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Abstract
MYC is one of the most deregulated oncogenic transcription factors in human cancers. MYC amplification/or overexpres-
sion is most common in Group 3 medulloblastoma and is positively associated with poor prognosis. MYC is known to 
regulate the transcription of major components of protein synthesis (translation) machinery, leading to promoted rates of 
protein synthesis and tumorigenesis. MTOR signaling-driven deregulated protein synthesis is widespread in various can-
cers, including medulloblastoma, which can promote the stabilization of MYC. Indeed, our previous studies demonstrate 
that the key components of protein synthesis machinery, including mTOR signaling and MYC targets, are overexpressed 
and activated in MYC-amplified medulloblastoma, confirming MYC-dependent addiction of enhanced protein synthesis 
in medulloblastoma. Further, targeting this enhanced protein synthesis pathway with combined inhibition of MYC tran-
scription and mTOR translation by small-molecule inhibitors, demonstrates preclinical synergistic anti-tumor potential 
against MYC-driven medulloblastoma in vitro and in vivo. Thus, inhibiting enhanced protein synthesis by targeting the 
MYC indirectly and mTOR pathways together may present a highly appropriate strategy for treating MYC-driven medul-
loblastoma and other MYC-addicted cancers. Evidence strongly proposes that MYC/mTOR-driven tumorigenic signaling 
can predominantly control the translational machinery to elicit cooperative effects on increased cell proliferation, cell 
cycle progression, and genome dysregulation as a mechanism of cancer initiation. Several small molecule inhibitors of 
targeting MYC indirectly and mTOR signaling have been developed and used clinically with immunosuppressants and 
chemotherapy in multiple cancers. Only a few of them have been investigated as treatments for medulloblastoma and 
other pediatric tumors. This review explores concurrent targeting of MYC and mTOR signaling against MYC-driven medul-
loblastoma. Based on existing evidence, targeting of MYC and mTOR pathways together produces functional synergy 
that could be the basis for effective therapies against medulloblastoma.
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1 Introduction

Medulloblastoma is the most common pediatric brain tumor of neuroectodermal cerebellar origin, accounting for 
approximately 20% of all childhood brain tumors and over 60% of embryonal brain tumors. Approximately one third 
of children with medulloblastoma succumb to the tumor even after receiving standard surgery, chemotherapy, or 
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radiation treatments. Moreover, because of such treatments, surviving patients suffer severe long-term side effects 
including neurocognitive defects [1, 2]. Extensive genetic, epigenetic, and transcriptomic analyses have identified 
medulloblastoma as a heterogenous disease with four major molecular subgroups, namely wingless (WNT pathway-
activated), sonic-hedgehog (SHH pathway-activated), Group 3 and Group 4 [3–5]. Of these, Group 3 medulloblas-
toma represents the most aggressive subgroup (with < 60% overall survival) which often exhibits MYC amplification 
or overexpression (17–20% of cases), metastasis (40–50% of cases), and treatment resistance [6–8]. Thus, there is 
an urgent and unmet need to develop new targeted therapies for treating such medulloblastoma while acquiring 
limited toxicities.

Dysregulation of protein synthesis caused by abnormal activation of oncogenic signaling pathways has arisen 
as a critical mechanism for cancer progression and therapy resistance [9, 10]. Deregulation of protein synthesis is 
driven by uncontrolled expression of MYC, a transcription factor that is often deregulated by chromosomal aberra-
tion, retroviral insertion, activation of super-enhancer with MYC gene, or mutation of upstream signaling pathways 
in various cancers including medulloblastoma [11]. Studies have shown that the oncogenic effect of MYC is due to 
increased protein synthesis, fueling increased cell size and proliferation. The dramatic increase in cell protein synthesis 
that occurs after MYC activation stems from transcriptional modulation of multiple protein-synthesis components, 
including mRNA translational factors and ribosomal biogenesis [12–14]. The mRNA translation is also enhanced by 
the activation of mammalian targeted rapamycin (mTOR) kinase-dependent phosphorylation of the tumor suppressor 
eukaryotic translation initiation factor 4E (eIF4E) binding protein (4EBP1) [15]. MYC stimulates the hyperactivation 
of eIF4E to drive tumorigenesis, and mTOR stabilizes MYC levels by inducing MYC translations [16, 17]. MTOR is one 
of the major pathways known to be activated during medulloblastoma progression. MTOR signaling coordinates 
organismal development and homeostasis, encompassing lipid and protein synthesis that govern the cell cycle and 
cellular metabolism [18–20].

Biologically targeted therapies are better tolerated than conventional therapies and have extended patient sur-
vival with minimal or no toxicity [21]. MYC is a highly warranted therapeutic target due to its broad role in cancer 
development, its overexpression in variety of cancers (> 50% of all cancers), and its association with therapy resist-
ance and poor prognosis [22]. Currently, no effective small-molecule therapeutic agents are available to target MYC 
protein because of a complex protein structure, non-enzymatic nature and short half-life. Drug discovery approaches 
attempted at blocking MYC heterodimerization with MAX or its binding to DNA elements in the target gene promot-
ers, to date, largely failed [22, 23]. Although targeting MYC with alternative or indirect strategies such as blocking 
its upstream or downstream signaling have been promising, MYC remains challenging to target due to its wide 
roles and the number of tumorigenic pathways modulated by it. Aggressive tumors are often more resistance to 
conventional treatments such as radiation and chemotherapy [24]. The activation of mTOR pathway has been shown 
to be involved in such resistance in cancers, including medulloblastoma. This review updates recent findings on the 
crosstalk between MYC and mTOR and targeted therapies that inhibit both MYC and mTOR along with other treat-
ment modalities that hold potential to treat the Group 3 MYC-amplified medulloblastoma at the translational level.

2  Tumorigenic roles of MYC‑induced protein synthesis

The MYC transcription factor is one of the most activated oncogenes in human cancer. Particularly, MYC overexpres-
sion correlates with poor clinical outcomes and worse survival in a wide range of cancers including medulloblastoma 
[25]. When MYC is activated, it can direct uncontrolled cell proliferation, leading to tumorigenesis (Fig. 1). Deregula-
tion in multiple steps of protein synthesis control is an emerging mechanism for cancer progression. MYC directly 
increases protein synthesis rates by controlling the transcription of protein synthesis machinery components, includ-
ing mRNA translation, ribosome biogenesis (ribosomal small and large subunit proteins) components and translation 
initiation/elongation factors [26–29]. Increased production of ribosomal proteins can boost the capacity of the cells 
for protein synthesis, possibly fueling the instant growth of cancer cells. MYC could control several translation factors 
involved in protein synthesis and confirm the expression changes associated with MYC oncogenic function [30–34]. 
In particular, the strong upregulation of genes encoding RNA polymerase I (Pol I) complex, which is responsible for 
transcription of the 45S pre-rRNA encoding genes (rDNA), is a crucial mediator of MYC-enhanced gene expression 
[35]. rDNA is a critical rate-limiting step for ribosomal biogenesis and could be targeted by small molecular inhibitors. 
A recent study has shown ribosomal biogenesis can be suppressed by inhibiting the rDNA using a small molecule 
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CX-5461, which has the capacity to control or kill the MYC-driven cancer cells. This inhibitor is currently in a Phase-I 
clinical trial [36, 37]. Thus, controlling the ribosomal biogenesis at multiple points offers a possible strategy to treat 
MYC-driven medulloblastoma [38]. Interestingly, in our recent study, we find that the key components of protein 
synthesis machinery, including mTOR signaling and MYC targets, are overexpressed and activated in MYC-amplified 
medulloblastoma cell line models [39], confirming the role(s) of MYC-induced protein synthesis in medulloblastoma 
tomorigenesis.

MYC-dependent increase in protein translation also controls the genome variability. The initiation of cap-dependent 
translation usually slows down in the stage of mitosis. However, Internal ribosome entry site (IRES) dependent translation 
promotes the expression of critical cytokinesis regulators involved in cell cycle progression by restricting the switch 
between cap and IRES-dependent translation [14, 40, 41]. MYC itself has IRES elements in its UTR [42]. Because of MYC 
hyperactivation, the failure of cytokinesis was accompanied by an excess number of centromeres, restored in conditions 
of normal protein synthesis [14].

MYC activation can increase protein mass by directly controlling the translation of specific mRNAs. An 
understanding of this mechanism came from the observation that MYC leads to an increase in the levels of several 
cyclins, thereby affecting the activities of cyclin-dependent kinases (CDKs), which are required in in G1 transition 
of cell cycle and cell division. CDK levels are abundantly increased in response to MYC overexpression, despite no 
change in their RNA levels [43, 44]. MYC was shown to enhance the translation of individual mRNA by promoting 
methylation on the 5’ region of the mRNA (mRNA 5’ capping), which is necessary for binding the translation factors 
to the mRNA [45, 46]. 5’ mRNA capping is essential for mRNA stability, as uncapped RNA degrades rapidly. MYC 
induces mRNA cap methylation, revealing that it can be an important mechanism to stabilize mRNA translation for 

Fig. 1  Tumorigenic effect 
of MYC by regulating the 
transcription and translation 
machinery. MYC promotes 
transcription of several com-
ponents of protein synthesis 
machinery as indicated 
thereby increases cell mass 
and proliferation in cancer 
cells
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some genes [43]. However, MYC has no direct role in mRNA capping; instead it can directly regulate transcription 
of genes that are involved in mRNA capping. For example, MYC promotes transcription of TFIIH (basal transcription 
factor) that phosphorylates RNA Poll II [47]. One of the subunits of TFIIH is CDK7, which has kinase and cyclin-
dependent activating kinase (CAK) activities that phosphorylate the C-terminal domain of RNA Pol II. MYC also 
controls the expression of CDK7 and other CDKs [48]. MYC forms MAX-independent complex with TFIIIB and control 
gene transcription, including genes involved in the Pol III transcription machinery and small RNAs [49, 50].

Additionally, MYC and E2F1 (a transcription factor) can directly promote methylation of mRNA CAP structure 
through RNA guanosine-7-methyltransferase (RNMT), a modification essential for CAP bonding to eIF4E and 
recruitment of 40S ribosomal subunit that lead to CAP-dependent translation initiation [44]. MYC’s role in upregulating 
rRNA transcription also indirectly affects translation initiation. Ribosomal promoters L13, L19, L22, L27A, and S6 are 
also confirmed high-affinity MYC binding sites. MYC’s promotion of rRNA gene transcription leads to increased 
ribosome production, supporting translation initiation by providing more ribosomes for protein synthesis [51]. It 
frequently boosts the transcription of growth-promoting genes, some of which encode translation initiation factors, 
including eIF4E, which is implicated in translation initiation and required for CAP-dependent translation [51]. The 
translation initiation factors eIF4A and eIF5A, including eIF4E, contain high-affinity MYC-binding sites. Recently, 
researchers developed a constitutive active 4EBP1 inhibitor to target eIF4E [52]. The 4EBP1 inhibitor antagonizes eIF4E 
by signal transduction pathways that phosphorylate and inactivate of 4EBP1, suggesting the potential importance of 
eIF4E as a MYC regulatory target in cancer. One of the most surprising discoveries over the last several years is that, 
contradictory to preceding acceptance, eIF4E expression is not a controlling factor for overall protein translation. Even 
if the eIF4E level is reduced by 50%, it still does not impact normal development and translation globally; however, 
a reduction in eIF4E expression would be expected to suppress oncogenic transformation [53]. FDA-approved 
antiviral drug ribavirin has been shown to suppress eIF4E in cancer [54]. Ribavirin could be a valuable addition for 
MYC-amplified medulloblastoma targeted to eIF4E. Decisively, eIF4E overexpression alone is sufficient to act as 
driving oncogenic events, and overexpression of eIF4E through inhibition of 4EBP1 is required for mTOR-dependent 
tumorigenesis [17, 19], which creates a unique window of prospect for pharmacological intervention. LY2275796, 
which blocks the expression of eIF4E, was in a Phase I clinical trial (NCT00903708) that sought an appropriate dose of 
LY2275796 in patients with advanced tumors [55]. Another translation initiation factor, eIF4A (a helicase), is a crucial 
member of the eIF4F complex that regulates pro-cancerous signaling. eIF4A liberates secondary structures in the 
5’ untranslated region (UTR) to help scan the 43S complex to recognize the start codon. Hence, it is believed to be 
inappropriate for translating mRNAs with complex 5’ UTR. eIF4A has two paralogs with 90% homology at the amino 
acid levels (eIF4A1 and eIF4A2). eIF4A1, a crucial transcriptional target of MYC [56], is frequently overexpressed in 
various malignancies and was shown to facilitate the translation of numerous oncogenes [57]. A recent study showed 
that decreased eIF4A1 levels suppress lymphomagenesis in murine MYC-driven lymphoma [58], suggesting that 
eIF4A1 is a viable target for cancer therapy. The eIF4A inhibitor, eFT226 (Zotatifin), is already in Phase I/II clinical trial 
(NCT04092673) to treat solid tumor malignancies. However, the impact of translation elongation factors in the cancer 
perspective is poorly understood. One of the elongation factors involved in translation is eIF5A. It was formerly known 
as an initiation factor; however, some studies show its main role in translation elongation. The eIF5A was classified 
into two isoforms, eIF5A1 and eIF5A2, based on posttranslational modification. eIF5A1 is universally found in cells of 
most tissues, whereas eIF5A2 is exclusively found in the testis and brain [59] and primarily expressed in cancerous cells 
[60, 61]. Recently, a study showed that eIF5A regulates the selection of MYC-mRNA start codon in cancer cells [62]. 
Similarly, eIF5A may more generally regulate selective translation of oncogene tripeptide (Met-Phe-Phe) or proline 
stretches, which need eIF5A movement to avert ribosome stalling [63]. Early research on the function of eIF5A as a 
translational regulator in cancer suggests that it may be a promising therapeutic target.

By regulating ribosome biogenesis and translation, MYC can exert coordinated control of cellular protein production, 
leading to cell growth and cell division. Overall, findings suggest that deregulation in protein synthesis downstream 
of MYC can have an immediate and profound effect by causing additional genetic lesions that cooperate with MYC 
hyperactivation in cancers including medulloblastoma.
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3  Co‑operation and crosstalk between MYC and mTOR signaling

Protein synthesis is not only enriched by MYC-regulated transcription but also by the activation of mTOR kinase at the 
translation level. MTOR signaling itself is another key regulator of protein synthesis which is frequently deregulated in 
various cancers, including MYC-addicted cancers and medulloblastoma [64]. MTOR has two distinct protein complexes, 
mTORC1 and mTORC2. MTORC1 is a primary regulator of cell growth and metabolism. It associates with raptor, mLST8, 
PRAS40, and DEPTOR and integrates various signals, including nutrient availability and growth factors that control 
processes like protein synthesis. MTORC2 is associated with mLST8, mSn1, Protor1/2 and DEPTOR. It primarily regulates 
cell survival, proliferation, and cytoskeletal organization and is insensitive to rapamycin. The distinct functions of these 
complexes and their integration with other signaling pathways make them central players in regulating cell behavior 
and physiology [65].

MTOR controls protein synthesis by phosphorylating the tumor suppressor 4EBP1 and ribosomal protein p70S6 kinase 
(S6K). MTOR-dependent phosphorylation of 4EBP1 blocks its ability to negatively regulate the translation initiation factor 
eIF4E, thus promoting eIF4E’s ability to initiate protein translation (Fig. 2) [19]. Importantly, it has been established that 
MYC stimulates hyperactivation of eIF4E to drive tumorigenesis. Also, MYC stimulates mTOR activity indirectly by pro-
moting the expression of growth-promoting factors that activate the mTOR signaling pathway. On the other hand, it has 
been shown that mTOR also stabilizes the MYC protein concentration by inducing more MYC exression. Together, these 
studies support the idea that crosstalk between MYC- and mTOR-dependent mechanisms of translation reprogramming 
leads to enhanced protein synthesis, which is required to sustain the oncogenic drive. Therefore, the MYC/mTOR axis is 
an attractive therapeutic target in MYC-driven cancers that are addicted to enhanced protein synthesis.

The interactions between MYC and mTOR signaling have been well studied in the lymphoid malignant 
microenvironment. This phenomenon is now emerging in other cancers as well. Interestingly, studies by us and 
others have shown that mTOR signaling is overactivated in Group 3 (MYC-amplified) medulloblastoma, suggesting 
association between MYC and mTOR in medulloblastoma. Particularly, MYC and mTOR cooperatively control the 
primary protein synthesis/translation step (4EBP1/eIF4E) at the transcription and translation levels, respectively. These 
findings uncover an important link between MYC and mTOR-dependent protein synthesis/translation, which together 
lead to enhanced tumorigenesis. Cooperation between these two pathways may dysregulate translation globally and 
promote the pathology of MYC-dependent cancers, including medulloblastoma. Future studies addressing the molecular 
mechanism(s) for MYC/mTOR interaction may provide important insights into how this interaction is regulated under 
normal and pathological cellular conditions.

Another major and immediate downstream effect of MYC activation is a dramatic increase in metabolism of the cells 
as it directly upregulates energy/ATP production rates through transcriptional and protein synthesis control to sustain 
the uncontrolled cancer cell proliferation. MYC’s effects on cellular metabolism include making the cell more reliant 
on nutrients and energy sources. This metabolic shift and rewiring provide the necessary building blocks for further 

Fig. 2  Interaction and cooperative crosstalk between MYC and mTOR to enhance the protein synthesis in cancer progression. This figure is 
showing both MYC (at transcription) and mTOR (at translation) connects at the primary iniation translation site eIF4E to enhance global pro-
tein synthesis in cancer cells
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activating mTOR signaling and mTOR-driven protein synthesis [66]. MTOR senses the availability of amino acids and 
integrates this information into the control of protein synthesis. Adequate amino acid availability is required for mTOR 
to initiate translation effectively [67]. This metabolic reprogramming associated with protein synthesis control could be 
another point of cooperative interaction or crosstalk between MYC and mTOR.

4  Other associated pathways of protein synthesis

In addition to mTOR, there are other pathways associated with protein synthesis in various cancers. Other notable 
pathways are MNK and AMPK which are interconnected with mTOR signaling. Activation of these pathways can promote 
protein synthesis, cell growth and contributing to cancer progression. These pathways often crosstalk and cooperate to 
promote aberrant protein synthesis and tumor growth in cancer.

4.1  MNK

Apart from mTOR, MAPK-interacting kinases (MNK1 and MNK2) perform a role in cancer cell proliferation by influencing 
the translation process. Following the discovery of eIF4E and its crucial function in protein translation, scientists 
recognized that it is serine phosphorylated by MNKs, part of the mitogen activated protein kinase pathway (MAPK), 
which controls various cellular activities, including cell growth and proliferation [68, 69]. This phosphorylation performed 
by either MNK1 or MNK2, is supposed to enhance the translation of a subset of mRNAs, many of which showed the 
significance of MNKs in tumorigenesis [70, 71]. In the context of cancer, MNKs are involved in the phosphorylation of eIF4E 
[72]. The phosphorylation of eIF4E by MNKs enhances its ability to initiate the translation of specific mRNA molecules 
that encode proteins promoting cell cycle progression and survival [73]. MNK1 and MNK2 can be phosphorylated by 
extracellular signal regulated kinase (ERK) and p21 activated kinase 2 (PAK2) [74], while dephosphorylated, especially 
MNK1, by protein phosphatase 2 A (PP2A) [75]. Specific phosphorylation and dephosphorylation sites on MNKs were 
found to affect the binding to eIF4E and disturb the binding to eIF4G. Also, phosphorylated MNKs were recognized 
to bind with mTORC1 and allow the binding of TELO2 (cell cycle protein) to the complex, which triggers the mTORC1-
dependent phosphorylation of downstream substrates [76]. A recent study demonstrated the relationship that mTORC1 
phosphorylates MNK2 [77]. Targeting MNKs or the MAPK pathway presents possible therapeutic strategies to inhibit 
excessive cell growth in cancer. Since normal cell growth and development are not affected by MNKs inhibitors, MNKs 
are relevant targets in malignancy, due to their vitality in cancer cell signaling [78].

4.2  AMPK

AMP-activated protein kinase (AMPK) is a key regulator of cellular energy metabolism, and it is known to influence 
the stability of MYC protein indirectly, thus linking cellular energy status to control of MYC-mediated cellular process 
[79]. Recently, a study has shown that deleting both catalytic subunits (prkaa1 and prkaa2) from AMPK inactivated the 
enzyme and decreased the expression of multiple genes related to protein translation, including mTORC1 in an SHH 
medulloblastoma model [80]. The downregulation of translation associated genes implied lowering mTORC1 activity, 
which was proven by finding reduced p4EBP1 levels as compared to a control tumor with intact AMPK catalytic subunits 
[80]. AMPK-associated metabolic adaptability may be crucial for brain tumor development [81, 82]. In SHH signaling AMPK 
has been shown to interact with GLI1 to suppress SHH activity [83]. Therapies that interrupt AMPK only transiently may 
be necessary for safety in pediatric patients [81, 84]. Understanding the mechanism(s) by which AMPK inhibition halts 
medulloblastoma cell proliferation and survival may allow the design of potential targeted therapies that exploit the 
role of AMPK in SHH-driven medulloblastoma and other cancers.

5  Targeting protein synthesis as a cancer therapeutic approach

Understanding the crosstalk between MYC and mTOR is essential in cancer research and treatment. Targeting MYC and 
mTOR pathways may offer a more effective therapeutic approach in certain cancer-type, as it addresses multiple drivers 
for cancer growth and drug resistance. Inhibitor combination strategies that target mTOR signaling and MYC protein may 
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be required to achieve complete blockade of the enhanced protein synthesis pathway (Fig. 3). Researchers are exploring 
combination therapy that inhibits both MYC and mTOR to improve treatment outcomes for MYC-driven cancer.

5.1  Targeting MYC/MTOR

We review here the evidence that the MYC/mTOR axis may have attractive druggable targets for cancers addicted to 
enhanced protein synthesis [39]. Even though the MYC proteins themselves are undraggable, alternative strategies 
have recently been established that target MYC transcription and its regulated genes epigenetically by inhibiting 
bromodomain and extraterminal (BET)-containing proteins [22, 85]. BET proteins recognize acetylated lysines on 
euchromatin to facilitate transcription. In cancers, including medulloblastoma, MYC genes and their transcripts are 
specific targets for BET protein inhibitors [86]. Targeting BET proteins has been shown to effectively block cancer cells 
from eliciting a compensatory signaling response to PI3K pathway inhibitors; at least in some cases, this can restore 
sensitivity to therapy [87]. In ovarian cancer, it has been shown that resistance to BET inhibitors occurs through oncogenic 
kinome reprograming via the activation of receptor tyrosine kinases (RTKs) and downstream signaling of PI3K, AKT and 
ERK, which are compensatory pro-survival kinase networks [88]. Therefore, BET inhibitors may be thought of as rational 
combinatorial partners for reprogrammed compensatory signaling pathways such as PI3K-mTOR. The concept has been 
validated recently. Studies demonstrated that BET protein inhibitors and PI3K-mTOR ATP-active site inhibitors can facilitate 
therapeutic targeting of MYC and mTOR-dependent protein synthesis pathways, respectively [89, 90]. However, clinical 
experience with this approach is limited, and evidence obtained so far suggests that such agents have relatively poor 
anti-tumor efficacy individually. Recently, a combination of BET protein inhibitor JQ1 with a histone deacetylase inhibitor 
(panobinostat) synergistically induces anti-cancer effects in MYC-amplified medulloblastoma in vitro and in vivo [91]. 
Concurrent targeting of mTOR signaling and BET proteins may be necessary to achieve complete inhibition of the protein 
synthesis pathway. Our studies evaluated the anti-cancer potential of combined inhibition of MYC transcription and mTOR 
signaling in MYC-amplified medulloblastoma [39]. Combination therapy targeting MYC (by BET inhibition) and mTOR 
signaling proved efficacious against medulloblastoma [39]. In MYC-driven medullobalstoma cell lines, we observed that 
combined treatment with BET-MYC and mTOR signaling inhibitors at pharmacologically achievable doses, showed greater 
anti- medullobalstoma activity by downregulating the mTOR and MYC components. These results strongly support the 
rationale to further explore this therapeutic approach in MYC-driven medulloblastoma.

Resistance to mTOR inhibitors is common in cancer cells due to feedback activation of upstream PI3K kinase, furthering 
the rationale to combine inhibition of PI3K /mTOR with other targeted inhibitors to achieve a more durable blockade of 

Fig. 3  Possible combination strategies targeting MYC at transcription and protein translation levels
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mTOR signaling [92, 93]. Consequently, BEZ235, the dual inhibitor of PI3K/mTOR, was used to overcome this feedback 
activation and effectively target the mTOR-driven tumorigenicity [39]. BEZ235 has not yet been integrated into a clinical 
setting because of toxicity and lack of clinical efficacy in renal cell carcinoma patients [94]. Likewise, MYC and mTOR 
signaling activation has been demonstrated to synergize together in cancer biology, directing tumor deterioration 
and drug resistance in several malignancies, including medulloblastoma [95, 96]. Some targeted approaches may be 
explored in the context of MYC-amplified medulloblastoma and mTOR inhibitors (Fig. 3). We have illustrated the multiple 
pharmacological approaches to directly target mTOR at clinical level in Tables 1 and 2.

Cyclin-dependent kinases (CDKs) are direct downstream targets of MYC which regulate cell cycle progression. Also, 
CDKs are involved in the phosphorylation events that can indirectly regulate MYC stability. Phosphorylation of MYC at 
specific sites can lead to its stabilization or degradation. For instance, phosphorylation at Serine 62 (Ser62) by CDK1 or 
CDK2 stabilizes MYC, whereas phosphorylation at Threonine 58 (Thr58) by GSK3β (which can be regulated by CDKs) marks 
MYC for degradation via the ubiquitin–proteasome pathway [97]. CDKs can interact with other regulatory proteins that 
influence MYC stability [98]. CDK inhibitors could be part of a treatment strategy for MYC-amplified medulloblastoma, 
although their precise role in controlling this specific cancer subtype is still an active area of research. CDK inhibitors, 
such as palbociclib or ribociclib, may be thought of in combination with mTOR-targeted therapy. Such a strategy may 
modulate the phosphorylation of MYC and interaction with other proteins, potentially diminishing the oncogenic effects. 
Recently, a combination of ribociclib with bet-bromodomain and PI3K/mTOR inhibitors was used for medulloblastoma 
treatment. The CDK inhibitor ribociclib inhibited MYC-driven and SHH medulloblastoma tumor progression models [99]. 
The combination of JQ1 and ribociclib potently repressed MYC expression and prevented the induction of its expression 
in group 3 MYC-amplified medulloblastoma cells [99]. BET and CDK inhibitors are often combined with other treatments, 
such as chemotherapy or targeted therapies, to address multiple aspects of cancer biology. Potentiation between 
inhibitors of BET and CDK was earlier shown in MYC-amplified group 3 medulloblastoma [100, 101]. A combination of 
CDK and mTOR inhibitors holds potential for controlling MYC-amplified medulloblastoma. PI3K/mTOR inhibitors have 
shown synergistic effects and advantages with BET and CDK inhibitors to treat group 3 and SHH medulloblastoma 
in preclinical tumor models [102–104]. The maximal advantage of combining CDK and PI3K/mTOR inhibitors might 
be achieved when combined with standard care [103]. The PI3K inhibitor, BKM-120, has shown a potently synergistic 
effect with histone deacetylase inhibitors to inhibit the tumor growth in vitro and in group 3 medulloblastoma models, 
identifying this as an effective combination therapy [105]. Some MYC-amplified medulloblastomas are associated with 
abnormal activation of SHH pathways. In specific cases, it may be deemed appropriate to target these pathways with 
inhibitors like vesmodegib or sonidegib in combination with mTOR inhibitors [106]. CDK and combinations can further 
control cancer growth by inhibiting MYC-amplified cell survival mechanisms and promoting apoptosis. While the exact 
mechanism of the combination therapy is still a subject of ongoing research, there are several ways in which these 
inhibitors may work together to target MYC-amplified medulloblastoma.

5.2  Targeting MNK

MNK inhibitors are being explored as potential cancer treatments, particularly in cancers where the MAPK pathway 
is dysregulated. Some inhibitors are commercially available for laboratory work. Tomivosertib (eFT508), the most 
commonly used inhibitor, has the capacity to inhibit MNKs and p-eIF4E [107]. Now MNK inhibitors with improved 
pharmacokinetic properties, like ETC-206 and AUM001, are now available [108, 109]. Recently, the MNK1 inhibitor 
BAY1143269 has been shown to target downstream factors involved in cell cycle progression [110]. Also, MNK1 inhibitors, 
such as cercosporamide and eFT508, inhibits eIF4E phosphorylation and suppress tumor progression/metastasis in the 
xenograft and genetically engineered mouse models [111, 112]. One of the most common approaches is to combine 
MNKs inhibitors with mTOR inhibitors, due to the mutuality of these two pathways [113]. For validation of this approach 
a recent study demonstrated extended survival using mTOR inhibitor (rapamycin) in combination with tomivosertib 
in an APC KRAS colorectal cancer model [114]. Similarly, Fan et al. found in hematological malignancies that mTOR 
deletion led to increased protein synthesis through MNKs, which may explain the resistance of cancer cells to mTOR 
inhibitors and provide importance of combination with MNK inhibitors and found resistant cancer cells sensitivity against 
the MNK inhibitor, CGP57380 [115]. Several clinical trials are ongoing to evaluate the anti-tumor efficacy and safety 
of MNK inhibitors, often in combinations, against varied cancers (Table 3). In particular, tomivosertib is currently in 
a Phase II clinical trial NCT03616834) to treat NSCLC patients and evaluate safety, tolerability, antitumor activity, and 
pharmacokinetics (NCT04622007).
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5.3  Targeting AMPK

AMPK plays a key role in several cancers by regulating various signaling pathways including mTOR. AMPK regulate 
cellular energy level and inhibiting it may disrupt cancer cell growth and metabolism. BAY-3827 is a specific inhibitor 
of AMPK. It has been investigated in preclinical studies as a potential cancer therapeutic due to its ability to inhibit 
AMPK, which plays a role in cellular energy regulation and metabolism. More recently, AMPK inhibitors BAY-3827 
and SBI-0206965 were found to be efficient in inhibiting the proliferation of prostate cancer cell lines [116]. BAY-3827 
inhibited human AMPK with a surprisingly low  IC50 of 1.4 nM, while SBI-0206965 showed a similar potency [117]. BAY-
3827 is now the inhibitor of choice for cell studies because of its impressive potency and limited off-target effects, 
even though its low bioavailability may limit its use in vivo [118]. However, like any potential cancer treatment, the 
efficacy and safety of AMPK inhibitors need to be carefully evaluated through clinical trials.

5.4  Targeting alternatives of MYC

MYC stabilization is not a well-established aspect of MYC regulation, making it a topic of ongoing research in cancer 
biology. Studies have shown that indirect inhibition of MYC through targeting binding proteins and cofactors that 
can promote its stabilization and tumorigenicity have emerged as an alternative approach. We have illustrated the 
multiple pharmacological approaches to indirectly target MYC at distinct levels in Table 4. Aurora kinases are a family 
of serine/threonine kinases involved in cell division and implicated in MYC-amplified cancers. Aurora kinases A, B, 
and C are the key cell cycle progression regulators, especially in processes like mitosis and cytokinesis. Aurora kinase 
A causes tumorigenesis via communication with MYC [119, 120]. Aurora kinase A influences the cell cycle by making 
complexes with N-MYC and protecting them from FBW7-mediated proteasomal degradation [121]. The aurora kinase 
A inhibitors MLN8054 and MLN8327 unsettled the MYC-Aurora kinase A complex, leading to N-MYC destabilization 
and tumor deterioration in N-MYC amplified neuroblastoma [122]. Aurora kinases do not typically stabilize the C-MYC, 
but MLN8237 stimulated C-MYC degradation in p53 mutant hepatocellular carcinoma [123]. This data indicated that 
Aurora kinase A inhibitors could be possible therapeutics for treating MYC-amplified cancer and possibly interrupt 
cell division in MYC-amplified medulloblastoma. Another polo-like kinase (PLK) family is involved in the regulation of 
various cell cycle processes, including mitosis, cytokinesis, and DNA damage responses. Polo-like kinases, especially 
PLK1, have been shown to control essential biological processes in N-MYC amplified neuroblastoma and small cell 
lung carcinoma [124]. PLK1 inhibitors preferentially induce apoptosis of MYC-overexpressing tumor cells [125].

It is important to note that the role of mTOR signaling in medulloblastoma can vary between individual cases and 
molecular subgroups. Therefore, treatment strategies may need to be tailored to the tumor’s specific characteristics. 
Clinical trials have been conducted to evaluate the use of mTOR inhibitors, like rapamycin and its analogs, in treating 
medulloblastoma. These trials aim to assess the safety and effectiveness of the mTOR inhibitor in this specific context, 
and it is under investigation in several clinical studies for the treatment of pediatric tumors and other malignancies 
(Tables 1 and 2). It is important to note that mTOR inhibitors are not a one-size-fits-all solution, and their effectiveness 
can vary depending on the cancer’s specific type and genetic characteristics. Additionally, resistance to mTOR 
inhibitors can develop over time, requiring ongoing research into novel strategies for targeting this pathway in 
cancer therapy.

5.5  Targeting MYC‑driven metabolism

MYC plays a central role in metabolic reprogramming by promoting an anabolic state in cancer cells [66]. Target-
ing such MYC-driven metabolic program using metabolic inhibitors could be one of the promising startegies for 
MYC-driven medulloblastoma. Particularly, in Group 3 medulloblastoma, MYC-driven metabolic alterations support 
rapid cell division and survival under stress. By inhibiting key metabolic pathways such as glycolysis, glutamine 
metabolism, and oxidative phosphorylation, the tumor’s energy production and biosynthetic processes can be inter-
rupted, restricting its proliferation and survival [66, 126]. However, the complexity of metabolic programs in cancer 
cells and the potential for adaptive resistance require the development of combination therapies that target MYC-
driven metabolism alongside other cellular pathways such as compensatory signaling pathways and DNA repair. 
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Investigation on selective metabolic inhibitors and personalized treatment strategies will be crucial for overcoming 
resistance and improving outcomes in Group 3 (MYC-driven) medulloblastoma.

6  Role(s) of MYC‑mTOR signaling in chemoradition resistance

Resistance to chemoradiation therapy is a major challenge in treating Group 3 medulloblastoma. Both MYC and mTOR 
pathways have been implicated in this resistance [127, 128]. MYC can contribute to chemoradiation resistance by its 
control on cell cycle (cyclins and cyclin-dependent kinases) regulation, inhibition of apoptosis (anti-apoptotic factors; 
Bcl-2), metabolic reprogramming (glycolysis and oxidative phosphorylation), and DNA damage response [129, 130]. MTOR 
can contribute to chemoradiation resistance by its direct regulation of protein synthesis pathway (translation through 
4EBP1/eIF4E), autophagy, and metabolism (nutrient uptake and processing) [129, 131]. The interaction between MYC and 
mTOR signaling pathways can create a robust network of resistance to therapy in medulloblastoma. MYC’s promotion of 
cell cycle progression, apoptosis inhibition, and metabolic reprogramming synergizes with mTOR’s regulation of protein 
synthesis, cell survival, and autophagy. Therefore, targeting these pathways represents a promising strategy to overcome 
chemoradiation-resistance and improve treatment outcomes for patients with this challenging cancer.

7  Possible resistance mechanisms of the targeting MYC‑mTOR

Targeting MYC and mTOR signaling in medulloblastoma presents a promising approach to overcoming chemoradiation 
resistance, but several mechanisms of resistance could emerge in response to these treatments [129, 132] These 
mechanisms could either diminish the therapeutic effects of inhibitors targeting MYC and mTOR, or enable tumor cells 
to bypass the targeted pathways, thereby contributing to tumor persistence and recurrence [133]. Resistance to therapies 
targeting MYC and mTOR can arise through multiple mechanisms, including compensatory activation of alternative 
pathways (PI3K/AKT, MAPK/ERK), feedback loops (MYC-mTOR signaling feedback), tumor heterogeneity (clonal evolution), 
alterations in the tumor microenvironment (metabolic or hypoxic), and drug resistance through ABC Transporters 
(P-glycoproteins) [134–136]. Developing combination therapies that target these resistance mechanisms holds promise 
for overcoming treatment resistance and improving patient outcomes.

8  Future perspective and conclusion

The mTOR pathway plays one of the most prominent roles in tumor progression. It is linked with several pathways, 
and it factors into inhibition resistance, remarkably in highly resistant tumors such as MYC-driven medulloblastoma. 
Despite intensive multimodal therapy, the prognosis for Group 3 medulloblastoma patients with MYC-amplification 
remains extremely poor, and direct targeting of MYC has not yet been accomplished, but innovative approaches 
remain to be worked out towards realizing this goal. Whether via direct or indirect targeting of MYC, it is crucial to 
target MYC-associated pathways. However, despite substantial efforts, targeting MYC with clinical-grade small mol-
ecules still represents an intractable challenge, particularly when targeting MYC at the protein level. mTOR inhibitors 
are clinically available, as mentioned Tables 1 and 2. Recently evolving compounds that control or inhibit the mTOR 
signaling and its associated mechanisms, with possible utility for the treatment of various type of cancer including 
medulloblastoma, are summarized in Table 5. Targeting protein synthesis pathways in MYC-amplified medulloblas-
toma through mTOR inhibitors by combination therapy requires identifying complementary agents that can enhance 
therapeutic outcomes and overcome potential resistance mechanisms when combined with mTOR inhibitors. Such 
strategies may be multi-pronged, targeting various translation machinery components or exploiting vulnerabilities 
in MYC-amplified tumors (Figs. 3 and 4). By understanding the complex interplay of the signaling pathways, scientists 
hope to design more effective and personalized treatment regimens, ultimately improving the prognosis for indi-
viduals with MYC-amplified medulloblastoma. Realistically, a single drug approach is not reasonable for most cancer 
treatment and drug resistance is a most frequent challenge, therefore combination is necessary to utilized. Combining 
protein translation inhibitors (mTOR, MNK and AMPK), with MYC inhibitors may lead to a more comprehensive disrup-
tion of the pathways driving protein synthesis, potentially increasing the effectiveness of the treatments compared 
to single-agent therapies. MYC-amplified medulloblastoma often exhibits diverse genetic alterations contributing to 
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treatment resistance. Combination therapy offers a strategy to overcome or mitigate resistance mechanisms, improv-
ing the chance of a positive clinical response. Optimizing the combination of mTOR and MYC-associated inhibitors has 
the potential to achieve therapeutic efficacy with lower doses of each drug, reducing the risk of adverse side effects 
and improving the overall tolerability of the treatments. Clinical trials are vital to evaluate the safety and efficacy 
of the combination therapies. Positive results from such clinical trials would validate the clinical relevance of this 
approach, leading to its potential integration into standard treatment protocols and holding promise in addressing 
the clinical challenges associated with MYC-amplified medulloblastoma.

The blood–brain barrier (BBB), involving multidrug-resistant membrane proteins like P-glycoprotein (P-gp), breast 
cancer resistance protein (BCRP), poses a challenge in delivering drugs to the brain. BBB plays a crucial role in 
limiting the entry of substances, including drugs, into the brain [137]. Insufficient drug transport into the brain 
leads to diminished therapeutic effects and aggravated organ toxicity side effects due to the deposition of the 
drug in other organs and tissues [138]. In the context of treating medulloblastoma, especially when targeting 
the mTOR pathway with inhibitor drug, the importance of understanding and overcoming the BBB is significant. 
Many mTOR inhibitors are substrates for efflux pumps like P-gp and BCRP that reduce the efficacy of the drugs. 
Some mTOR inhibitors like everolimus and temsirolimus are the substrate of Pgp and BCRP. These efflux pumps can 
influence the absorption, distribution, and elimination of the mTOR inhibitors and other combinations, impacting 
their pharmacokinetic properties [139]. To ensure optimal efficacy, potential drug interactions should be considered 
when using mTOR inhibitors in a clinical setting. Ensuring effective penetration of BBB by all components of the 
combination is critical. For example, a combination of ribociclib with BET-bromodomain and PI3K/mTOR inhibitors 
were used for the treatment of medulloblastoma [99]. Brain penetration was variable among all existing inhibitors. 
Paxalisib (mTOR inhibitor) was specially designed to cross the BBB and showed an excellent brain-to-plasma ratio 
[140]. JQ1 (a BET inhibitor) failed to show efficacy due to high clearance and insufficient brain penetration. Another 
preclinical study has shown the synergistic effect of JQ1 with BEZ235 (PI3K/mTOR inhibitor) and JQ1 with temsirolimus 
on a medulloblastoma spheroid model and a MYC-driven medulloblastoma xenograft [39]. This combination remains 
to be conducted at the clinical level.

Researchers are exploring strategies to enhance drug delivery across the BBB, such as nanoparticle-based drug 
delivery systems or temporary disruption of the barriers. Overcoming the challenge of BBB is crucial to ensure that 
mTOR inhibitors and combination inhibitors associated with MYC translation effectively reach medulloblastoma 
cells in the brain, maximizing the therapeutic impact and improving therapeutic outcomes for patients. Advances 
in addressing BBB issues could pave the way for more successful treatment for brain tumors like medulloblastoma.

Fig. 4  Other alternative strat-
egies to target protein syn-
thesis pathway in MYC-driven 
medulloblastoma. Activation 
of MNK, PI3K/AKT, and AMPK 
signaling pathways can lead 
to increased protein synthesis 
and tumorigenesis



Vol.:(0123456789)

Discover Oncology           (2025) 16:23  | https://doi.org/10.1007/s12672-025-01761-7 
 Review

Combination of multiple therapies may raise the risk of drug toxicities and side effects, affecting patients’ quality of 
life and restricting the tolerability of the treatments. Determining optimal doses of each component of the combination 
can be challenging, as interaction between drugs may affect their pharmacokinetics and pharmacodynamics.

Addressing these hurdles requires a collaborative effort among researchers, clinicians, and pharmaceutical companies. 
Rigorous preclinical and clinical studies and advancements in drug development and delivery technology are essential 
for overcoming these challenges and realizing the potential benefits of combination therapy to target protein translation 
for Group 3 MYC-amplified medulloblastoma.
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