosis Rare (5–10%) Rare (9–30% depending on subgroup) Very frequent
(around 50%)

Frequent
(35–40%)

SHH, sonic hedgehog; D/N, desmoplastic/nodular; LC/A, large cell/anaplastic.

3. Main Drivers of Treatment Resistance

Medulloblastoma’s resistance to treatment is imparted by a set of anatomical, cellular,
and molecular drivers that augment this tumor’s ability to evade treatment or adapt to it.
Herein, we discuss the different mechanisms that drive this resistance and, ultimately, lead
to an incomplete eradication of the tumor and disease relapse (summarized in Figure 1).
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3.1. Blood-Brain Barrier and Blood-Brain-Tumor Barrier

The blood-brain barrier (BBB) is a layer of specialized cells that surround the brain and
protects it from pathogens and toxic metabolites [28]. This barrier normally serves a valu-
able purpose by selectively preventing unwanted foreign material from entering the brain.
However, the blood-brain barrier becomes problematic during the management of different
brain cancers—including medulloblastoma—because of how it can inhibit chemotherapeu-
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tic drug delivery [29]. The BBB’s impermeable nature to many different chemotherapeutic
agents, therefore, presents a significant component of drug resistance [29].

There are many factors that make up the BBB. Firstly, there are specialized endothelial
cells (ECs) that contribute to its impermeable properties with factors such as tight junctions,
which are comprised of junctional adhesion molecules and a multitude of proteins [29].
Additionally, efflux transporters that are expressed on the surface of CNS ECs are another
important component of the BBB. Many drugs are substrates for these efflux transporters,
thereby inhibiting chemotherapeutic drug delivery to the brain [29]. There is also limited
transcytosis via pinocytotic and endocytotic vesicles in the BBB and low expression of
leukocyte adhesion molecules that can hinder immune cells from effectively permeating
the brain [28]. In addition to these specialized EC-related factors, there are also other
components such as pericytes, astrocytes, neurons, basal lamina, and extracellular matrix
that are critical constituents of the BBB [28,29]. All of these cells and structures are important
contributors to the BBB’s limited permeability.

The brain’s extracellular space (ECS) also has strong connections to BBB impermeabil-
ity. The ECS is made up of hydrophobic lipids, polysaccharides, and proteins that make
up a complicated heterogenous environment [30]. This environment has dynamic fluid
shifts influenced by metabolic activity changes and pulsating arterial blood flow [30]. Brain
tumors distort standard ECS volume because of their aberrant microvasculature that is both
torturous and dilated [30]. This leads to leaky capillaries and inhibited flow velocity that
increases interstitial pressures in tumor tissue, which inhibits effective drug delivery [30].
There are also noteworthy enzymatic factors that contribute to BBB impermeability. Es-
terases, phosphatases, peptidases, nucleosidases, monoamine oxidases, and other enzymes
that are coupled with cerebrovascular ECs act as metabolic barriers that are capable of
deactivating or degrading drugs [30]. Both the combination of these enzymes and the ECS
significantly contribute to the BBB’s impermeability.

BBB disruption occurs with various types of brain tumors. Cancer cells can obstruct
connections between the brain and ECs. This obstruction, in its turn, breaks down the BBB
and creates an altered CNS structure known as the blood-brain tumor barrier (BBTB) [28].
The type of BBTB that a tumor causes is important to understand because its structure,
quality, and level of function will impact treatment efficacy. For example, WNT medul-
loblastoma is known for its leaky BBB due to aberrant EC cell WNT signaling that causes
hemorrhagic vasculature and aberrant fenestration; these factors confer a dysfunctional
BBB, which is a major factor that contributes to the excellent prognosis of this molec-
ular subtype [15,29]. On the other hand, a study of the characteristics of the BBB and
BBTB in preclinical models of medulloblastoma highlighted the variability present in the
permeability of these structures [28]. For instance, in genetically-engineered models of
SHH medulloblastoma, SOX2+ cells were found to be major contributors to the BBTB
integrity by extending processes that help in lining capillaries in their vicinity [31]. In-
terestingly, models of SHH medulloblastoma that were generated by xenografting rather
than genetic modification displayed a more heterogenous pattern, with greater barrier
integrity at the invading poles of the tumor which are in contact with normal brain tis-
sue [28]. Similar heterogeneity was observed within patient-derived orthotopic xenografts
of group 3 medulloblastoma [28]. The permeability observed in these xenograft models are
attributed to the lack of a mature endothelium, interrupted coverage by astrocytes, and
disrupted organization of intercellular junctions [32].

3.2. Genetic, Epigenetic, and Molecular Drivers of Resistance

One prominent driver of treatment resistance in cancers is the ATP-binding cassette
transporter superfamily [33,34]. This gene family has 50 members in humans that operate
as membrane-encased pumps and shuttle various substrates in the body [33]. Cancer drug
resistance has been linked to overexpression of drug efflux pumps in the ABC transporter
superfamily, with ABCB1 in particular being connected to chemoresistance in brain tumors
such as medulloblastoma [33–35]. Several drugs such as etoposide and vincristine that
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are used to treat medulloblastoma patients are substrates of ABCB1, which hampers the
efficacy of these chemotherapeutic agents [34]. In addition to ABCB1, multiple other ABC
transporters have been linked to cancerous drug resistance such as ABCG2, ABCC1, and
ABCC2 [33,34].

There are many genetic factors related to drug resistance that are separate from ABC
transporters as well. A seven-gene drug tolerant signature (LTBP1, MAP1A, MBNL2,
LGALS1, PNRC1, DAB2, and PLAAT3) was recently discovered in multiple drug-resistant
cell lines of medulloblastoma in a study regarding acquired drug resistance to cisplatin
and vincristine [35]. Of all these genes, only LGALS1 has been researched for its connec-
tion to medulloblastoma, where it is activated by the SHH pathway and upregulated in
patients with the SHH medulloblastoma subtype [35]. Another gene set comprising of ATR,
LYK5, MPP2, PIK3CG, PIK4CA, and WNK4 has been connected to increased proliferation
and cisplatin resistance in medulloblastoma, particularly with overexpressed LYK5 and
PIK3CG [36]. Specifically, it has been noted that the inhibition of kinase p110γ (which is
encoded by PIK3CG) increases medulloblastoma sensitivity to cisplatin, and that the p110γ
phosphoinositide 3-kinase isoform can serve as an effective target for medulloblastoma
therapy [36]. There are also different types of genes such as members of the metalloth-
ionein (MT) gene family that have been connected to drug resistance in medulloblastoma
for chemotherapeutic agents like carmustine (BCNU) [37]. Upregulated members of the
MT gene family (MT2A, MT1X, MT1L, MT1A, MT1E, MT1F, MT1H, MT1B) code for low
weight and thiol-rich proteins that have been associated with chemoresistance; mecha-
nistically, thiol groups in MTs are known to form covalent bonds with the electrophilic
centers of various therapeutic drugs like chlorambucil, melphalan, cyclophosphamide, and
mechloroethamine [37]. BCNU and its relative decomposition products are known to have
similar types of electrophilic centers to the previously listed drugs, likely indicating that
the observed BCNU resistance may stem from this same type of drug-deactivating covalent
linkage [37].

There are also several other known genetic drivers of resistance. Gene mutations of
SUFU (a SHH-pathway regulator) are a noteworthy driver of drug resistance in medul-
loblastoma, as they have been observed to induce resistance to the SMO inhibitor, vismod-
egib [38]. Additionally, abnormal TP53 gene expression is another genetic driver involved
with over half of all human cancers, and TP53 mutations can cause significant changes that
alter genetic and protein-related activities [39,40]. Increased TP53 expression is connected
to chemoresistance in medulloblastoma, and it has been noted that p53 suppression boosts
drug sensitivity in multiple types of medulloblastoma [40]. The inhibition of melanoma
antigen (MAGE) and G antigen (GAGE) genes have also been connected to increased
apoptosis of medulloblastoma cells and sensitivity to certain chemotherapeutic drugs like
cisplatin and etoposide, suggesting that they play a notable role in chemoresistance [41].
MAGE and GAGE genes belong to the cancer/testis associated protein family (CTA), which
is associated with cell proliferation, differentiation, and survival [42]. Additionally, mi-
croRNA dysregulation is another gene-related factor that was identified as a primary driver
of medulloblastoma chemoresistance in a recent study [43]. Abnormal SHH signaling
activation can arise from SMO inhibition via dysregulated miRNAs binding to the 3′ un-
translated regions of SMO miRNA [43]. Specific types of miRNA upregulation in granule
progenitor cell differentiation can also inhibit growth and allow for cell maturation, as well
as target the downstream oncogene GLI1 [43]. These factors suggest that dysregulated
miRNAs can abnormally activate SHH signaling and confer chemoresistance.

Epigenetic factors can play important roles in drug resistance as well. Multiple oral
DNA alkylating drugs like temozolomide and lomustine have activity levels that are
suppressed by the overexpression of O6-methylguanine-DNA-methyltransferase (MGMT),
which is a feature of many medulloblastoma tumors in patients as well as a resistance
mechanism that inhibits the therapeutic efficacy of both drugs [34]. Furthermore, H3 lysine
27 trimethylation (H3K27me3) is another epigenetic mechanism associated with multi-drug
resistance in various types of cancers, and it has also been connected to medulloblastoma



Cancers 2024, 16, 2249 8 of 26

radiotherapy resistance [44,45]. Separate methylation mechanisms such as aberrant CRABP-
II methylation have also been identified as resistance-causing factors; in the case of CRABP-
II, aberrant methylation was found to induce resistance to the anti-cancer agent retinoic
acid [46].

Molecularly, there are numerous factors that contribute to drug resistance in medul-
loblastoma. Y-box binding protein 1 (YB-1) is a protein that has been associated with
chemoresistance [35]. YB-1 has been connected to most mRNA and DNA-related cell
processes including DNA repair, proliferation, and replication [35]. YB-1 gene expres-
sion is associated with medulloblastoma mortality and seems to indirectly regulate cell
death-related gene transcription and inflammatory activity, as well as being involved in
cell invasion [35]. YB-1 may also serve as an interacting factor for MYC oncoprotein,
which further details the important role that YB-1 plays in the progression of medulloblas-
toma [35]. There is also evidence that YB-1 knockdown increases drug sensitivity for
numerous chemotherapeutic agents and that it is linked to cellular resistance mechanisms
in medulloblastoma, such as ABCB1-related resistance [35]. Additionally, there are other
proteins, such as the anti-apoptotic BCL-2 family member proteins, that mediate resistance
mechanisms in medulloblastoma [34]. Members of the BCL-2 family such as BCL-XL
and MCL-1 have been specifically highlighted for their chemoresistance properties in
medulloblastoma, since anti-apoptosis is a key characteristic of cancer that is related to
chemoresistance [34,47]. Furthermore, mutations of certain proteins are known to confer
drug resistance in medulloblastoma as well; for example, SMO mutations resulting from
use of the Hedgehog inhibitor GDC-0449 can disrupt the binding of drugs and induce drug
resistance [48].

There are other molecular factors that contribute to treatment resistance. For instance,
inhibition of Estrogen Receptor β (ERβ), a supplemental therapeutic strategy, decreases
cisplatin efficacy against medulloblastoma cells [49]. ERβ has also been connected to
medulloblastoma cell growth and motility in addition to its chemoresistant effects with
cisplatin treatment [49]. Calcium-tissue concentrations are another molecular factor that
have been connected to medulloblastoma therapy resistance, with abnormal cytosolic Ca2+

activity being characterized as a driver of resistance [50]. Additionally, p90 ribosomal S6
kinase (RSK) inhibition has been found to circumvent SMO resistance, suggesting that RSK
plays an important role in the development of this resistance [51].

3.3. Overexpression of Alternative Pathways/Downstream Effectors

There are numerous pathways besides the WNT and SHH pathways that are upreg-
ulated in medulloblastoma. Firstly, the IL-6/STAT3 pathway has been associated with
tumorigenesis and acquired resistance in Group 3 MBs specifically [52]. STAT proteins are
associated with multiple types of cancer, with STAT3 phosphorylation occurring down-
stream of Janus Activated Kinases (JAKs) being associated with cancerous drug resis-
tance [52]. IL-6 is a critical cytokine for tumorigenesis that serves as an upstream regulator
of STAT3 and is closely involved with STAT3 phosphorylation and activation [52].

Moreover, the NOTCH network is also an important player in medulloblastoma drug
resistance. Normally, the NOTCH network is involved with embryonic development and
tissue homeostasis [53]. However, it also has direct connections to chemoresistance because
of its immune response and microenvironment maintenance roles for tumors, thereby
making it a critically important pathway related to chemoresistance [54]. The NOTCH
signaling pathway helps balance the ratio of cell proliferation to apoptosis [55]. A skewed
balance in favor of proliferation over apoptosis that occurs with NOTCH dysregulation
is undoubtedly connected to tumorigenesis and drug resistance, as inhibited apoptosis is
associated with therapy resistance [47].

The mTOR pathway is another key pathway and known mechanism of resistance for
medulloblastoma [56]. mTOR is a critical coordinator of cellular growth and cross-talks
with the IDO1 pathway, leading to immunosuppression and induced resistance [56]. The
mTOR pathway has numerous activators such as kinases p110γ and LYK5 that play into
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proliferation and chemoresistance [36]. It is also noteworthy that the IGF/PI3K pathway,
which normally serves a critical role during neonatal and pubertal development, have been
connected to proliferation and resistance in multiple types of cancer including medulloblas-
toma [57]. Furthermore, the activation of several other pathways such as RAS/MAPK and
the AKT/PIK3 pathway have been found to cause SMO inhibition resistance in an SHH
cell line [58]. Specifically, PI3K signaling boosts SMO expression and its corresponding
downstream effector GLI2, and it has been shown that PI3K inhibition has slowed the de-
velopment of treatment resistance with medulloblastoma [58]. Additionally, the previously
mentioned protein SUFU is a downstream effector of SMO in the SHH pathway along with
GLI1. Herein, activating mutations of either SUFU or GLI can confer notable resistance to
SMO inhibitors [54].

3.4. Cancer Stem Cells

The role of cancer stem cells in the progression, aggressiveness, metastatic behavior,
and resistance to treatment of several tumor types has been heavily studied and elucidated
in the literature [59–62]. Cancer stem cells are characterized as a subset of tumor cells
that have an inexhaustible self-renewing capacity that can reestablish the tumor and drive
recurrence [63]. This subset of cells also maintains a multipotent undifferentiated state
that has the potential to give rise to various differentiated progeny [63]. Additionally,
cancer stem cells are privileged by a set of characteristics that makes them more resistant
to therapeutic modalities. These characteristics include quiescence, expression of drug
efflux transporters, augmented ability to scavenge reactive oxygen species (ROS) and repair
DNA damage, overactivation of protective developmental and stemness pathways, and
enhanced ability to cope with stressful microenvironmental conditions (hypoxia, nutrient
deprivation, inflammation, etc.) [64].

In this context, medulloblastoma stem cells (MBSCs) have attracted significant atten-
tion as primary contributors to treatment resistance and recurrence. One of the important
avenues in this domain was the characterization of the specific signatures that are unique
to MBSCs and that set them apart from the remaining medulloblastoma cells within the
tumor. One of the most popular stem cell markers is CD133, also known as prominin-1
(PROM1). The importance of this marker as an identifier of MBSCs was first elucidated
in 2003 [65], when Singh et al. demonstrated the self-renewal capacity of CD133+ medul-
loblastoma cells which was limited in CD133− cells. Further studies emphasized the role of
CD133, the high expression of which also correlates with worse prognosis for patients with
medulloblastoma [66]. In addition, colonies expressing CD133, as well as other stemness
markers such as Nestin, were found to exhibit resistance to radiation therapy and treatment
with TNF-related apoptosis-inducing ligand (TRAIL) [67,68].

Alternatively, in the PTCH haploinsufficient (PTCH+/−) model of SHH medulloblas-
toma, CD133+ cells do not appear to be a major population of self-renewing stem cells.
Instead, CD15+ cells were the colony that exhibited a multipotent self-regenerating poten-
tial [69]. Another marker that is specifically important in PTCH+/− SHH medulloblastoma
is SOX2. In fact, SOX2+ MBSCs offer a tie-in with the neurodevelopmental origins of
medulloblastoma tumorigenesis, because these cells constitute a transient subpopulation
that gives rise to the external granular layer during cerebellar development [70]. How-
ever, the persistence of SOX2+ cells in SHH-activated medulloblastoma is associated with
worse prognosis, resistance to the SMO inhibitor vismodegib, and resistance to antimitotic
chemotherapeutic agents [71]. Finally, a third signature that has been shown to play criti-
cal roles during the different phases of SHH-activated medulloblastoma development is
OLIG2. Specifically, OLIG2+ cells are enriched in the initial phase of tumor establishment
and growth, then they regress into a quiescent population in the mature tumor [72]. Never-
theless, these cells are reawakened during recurrence and have the ability to reestablish the
tumor and drive treatment resistance [72].

On the other hand, despite their critical role in driving SHH-activated medulloblas-
toma initiation and recurrence, neither SOX2 nor OLIG2 were found to be correlated with
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poor outcomes in Group 3 medulloblastoma, highlighting a role for a different population
of stem cells. Indeed, SOX9 expression correlates with poor prognosis in Group 3 medul-
loblastoma, and SOX9+ MBSCs have been shown to be enriched in relapsed and treatment
resistant tumor subpopulations [73].

When it comes to specific molecular pathways that contribute to the resilience and
treatment resistance of MBSCs, several effectors have been investigated and proven to
contribute in different ways. For instance, the Notch pathway is implicated in the re-
sponse of MBSCs to hypoxic conditions and the hypoxia inducible factor (HIF)-1α-induced
maintenance of the undifferentiated status [74]. In addition, radiation therapy has been
proven to result in the overactivation of the PI3K/Akt pathway in MBSCs as an adaptive
mechanism, while inhibiting this pathway resulted in a greater sensitization of these stem
cells to radiation therapy [75].

3.5. Intratumoral and Intertumoral Heterogeneity

The clonal heterogeneity of tumors has long been studied as one of the major contrib-
utors to treatment resistance in cancer and one of the main reasons behind the failure of
certain targeted therapies despite preclinical promise. The revolution in ability to profile the
molecular, genetic, and epigenetic landscape at the single cell level brought the importance
of intra and intertumoral heterogeneity into the light, and since then, great leaps have been
made to discover this heterogeneity at various levels [76]. In this context, Hovestadt et al.
characterized the different metaprograms that dominate the transcriptional landscape of
each subtype of medulloblastoma (Figure 2). Herein, they identified four cellular states
within WNT-activated MB, and each of these states was related to cell-cycle progression,
protein biosynthesis and metabolism, neuronal differentiation, or the WNT pathway it-
self [77]. Cells within WNT-activated MBs would perform variably on each of these axes.
In fact, the same study found that a niche of cells that had high protein biosynthesis and
metabolism capacity but performed low on the neuronal differentiation and WNT pathway
axes was a major driver of tumor growth and survival. As for SHH-activated MB, the
transcriptional metaprograms present with SHH-activated MBs were cycle-associated, early
neurodevelopmental progenitor-like, and more differentiated neuronal-like [77]. Similarly,
three metaprograms were identified for group 3 and group 4 MBs, which are related to
cell cycle progression, undifferentiated progenitors, and differentiated neuronal-like states.
Interestingly, group 3 tumors had a predominance of malignant cells that manifested the
undifferentiated state, whereas group 4 tumors had a predominance of those that exhibited
a more differentiated profile [77].

Riemondy et al. also utilized single-cell RNA sequencing to investigate the intratu-
moral heterogeneity within each of the different subtypes. They were able to identify a
greater number of cellular states within each subtype; however, they still belonged to the
same metaprograms characterized previously [78]. Riemondy et al. not only corroborated
the tumoral heterogeneity at the malignant cell level, but also explored this heterogeneity at
the level of the tumoral microenvironment (TME). In specific, they identified separate cellu-
lar states and programs that characterize the immune cells present in the TME [78]. Beside
the classical classification into lymphoid and myeloid cells, they further classified myeloid
cells into two populations. One was named the complement myeloid (complement-M)
population, which shows a substantial expression of the subunits related to complement
component 1q [78]. This complement system is implicated in the elimination of synapses
during neural development [79]. Another was identified as a population of myeloid cells
that overexpresses phagocytosis markers that are closely associated with the immunoregu-
latory M2 polarization. This population was named the M2-activated myeloid population
(M2-M) [78]. These two populations show a differential distribution within different sub-
types of MB, with the SHH-activated subtype being notorious for the abundance of M2-M
population [78]. The TME heterogeneity is not limited to that of myeloid cells but is also
observed at the level of T-cells and non-immune components of the environment, such as
fibroblasts [80]. As expected, these differences in the TME have implications when it comes
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to responses to therapy. For instance, Pham et al. found that, in a murine medulloblastoma
model, group 3 medulloblastoma tumors have a greater infiltration of PD-1+ CD8+ T-cells
as compared to SHH-activated medulloblastoma [81]. This observation translated into an
augmented effect for the immune checkpoint inhibitor, anti-PD-1, in group 3 tumors [81].
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Another important type of heterogeneity that significantly impacts treatment response
is the intertumoral heterogeneity that exists between primary and recurrent medulloblas-
tomas. Clinically, recurrent tumors or metastases are usually treated based on the assump-
tion that they carry the same characteristics as their primary tumors. The molecular and
genetic profiles of recurrent tumors are hard to confirm, since they are not frequently
resected or biopsied at the time of recurrence due to associated morbidity and complica-
tions [82]. In this context, Ramaswamy et al. confirmed that the molecular subtype of
medulloblastoma at recurrence is consistent with that of the original tumor [83]. This might
be related to the fact that different molecular subtypes have different neurodevelopmental
origins [27]. However, despite this lack of subtype switching, the recurrent tumors display
significant divergence from the distribution of cellular states and genetic footprint of the
primary tumor [82]. This change in the tumor’s clonal architecture and the rise of resistant
colonies during recurrence hinders the most effective response to treatment. Hence, a
suggested method to prevent this is preemptively targeting the molecular pathways that
are responsible for driving resistance in the initial management of the primary tumor [82].
However, further studies are needed to select the most effective targets and validate the
efficacy of this strategy.
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3.6. Metabolic Plasticity

The concept of metabolic reprogramming in cancer cells has been around since Otto
Warburg highlighted the extensive reliance of cancer cells on glycolysis without oxidative
phosphorylation even in the presence of oxygen, which is known as “aerobic glycolysis” or
“the Warburg effect” [84,85] and is considered one of the hallmarks of cancer [86]. However,
the impressive plasticity of this reprogramming and its various contributions to cancer ini-
tiation, progression, and resistance has attracted significant attention over the past decades.
Indeed, metabolic rewiring can impact cancer cells’ response to hypoxia, oxidative stress,
and other anti-tumor effects achieved by therapeutic agents and subsequently contribute to
the tumor’s resistance to these agents [87,88]. In specific, the landscape of metabolic repro-
gramming has been explored in the context of medulloblastoma even beyond the scope
of glycolysis, and now includes evidence on plasticity in a myriad of metabolic pathways,
such as glutaminolysis, lipid metabolism, amino acid metabolism, and nucleotide synthesis
pathways [89]. In fact, the different molecular subtypes of medulloblastoma were found to
have different metabolic signatures [90]. For instance, major prognostic pathways in group
3 medulloblastoma were those related to tyrosine metabolism and the pentose phosphate
pathway, while the serine synthesis pathway and one-carbon cycle were significant players
when it comes to the prognosis of SHH-activated and group 4 MBs [90].

Recently, more attention has been diverted towards studying the metabolic changes
that can occur in medulloblastoma in response to treatment and how this dynamic rewiring
contributes to resistance. For instance, Sun et al. generated a model of radioresistant
medulloblastoma cells from the ONS-76 cell line. The resistant cells exhibited low mi-
tochondrial respiration and subsequently maintained a low ROS level. They also had
higher lactate production and existed in a low energy state as compared to their parental
cells [91]. Treating the cells with dichloroacetate (DCA), which can disrupt the metabolic
patterns established by the resistant colonies, resulted in higher ROS production, increased
sensitivity to radiation therapy, reversal of the stemness characteristics of the cells, and
reduction in their DNA repair ability [91]. This portrays the importance of the metabolic
adaptations in generating and maintaining resistance to therapy. Additionally, Bakhshinyan
et al. studied the differential gene expression in a patient-derived xenograft model of re-
current therapy-resistant medulloblastoma and highlighted several pathways and cellular
processes that drive therapeutic resistance and relapse. Among these pathways, oxidative
phosphorylation and lipogenesis appeared to be overexpressed in the refractory model
of medulloblastoma [50]. Interestingly, lipid homeostasis has been implicated in the resis-
tance of SHH-activated medulloblastoma to CDK4/6 inhibitors. Herein, the endoplasmic
reticulum stress that is induced by CDK4/6 suppression promotes the production of SMO-
activating sterol lipids [92]. These lipids in their turn drive sustained SHH signaling, cancer
cell survival, and subsequent resistance to treatment [92]. These studies, although few in the
context of medulloblastoma, open the door for further investigation into the contribution of
metabolic rewiring to treatment resistance and how targeting this process can be leveraged
to circumvent recurrence and augment the action of existing therapeutic modalities.

4. Therapeutic Modalities to Overcome Resistance
4.1. Disrupting the Blood Brain Barrier

As elaborated previously, WNT-activated medulloblastoma is the only subtype with
a ‘leaky’ BBB and BTB [31]. The remaining medulloblastoma subgroups, much like other
CNS malignancies, present a major challenge to therapy resulting in poor drug penetrance
through these barriers [15]. Chen et al. hypothesized that SOX2 positive cells are the main
constituents of an impermeable blood tumor barrier in medulloblastoma. SOX2 is also a
major stemness factor in SHH-activated medulloblastoma. Further investigations identified
Piezo 2 as a modifier of SOX2 expression. Knockdown of Piezo 2 in mice medulloblastoma
models resulted in decreased expression of the quiescent phenotype of SOX2+ cells and
increased permeability of etoposide through the BTB. Additionally, it was observed that



Cancers 2024, 16, 2249 13 of 26

SOX2+ cells sheathe the capillary endothelial cells and can directly influence its morphology
via the WNT/β catenin pathway [93,94].

A popular method that is used for increasing drug permeability to the brain is en-
capsulating them in nanoparticles (Figure 3). In this context, the use of fucoidan-based
nanoparticles that are targeted towards P-selectin for the delivery of vismodegib has
shown impressive efficacy in delivering the drug in a selective manner and improving its
permeability across the BBB [95]. Moreover, non-targeted nanocarriers can also achieve
augmented crossing of drugs through the BBB. Herein, Hwang et al. loaded vismodegib
into polyoxazoline block copolymer micelles, which led to an enhanced delivery of the
drug and significantly superior survival in a medulloblastoma mouse model as compared
to untreated controls and mice that received free vismodegib [96]. The same group also
found that the encapsulation of the CDK4/6 inhibitor, palbociclib, into polyoxazoline
nanoparticles resulted in an improvement in the delivery of the drug and a significant
survival advantage in a mouse model of an aggressive SHH medulloblastoma [97].
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Figure 3. The structure of the BBB and mechanisms to overcome it. (Left panel) The BBB is composed
of endothelial cells that are connected to each other by tight junctions, and backed up by pericytes
and foot processes of astrocytes. This structure impedes the delivery of therapeutic agents to brain
tumors. (Right panel) Some of the methods that have been used to overcome the BBB are low-
intensity focused ultrasound, which can transiently disrupt the integrity of the BBB, and drug-loaded
nanoparticles, which have a better ability to penetrate the barrier. The action of focused ultrasound
is dependent on the presence of microbubbles that are injected systemically. These microbubbles
which should be present in the blood stream respond to the ultrasound waving through cavitation
and contribute greatly to the mechanical disruption of the BBB.

Recently, attention has been directed towards harvesting the potential of focused
ultrasound (FUS) technology. In particular, low intensity FUS has a wide set of applications,
primarily BBB disruption, improved drug delivery, and immune response enhancement [98].
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Microbubbles are an important component for energy transfer from these low intensity
ultrasound waves to target tissues [99] (Figure 3). For instance, the delivery of siRNA
molecules engineered for SMO knockdown in preclinical group II medulloblastoma models
using microbubble-enhanced FUS demonstrated increased blood-brain barrier permeability
and effective drug delivery to target [100].

Additionally, the use of image-guided drug delivery has also emerged as an appealing
avenue for enhanced theranostic targeting and to complement the effects of nanomedicine.
Several applications have been suggested for image-guided drug delivery, including utiliz-
ing it to enhance the delivery of nanoparticles or to predict the response to nanotherapeutic
approaches [101,102]. For instance, combining the drug-loaded magnetic nanoparticles,
which can be guided to the brain using MRI, with targeted focused ultrasound to disrupt
the BBB has shown enhanced drug delivery and demonstrated the ability to track drug
distribution in the brain [103].

4.2. Targeting Genetic, Epigenetic, and Molecular Drivers of Resistance

Several efforts have been channeled towards targeting the different drivers that pro-
mote the development and maintenance of treatment resistance in medulloblastoma. In
this context, Nakata et al. showed that epigenetic targeting via the histone deacetylase
(HDAC) inhibitor RG2833 in WNT and SHH medulloblastoma results in hypomethylation
of the Schlafen11 gene and overproduction of SLFN11, which makes tumor cells vulnerable
to cisplatin treatment as confirmed in rodent models [104]. Similarly, epigenetic regula-
tion of MYC through pharmacological and genetic inactivation of the upstream Ableson
tyrosine kinase (ABL1/2) results in decreased C-MYC expression and tumor progression.
ABL inhibition also downregulates the epithelial mesenchymal transition (EMT) to restrict
leptomeningeal dissemination of tumor cells [105]. Protein arginine methyltransferase
5 (PRMT5) has also been recognized as an epigenetic promoter and stabilizer of MYC in
various cancers [106]. Clinical trials are ongoing to assess the efficacy of PRMT inhibitors
in breast cancer (NCT04676516), gliomas (NCT04089449) and various hematological ma-
lignancies (NCT03886831, NCT03573310). TNG908 has been reported as a potent PRMT5
inhibitor with the ability to cross the blood-brain barrier in recent trials (NCT05275478).
SSRP1, a subunit of the histone-chaperone FACT complex, has emerged as another promis-
ing drug target in MYC amplified medulloblastoma. Curaxin drug CBL0137, a FACT
inhibitor, displayed acceptable safety levels and anti-tumor effects in a recent phase I
clinical trial (NCT01905228) [107,108]. On the other hand, radio-resistance develops in
group 3 and 4 medulloblastoma by means of activation of pathways promoting DNA
repair and cell proliferation. EZH2 (enhancer of zeste 2 polycomb repressive complex
2 subunit) dependent degradation of trimethylated H3K27 is a major pathway in this
mechanism. The H3K27me3-deficient medulloblastoma cells express overactivity of the
PI3K/AKT pro-survival pathway. Upstream inhibition of AKT signaling or BET mediated
silencing of EZH2 via JQ1 are potential therapeutic targets in radiation resistant, relapsing
medulloblastomas [44].

The mTOR pathway is also frequently associated with all subgroups of medulloblas-
toma. In medulloblastoma cell lines, a rapamycin-dependent increase in indoleamine
2,3-dioxygenase 1 (IDO1) contributes to the immune surveillance escape of tumor cells.
IDO1 catalyzes amino acid degradation, and this change in the microenvironment interferes
with mTOR autophagy signaling. IDO1-induced FOXP3 upregulation is not completely
understood, but the increased Treg population in the tumor neurosphere contributes im-
mune tolerance to these cells [56]. Thus, IDO1 antagonists can be considered as novel
drug candidates. Moreover, mTOR inhibitor resistance is an emerging obstacle in cancer
treatment and can be overcome by administering multi-drug combination therapy with
second generation mTOR inhibitors and PI3K/AKT inhibitors [58].

Vismodegib, an SMO inhibitor, is the most widely used drug in SHH-activated medul-
loblastoma. However, resistance usually develops due to SMO mutations and epigenetic
or downstream molecular target variations in the hedgehog pathway. Moreover, first
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generation SMO antagonists are usually not active in medulloblastoma subtypes harboring
SUFU mutations and MYCN/GLI2 amplifications. Sonidegib, a second-generation SMO
inhibitor, is currently under phase I/II clinical trials in recurrent and highly metastatic
SHH amplified medulloblastoma (NCT01125800, NCT01708174). Additionally, HhAntag
(a benzimidazole) and the bis-amide class of SMO inhibitors was able to exert inhibitory
effects even against vismodegib-resistant SMO both in vitro and in vivo [109]. Clinical trials
targeting inhibition of downstream targets like GLI in SMO-mutated resistant medulloblas-
toma via Silmitasertib, a potent and selective casein kinase 2 inhibitor (NCT03904862) and
Samotolisib, a PI3K inhibitor (NCT03213678 and NCT03155620), have shown promising
results (Figure 4). Finally, the direct inhibition of GLI through the use of GLI antagonist
61 (GANT61) or arsenic trioxide (ATO) has shown great promise against therapy-resistant
medulloblastoma [27].

The ABCB receptor family, which act as ATP-dependent multidrug pumps, are also key
regulators of chemoresistance in SHH medulloblastoma. The ABCB1 receptor, primarily
responsible for promoting vincristine resistance, is positively associated with upregulation
of Y-box binding protein 1 (YB-1). YB-1 is also implicated in enhancing the metastatic
potential in various other cancers such as hepatocellular carcinoma, renal cell carcinoma
and breast carcinoma [110–112]. In vitro analysis of YB-1 suppression via BRD7 interaction
demonstrated diminished metastatic potential of breast cancer cell lines [112]. Taylor et al.
conducted a cell culture-based analysis of YB-1 knockdown in SHH and Group 3 resis-
tant medulloblastoma cell lines, via shRNA lentiviral transfection (Table 2), and observed
a significant decrease in the invasive potential and increased sensitivity to vincristine,
Panobinostat (a histone deacetylase inhibitor), and JQ1 (a BET bromodomain inhibitor) [35].
Additionally, BET inhibitors can also successfully suppress SMO signaling via GLI inhibi-
tion [113]. Trametinib, a MEK inhibitor, has shown encouraging results in primary studies
targeting resistant SHH medulloblastoma [114]. In a parallel fashion, CK2 upregulation,
associated with poor prognosis in various malignancies, has been assessed, and CX-4945
was identified as the first orally bioavailable selective CK2 inhibitor to be translated into
clinical trials [115–117]. Rodent model-based studies targeting alternate tumor growth
pathways reveal that transfection of cisplatin-resistant mouse medulloblastoma models
with miR-29c-3p downregulates the lncRNA CRNDE expression to increase drug sensitivity,
induce apoptosis, and inhibit metastasis [118] (Table 2).

Additionally, inhibiting the previously discussed molecular targets involved in the
anti-apoptotic pathways has been explored as a potential strategy to attenuate treatment
resistance and promote cell death. Herein, the anti-apoptotic proteins, BCL-XL and MCL-1,
have emerged as tractable targets. In specific, the BCL-XL/BCL-2 inhibitor, ABT-263 (Navi-
toclax), has been shown to induce cell death in medulloblastoma [119]. Additionally, BCL-
CL inhibition has shown a synergistic action with the anti-mitotic agent MLN8237 [120]
and HDAC inhibitors [121]. In a similar fashion, the MCL-1 inhibitor, A-1210477, showed
significant synergism with the GLI-1 inhibitor, GANT61, to induce apoptosis in SHH-driven
medulloblastoma [122]. However, the therapeutic effects of these agents, especially ABT,
might be hindered by their poor BBB permeability [123]. Hence, further investigation into
enhancing their delivery to brain tumors is needed before they can move to clinical trials.

Table 2. Summary of the non-coding RNAs that have been shown to decrease treatment resistance in
medulloblastoma.

Non-Coding RNA Target Effect Reference

shRNA YB1 Suppress invasion and increase sensitivity to vincristine, Panobinostat, and JQ1 [35]

miR-29c-3p - Augment drug sensitivity, promote apoptosis,
and inhibit metastasis [118]

siRNA SMO Induce apoptosis in SHH-activated medulloblastoma cells [100]

miR-23a-3p GLS Reverse metabolic changes and increase sensitivity to cisplatin [124]

shRNA, short hairpin RNA; siRNA, small interfering RNA; SMO, smoothened; GLS, glutaminase.
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Figure 4. The mechanisms that drive resistance to SMO inhibitors (vismodegib and sonidegib) and
potential targeted therapies to overcome them. (A) Hedgehog signaling is initiated with the binding
of SHH to its receptor PTCH1. This lifts the inhibition that PTCH1 exerts on SMO and allows the
latter to initiate a downstream cascade of events. The cascade starts with lifting the control that SUFU
exerts over GLI proteins. This SMO-induced activation of GLI promotes the nuclear translocation of
this factor and the subsequent transcription of other effectors in the HH pathway that are involved in
tumorigenesis. Other mechanisms that are involved in the activity of GLI proteins are the epigenetic
regulators that promote their expression, such as BRD4 and CK2. Vismodegib and sonidegib are
used to inhibit the activation of the SHH pathway through their action as direct inhibitors of SMO.
The mechanisms implicated in the treatment resistance against these SMO inhibitors mainly involve
mutations in proteins, such as SUFU and GLI, that are part of the SHH pathway downstream of SMO
or the convergence of other overactivated pathways, such as AKT/PI3K and MEK/ERK, on major
players of the SHH pathway. (B) Targeting the aforementioned mechanisms and molecular drivers
can abrogate the treatment resistance to SMO inhibitors when used as a combination therapy. This
includes the use of direct GLI inhibitors, such as GANT61 and ATO, or inhibitors of the alternative
overactivated pathways, such as the PI3K inhibitor, samotolisib, and the MEK inhibitor, trametinib.
Additionally, targeting the epigenetic regulator of GLI expression can also be utilized through the
inhibition of BRD4 using JQ1 and CK2 using silmitasertib. ATO, arsenic trioxide; BRD4, bromodomain
4; CK2, casein kinase 2; GANT61, GLI antagonist 61; GLI, glioma-associated oncogene; HH, hedgehog;
PTCH1, patched 1; SHH, sonic hedgehog; SMO, smoothened.

4.3. Targeting Cancer Stem Cells

Stem cells pose a unique challenge when it comes to solid CNS tumors. Singh et al.
reported that these stem cells or tumor initiation cells have remarkable properties of self-
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renewal, proliferation, and differentiation. They also identified important markers of
stemness such as CD133, SOX2, Musashi1, BMI1, etc. [65]. Huang and colleagues reported
the signal transducer and activator of transcription 3 (STAT3) as one of the major pathways
being upregulated in CD133+ cells [125]. STAT3 inhibitors, cucurbitacin I or celecoxib, can
attenuate the stem-like capabilities of CD133+ MBSCs and enhance the sensitivity of CD133+
MBSCs xenografts to both chemotherapy and radiation therapy [126,127]. Additionally,
sodium butyrate (NaB) is a potent inhibitor of medulloblastoma stem cell expression [128].
In fact, NaB-mediated inhibition of histone deacetylase (HDAC) and ERK/MAPK signaling
in two varied medulloblastoma cell lines exhibits downregulation of stemness markers
CD133 and MBI1 and reduced cell survival and proliferation [129]. Mithramycin, a SOX2
inhibitor, has been shown to inhibit SHH medulloblastoma tumor growth in culture and is
a favorable therapeutic agent [130]. Additionally, JQ1, a BRD4 inhibitor, has also shown
promising results in suppressing the expression of stemness markers SOX2, Nestin, and
Nanog in medulloblastoma stem cells and inhibits organoid formation in vitro and growth
of implanted cells in vivo [71]. Additionally, inhibition of the previously discussed NOTCH
pathway in group 4 medulloblastoma has piqued interest from various research groups.
Huang et al. demonstrated that NOTCH inhibition through γ secretase inhibitors cause
inhibition of the HIF1α mediated stem cell differentiation and has the potential to improve
disease prognosis [125]. Furthermore, Frasson et al. found that the inhibition of the PI3K
signaling pathway suppresses the proliferation of CD133+ medulloblastoma stem cells
and promotes apoptosis in these cells [131]. Interestingly, these stem cells were also found
to be more sensitive to PI3K inhibition compared to the remaining cell population in
medulloblastoma tumors [131].

4.4. Disrupting Metabolic Patterns

Several metabolic pathways have been investigated as tractable targets to offset
metabolic reprogramming and overcome treatment resistance. Ge et al. conducted an
in vitro analysis of patient-derived medulloblastoma tumor cell samples and established
that the long non-coding RNA nuclear paraspeckle assembly transcript 1 (NEAT1), which
is overexpressed in various tumor cells [124,132–134], is associated with cisplatin resistance
in medulloblastoma. NEAT1 promotes the production of glutaminase (GLS) in tumor
cells, which contributes to a shift in the glucose and glutamine metabolic pathways. This
Warburg Effect [135] leads to greater survival in a hypoxic environment and drug escape
in these cells. They also concluded that inhibition of GLS production through extrinsic
administration of miR-23a-3p results in increased sensitivity to cisplatin and better thera-
peutic outcomes [134]. Other metabolic targets in resistant medulloblastoma include the
nucleoside biosynthesis pathway. Recent studies conducted in group 3 MYC-amplified
medulloblastoma elucidate that reprogramming of the purine biosynthesis and energy
pathways are characteristic findings in resistant medulloblastoma, thus proving to be
potential molecular targets [50]. Purine analogues fludarabine, cladribine, clofarabine,
and 8-azaguanine act synergistically with the conventional VECC (Vincristine, Etoposide,
Cisplatin, and Cyclophosphamide) drug cocktail in non-WNT medulloblastoma to sensitize
cells to chemotherapy [136]. Furthermore, targeting energy metabolism pathways in the
hypoxic tumor microenvironment has proven to be a promising course of treatment. In this
context, phenformin, an inhibitor of the mitochondrial glycerophosphate dehydrogenase,
leads to decreased glucose utilization in SHH and group 3 tumor cells in the hypoxic
microenvironment, hence reducing survival [137]. Similarly, GNE-140, a lactate dehydro-
genase A and B (LDHA/LDHB) inhibitor, induces regression of medulloblastoma group
3 organoids in culture [138]. Finally, as discussed previously, enzymes responsible for
the production of SMO-activating lipids confer resistance in medulloblastoma cells and
are recent therapeutic targets. Latest investigations have identified HSD11β2 as one such
enzyme, and its inhibition with carbenoxolone (CNX) enhances the efficacy of the CDK4/6
inhibitor abemaciclib [92].
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4.5. Harvesting the Potential of the Immune System
4.5.1. Chimeric Antigen Receptor T-Cells (CAR T-Cells)

The status of the brain as an immune-privileged organ renders medulloblastoma
cells unsusceptible to immune surveillance by peripheral T-cells, macrophages, NK cells,
etc. On top of that, the presence of tumor-associated macrophages (TAMs) in the niche
tumor microenvironment have previously been associated with detrimental effects like
promoting growth, invasion, and metastasis through the secretion of pro-inflammatory cy-
tokines including CCL-2 and TGF-β in solid CNS tumors like glioblastoma. Paradoxically,
TAMs in medulloblastoma have been associated with restricted tumor growth and overall
better prognosis [139,140]. Hence, complementing the anti-tumor actions of TAMs, the
delivery of genetically modified CAR T-cells targeting specific tumor markers is a prospec-
tive therapeutic approach. Clinical trials targeting the expression of B7-H3 in various
CNS tumors and IL13Ralpha2-CAR T, a brain tumor-specific CAR-T cell (NCT04185038,
NCT04661384), are currently in phase I stage. HER2 expression is particularly associated
with group 3 medulloblastoma, and CSF administration of CAR-T cells targeting has shown
to be an effective therapeutic modality [141] (NCT03500991).

4.5.2. Oncolytic Virotherapy

Oncolytic viruses are designed to specifically infect and kill tumor cells. They cause
epitope spreading which augments the inflammatory response and immune cell infiltration
into the tumor microenvironment. Usually DNA viruses like CMV, polio virus, parvovirus,
etc. are used for therapy. A Phase 1b clinical trial is being conducted with the aim
of investigating the safety of oncolytic poliovirus therapy administered via convection-
enhanced delivery into the brain in a sample of pediatric patients with different types of
brain tumors, including medulloblastoma (NCT03043391). Another trial is assessing the
safety of an oncolytic herpes simplex virus as an individual therapy or when combined with
radiation therapy (single dose of 5 Gy) in patients with recurrent or progressive cerebellar
brain tumors (NCT03911388).

4.5.3. Cancer Vaccines

Vaccines for various cancers have been under development for a long time with
little success. Cancer vaccines can be DNA, RNA, or peptide based [142,143]. A phase
III clinical trial involving patients with newly diagnosed and recurrent GBM recently
revealed notable survival advantages for those who underwent autologous tumor lysate-
loaded dendritic cell vaccination alongside standard treatment compared to those receiving
standard treatment alone (NCT00045968). Interestingly, two phase I studies (NCT03299309
and NCT03615404) are currently evaluating cytomegalovirus-based vaccines, establishing
the applicability and safety of this therapeutic modality for recurrent malignant glioma and
medulloblastoma in pediatric populations. Another approach of vaccine-induced robust
immune response is the use of tumor stem cell antigen-loaded dendritic cells, which is also
being studied currently (NCT01171469).

4.5.4. Immune Checkpoint Inhibition

Immune checkpoint inhibitors (ICIs) prevent the progressive enfeebling of the body’s
immune response upon continual exposure to tumor antigens. In fact, ICIs are mainly
antibodies designed to alleviate T-cell suppression and restore function by obstructing
their binding to a specific checkpoint ligand. Inhibitors targeting cytotoxic T-lymphocyte
antigen 4 (CTLA-4) and programmed death ligand 1 (PD-L1) are commonly utilized in
cancer immunotherapy [143]. Drugs aimed at newly identified antigens, such as B7-H3,
CD40/CD40L, IDO1, and mucin domain 3 (TIM-3), are showing promising outcomes
in both preclinical and clinical studies for brain tumor treatment [144,145]. Numerous
clinical trials investigating checkpoint inhibitor drugs in medulloblastoma patients are
currently underway. PD-1/PD-L1 inhibitors, such as nivolumab, pembrolizumab, and dur-
valumab, are being individually explored as monotherapies in phase I/phase II trials (e.g.,
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NCT03173950, NCT02359565, and NCT02793466). Additionally, 131I-omburtamab, which
is a radiolabeled antibody, has made it to clinical trials as a form of radioimmunotherapy
(e.g., NCT04743661 and NCT05064306).

4.5.5. Adoptive Natural Killer Cell Therapy

Natural Killer (NK) cells have gained wide attention due to their potential in eliciting
anti-tumor effects and aiding in generating a significant immune response. In the context
of medulloblastoma, it has been shown that NK cells have the ability to exert cytotoxic
effects against both CD133+ and CD133− medulloblastoma cells, which carry ligands that
can activate DNAM1, NKG2D, and other receptors on the surface of NK cells [146]. The
feasibility and safety of adoptive NK cell therapy has been confirmed in a phase I clinical
trial of ex-vivo expanded natural cells that have been injected intraventricularly in pediatric
patients with medulloblastoma and ependymoma [147]. Further studies are needed to
confirm the efficacy of this therapy and expand on its potential.

5. Future Directions

As detailed throughout this review, medulloblastoma cells utilize different mecha-
nisms and processes to evade treatment or adapt to it. Hence, it is crucial to identify these
mechanisms, investigate the molecular pathways that mediate them, and try to overcome
or suppress them. Otherwise, failure to identify and tackle these resistance mechanisms
will lead to treatment failure, relapse of the disease, and the emergence of more aggressive
and more resistant colonies within the tumor. Therefore, targeting resistance mechanisms
should not be a salvage step that is done after this resistance emerges, but it should rather
be a prophylactic step in the management of these tumors that utilizes combination therapy
and precision medicine to predict potential resistance patterns and prevent their emergence.
This requires dedicating more studies to fully uncover the genetic, epigenetic, molecu-
lar, and environmental drivers of these resistance mechanisms and to elucidate effective
modalities to curb them.

6. Conclusions

The present manuscript reviews the different molecular profiles of medulloblastoma
subtypes and summarizes the major mechanisms that have been studied in the literature
as drivers of treatment resistance. Some of these mechanisms stem from the fact that
the medulloblastoma is a malignant tumor that arises in the “privileged” brain, while
others are related to unique properties that are intrinsic to this tumor or to a specific
subtype. Consequently, many of the solutions that have been explored to overcome this
resistance are shared with other types of solid tumors and have shown great promise in
different settings, such as BBB disruption and immune-stimulatory therapies. However,
other modalities focus on targeting specific pathways that promote medulloblastoma resis-
tance. These include targeting the molecular drivers implicated in stemness, maintaining
an undifferentiated state, metabolic reprogramming, DNA repair, resistance to apopto-
sis, and other malignant features. The literature summarized in this review shows that
substantial research efforts have been channeled towards uncovering the mechanisms
responsible for treatment resistance in medulloblastoma and investigating potential modal-
ities to undermine these mechanisms. However, more focus should be directed towards
advancing these strategies, translating the safe and effective ones into clinical practice, and
promoting the upfront targeting of resistance mechanisms to avoid treatment failure and
tumor recurrence.

Author Contributions: Conceptualization, H.S. and B.T.; methodology, H.S., A.S., R.W. and J.M.;
software, H.S. and A.S.; investigation, H.S., A.S., R.W. and J.M.; resources, B.T.; data curation, H.S.,
A.S., R.W. and J.M.; writing—original draft preparation, H.S., A.S., R.W. and J.M.; writing—review
and editing, H.S., A.S., M.G. and B.T.; visualization, H.S.; supervision, B.T.; funding acquisition, H.S.
All authors have read and agreed to the published version of the manuscript.



Cancers 2024, 16, 2249 20 of 26

Funding: This research was generously supported by the Khatib Brain Tumor Center.

Acknowledgments: Figures 1–4 were created with BioRender.com, accessed on 9 June 2024.

Conflicts of Interest: Betty Tyler has research funding from NIH. Ashvattha Therapeutics Inc. has
licensed one of her patents and she is a stockholder for Peabody Pharmaceuticals, which include
equity or options.

References
1. Cohen, A.R. Brain Tumors in Children. N. Engl. J. Med. 2022, 386, 1922–1931. [CrossRef]
2. Ostrom, Q.T.; Price, M.; Neff, C.; Cioffi, G.; Waite, K.A.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary

Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2016–2020. Neuro-Oncology 2023, 25 (Suppl. S4),
iv1–iv99. [CrossRef] [PubMed]

3. Juraschka, K.; Taylor, M.D. Medulloblastoma in the age of molecular subgroups: A review. J. Neurosurg. Pediatr. 2019, 24, 353–363.
[CrossRef] [PubMed]

4. BAILEY, P.; Cushing, H. Medulloblastoma cerebelli: A common type of midcerebellar glioma of childhood. Arch. Neurol.
Psychiatry 1925, 14, 192–224. [CrossRef]

5. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef]

6. Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; Cree, I.A.; Figarella-Branger, D.; Hawkins, C.; Ng, H.K.; Pfister, S.M.; Reifenberger,
G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021, 23, 1231–1251.
[CrossRef]

7. Northcott, P.A.; Robinson, G.W.; Kratz, C.P.; Mabbott, D.J.; Pomeroy, S.L.; Clifford, S.C.; Rutkowski, S.; Ellison, D.W.; Malkin, D.;
Taylor, M.D.; et al. Medulloblastoma. Nat. Rev. Dis. Primers 2019, 5, 11. [CrossRef]

8. Suk, Y.; Gwynne, W.D.; Burns, I.; Venugopal, C.; Singh, S.K. Childhood Medulloblastoma: An Overview. Methods Mol. Biol. 2022,
2423, 1–12. [PubMed]

9. Cotter, J.A.; Hawkins, C. Medulloblastoma: WHO 2021 and Beyond. Pediatr. Dev. Pathol. 2022, 25, 23–33. [CrossRef]
10. Phoenix, T.N. The origins of medulloblastoma tumours in humans. Nature 2022, 609, 901–903. [CrossRef]
11. Orr, B.A. Pathology, diagnostics, and classification of medulloblastoma. Brain Pathol. 2020, 30, 664–678. [CrossRef] [PubMed]
12. Patay, Z.; DeSain, L.A.; Hwang, S.N.; Coan, A.; Li, Y.; Ellison, D.W. MR Imaging Characteristics of Wingless-Type-Subgroup

Pediatric Medulloblastoma. AJNR Am. J. Neuroradiol. 2015, 36, 2386–2393. [CrossRef] [PubMed]
13. Korshunov, A.; Sahm, F.; Zheludkova, O.; Golanov, A.; Stichel, D.; Schrimpf, D.; Ryzhova, M.; Potapov, A.; Habel, A.; Meyer, J.;

et al. DNA methylation profiling is a method of choice for molecular verification of pediatric WNT-activated medulloblastomas.
Neuro-Oncology 2019, 21, 214–221. [CrossRef] [PubMed]

14. Doussouki, M.E.; Gajjar, A.; Chamdine, O. Molecular genetics of medulloblastoma in children: Diagnostic, therapeutic and
prognostic implications. Future Neurol. 2019, 14, FNL8. [CrossRef]

15. Phoenix, T.N.; Patmore, D.M.; Boop, S.; Boulos, N.; Jacus, M.O.; Patel, Y.T.; Roussel, M.F.; Finkelstein, D.; Goumnerova, L.;
Perreault, S.; et al. Medulloblastoma Genotype Dictates Blood Brain Barrier Phenotype. Cancer Cell 2016, 29, 508–522. [CrossRef]
[PubMed]

16. Coltin, H.; Sundaresan, L.; Smith, K.S.; Skowron, P.; Massimi, L.; Eberhart, C.G.; Schreck, K.C.; Gupta, N.; Weiss, W.A.; Tirapelli,
D.; et al. Subgroup and subtype-specific outcomes in adult medulloblastoma. Acta Neuropathol. 2021, 142, 859–871. [CrossRef]
[PubMed]

17. Cavalli, F.M.G.; Remke, M.; Rampasek, L.; Peacock, J.; Shih, D.J.H.; Luu, B.; Garzia, L.; Torchia, J.; Nor, C.; Morrissy, A.S.; et al.
Intertumoral Heterogeneity within Medulloblastoma Subgroups. Cancer Cell 2017, 31, 737–754.e6. [CrossRef] [PubMed]

18. Ray, S.; Chaturvedi, N.K.; Bhakat, K.K.; Rizzino, A.; Mahapatra, S. Subgroup-Specific Diagnostic, Prognostic, and Predictive
Markers Influencing Pediatric Medulloblastoma Treatment. Diagnostics 2021, 12, 61. [CrossRef] [PubMed]

19. Northcott, P.A.; Korshunov, A.; Witt, H.; Hielscher, T.; Eberhart, C.G.; Mack, S.; Bouffet, E.; Clifford, S.C.; Hawkins, C.E.; French,
P.; et al. Medulloblastoma comprises four distinct molecular variants. J. Clin. Oncol. 2011, 29, 1408–1414. [CrossRef]

20. Cho, Y.J.; Tsherniak, A.; Tamayo, P.; Santagata, S.; Ligon, A.; Greulich, H.; Berhoukim, R.; Amani, V.; Goumnerova, L.; Eberhart,
C.G.; et al. Integrative genomic analysis of medulloblastoma identifies a molecular subgroup that drives poor clinical outcome. J.
Clin. Oncol. 2011, 29, 1424–1430. [CrossRef]

21. Yoon, J.W.; Gilbertson, R.; Iannaccone, S.; Iannaccone, P.; Walterhouse, D. Defining a role for Sonic hedgehog pathway activation
in desmoplastic medulloblastoma by identifying GLI1 target genes. Int. J. Cancer 2009, 124, 109–119. [CrossRef] [PubMed]

22. Smit, M.J.; Martini, T.E.I.; Armandari, I.; Bockaj, I.; Zomerman, W.W.; de Camargo Magalhaes, E.S.; Siragna, Z.; Meeuwsen, T.G.J.;
Scherpen, F.J.G.; Schoots, M.H.; et al. The developmental stage of the medulloblastoma cell-of-origin restricts Sonic hedgehog
pathway usage and drug sensitivity. J. Cell Sci. 2022, 135, jeb258608. [CrossRef] [PubMed]

23. Rubinstein, L.J.; Northfield, D.W.C. The medulloblastoma and the so–called “arachnoidal cerebellar sarcoma”: A critical re–
examination of a nosological problem. Brain 1964, 87, 379–412. [CrossRef] [PubMed]

BioRender.com
https://doi.org/10.1056/NEJMra2116344
https://doi.org/10.1093/neuonc/noad149
https://www.ncbi.nlm.nih.gov/pubmed/37793125
https://doi.org/10.3171/2019.5.PEDS18381
https://www.ncbi.nlm.nih.gov/pubmed/31574483
https://doi.org/10.1001/archneurpsyc.1925.02200140055002
https://doi.org/10.1007/s00401-016-1545-1
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1038/s41572-019-0063-6
https://www.ncbi.nlm.nih.gov/pubmed/34978683
https://doi.org/10.1177/10935266211018931
https://doi.org/10.1038/d41586-022-02951-x
https://doi.org/10.1111/bpa.12837
https://www.ncbi.nlm.nih.gov/pubmed/32239782
https://doi.org/10.3174/ajnr.A4495
https://www.ncbi.nlm.nih.gov/pubmed/26338912
https://doi.org/10.1093/neuonc/noy155
https://www.ncbi.nlm.nih.gov/pubmed/30252101
https://doi.org/10.2217/fnl-2018-0030
https://doi.org/10.1016/j.ccell.2016.03.002
https://www.ncbi.nlm.nih.gov/pubmed/27050100
https://doi.org/10.1007/s00401-021-02358-4
https://www.ncbi.nlm.nih.gov/pubmed/34409497
https://doi.org/10.1016/j.ccell.2017.05.005
https://www.ncbi.nlm.nih.gov/pubmed/28609654
https://doi.org/10.3390/diagnostics12010061
https://www.ncbi.nlm.nih.gov/pubmed/35054230
https://doi.org/10.1200/JCO.2009.27.4324
https://doi.org/10.1200/JCO.2010.28.5148
https://doi.org/10.1002/ijc.23929
https://www.ncbi.nlm.nih.gov/pubmed/18924150
https://doi.org/10.1242/jcs.258608
https://www.ncbi.nlm.nih.gov/pubmed/35535520
https://doi.org/10.1093/brain/87.2.379
https://www.ncbi.nlm.nih.gov/pubmed/14188281


Cancers 2024, 16, 2249 21 of 26

24. Eberhart, C.G.; Kepner, J.L.; Goldthwaite, P.T.; Kun, L.E.; Duffner, P.K.; Friedman, H.S.; Strother, D.R.; Burger, P.C. Histopathologic
grading of medulloblastomas: A Pediatric Oncology Group study. Cancer 2002, 94, 552–560. [CrossRef] [PubMed]

25. Robinson, G.W.; Rudneva, V.A.; Buchhalter, I.; Billups, C.A.; Waszak, S.M.; Smith, K.S.; Bowers, D.C.; Bendel, A.; Fisher, P.G.;
Partap, S.; et al. Risk-adapted therapy for young children with medulloblastoma (SJYC07): Therapeutic and molecular outcomes
from a multicentre, phase 2 trial. Lancet Oncol. 2018, 19, 768–784. [CrossRef] [PubMed]

26. Williamson, D.; Schwalbe, E.C.; Hicks, D.; Aldinger, K.A.; Lindsey, J.C.; Crosier, S.; Richardson, S.; Goddard, J.; Hill, R.M.; Castle,
J.; et al. Medulloblastoma group 3 and 4 tumors comprise a clinically and biologically significant expression continuum reflecting
human cerebellar development. Cell Rep. 2022, 40, 111162. [CrossRef] [PubMed]

27. Slika, H.; Alimonti, P.; Raj, D.; Caraway, C.; Alomari, S.; Jackson, E.M.; Tyler, B. The Neurodevelopmental and Molecular
Landscape of Medulloblastoma Subgroups: Current Targets and the Potential for Combined Therapies. Cancers 2023, 15, 3889.
[CrossRef] [PubMed]

28. Genovesi, L.A.; Puttick, S.; Millar, A.; Kojic, M.; Ji, P.; Lagendijk, A.K.; Brighi, C.; Bonder, C.S.; Adolphe, C.; Wainwright, B.J.
Patient-derived orthotopic xenograft models of medulloblastoma lack a functional blood-brain barrier. Neuro-Oncology 2021, 23,
732–742. [CrossRef] [PubMed]

29. Haumann, R.; Videira, J.C.; Kaspers, G.J.L.; van Vuurden, D.G.; Hulleman, E. Overview of Current Drug Delivery Methods
Across the Blood-Brain Barrier for the Treatment of Primary Brain Tumors. CNS Drugs 2020, 34, 1121–1131. [CrossRef]

30. Gorelick, N.; Jackson, E.; Tyler, B.; Brem, H. Chapter 11—Interstitial Chemotherapy and Polymer Drug Delivery, 2nd ed.; Elsevier Inc.:
Amsterdam, The Netherlands, 2018; pp. 155–165.

31. Chen, X.; Momin, A.; Wanggou, S.; Wang, X.; Min, H.K.; Dou, W.; Gong, Z.; Chan, J.; Dong, W.; Fan, J.J.; et al. Mechanosensitive
brain tumor cells construct blood-tumor barrier to mask chemosensitivity. Neuron 2023, 111, 30–48 e14. [CrossRef]

32. Morris, E.K.; Daignault-Mill, S.; Stehbens, S.J.; Genovesi, L.A.; Lagendijk, A.K. Addressing blood-brain-tumor-barrier heterogene-
ity in pediatric brain tumors with innovative preclinical models. Front. Oncol. 2023, 13, 1101522. [CrossRef] [PubMed]

33. Ingram, W.J.; Crowther, L.M.; Little, E.B.; Freeman, R.; Harliwong, I.; Veleva, D.; Hassall, T.E.; Remke, M.; Taylor, M.D.; Hallahan,
A.R. ABC transporter activity linked to radiation resistance and molecular subtype in pediatric medulloblastoma. Exp. Hematol.
Oncol. 2013, 2, 26. [CrossRef] [PubMed]

34. Othman, R.T.; Kimishi, I.; Bradshaw, T.D.; Storer, L.C.; Korshunov, A.; Pfister, S.M.; Grundy, R.G.; Kerr, I.D.; Coyle, B. Overcoming
multiple drug resistance mechanisms in medulloblastoma. Acta Neuropathol. Commun. 2014, 2, 57. [CrossRef] [PubMed]

35. Taylor, L.; Wade, P.K.; Johnson, J.E.C.; Aldighieri, M.; Morlando, S.; Di Leva, G.; Kerr, I.D.; Coyle, B. Drug Resistance in
Medulloblastoma Is Driven by YB-1, ABCB1 and a Seven-Gene Drug Signature. Cancers 2023, 15, 1086. [CrossRef] [PubMed]

36. Guerreiro, A.S.; Fattet, S.; Kulesza, D.W.; Atamer, A.; Elsing, A.N.; Shalaby, T.; Jackson, S.P.; Schoenwaelder, S.M.; Grotzer,
M.A.; Delattre, O.; et al. A sensitized RNA interference screen identifies a novel role for the PI3K p110gamma isoform in
medulloblastoma cell proliferation and chemoresistance. Mol. Cancer Res. 2011, 9, 925–935. [CrossRef] [PubMed]

37. Bacolod, M.D.; Fehdrau, R.; Johnson, S.P.; Bullock, N.S.; Bigner, D.D.; Colvin, M.; Friedman, H.S. BCNU-sequestration by
metallothioneins may contribute to resistance in a medulloblastoma cell line. Cancer Chemother. Pharmacol. 2009, 63, 753–758.
[CrossRef] [PubMed]

38. Ocasio, J.K.; Babcock, B.; Malawsky, D.; Weir, S.J.; Loo, L.; Simon, J.M.; Zylka, M.J.; Hwang, D.; Dismuke, T.; Sokolsky, M.; et al.
scRNA-seq in medulloblastoma shows cellular heterogeneity and lineage expansion support resistance to SHH inhibitor therapy.
Nat. Commun. 2019, 10, 5829. [CrossRef] [PubMed]

39. Zhukova, N.; Ramaswamy, V.; Remke, M.; Martin, D.C.; Castelo-Branco, P.; Zhang, C.H.; Fraser, M.; Tse, K.; Poon, R.; Shih, D.J.;
et al. WNT activation by lithium abrogates TP53 mutation associated radiation resistance in medulloblastoma. Acta Neuropathol.
Commun. 2014, 2, 174. [CrossRef] [PubMed]

40. Naeem, A.; Harish, V.; Coste, S.; Parasido, E.M.; Choudhry, M.U.; Kromer, L.F.; Ihemelandu, C.; Petricoin, E.F.; Pierobon, M.;
Noon, M.S.; et al. Regulation of Chemosensitivity in Human Medulloblastoma Cells by p53 and the PI3 Kinase Signaling Pathway.
Mol. Cancer Res. 2022, 20, 114–126. [CrossRef]

41. Kasuga, C.; Nakahara, Y.; Ueda, S.; Hawkins, C.; Taylor, M.D.; Smith, C.A.; Rutka, J.T. Expression of MAGE and GAGE genes in
medulloblastoma and modulation of resistance to chemotherapy. Laboratory investigation. J. Neurosurg. Pediatr. 2008, 1, 305–313.
[CrossRef]

42. Gjerstorff, M.F.; Harkness, L.; Kassem, M.; Frandsen, U.; Nielsen, O.; Lutterodt, M.; Mollgard, K.; Ditzel, H.J. Distinct GAGE and
MAGE-A expression during early human development indicate specific roles in lineage differentiation. Hum. Reprod. 2008, 23,
2194–2201. [CrossRef]

43. Kumar, V.; Kumar, V.; McGuire, T.; Coulter, D.W.; Sharp, J.G.; Mahato, R.I. Challenges and Recent Advances in Medulloblastoma
Therapy. Trends Pharmacol. Sci. 2017, 38, 1061–1084. [CrossRef]

44. Gabriel, N.; Balaji, K.; Jayachandran, K.; Inkman, M.; Zhang, J.; Dahiya, S.; Goldstein, M. Loss of H3K27 Trimethylation Promotes
Radiotherapy Resistance in Medulloblastoma and Induces an Actionable Vulnerability to BET Inhibition. Cancer Res. 2022, 82,
2019–2030. [CrossRef] [PubMed]

45. Fang, S.; Shen, Y.; Chen, B.; Wu, Y.; Jia, L.; Li, Y.; Zhu, Y.; Yan, Y.; Li, M.; Chen, R.; et al. H3K27me3 induces multidrug resistance in
small cell lung cancer by affecting HOXA1 DNA methylation via regulation of the lncRNA HOTAIR. Ann. Transl. Med. 2018, 6,
440. [CrossRef]

https://doi.org/10.1002/cncr.10189
https://www.ncbi.nlm.nih.gov/pubmed/11900240
https://doi.org/10.1016/S1470-2045(18)30204-3
https://www.ncbi.nlm.nih.gov/pubmed/29778738
https://doi.org/10.1016/j.celrep.2022.111162
https://www.ncbi.nlm.nih.gov/pubmed/35926460
https://doi.org/10.3390/cancers15153889
https://www.ncbi.nlm.nih.gov/pubmed/37568705
https://doi.org/10.1093/neuonc/noaa266
https://www.ncbi.nlm.nih.gov/pubmed/33258962
https://doi.org/10.1007/s40263-020-00766-w
https://doi.org/10.1016/j.neuron.2022.10.007
https://doi.org/10.3389/fonc.2023.1101522
https://www.ncbi.nlm.nih.gov/pubmed/36776301
https://doi.org/10.1186/2162-3619-2-26
https://www.ncbi.nlm.nih.gov/pubmed/24219920
https://doi.org/10.1186/2051-5960-2-57
https://www.ncbi.nlm.nih.gov/pubmed/24887326
https://doi.org/10.3390/cancers15041086
https://www.ncbi.nlm.nih.gov/pubmed/36831428
https://doi.org/10.1158/1541-7786.MCR-10-0200
https://www.ncbi.nlm.nih.gov/pubmed/21652733
https://doi.org/10.1007/s00280-008-0792-9
https://www.ncbi.nlm.nih.gov/pubmed/18633619
https://doi.org/10.1038/s41467-019-13657-6
https://www.ncbi.nlm.nih.gov/pubmed/31863004
https://doi.org/10.1186/s40478-014-0174-y
https://www.ncbi.nlm.nih.gov/pubmed/25539912
https://doi.org/10.1158/1541-7786.MCR-21-0277
https://doi.org/10.3171/PED/2008/1/4/305
https://doi.org/10.1093/humrep/den262
https://doi.org/10.1016/j.tips.2017.09.002
https://doi.org/10.1158/0008-5472.CAN-21-0871
https://www.ncbi.nlm.nih.gov/pubmed/35315927
https://doi.org/10.21037/atm.2018.10.21


Cancers 2024, 16, 2249 22 of 26

46. Fu, Y.S.; Wang, Q.; Ma, J.X.; Yang, X.H.; Wu, M.L.; Zhang, K.L.; Kong, Q.Y.; Chen, X.Y.; Sun, Y.; Chen, N.N.; et al. CRABP-II
methylation: A critical determinant of retinoic acid resistance of medulloblastoma cells. Mol. Oncol. 2012, 6, 48–61. [CrossRef]

47. Fitzgerald, M.C.; O’Halloran, P.J.; Kerrane, S.A.; Ni Chonghaile, T.; Connolly, N.M.C.; Murphy, B.M. The identification of BCL-XL
and MCL-1 as key anti-apoptotic proteins in medulloblastoma that mediate distinct roles in chemotherapy resistance. Cell Death
Dis. 2023, 14, 705. [CrossRef] [PubMed]

48. Yauch, R.L.; Dijkgraaf, G.J.; Alicke, B.; Januario, T.; Ahn, C.P.; Holcomb, T.; Pujara, K.; Stinson, J.; Callahan, C.A.; Tang, T.; et al.
Smoothened mutation confers resistance to a Hedgehog pathway inhibitor in medulloblastoma. Science 2009, 326, 572–574.
[CrossRef]

49. Wilk, A.; Waligorska, A.; Waligorski, P.; Ochoa, A.; Reiss, K. Inhibition of ERbeta induces resistance to cisplatin by enhancing
Rad51-mediated DNA repair in human medulloblastoma cell lines. PLoS ONE 2012, 7, e33867. [CrossRef] [PubMed]

50. Bakhshinyan, D.; Adile, A.A.; Liu, J.; Gwynne, W.D.; Suk, Y.; Custers, S.; Burns, I.; Singh, M.; McFarlane, N.; Subapanditha, M.K.;
et al. Temporal profiling of therapy resistance in human medulloblastoma identifies novel targetable drivers of recurrence. Sci.
Adv. 2021, 7, eabi5568. [CrossRef]

51. Pambid, M.R.; Berns, R.; Adomat, H.H.; Hu, K.; Triscott, J.; Maurer, N.; Zisman, N.; Ramaswamy, V.; Hawkins, C.E.; Taylor, M.D.;
et al. Overcoming resistance to Sonic Hedgehog inhibition by targeting p90 ribosomal S6 kinase in pediatric medulloblastoma.
Pediatr. Blood Cancer 2014, 61, 107–115. [CrossRef]

52. Sreenivasan, L.; Wang, H.; Yap, S.Q.; Leclair, P.; Tam, A.; Lim, C.J. Autocrine IL-6/STAT3 signaling aids development of acquired
drug resistance in Group 3 medulloblastoma. Cell Death Dis. 2020, 11, 1035. [CrossRef] [PubMed]

53. Zhou, B.; Lin, W.; Long, Y.; Yang, Y.; Zhang, H.; Wu, K.; Chu, Q. Notch signaling pathway: Architecture, disease, and therapeutics.
Signal Transduct. Target. Ther. 2022, 7, 95. [CrossRef] [PubMed]

54. Luzzi, S.; Giotta Lucifero, A.; Brambilla, I.; Semeria Mantelli, S.; Mosconi, M.; Foiadelli, T.; Savasta, S. Targeting the medulloblas-
toma: A molecular-based approach. Acta Biomed. 2020, 91, 79–100.

55. Pan, W.; Song, X.Y.; Hu, Q.B.; Zhang, M.; Xu, X.H. TSP2 acts as a suppresser of cell invasion, migration and angiogenesis in
medulloblastoma by inhibiting the Notch signaling pathway. Brain Res. 2019, 1718, 223–230. [CrossRef]

56. Folgiero, V.; Miele, E.; Carai, A.; Ferretti, E.; Alfano, V.; Po, A.; Bertaina, V.; Goffredo, B.M.; Benedetti, M.C.; Camassei, F.D.; et al.
IDO1 involvement in mTOR pathway: A molecular mechanism of resistance to mTOR targeting in medulloblastoma. Oncotarget
2016, 7, 52900–52911. [CrossRef]

57. Kumar, V.; Wang, Q.; Sethi, B.; Lin, F.; Kumar, V.; Coulter, D.W.; Dong, Y.; Mahato, R.I. Polymeric nanomedicine for overcoming
resistance mechanisms in hedgehog and Myc-amplified medulloblastoma. Biomaterials 2021, 278, 121138. [CrossRef] [PubMed]

58. Alammar, H.; Nassani, R.; Alshehri, M.M.; Aljohani, A.A.; Alrfaei, B.M. Deficiency in the Treatment Description of mTOR
Inhibitor Resistance in Medulloblastoma, a Systematic Review. Int. J. Mol. Sci. 2021, 23, 464. [CrossRef]

59. Lapidot, T.; Sirard, C.; Vormoor, J.; Murdoch, B.; Hoang, T.; Caceres-Cortes, J.; Minden, M.; Paterson, B.; Caligiuri, M.A.; Dick, J.E.
A cell initiating human acute myeloid leukaemia after transplantation into SCID mice. Nature 1994, 367, 645–648. [CrossRef]

60. Peitzsch, C.; Kurth, I.; Kunz-Schughart, L.; Baumann, M.; Dubrovska, A. Discovery of the cancer stem cell related determinants of
radioresistance. Radiother. Oncol. 2013, 108, 378–387. [CrossRef]

61. Meacham, C.E.; Morrison, S.J. Tumour heterogeneity and cancer cell plasticity. Nature 2013, 501, 328–337. [CrossRef]
62. Hersh, A.M.; Gaitsch, H.; Alomari, S.; Lubelski, D.; Tyler, B.M. Molecular Pathways and Genomic Landscape of Glioblastoma

Stem Cells: Opportunities for Targeted Therapy. Cancers 2022, 14, 3743. [CrossRef] [PubMed]
63. Clarke, M.F.; Dick, J.E.; Dirks, P.B.; Eaves, C.J.; Jamieson, C.H.; Jones, D.L.; Visvader, J.; Weissman, I.L.; Wahl, G.M. Cancer stem

cells—Perspectives on current status and future directions: AACR Workshop on cancer stem cells. Cancer Res. 2006, 66, 9339–9344.
[CrossRef] [PubMed]

64. Cojoc, M.; Mabert, K.; Muders, M.H.; Dubrovska, A. A role for cancer stem cells in therapy resistance: Cellular and molecular
mechanisms. Semin. Cancer Biol. 2015, 31, 16–27. [CrossRef] [PubMed]

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

66. Raso, A.; Mascelli, S.; Biassoni, R.; Nozza, P.; Kool, M.; Pistorio, A.; Ugolotti, E.; Milanaccio, C.; Pignatelli, S.; Ferraro, M.; et al.
High levels of PROM1 (CD133) transcript are a potential predictor of poor prognosis in medulloblastoma. Neuro-Oncology 2011,
13, 500–508. [CrossRef] [PubMed]

67. Sun, L.; Moritake, T.; Zheng, Y.W.; Suzuki, K.; Gerelchuluun, A.; Hong, Z.; Zenkoh, J.; Taniguchi, H.; Tsuboi, K. In vitro stemness
characterization of radio-resistant clones isolated from a medulloblastoma cell line ONS-76. J. Radiat. Res. 2013, 54, 61–69.
[CrossRef]

68. Yu, C.C.; Chiou, G.Y.; Lee, Y.Y.; Chang, Y.L.; Huang, P.I.; Cheng, Y.W.; Tai, L.K.; Ku, H.H.; Chiou, S.H.; Wong, T.T. Medulloblastoma-
derived tumor stem-like cells acquired resistance to TRAIL-induced apoptosis and radiosensitivity. Childs Nerv. Syst. 2010, 26,
897–904. [CrossRef] [PubMed]

69. Read, T.A.; Fogarty, M.P.; Markant, S.L.; McLendon, R.E.; Wei, Z.; Ellison, D.W.; Febbo, P.G.; Wechsler-Reya, R.J. Identification of
CD15 as a marker for tumor-propagating cells in a mouse model of medulloblastoma. Cancer Cell 2009, 15, 135–147. [CrossRef]

70. Selvadurai, H.J.; Luis, E.; Desai, K.; Lan, X.; Vladoiu, M.C.; Whitley, O.; Galvin, C.; Vanner, R.J.; Lee, L.; Whetstone, H.; et al.
Medulloblastoma Arises from the Persistence of a Rare and Transient Sox2(+) Granule Neuron Precursor. Cell Rep. 2020,
31, 107511. [CrossRef]

https://doi.org/10.1016/j.molonc.2011.11.004
https://doi.org/10.1038/s41419-023-06231-y
https://www.ncbi.nlm.nih.gov/pubmed/37898609
https://doi.org/10.1126/science.1179386
https://doi.org/10.1371/journal.pone.0033867
https://www.ncbi.nlm.nih.gov/pubmed/22439007
https://doi.org/10.1126/sciadv.abi5568
https://doi.org/10.1002/pbc.24675
https://doi.org/10.1038/s41419-020-03241-y
https://www.ncbi.nlm.nih.gov/pubmed/33279931
https://doi.org/10.1038/s41392-022-00934-y
https://www.ncbi.nlm.nih.gov/pubmed/35332121
https://doi.org/10.1016/j.brainres.2019.05.004
https://doi.org/10.18632/oncotarget.9284
https://doi.org/10.1016/j.biomaterials.2021.121138
https://www.ncbi.nlm.nih.gov/pubmed/34634662
https://doi.org/10.3390/ijms23010464
https://doi.org/10.1038/367645a0
https://doi.org/10.1016/j.radonc.2013.06.003
https://doi.org/10.1038/nature12624
https://doi.org/10.3390/cancers14153743
https://www.ncbi.nlm.nih.gov/pubmed/35954407
https://doi.org/10.1158/0008-5472.CAN-06-3126
https://www.ncbi.nlm.nih.gov/pubmed/16990346
https://doi.org/10.1016/j.semcancer.2014.06.004
https://www.ncbi.nlm.nih.gov/pubmed/24956577
https://doi.org/10.1093/neuonc/nor022
https://www.ncbi.nlm.nih.gov/pubmed/21486962
https://doi.org/10.1093/jrr/rrs078
https://doi.org/10.1007/s00381-010-1087-0
https://www.ncbi.nlm.nih.gov/pubmed/20179950
https://doi.org/10.1016/j.ccr.2008.12.016
https://doi.org/10.1016/j.celrep.2020.03.075


Cancers 2024, 16, 2249 23 of 26

71. Vanner, R.J.; Remke, M.; Gallo, M.; Selvadurai, H.J.; Coutinho, F.; Lee, L.; Kushida, M.; Head, R.; Morrissy, S.; Zhu, X.; et al.
Quiescent sox2(+) cells drive hierarchical growth and relapse in sonic hedgehog subgroup medulloblastoma. Cancer Cell 2014, 26,
33–47. [CrossRef]

72. Zhang, L.; He, X.; Liu, X.; Zhang, F.; Huang, L.F.; Potter, A.S.; Xu, L.; Zhou, W.; Zheng, T.; Luo, Z.; et al. Single-Cell Transcriptomics
in Medulloblastoma Reveals Tumor-Initiating Progenitors and Oncogenic Cascades during Tumorigenesis and Relapse. Cancer
Cell 2019, 36, 302–318.e7. [CrossRef] [PubMed]

73. Borgenvik, A.; Holmberg, K.O.; Bolin, S.; Zhao, M.; Savov, V.; Rosen, G.; Hutter, S.; Garancher, A.; Rahmanto, A.S.; Bergstrom,
T.; et al. Dormant SOX9-Positive Cells Facilitate MYC-Driven Recurrence of Medulloblastoma. Cancer Res. 2022, 82, 4586–4603.
[CrossRef]

74. Pistollato, F.; Rampazzo, E.; Persano, L.; Abbadi, S.; Frasson, C.; Denaro, L.; D’Avella, D.; Panchision, D.M.; Della Puppa, A.;
Scienza, R.; et al. Interaction of hypoxia-inducible factor-1alpha and Notch signaling regulates medulloblastoma precursor
proliferation and fate. Stem Cells 2010, 28, 1918–1929. [CrossRef] [PubMed]

75. Hambardzumyan, D.; Becher, O.J.; Rosenblum, M.K.; Pandolfi, P.P.; Manova-Todorova, K.; Holland, E.C. PI3K pathway regulates
survival of cancer stem cells residing in the perivascular niche following radiation in medulloblastoma in vivo. Genes Dev. 2008,
22, 436–448. [CrossRef] [PubMed]

76. Sheng, H.; Li, H.; Zeng, H.; Zhang, B.; Lu, Y.; Liu, X.; Xu, Z.; Zhang, J.; Zhang, L. Heterogeneity and tumoral origin of
medulloblastoma in the single-cell era. Oncogene 2024, 43, 839–850. [CrossRef]

77. Hovestadt, V.; Smith, K.S.; Bihannic, L.; Filbin, M.G.; Shaw, M.L.; Baumgartner, A.; DeWitt, J.C.; Groves, A.; Mayr, L.; Weisman,
H.R.; et al. Resolving medulloblastoma cellular architecture by single-cell genomics. Nature 2019, 572, 74–79. [CrossRef] [PubMed]

78. Riemondy, K.A.; Venkataraman, S.; Willard, N.; Nellan, A.; Sanford, B.; Griesinger, A.M.; Amani, V.; Mitra, S.; Hankinson, T.C.;
Handler, M.H.; et al. Neoplastic and immune single-cell transcriptomics define subgroup-specific intra-tumoral heterogeneity of
childhood medulloblastoma. Neuro-Oncology 2022, 24, 273–286. [CrossRef] [PubMed]

79. Stevens, B.; Allen, N.J.; Vazquez, L.E.; Howell, G.R.; Christopherson, K.S.; Nouri, N.; Micheva, K.D.; Mehalow, A.K.; Huberman,
A.D.; Stafford, B.; et al. The classical complement cascade mediates CNS synapse elimination. Cell 2007, 131, 1164–1178. [CrossRef]
[PubMed]

80. Wang, Q.; Xin, X.; Dai, Q.; Sun, M.; Chen, J.; Mostafavi, E.; Shen, Y.; Li, X. Medulloblastoma targeted therapy: From signaling
pathways heterogeneity and current treatment dilemma to the recent advances in development of therapeutic strategies. Pharmacol.
Ther. 2023, 250, 108527. [CrossRef]

81. Pham, C.D.; Flores, C.; Yang, C.; Pinheiro, E.M.; Yearley, J.H.; Sayour, E.J.; Pei, Y.; Moore, C.; McLendon, R.E.; Huang, J.; et al.
Differential Immune Microenvironments and Response to Immune Checkpoint Blockade among Molecular Subtypes of Murine
Medulloblastoma. Clin. Cancer Res. 2016, 22, 582–595. [CrossRef]

82. Morrissy, A.S.; Garzia, L.; Shih, D.J.; Zuyderduyn, S.; Huang, X.; Skowron, P.; Remke, M.; Cavalli, F.M.; Ramaswamy, V.; Lindsay,
P.E.; et al. Divergent clonal selection dominates medulloblastoma at recurrence. Nature 2016, 529, 351–357. [CrossRef] [PubMed]

83. Ramaswamy, V.; Remke, M.; Bouffet, E.; Faria, C.C.; Perreault, S.; Cho, Y.J.; Shih, D.J.; Luu, B.; Dubuc, A.M.; Northcott, P.A.; et al.
Recurrence patterns across medulloblastoma subgroups: An integrated clinical and molecular analysis. Lancet Oncol. 2013, 14,
1200–1207. [CrossRef]

84. Warburg, O.; Wind, F.; Negelein, E. The Metabolism of Tumors in the Body. J. Gen. Physiol. 1927, 8, 519–530. [CrossRef] [PubMed]
85. Warburg, O. On respiratory impairment in cancer cells. Science 1956, 124, 269–270. [CrossRef] [PubMed]
86. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
87. Zaal, E.A.; Berkers, C.R. The Influence of Metabolism on Drug Response in Cancer. Front. Oncol. 2018, 8, 500. [CrossRef]

[PubMed]
88. Marabitti, V.; Giansanti, M.; De Mitri, F.; Gatto, F.; Mastronuzzi, A.; Nazio, F. Pathological implications of metabolic reprogram-

ming and its therapeutic potential in medulloblastoma. Front. Cell Dev. Biol. 2022, 10, 1007641. [CrossRef]
89. Manfreda, L.; Rampazzo, E.; Persano, L.; Viola, G.; Bortolozzi, R. Surviving the hunger games: Metabolic reprogramming in

medulloblastoma. Biochem. Pharmacol. 2023, 215, 115697. [CrossRef] [PubMed]
90. Park, A.K.; Lee, J.Y.; Cheong, H.; Ramaswamy, V.; Park, S.H.; Kool, M.; Phi, J.H.; Choi, S.A.; Cavalli, F.; Taylor, M.D.; et al.

Subgroup-specific prognostic signaling and metabolic pathways in pediatric medulloblastoma. BMC Cancer 2019, 19, 571.
[CrossRef]

91. Sun, L.; Moritake, T.; Ito, K.; Matsumoto, Y.; Yasui, H.; Nakagawa, H.; Hirayama, A.; Inanami, O.; Tsuboi, K. Metabolic analysis of
radioresistant medulloblastoma stem-like clones and potential therapeutic targets. PLoS ONE 2017, 12, e0176162. [CrossRef]

92. Daggubati, V.; Hochstelter, J.; Bommireddy, A.; Choudhury, A.; Krup, A.L.; Kaur, P.; Tong, P.; Li, A.; Xu, L.; Reiter, J.F.;
et al. Smoothened-activating lipids drive resistance to CDK4/6 inhibition in Hedgehog-associated medulloblastoma cells and
preclinical models. J. Clin. Investig. 2021, 131, e141171. [CrossRef] [PubMed]

93. Sprowls, S.A.; Saralkar, P.; Arsiwala, T.; Adkins, C.E.; Blethen, K.E.; Pizzuti, V.J.; Shah, N.; Fladeland, R.; Lockman, P.R. A Review
of Mathematics Determining Solute Uptake at the Blood-Brain Barrier in Normal and Pathological Conditions. Pharmaceutics
2021, 13, 756. [CrossRef] [PubMed]

94. Sprowls, S.A.; Lathia, J.D. Breaking down the barrier to medulloblastoma treatment: Piezo2 knockout disrupts the BTB and
increases vascular permeability. Neuron 2023, 111, 3–5. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ccr.2014.05.005
https://doi.org/10.1016/j.ccell.2019.07.009
https://www.ncbi.nlm.nih.gov/pubmed/31474569
https://doi.org/10.1158/0008-5472.CAN-22-2108
https://doi.org/10.1002/stem.518
https://www.ncbi.nlm.nih.gov/pubmed/20827750
https://doi.org/10.1101/gad.1627008
https://www.ncbi.nlm.nih.gov/pubmed/18281460
https://doi.org/10.1038/s41388-024-02967-9
https://doi.org/10.1038/s41586-019-1434-6
https://www.ncbi.nlm.nih.gov/pubmed/31341285
https://doi.org/10.1093/neuonc/noab135
https://www.ncbi.nlm.nih.gov/pubmed/34077540
https://doi.org/10.1016/j.cell.2007.10.036
https://www.ncbi.nlm.nih.gov/pubmed/18083105
https://doi.org/10.1016/j.pharmthera.2023.108527
https://doi.org/10.1158/1078-0432.CCR-15-0713
https://doi.org/10.1038/nature16478
https://www.ncbi.nlm.nih.gov/pubmed/26760213
https://doi.org/10.1016/S1470-2045(13)70449-2
https://doi.org/10.1085/jgp.8.6.519
https://www.ncbi.nlm.nih.gov/pubmed/19872213
https://doi.org/10.1126/science.124.3215.269
https://www.ncbi.nlm.nih.gov/pubmed/13351639
https://doi.org/10.1016/j.cell.2011.02.013
https://www.ncbi.nlm.nih.gov/pubmed/21376230
https://doi.org/10.3389/fonc.2018.00500
https://www.ncbi.nlm.nih.gov/pubmed/30456204
https://doi.org/10.3389/fcell.2022.1007641
https://doi.org/10.1016/j.bcp.2023.115697
https://www.ncbi.nlm.nih.gov/pubmed/37481140
https://doi.org/10.1186/s12885-019-5742-x
https://doi.org/10.1371/journal.pone.0176162
https://doi.org/10.1172/JCI141171
https://www.ncbi.nlm.nih.gov/pubmed/33476305
https://doi.org/10.3390/pharmaceutics13050756
https://www.ncbi.nlm.nih.gov/pubmed/34069733
https://doi.org/10.1016/j.neuron.2022.12.008
https://www.ncbi.nlm.nih.gov/pubmed/36603549


Cancers 2024, 16, 2249 24 of 26

95. Tylawsky, D.E.; Kiguchi, H.; Vaynshteyn, J.; Gerwin, J.; Shah, J.; Islam, T.; Boyer, J.A.; Boue, D.R.; Snuderl, M.; Greenblatt, M.B.;
et al. P-selectin-targeted nanocarriers induce active crossing of the blood-brain barrier via caveolin-1-dependent transcytosis. Nat.
Mater. 2023, 22, 391–399. [CrossRef] [PubMed]

96. Hwang, D.; Dismuke, T.; Tikunov, A.; Rosen, E.P.; Kagel, J.R.; Ramsey, J.D.; Lim, C.; Zamboni, W.; Kabanov, A.V.; Gershon,
T.R.; et al. Poly(2-oxazoline) nanoparticle delivery enhances the therapeutic potential of vismodegib for medulloblastoma by
improving CNS pharmacokinetics and reducing systemic toxicity. Nanomedicine 2021, 32, 102345. [CrossRef] [PubMed]

97. Lim, C.; Dismuke, T.; Malawsky, D.; Ramsey, J.D.; Hwang, D.; Godfrey, V.L.; Kabanov, A.V.; Gershon, T.R.; Sokolsky-Papkov, M.
Enhancing CDK4/6 inhibitor therapy for medulloblastoma using nanoparticle delivery and scRNA-seq-guided combination with
sapanisertib. Sci. Adv. 2022, 8, eabl5838. [CrossRef] [PubMed]

98. Chen, Y.H.; Moore, D.; Lee, C.C.; Su, Y.H. Focused ultrasound for brain metastases: An update on global clinical trials. J.
Neurooncol. 2023, 165, 53–62. [CrossRef] [PubMed]

99. Song, K.H.; Harvey, B.K.; Borden, M.A. State-of-the-art of microbubble-assisted blood-brain barrier disruption. Theranostics 2018,
8, 4393–4408. [CrossRef] [PubMed]

100. Guo, Y.; Lee, H.; Fang, Z.; Velalopoulou, A.; Kim, J.; Thomas, M.B.; Liu, J.; Abramowitz, R.G.; Kim, Y.; Coskun, A.F.; et al. Single-
cell analysis reveals effective siRNA delivery in brain tumors with microbubble-enhanced ultrasound and cationic nanoparticles.
Sci. Adv. 2021, 7, eabf7390. [CrossRef]

101. Ding, H.; Wu, F.; Nair, M.P. Image-guided drug delivery to the brain using nanotechnology. Drug Discov. Today 2013, 18, 1074–1080.
[CrossRef]

102. Ojha, T.; Rizzo, L.; Storm, G.; Kiessling, F.; Lammers, T. Image-guided drug delivery: Preclinical applications and clinical
translation. Expert Opin. Drug Deliv. 2015, 12, 1203–1207. [CrossRef]

103. Fan, C.H.; Cheng, Y.H.; Ting, C.Y.; Ho, Y.J.; Hsu, P.H.; Liu, H.L.; Yeh, C.K. Ultrasound/Magnetic Targeting with SPIO-DOX-
Microbubble Complex for Image-Guided Drug Delivery in Brain Tumors. Theranostics 2016, 6, 1542–1556. [CrossRef] [PubMed]

104. Nakata, S.; Murai, J.; Okada, M.; Takahashi, H.; Findlay, T.H.; Malebranche, K.; Parthasarathy, A.; Miyashita, S.; Gabdulkhaev, R.;
Benkimoun, I.; et al. Epigenetic upregulation of Schlafen11 renders WNT- and SHH-activated medulloblastomas sensitive to
cisplatin. Neuro-Oncology 2023, 25, 899–912. [CrossRef] [PubMed]

105. Jones, J.K.; Zhang, H.; Lyne, A.M.; Cavalli, F.M.G.; Hassen, W.E.; Stevenson, K.; Kornahrens, R.; Yang, Y.; Li, S.; Dell, S.; et al. ABL1
and ABL2 promote medulloblastoma leptomeningeal dissemination. Neurooncol. Adv. 2023, 5, vdad095. [CrossRef] [PubMed]

106. Kumar, D.; Jain, S.; Coulter, D.W.; Joshi, S.S.; Chaturvedi, N.K. PRMT5 as a Potential Therapeutic Target in MYC-Amplified
Medulloblastoma. Cancers 2023, 15, 5855. [CrossRef] [PubMed]

107. Wang, J.; Sui, Y.; Li, Q.; Zhao, Y.; Dong, X.; Yang, J.; Liang, Z.; Han, Y.; Tang, Y.; Ma, J. Effective inhibition of MYC-amplified group
3 medulloblastoma by FACT-targeted curaxin drug CBL0137. Cell Death Dis. 2020, 11, 1029. [CrossRef] [PubMed]

108. Sarantopoulos, J.; Mahalingam, D.; Sharma, N.; Iyer, R.V.; Ma, W.W.; Ahluwalia, M.S.; Johnson, S.; Purmal, A.; Shpigotskaya, P.;
Hards, A.; et al. Results of a completed phase I trial of CBL0137 administered intravenously (IV) to patients (Pts) with advanced
solid tumors. J. Clin. Oncol. 2020, 38 (Suppl. S15), 3583. [CrossRef]

109. Metcalfe, C.; de Sauvage, F.J. Hedgehog fights back: Mechanisms of acquired resistance against Smoothened antagonists. Cancer
Res. 2011, 71, 5057–5061. [CrossRef]

110. Liu, X.; Chen, D.; Chen, H.; Wang, W.; Liu, Y.; Wang, Y.; Duan, C.; Ning, Z.; Guo, X.; Otkur, W.; et al. YB1 regulates miR-
205/200b-ZEB1 axis by inhibiting microRNA maturation in hepatocellular carcinoma. Cancer Commun. 2021, 41, 576–595.
[CrossRef]

111. Ruan, H.; Li, S.; Bao, L.; Zhang, X. Enhanced YB1/EphA2 axis signaling promotes acquired resistance to sunitinib and metastatic
potential in renal cell carcinoma. Oncogene 2020, 39, 6113–6128. [CrossRef]

112. Niu, W.; Luo, Y.; Zhou, Y.; Li, M.; Wu, C.; Duan, Y.; Wang, H.; Fan, S.; Li, Z.; Xiong, W.; et al. BRD7 suppresses invasion and
metastasis in breast cancer by negatively regulating YB1-induced epithelial-mesenchymal transition. J. Exp. Clin. Cancer Res.
2020, 39, 30. [CrossRef] [PubMed]

113. Liu, X.; Zhang, Y.; Li, Y.; Wang, J.; Ding, H.; Huang, W.; Ding, C.; Liu, H.; Tan, W.; Zhang, A. Development of hedgehog pathway
inhibitors by epigenetically targeting GLI through BET bromodomain for the treatment of medulloblastoma. Acta Pharm. Sin. B
2021, 11, 488–504. [CrossRef] [PubMed]

114. Borlase, S.; DeCarlo, A.; Coudiere-Morrison, L.; Liang, L.; Porter, C.J.; Ramaswamy, V.; Werbowetski-Ogilvie, T.E. Cross-species
analysis of SHH medulloblastoma models reveals significant inhibitory effects of trametinib on tumor progression. Cell Death
Discov. 2023, 9, 347. [CrossRef] [PubMed]

115. Siddiqui-Jain, A.; Drygin, D.; Streiner, N.; Chua, P.; Pierre, F.; O’Brien, S.E.; Bliesath, J.; Omori, M.; Huser, N.; Ho, C.; et al.
CX-4945, an orally bioavailable selective inhibitor of protein kinase CK2, inhibits prosurvival and angiogenic signaling and
exhibits antitumor efficacy. Cancer Res. 2010, 70, 10288–10298. [CrossRef] [PubMed]

116. Pierre, F.; Chua, P.C.; O’Brien, S.E.; Siddiqui-Jain, A.; Bourbon, P.; Haddach, M.; Michaux, J.; Nagasawa, J.; Schwaebe, M.K.;
Stefan, E.; et al. Discovery and SAR of 5-(3-chlorophenylamino)benzo[c][2,6]naphthyridine-8-carboxylic acid (CX-4945), the first
clinical stage inhibitor of protein kinase CK2 for the treatment of cancer. J. Med. Chem. 2011, 54, 635–654. [CrossRef] [PubMed]

117. Yao, Y.L.; Wang, Y.X.; Yang, F.C.; Wang, C.; Mao, M.; Gai, Q.J.; He, J.; Qin, Y.; Yao, X.X.; Lan, X.; et al. Targeting AKT and CK2
represents a novel therapeutic strategy for SMO constitutive activation-driven medulloblastoma. CNS Neurosci. Ther. 2022, 28,
1033–1044. [CrossRef] [PubMed]

https://doi.org/10.1038/s41563-023-01481-9
https://www.ncbi.nlm.nih.gov/pubmed/36864161
https://doi.org/10.1016/j.nano.2020.102345
https://www.ncbi.nlm.nih.gov/pubmed/33259959
https://doi.org/10.1126/sciadv.abl5838
https://www.ncbi.nlm.nih.gov/pubmed/35080986
https://doi.org/10.1007/s11060-023-04492-3
https://www.ncbi.nlm.nih.gov/pubmed/37910281
https://doi.org/10.7150/thno.26869
https://www.ncbi.nlm.nih.gov/pubmed/30214628
https://doi.org/10.1126/sciadv.abf7390
https://doi.org/10.1016/j.drudis.2013.06.010
https://doi.org/10.1517/17425247.2015.1059420
https://doi.org/10.7150/thno.15297
https://www.ncbi.nlm.nih.gov/pubmed/27446489
https://doi.org/10.1093/neuonc/noac243
https://www.ncbi.nlm.nih.gov/pubmed/36273330
https://doi.org/10.1093/noajnl/vdad095
https://www.ncbi.nlm.nih.gov/pubmed/37781087
https://doi.org/10.3390/cancers15245855
https://www.ncbi.nlm.nih.gov/pubmed/38136401
https://doi.org/10.1038/s41419-020-03201-6
https://www.ncbi.nlm.nih.gov/pubmed/33268769
https://doi.org/10.1200/JCO.2020.38.15_suppl.3583
https://doi.org/10.1158/0008-5472.CAN-11-0923
https://doi.org/10.1002/cac2.12164
https://doi.org/10.1038/s41388-020-01409-6
https://doi.org/10.1186/s13046-019-1493-4
https://www.ncbi.nlm.nih.gov/pubmed/32028981
https://doi.org/10.1016/j.apsb.2020.07.007
https://www.ncbi.nlm.nih.gov/pubmed/33643826
https://doi.org/10.1038/s41420-023-01646-0
https://www.ncbi.nlm.nih.gov/pubmed/37726268
https://doi.org/10.1158/0008-5472.CAN-10-1893
https://www.ncbi.nlm.nih.gov/pubmed/21159648
https://doi.org/10.1021/jm101251q
https://www.ncbi.nlm.nih.gov/pubmed/21174434
https://doi.org/10.1111/cns.13835
https://www.ncbi.nlm.nih.gov/pubmed/35419951


Cancers 2024, 16, 2249 25 of 26

118. Sun, X.H.; Fan, W.J.; An, Z.J.; Sun, Y. Inhibition of Long Noncoding RNA CRNDE Increases Chemosensitivity of Medulloblastoma
Cells by Targeting miR-29c-3p. Oncol. Res. 2020, 28, 95–102. [CrossRef] [PubMed]

119. Westhoff, M.A.; Schuler-Ortoli, M.; Zerrinius, D.; Hadzalic, A.; Schuster, A.; Strobel, H.; Scheuerle, A.; Wong, T.; Wirtz, C.R.;
Debatin, K.M.; et al. Bcl-XL but Not Bcl-2 Is a Potential Target in Medulloblastoma Therapy. Pharmaceuticals 2022, 15, 91.
[CrossRef] [PubMed]

120. Levesley, J.; Steele, L.; Bruning-Richardson, A.; Davison, A.; Zhou, J.; Ding, C.; Lawler, S.; Short, S.C. Selective BCL-XL inhibition
promotes apoptosis in combination with MLN8237 in medulloblastoma and pediatric glioblastoma cells. Neuro-Oncology 2018, 20,
203–214. [CrossRef]

121. Zeuner, S.; Vollmer, J.; Sigaud, R.; Oppermann, S.; Peterziel, H.; ElHarouni, D.; Oehme, I.; Witt, O.; Milde, T.; Ecker, J. Combination
drug screen identifies synergistic drug interaction of BCL-XL and class I histone deacetylase inhibitors in MYC-amplified
medulloblastoma cells. J. Neurooncol. 2024, 166, 99–112. [CrossRef]

122. Meister, M.T.; Boedicker, C.; Linder, B.; Kogel, D.; Klingebiel, T.; Fulda, S. Concomitant targeting of Hedgehog signaling and
MCL-1 synergistically induces cell death in Hedgehog-driven cancer cells. Cancer Lett. 2019, 465, 1–11. [CrossRef] [PubMed]

123. He, W.; Li, X.; Morsch, M.; Ismail, M.; Liu, Y.; Rehman, F.U.; Zhang, D.; Wang, Y.; Zheng, M.; Chung, R.; et al. Brain-Targeted
Codelivery of Bcl-2/Bcl-xl and Mcl-1 Inhibitors by Biomimetic Nanoparticles for Orthotopic Glioblastoma Therapy. ACS Nano
2022, 16, 6293–6308. [CrossRef] [PubMed]

124. Zhao, C.; Wang, S.; Zhao, Y.; Du, F.; Wang, W.; Lv, P.; Qi, L. Long noncoding RNA NEAT1 modulates cell proliferation and
apoptosis by regulating miR-23a-3p/SMC1A in acute myeloid leukemia. J. Cell Physiol. 2019, 234, 6161–6172. [CrossRef] [PubMed]

125. Huang, G.H.; Xu, Q.F.; Cui, Y.H.; Li, N.; Bian, X.W.; Lv, S.Q. Medulloblastoma stem cells: Promising targets in medulloblastoma
therapy. Cancer Sci. 2016, 107, 583–589. [CrossRef] [PubMed]

126. Chang, C.J.; Chiang, C.H.; Song, W.S.; Tsai, S.K.; Woung, L.C.; Chang, C.H.; Jeng, S.Y.; Tsai, C.Y.; Hsu, C.C.; Lee, H.F.; et al.
Inhibition of phosphorylated STAT3 by cucurbitacin I enhances chemoradiosensitivity in medulloblastoma-derived cancer stem
cells. Childs Nerv. Syst. 2012, 28, 363–373. [CrossRef] [PubMed]

127. Yang, M.Y.; Lee, H.T.; Chen, C.M.; Shen, C.C.; Ma, H.I. Celecoxib suppresses the phosphorylation of STAT3 protein and can
enhance the radiosensitivity of medulloblastoma-derived cancer stem-like cells. Int. J. Mol. Sci. 2014, 15, 11013–11029. [CrossRef]
[PubMed]

128. Nor, C.; Sassi, F.A.; de Farias, C.B.; Schwartsmann, G.; Abujamra, A.L.; Lenz, G.; Brunetto, A.L.; Roesler, R. The histone deacetylase
inhibitor sodium butyrate promotes cell death and differentiation and reduces neurosphere formation in human medulloblastoma
cells. Mol. Neurobiol. 2013, 48, 533–543. [CrossRef] [PubMed]

129. da Cunha Jaeger, M.; Ghisleni, E.C.; Cardoso, P.S.; Siniglaglia, M.; Falcon, T.; Brunetto, A.T.; Brunetto, A.L.; de Farias, C.B.; Taylor,
M.D.; Nor, C.; et al. HDAC and MAPK/ERK Inhibitors Cooperate To Reduce Viability and Stemness in Medulloblastoma. J. Mol.
Neurosci. 2020, 70, 981–992. [CrossRef] [PubMed]

130. Dijkgraaf, G.J.; Alicke, B.; Weinmann, L.; Januario, T.; West, K.; Modrusan, Z.; Burdick, D.; Goldsmith, R.; Robarge, K.; Sutherlin,
D.; et al. Small molecule inhibition of GDC-0449 refractory smoothened mutants and downstream mechanisms of drug resistance.
Cancer Res. 2011, 71, 435–444. [CrossRef]

131. Frasson, C.; Rampazzo, E.; Accordi, B.; Beggio, G.; Pistollato, F.; Basso, G.; Persano, L. Inhibition of PI3K Signalling Selectively
Affects Medulloblastoma Cancer Stem Cells. Biomed. Res. Int. 2015, 2015, 973912. [CrossRef]

132. Rao, Y.; Fang, Y.; Tan, W.; Liu, D.; Pang, Y.; Wu, X.; Zhang, C.; Li, G. Delivery of Long Non-coding RNA NEAT1 by Peripheral Blood
Monouclear Cells-Derived Exosomes Promotes the Occurrence of Rheumatoid Arthritis via the MicroRNA-23a/MDM2/SIRT6
Axis. Front. Cell Dev. Biol. 2020, 8, 551681. [CrossRef] [PubMed]

133. Ding, F.; Lai, J.; Gao, Y.; Wang, G.; Shang, J.; Zhang, D.; Zheng, S. NEAT1/miR-23a-3p/KLF3: A novel regulatory axis in melanoma
cancer progression. Cancer Cell Int. 2019, 19, 217. [CrossRef] [PubMed]

134. Ge, J.; Wang, B.; Zhao, S.; Xu, J. Inhibition of lncRNA NEAT1 sensitizes medulloblastoma cells to cisplatin through modulating
the miR-23a-3p-glutaminase (GLS) axis. Bioengineered 2022, 13, 7670–7682. [CrossRef] [PubMed]

135. Vaupel, P.; Schmidberger, H.; Mayer, A. The Warburg effect: Essential part of metabolic reprogramming and central contributor to
cancer progression. Int. J. Radiat. Biol. 2019, 95, 912–919. [CrossRef] [PubMed]

136. Mariotto, E.; Rampazzo, E.; Bortolozzi, R.; Rruga, F.; Zeni, I.; Manfreda, L.; Marchioro, C.; Canton, M.; Cani, A.; Magni, R.;
et al. Molecular and functional profiling of chemotolerant cells unveils nucleoside metabolism-dependent vulnerabilities in
medulloblastoma. Acta Neuropathol. Commun. 2023, 11, 183. [CrossRef] [PubMed]

137. Di Magno, L.; Manni, S.; Di Pastena, F.; Coni, S.; Macone, A.; Cairoli, S.; Sambucci, M.; Infante, P.; Moretti, M.; Petroni, M.; et al.
Phenformin Inhibits Hedgehog-Dependent Tumor Growth through a Complex I-Independent Redox/Corepressor Module. Cell
Rep. 2020, 30, 1735–1752.e7. [CrossRef] [PubMed]

138. Contenti, J.; Guo, Y.; Mazzu, A.; Irondelle, M.; Rouleau, M.; Lago, C.; Leva, G.; Tiberi, L.; Ben-Sahra, I.; Bost, F.; et al. The
mitochondrial NADH shuttle system is a targetable vulnerability for Group 3 medulloblastoma in a hypoxic microenvironment.
Cell Death Dis. 2023, 14, 784. [CrossRef] [PubMed]

139. Zhang, J.; Yuan, X.; Wang, Y.; Liu, J.; Li, Z.; Li, S.; Liu, Y.; Gong, X.; Sun, Y.; Wu, W.; et al. Tumor-Associated Macrophages
Correlate with Prognosis in Medulloblastoma. Front. Oncol. 2022, 12, 893132. [CrossRef] [PubMed]

https://doi.org/10.3727/096504019X15742472027401
https://www.ncbi.nlm.nih.gov/pubmed/31753063
https://doi.org/10.3390/ph15010091
https://www.ncbi.nlm.nih.gov/pubmed/35056150
https://doi.org/10.1093/neuonc/nox134
https://doi.org/10.1007/s11060-023-04526-w
https://doi.org/10.1016/j.canlet.2019.08.012
https://www.ncbi.nlm.nih.gov/pubmed/31465840
https://doi.org/10.1021/acsnano.2c00320
https://www.ncbi.nlm.nih.gov/pubmed/35353498
https://doi.org/10.1002/jcp.27393
https://www.ncbi.nlm.nih.gov/pubmed/30246348
https://doi.org/10.1111/cas.12925
https://www.ncbi.nlm.nih.gov/pubmed/27171351
https://doi.org/10.1007/s00381-011-1672-x
https://www.ncbi.nlm.nih.gov/pubmed/22249380
https://doi.org/10.3390/ijms150611013
https://www.ncbi.nlm.nih.gov/pubmed/24945311
https://doi.org/10.1007/s12035-013-8441-7
https://www.ncbi.nlm.nih.gov/pubmed/23516101
https://doi.org/10.1007/s12031-020-01505-y
https://www.ncbi.nlm.nih.gov/pubmed/32056089
https://doi.org/10.1158/0008-5472.CAN-10-2876
https://doi.org/10.1155/2015/973912
https://doi.org/10.3389/fcell.2020.551681
https://www.ncbi.nlm.nih.gov/pubmed/33042992
https://doi.org/10.1186/s12935-019-0927-6
https://www.ncbi.nlm.nih.gov/pubmed/31462890
https://doi.org/10.1080/21655979.2021.2008695
https://www.ncbi.nlm.nih.gov/pubmed/35313796
https://doi.org/10.1080/09553002.2019.1589653
https://www.ncbi.nlm.nih.gov/pubmed/30822194
https://doi.org/10.1186/s40478-023-01679-7
https://www.ncbi.nlm.nih.gov/pubmed/37978570
https://doi.org/10.1016/j.celrep.2020.01.024
https://www.ncbi.nlm.nih.gov/pubmed/32049007
https://doi.org/10.1038/s41419-023-06275-0
https://www.ncbi.nlm.nih.gov/pubmed/38036520
https://doi.org/10.3389/fonc.2022.893132
https://www.ncbi.nlm.nih.gov/pubmed/35860588


Cancers 2024, 16, 2249 26 of 26

140. Maximov, V.; Chen, Z.; Wei, Y.; Robinson, M.H.; Herting, C.J.; Shanmugam, N.S.; Rudneva, V.A.; Goldsmith, K.C.; MacDonald,
T.J.; Northcott, P.A.; et al. Tumour-associated macrophages exhibit anti-tumoural properties in Sonic Hedgehog medulloblastoma.
Nat. Commun. 2019, 10, 2410. [CrossRef]

141. Donovan, L.K.; Delaidelli, A.; Joseph, S.K.; Bielamowicz, K.; Fousek, K.; Holgado, B.L.; Manno, A.; Srikanthan, D.; Gad, A.Z.; Van
Ommeren, R.; et al. Locoregional delivery of CAR T cells to the cerebrospinal fluid for treatment of metastatic medulloblastoma
and ependymoma. Nat. Med. 2020, 26, 720–731. [CrossRef]

142. McNamara, M.A.; Nair, S.K.; Holl, E.K. RNA-Based Vaccines in Cancer Immunotherapy. J. Immunol. Res. 2015, 2015, 794528.
[CrossRef] [PubMed]

143. Jahanafrooz, Z.; Baradaran, B.; Mosafer, J.; Hashemzaei, M.; Rezaei, T.; Mokhtarzadeh, A.; Hamblin, M.R. Comparison of DNA
and mRNA vaccines against cancer. Drug Discov. Today 2020, 25, 552–560. [CrossRef] [PubMed]

144. Vonderheide, R.H. CD40 Agonist Antibodies in Cancer Immunotherapy. Annu. Rev. Med. 2020, 71, 47–58. [CrossRef]
145. Moon, Y.W.; Hajjar, J.; Hwu, P.; Naing, A. Targeting the indoleamine 2,3-dioxygenase pathway in cancer. J. Immunother. Cancer

2015, 3, 51. [CrossRef] [PubMed]
146. Castriconi, R.; Dondero, A.; Negri, F.; Bellora, F.; Nozza, P.; Carnemolla, B.; Raso, A.; Moretta, L.; Moretta, A.; Bottino, C. Both

CD133+ and CD133− medulloblastoma cell lines express ligands for triggering NK receptors and are susceptible to NK-mediated
cytotoxicity. Eur. J. Immunol. 2007, 37, 3190–3196. [CrossRef]

147. Khatua, S.; Cooper, L.J.N.; Sandberg, D.I.; Ketonen, L.; Johnson, J.M.; Rytting, M.E.; Liu, D.D.; Meador, H.; Trikha, P.; Nakkula,
R.J.; et al. Phase I study of intraventricular infusions of autologous ex vivo expanded NK cells in children with recurrent
medulloblastoma and ependymoma. Neuro-Oncology 2020, 22, 1214–1225. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41467-019-10458-9
https://doi.org/10.1038/s41591-020-0827-2
https://doi.org/10.1155/2015/794528
https://www.ncbi.nlm.nih.gov/pubmed/26665011
https://doi.org/10.1016/j.drudis.2019.12.003
https://www.ncbi.nlm.nih.gov/pubmed/31843577
https://doi.org/10.1146/annurev-med-062518-045435
https://doi.org/10.1186/s40425-015-0094-9
https://www.ncbi.nlm.nih.gov/pubmed/26674411
https://doi.org/10.1002/eji.200737546
https://doi.org/10.1093/neuonc/noaa047

	Introduction 
	The Molecular Subgroups of Medulloblastoma 
	WNT-Activated Medulloblastoma 
	SHH-Activated Medulloblastoma 
	Non-WNT/Non-SHH: Group 3 and Group 4 
	Group 3 Medulloblastoma 
	Group 4 Medulloblastoma 


	Main Drivers of Treatment Resistance 
	Blood-Brain Barrier and Blood-Brain-Tumor Barrier 
	Genetic, Epigenetic, and Molecular Drivers of Resistance 
	Overexpression of Alternative Pathways/Downstream Effectors 
	Cancer Stem Cells 
	Intratumoral and Intertumoral Heterogeneity 
	Metabolic Plasticity 

	Therapeutic Modalities to Overcome Resistance 
	Disrupting the Blood Brain Barrier 
	Targeting Genetic, Epigenetic, and Molecular Drivers of Resistance 
	Targeting Cancer Stem Cells 
	Disrupting Metabolic Patterns 
	Harvesting the Potential of the Immune System 
	Chimeric Antigen Receptor T-Cells (CAR T-Cells) 
	Oncolytic Virotherapy 
	Cancer Vaccines 
	Immune Checkpoint Inhibition 
	Adoptive Natural Killer Cell Therapy 


	Future Directions 
	Conclusions 
	References

