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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 (elF4E) binding protein (4EBP1) [15]. MYC stimulates the hyperactivation
of elF4E 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 | (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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Fig. 1 Tumorigenic effect
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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-|
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
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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 Il [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 Il. 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 lll transcription machinery and small RNAs [49, 50].

Additionally, MYC and E2F1 (a transcription factor) can directly promote methylation of mMRNA CAP structure
through RNA guanosine-7-methyltransferase (RNMT), a modification essential for CAP bonding to elF4E 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 elF4E, which is implicated in translation initiation and required for CAP-dependent translation [51]. The
translation initiation factors elF4A and elF5A, including elF4E, contain high-affinity MYC-binding sites. Recently,
researchers developed a constitutive active 4EBP1 inhibitor to target elF4E [52]. The 4EBP1 inhibitor antagonizes elF4E
by signal transduction pathways that phosphorylate and inactivate of 4EBP1, suggesting the potential importance of
elF4E as a MYC regulatory target in cancer. One of the most surprising discoveries over the last several years is that,
contradictory to preceding acceptance, elF4E expression is not a controlling factor for overall protein translation. Even
if the elF4E level is reduced by 50%, it still does not impact normal development and translation globally; however,
a reduction in elF4E expression would be expected to suppress oncogenic transformation [53]. FDA-approved
antiviral drug ribavirin has been shown to suppress elF4E in cancer [54]. Ribavirin could be a valuable addition for
MYC-amplified medulloblastoma targeted to elF4E. Decisively, elFAE overexpression alone is sufficient to act as
driving oncogenic events, and overexpression of elF4E 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 elF4E, was in a Phase | clinical trial (NCT00903708) that sought an appropriate dose of
LY2275796 in patients with advanced tumors [55]. Another translation initiation factor, elF4A (a helicase), is a crucial
member of the elF4F complex that regulates pro-cancerous signaling. elF4A 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. elF4A has two paralogs with 90% homology at the amino
acid levels (elF4A1 and elF4A2). elF4A1, 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 elF4A1 levels suppress lymphomagenesis in murine MYC-driven lymphoma [58], suggesting that
elF4AT1 is a viable target for cancer therapy. The elF4A inhibitor, eFT226 (Zotatifin), is already in Phase I/ll 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 elF5A. It was formerly known
as an initiation factor; however, some studies show its main role in translation elongation. The elF5A was classified
into two isoforms, elF5A1 and elF5A2, based on posttranslational modification. elF5A1 is universally found in cells of
most tissues, whereas elF5A2 is exclusively found in the testis and brain [59] and primarily expressed in cancerous cells
[60, 61]. Recently, a study showed that elF5A regulates the selection of MYC-mRNA start codon in cancer cells [62].
Similarly, elF5A may more generally regulate selective translation of oncogene tripeptide (Met-Phe-Phe) or proline
stretches, which need elF5A movement to avert ribosome stalling [63]. Early research on the function of elF5A 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. MTORCT is a primary regulator of cell growth and metabolism. It associates with raptor, mLSTS,
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
elF4E, thus promoting elF4E’s ability to initiate protein translation (Fig. 2) [19]. Importantly, it has been established that
MYC stimulates hyperactivation of elF4E 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/elF4E) 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
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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 elF4E 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 elF4E 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 MNK?2, 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 elF4E
[72]. The phosphorylation of elF4E by MNKs enhances its ability to initiate the translation of specific mMRNA 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 elF4E and disturb the binding to elF4G. 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 (prkaal 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
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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 GSK3[ (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-elF4E [107]. Now MNK inhibitors with improved
pharmacokinetic properties, like ETC-206 and AUMO001, are now available [108, 109]. Recently, the MNK1 inhibitor
BAY 1143269 has been shown to target downstream factors involved in cell cycle progression [110]. Also, MNK1 inhibitors,
such as cercosporamide and eFT508, inhibits elF4E 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 Il 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 ICs, 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].

Itis 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/elF4E), 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 mMTOR 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.
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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.

Acknowledgements The authors thank Matthew Sandbulte, PhD, of the Child Health Research Institute at Children’s Nebraska and the Uni-
versity of Nebraska Medical Center for his help in editing this manuscript.

Author contributions D.K. conceptualization, data curation, formal analysis, writing—original raft, writing reviewing & editing. R.K. review &
edit. N.K.C. Conceptualization, project administration, funding acquisition, supervision, writing—original raft, review & editing.

Funding This work was supported by the State of Nebraska through the Pediatric Cancer Research-Child Health Research Institute (PCRG-
CHRI) Grant Funds (LB905) awarded to N. K. Chaturvedi, PhD. This study was partially also supported by the Team Jack Foundation Power 5
Grant awarded to N. K. Chaturvedi, PhD. These fundings had no role in the study design, data collection and analysis, interpretation of the
data, decision to publish, or writing the manuscript.

Data availability No datasets were generated or analysed during the current study.

Declarations

Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Ostrom QT, Patil N, Cioffi G, Waite K, Kruchko C, Barnholtz-Sloan JS. CBTRUS Statistical Report: Primary Brain and Other Central Nervous
System Tumors Diagnosed in the United States in 2013-2017. Neuro Oncol. 2020;22:iv1-96. https://doi.org/10.1093/neuonc/noaa200.

2. Choi JY. Medulloblastoma: current perspectives and recent advances. Brain Tumor Res Treat. 2023;11:28-38. https://doi.org/10.14791/
btrt.2022.0046.

3. Taylor MD, Northcott PA, Korshunov A, Remke M, Cho YJ, Clifford SC, Eberhart CG, Parsons DW, Rutkowski S, Gajjar A, et al. Molecular
subgroups of medulloblastoma: the current consensus. Acta Neuropathol. 2012;123:465-72. https://doi.org/10.1007/s00401-011-0922-z.

4. Cavalli FMG, Remke M, Rampasek L, Peacock J, Shih DJH, Luu B, Garzia L, Torchia J, Nor C, Morrissy AS, et al. Intertumoral heterogeneity
within medulloblastoma subgroups. Cancer Cell. 2017;31:737-54. https://doi.org/10.1016/j.ccell.2017.05.005.

5. Louis DN, Perry A, Wesseling P, Brat DJ, Cree IA, Figarella-Branger D, Hawkins C, Ng HK, Pfister SM, Reifenberger G, et al. The 2021 WHO
Classification of Tumors of the Central Nervous System: a summary. Neuro Oncol. 2021;23:1231-51. https://doi.org/10.1093/neuonc/
noab106.

6. ChoYJ, Tsherniak A, Tamayo P, Santagata S, Ligon A, Greulich H, Berhoukim R, Amani V, Goumnerova L, Eberhart CG, et al. Integrative
genomic analysis of medulloblastoma identifies a molecular subgroup that drives poor clinical outcome. J Clin Oncol. 2011;29:1424-30.
https://doi.org/10.1200/JC0O.2010.28.5148.

7. Northcott PA, Buchhalter |, Morrissy AS, Hovestadt V, Weischenfeldt J, Ehrenberger T, Grobner S, Segura-Wang M, Zichner T, Rudneva VA,
et al. The whole-genome landscape of medulloblastoma subtypes. Nature. 2017;547:311-7. https://doi.org/10.1038/nature22973.

8. Ray S, Chaturvedi NK, Bhakat KK, Rizzino A, Mahapatra S. Subgroup-specific diagnostic, prognostic, and predictive markers influencing
pediatric medulloblastoma treatment. Diagnostics (Basel). 2021. https://doi.org/10.3390/diagnostics12010061.

9. Robichaud N, Sonenberg N, Ruggero D, Schneider RJ. Translational control in cancer. Cold Spring Harb Perspect Biol. 2019. https://doi.
org/10.1101/cshperspect.a032896.

10. Truitt ML, Ruggero D. New frontiers in translational control of the cancer genome. Nat Rev Cancer. 2017;17:332. https://doi.org/10.1038/
nrc.2017.30.

11. D'Avola A, Kluckova K, Finch AJ, Riches JC. Spotlight on new therapeutic opportunities for MYC-driven cancers. Onco Targets Ther.
2023;16:371-83. https://doi.org/10.2147/0TT.5366627.

@ Discover


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/neuonc/noaa200
https://doi.org/10.14791/btrt.2022.0046
https://doi.org/10.14791/btrt.2022.0046
https://doi.org/10.1007/s00401-011-0922-z
https://doi.org/10.1016/j.ccell.2017.05.005
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1093/neuonc/noab106
https://doi.org/10.1200/JCO.2010.28.5148
https://doi.org/10.1038/nature22973
https://doi.org/10.3390/diagnostics12010061
https://doi.org/10.1101/cshperspect.a032896
https://doi.org/10.1101/cshperspect.a032896
https://doi.org/10.1038/nrc.2017.30
https://doi.org/10.1038/nrc.2017.30
https://doi.org/10.2147/OTT.S366627

Review

Discover Oncology (2025) 16:23 | https://doi.org/10.1007/512672-025-01761-7

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

van Riggelen J, Yetil A, Felsher DW. MYC as a regulator of ribosome biogenesis and protein synthesis. Nat Rev Cancer. 2010;10:301-9.
https://doi.org/10.1038/nrc2819.

Ruggero D. The role of Myc-induced protein synthesis in cancer. Cancer Res. 2009;69:8839-43. https://doi.org/10.1158/0008-5472.
CAN-09-1970.

Barna M, Pusic A, Zollo O, Costa M, Kondrashov N, Rego E, Rao PH, Ruggero D. Suppression of Myc oncogenic activity by ribosomal
protein haploinsufficiency. Nature. 2008;456:971-5. https://doi.org/10.1038/nature07449.

Pourdehnad M, Truitt ML, Siddiqi IN, Ducker GS, Shokat KM, Ruggero D. Myc and mTOR converge on a common node in protein synthesis
control that confers synthetic lethality in Myc-driven cancers. Proc Natl Acad Sci U S A. 2013;110:11988-93. https://doi.org/10.1073/
pnas.1310230110.

Wolfe AL, Singh K, Zhong Y, Drewe P, Rajasekhar VK, Sanghvi VR, Mavrakis KJ, Jiang M, Roderick JE, Van der Meulen J, et al. RNA G-quad-
ruplexes cause elF4A-dependent oncogene translation in cancer. Nature. 2014;513:65-70. https://doi.org/10.1038/nature13485.
Ruggero D, Montanaro L, Ma L, Xu W, Londei P, Cordon-Cardo C, Pandolfi PP. The translation factor elF-4E promotes tumor formation
and cooperates with c-Myc in lymphomagenesis. Nat Med. 2004;10:484-6. https://doi.org/10.1038/nm1042.

Wang X, Proud CG. The mTOR pathway in the control of protein synthesis. Physiology (Bethesda). 2006;21:362-9. https://doi.org/10.
1152/physiol.00024.2006.

Hsieh AC, Liu Y, Edlind MP, Ingolia NT, Janes MR, Sher A, Shi EY, Stumpf CR, Christensen C, Bonham MJ, et al. The translational landscape
of mTOR signalling steers cancer initiation and metastasis. Nature. 2012;485:55-61. https://doi.org/10.1038/nature10912.

Aldaregia J, Odriozola A, Matheu A, Garcia . Targeting mTOR as a therapeutic approach in medulloblastoma. Int J Mol Sci. 2018. https://
doi.org/10.3390/ijms19071838.

Lee YT, Tan YJ, Oon CE. Molecular targeted therapy: Treating cancer with specificity. Eur J Pharmacol. 2018;834:188-96. https://doi.org/
10.1016/j.ejphar.2018.07.034.

Chen H, Liu H, Qing G. Targeting oncogenic Myc as a strategy for cancer treatment. Signal Transduct Target Ther. 2018;3:5. https://doi.
org/10.1038/s41392-018-0008-7.

LlombartV, Mansour MR. Therapeutic targeting of “undruggable” MYC. EBioMedicine. 2022;75: 103756. https://doi.org/10.1016/j.ebiom.
2021.103756.

Tyner JW, Haderk F, Kumaraswamy A, Baughn LB, Van Ness B, Liu S, Marathe H, Alumkal JJ, Bivona TG, Chan KS, et al. Understanding drug
sensitivity and tackling resistance in cancer. Cancer Res. 2022;82:1448-60. https://doi.org/10.1158/0008-5472.CAN-21-3695.

Jung M, Russell AJ, Liu B, George J, Liu PY, Liu T, DeFazio A, Bowtell DD, Oberthuer A, London WB, et al. A myc activity signature predicts
poor clinical outcomes in myc-associated cancers. Cancer Res. 2017;77:971-81. https://doi.org/10.1158/0008-5472.CAN-15-2906.

Guo QM, Malek RL, Kim S, Chiao C, He M, Ruffy M, Sanka K, Lee NH, Dang CV, Liu ET. Identification of c-myc responsive genes using rat
cDNA microarray. Cancer Res. 2000;60:5922-8.

Pajic A, Spitkovsky D, Christoph B, Kempkes B, Schuhmacher M, Staege MS, Brielmeier M, Ellwart J, Kohlhuber F, Bornkamm GW, et al. Cell
cycle activation by c-myc in a burkitt lymphoma model cell line. Int J Cancer. 2000;87:787-93. https://doi.org/10.1002/1097-0215(20000
915)87:6%3¢787::aid-ijc4%3e3.0.c0;2-6.

Dang CV, O'Donnell KA, Zeller KI, Nguyen T, Osthus RC, Li F. The c-Myc target gene network. Semin Cancer Biol. 2006;16:253-64. https://
doi.org/10.1016/j.semcancer.2006.07.014.

Gomez-Roman N, Felton-Edkins ZA, Kenneth NS, Goodfellow SJ, Athineos D, Zhang J, Ramsbottom BA, Innes F, Kantidakis T, Kerr ER, et al.
Activation by c-Myc of transcription by RNA polymerases |, Il and Ill. Biochem Soc Symp. 2006. https://doi.org/10.1042/bss0730141.
Iritani BM, Eisenman RN. c-Myc enhances protein synthesis and cell size during B lymphocyte development. Proc Natl Acad Sci U S A.
1999;96:13180-5. https://doi.org/10.1073/pnas.96.23.13180.

Kim S, Li Q, Dang CV, Lee LA. Induction of ribosomal genes and hepatocyte hypertrophy by adenovirus-mediated expression of c-Myc
in vivo. Proc Natl Acad Sci U S A. 2000;97:11198-202. https://doi.org/10.1073/pnas.200372597.

Schuldiner O, Benvenisty N. A DNA microarray screen for genes involved in c-MYC and N-MYC oncogenesis in human tumors. Oncogene.
2001;20:4984-94. https://doi.org/10.1038/sj.onc.1204459.

Iritani BM, Delrow J, Grandori C, Gomez |, Klacking M, Carlos LS, Eisenman RN. Modulation of T-lymphocyte development, growth and
cell size by the Myc antagonist and transcriptional repressor Mad1. EMBO J. 2002;21:4820-30. https://doi.org/10.1093/emboj/cdf492.
Schorl C, Sedivy JM. Loss of protooncogene c-Myc function impedes G1 phase progression both before and after the restriction point.
Mol Biol Cell. 2003;14:823-35. https://doi.org/10.1091/mbc.e02-10-0649.

Bywater MJ, Pearson RB, McArthur GA, Hannan RD. Dysregulation of the basal RNA polymerase transcription apparatus in cancer. Nat
Rev Cancer. 2013;13:299-314. https://doi.org/10.1038/nrc3496.

Drygin D, Lin A, Bliesath J, Ho CB, O'Brien SE, Proffitt C, Omori M, Haddach M, Schwaebe MK, Siddiqui-Jain A, et al. Targeting RNA poly-
merase | with an oral small molecule CX-5461 inhibits ribosomal RNA synthesis and solid tumor growth. Cancer Res. 2011;71:1418-30.
https://doi.org/10.1158/0008-5472.CAN-10-1728.

Khot A, Brajanovski N, Cameron DP, Hein N, Maclachlan KH, Sanij E, Lim J, Soong J, Link E, Blombery P, et al. First-in-human RNA polymer-
ase | transcription inhibitor CX-5461 in patients with advanced hematologic cancers: results of a phase | dose-escalation study. Cancer
Discov. 2019;9:1036-49. https://doi.org/10.1158/2159-8290.CD-18-1455.

Devlin JR, Hannan KM, Hein N, Cullinane C, Kusnadi E, Ng PY, George AJ, Shortt J, Bywater MJ, Poortinga G, et al. Combination therapy tar-
geting ribosome biogenesis and mrna translation synergistically extends survival in MYC-driven lymphoma. Cancer Discov. 2016;6:59-70.
https://doi.org/10.1158/2159-8290.CD-14-0673.

Chaturvedi NK, Kling MJ, Griggs CN, KesherwaniV, Shukla M, McIntyre EM, Ray S, Liu Y, McGuire TR, Sharp JG, et al. A novel combination
approach targeting an enhanced protein synthesis pathway in MYC-driven (Group 3) medulloblastoma. Mol Cancer Ther. 2020;19:1351-
62. https://doi.org/10.1158/1535-7163.MCT-19-0996.

Pyronnet S, Sonenberg N. Cell-cycle-dependent translational control. Curr Opin Genet Dev. 2001;11:13-8. https://doi.org/10.1016/
50959-437x(00)00150-7.

Wilker EW, van Vugt MA, Artim SA, Huang PH, Petersen CP, Reinhardt HC, Feng Y, Sharp PA, Sonenberg N, White FM, et al. 14-3-3sigma
controls mitotic translation to facilitate cytokinesis. Nature. 2007;446:329-32. https://doi.org/10.1038/nature05584.

@ Discover


https://doi.org/10.1038/nrc2819
https://doi.org/10.1158/0008-5472.CAN-09-1970
https://doi.org/10.1158/0008-5472.CAN-09-1970
https://doi.org/10.1038/nature07449
https://doi.org/10.1073/pnas.1310230110
https://doi.org/10.1073/pnas.1310230110
https://doi.org/10.1038/nature13485
https://doi.org/10.1038/nm1042
https://doi.org/10.1152/physiol.00024.2006
https://doi.org/10.1152/physiol.00024.2006
https://doi.org/10.1038/nature10912
https://doi.org/10.3390/ijms19071838
https://doi.org/10.3390/ijms19071838
https://doi.org/10.1016/j.ejphar.2018.07.034
https://doi.org/10.1016/j.ejphar.2018.07.034
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.1038/s41392-018-0008-7
https://doi.org/10.1016/j.ebiom.2021.103756
https://doi.org/10.1016/j.ebiom.2021.103756
https://doi.org/10.1158/0008-5472.CAN-21-3695
https://doi.org/10.1158/0008-5472.CAN-15-2906
https://doi.org/10.1002/1097-0215(20000915)87:6%3c787::aid-ijc4%3e3.0.co;2-6
https://doi.org/10.1002/1097-0215(20000915)87:6%3c787::aid-ijc4%3e3.0.co;2-6
https://doi.org/10.1016/j.semcancer.2006.07.014
https://doi.org/10.1016/j.semcancer.2006.07.014
https://doi.org/10.1042/bss0730141
https://doi.org/10.1073/pnas.96.23.13180
https://doi.org/10.1073/pnas.200372597
https://doi.org/10.1038/sj.onc.1204459
https://doi.org/10.1093/emboj/cdf492
https://doi.org/10.1091/mbc.e02-10-0649
https://doi.org/10.1038/nrc3496
https://doi.org/10.1158/0008-5472.CAN-10-1728
https://doi.org/10.1158/2159-8290.CD-18-1455
https://doi.org/10.1158/2159-8290.CD-14-0673
https://doi.org/10.1158/1535-7163.MCT-19-0996
https://doi.org/10.1016/s0959-437x(00)00150-7
https://doi.org/10.1016/s0959-437x(00)00150-7
https://doi.org/10.1038/nature05584

Discover Oncology (2025) 16:23 | https://doi.org/10.1007/512672-025-01761-7

Review

42.

43.

a4,

45,
46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Stoneley M, Paulin FE, Le Quesne JP, Chappell SA, Willis AE. C-Myc 5’ untranslated region contains an internal ribosome entry seg-
ment. Oncogene. 1998;16:423-8. https://doi.org/10.1038/sj.onc.1201763.

Cowling VH, Cole MD. The Myc transactivation domain promotes global phosphorylation of the RNA polymerase Il carboxy-terminal
domain independently of direct DNA binding. Mol Cell Biol. 2007;27:2059-73. https://doi.org/10.1128/MCB.01828-06.

Cole MD, Cowling VH. Specific regulation of mRNA cap methylation by the c-Myc and E2F1 transcription factors. Oncogene.
2009;28:1169-75. https://doi.org/10.1038/0nc.2008.463.

Shatkin AJ. Capping of eucaryotic mRNAs. Cell. 1976;9:645-53. https://doi.org/10.1016/0092-8674(76)90128-8.

Shuman S. What messenger RNA capping tells us about eukaryotic evolution. Nat Rev Mol Cell Biol. 2002;3:619-25. https://doi.org/
10.1038/nrm880.

Bouchard C, Marquardt J, Bras A, Medema RH, Eilers M. Myc-induced proliferation and transformation require Akt-mediated phos-
phorylation of FoxO proteins. EMBO J. 2004;23:2830-40. https://doi.org/10.1038/sj.embo0j.7600279.

Li Z, Van Calcar S, Qu C, Cavenee WK, Zhang MQ, Ren B. A global transcriptional regulatory role for c-Myc in Burkitt's lymphoma cells.
Proc Natl Acad Sci U S A. 2003;100:8164-9. https://doi.org/10.1073/pnas.1332764100.

Gomez-Roman N, Grandori C, Eisenman RN, White RJ. Direct activation of RNA polymerase Il transcription by c-Myc. Nature.
2003;421:290-4. https://doi.org/10.1038/nature01327.

Steiger D, Furrer M, Schwinkendorf D, Gallant P. Max-independent functions of Myc in Drosophila melanogaster. Nat Genet.
2008;40:1084-91. https://doi.org/10.1038/ng.178.

Schmidt EV. The role of c-myc in regulation of translation initiation. Oncogene. 2004;23:3217-21. https://doi.org/10.1038/sj.onc.
1207548.

Lynch M, Fitzgerald C, Johnston KA, Wang S, Schmidt EV. Activated elF4E-binding protein slows G1 progression and blocks trans-
formation by c-myc without inhibiting cell growth. J Biol Chem. 2004;279:3327-39. https://doi.org/10.1074/jbc.M310872200.
Truitt ML, Conn CS, Shi Z, Pang X, Tokuyasu T, Coady AM, Seo Y, Barna M, Ruggero D. Differential requirements for elF4E dose in
normal development and cancer. Cell. 2015;162:59-71. https://doi.org/10.1016/j.cell.2015.05.049.

Jin J, Xiang W, Wu S, Wang M, Xiao M, Deng A. Targeting elF4E signaling with ribavirin as a sensitizing strategy for ovarian cancer.
Biochem Biophys Res Commun. 2019;510:580-6. https://doi.org/10.1016/j.bbrc.2019.01.117.

Hong DS, Kurzrock R, Oh Y, Wheler J, Naing A, Brail L, Callies S, Andre V, Kadam SK, Nasir A, et al. A phase 1 dose escalation, pharma-
cokinetic, and pharmacodynamic evaluation of elF-4E antisense oligonucleotide LY2275796 in patients with advanced cancer. Clin
Cancer Res. 2011;17:6582-91. https://doi.org/10.1158/1078-0432.CCR-11-0430.

Lin CJ, Cencic R, Mills JR, Robert F, Pelletier J. c-Myc and elF4F are components of a feedforward loop that links transcription and
translation. Cancer Res. 2008;68:5326-34. https://doi.org/10.1158/0008-5472.CAN-07-5876.

Modelska A, Turro E, Russell R, Beaton J, Sbarrato T, Spriggs K, Miller J, Graf S, Provenzano E, Blows F, et al. The malignant phenotype
in breast cancer is driven by elF4A1-mediated changes in the translational landscape. Cell Death Dis. 2015;6: e1603. https://doi.org/
10.1038/cddis.2014.542.

Senechal P, Robert F, Cencic R, Yanagiya A, Chu J, Sonenberg N, Paquet M, Pelletier J. Assessing eukaryotic initiation factor 4F
subunit essentiality by CRISPR-induced gene ablation in the mouse. Cell Mol Life Sci. 2021;78:6709-19. https://doi.org/10.1007/
s00018-021-03940-5.

Jenkins ZA, Haag PG, Johansson HE. Human elF5A2 on chromosome 3q25-q27 is a phylogenetically conserved vertebrate variant of
eukaryotic translation initiation factor 5A with tissue-specific expression. Genomics. 2001;71:101-9. https://doi.org/10.1006/geno.
2000.6418.

Mathews MB, Hershey JW. The translation factor elF5A and human cancer. Biochim Biophys Acta. 2015;1849:836-44. https://doi.
org/10.1016/j.bbagrm.2015.05.002.

Wu GQ, Xu YM, Lau ATY. Recent insights into eukaryotic translation initiation factors 5A1 and 5A2 and their roles in human health
and disease. Cancer Cell Int. 2020;20:142. https://doi.org/10.1186/512935-020-01226-7.

Manjunath H, Zhang H, Rehfeld F, Han J, Chang TC, Mendell JT. Suppression of ribosomal pausing by elF5A is necessary to maintain
the fidelity of start codon selection. Cell Rep. 2019;29:3134-46. https://doi.org/10.1016/j.celrep.2019.10.129.

Saini P, Eyler DE, Green R, Dever TE. Hypusine-containing protein elF5A promotes translation elongation. Nature. 2009;459:118-21.
https://doi.org/10.1038/nature08034.

Polivka J Jr, Janku F. Molecular targets for cancer therapy in the PI3K/AKT/mTOR pathway. Pharmacol Ther. 2014;142:164-75. https://
doi.org/10.1016/j.pharmthera.2013.12.004.

Murugan AK. mTOR: Role in cancer, metastasis and drug resistance. Semin Cancer Biol. 2019;59:92-111. https://doi.org/10.1016/j.
semcancer.2019.07.003.

Stine ZE, Walton ZE, Altman BJ, Hsieh AL, Dang CV. MYC, metabolism, and cancer. Cancer Discov. 2015;5:1024-39. https://doi.org/
10.1158/2159-8290.CD-15-0507.

Nofal M, Zhang K, Han S, Rabinowitz JD. mTOR inhibition restores amino acid balance in cells dependent on catabolism of extracel-
lular protein. Mol Cell. 2017;67:936-46. https://doi.org/10.1016/j.molcel.2017.08.011.

Morley SJ, McKendrick L. Involvement of stress-activated protein kinase and p38/RK mitogen-activated protein kinase signaling
pathways in the enhanced phosphorylation of initiation factor 4E in NIH 3T3 cells. J Biol Chem. 1997;272:17887-93. https://doi.org/
10.1074/jbc.272.28.17887.

Waskiewicz AJ, Flynn A, Proud CG, Cooper JA. Mitogen-activated protein kinases activate the serine/threonine kinases Mnk1 and
Mnk2. EMBO J. 1997;16:1909-20. https://doi.org/10.1093/emboj/16.8.1909.

Ueda T, Sasaki M, Elia AJ, Chio Il, Hamada K, Fukunaga R, Mak TW. Combined deficiency for MAP kinase-interacting kinase 1 and 2
(Mnk1 and Mnk2) delays tumor development. Proc Natl Acad Sci U S A. 2010;107:13984-90. https://doi.org/10.1073/pnas.10081
36107.

Smith RCL, Kanellos G, Vlahov N, Alexandrou C, Willis AE, Knight JRP, Sansom OJ. Translation initiation in cancer at a glance. J Cell
Sci. 2021. https://doi.org/10.1242/jcs.248476.

@ Discover


https://doi.org/10.1038/sj.onc.1201763
https://doi.org/10.1128/MCB.01828-06
https://doi.org/10.1038/onc.2008.463
https://doi.org/10.1016/0092-8674(76)90128-8
https://doi.org/10.1038/nrm880
https://doi.org/10.1038/nrm880
https://doi.org/10.1038/sj.emboj.7600279
https://doi.org/10.1073/pnas.1332764100
https://doi.org/10.1038/nature01327
https://doi.org/10.1038/ng.178
https://doi.org/10.1038/sj.onc.1207548
https://doi.org/10.1038/sj.onc.1207548
https://doi.org/10.1074/jbc.M310872200
https://doi.org/10.1016/j.cell.2015.05.049
https://doi.org/10.1016/j.bbrc.2019.01.117
https://doi.org/10.1158/1078-0432.CCR-11-0430
https://doi.org/10.1158/0008-5472.CAN-07-5876
https://doi.org/10.1038/cddis.2014.542
https://doi.org/10.1038/cddis.2014.542
https://doi.org/10.1007/s00018-021-03940-5
https://doi.org/10.1007/s00018-021-03940-5
https://doi.org/10.1006/geno.2000.6418
https://doi.org/10.1006/geno.2000.6418
https://doi.org/10.1016/j.bbagrm.2015.05.002
https://doi.org/10.1016/j.bbagrm.2015.05.002
https://doi.org/10.1186/s12935-020-01226-7
https://doi.org/10.1016/j.celrep.2019.10.129
https://doi.org/10.1038/nature08034
https://doi.org/10.1016/j.pharmthera.2013.12.004
https://doi.org/10.1016/j.pharmthera.2013.12.004
https://doi.org/10.1016/j.semcancer.2019.07.003
https://doi.org/10.1016/j.semcancer.2019.07.003
https://doi.org/10.1158/2159-8290.CD-15-0507
https://doi.org/10.1158/2159-8290.CD-15-0507
https://doi.org/10.1016/j.molcel.2017.08.011
https://doi.org/10.1074/jbc.272.28.17887
https://doi.org/10.1074/jbc.272.28.17887
https://doi.org/10.1093/emboj/16.8.1909
https://doi.org/10.1073/pnas.1008136107
https://doi.org/10.1073/pnas.1008136107
https://doi.org/10.1242/jcs.248476

Review

Discover Oncology (2025) 16:23 | https://doi.org/10.1007/512672-025-01761-7

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Korneeva NL, Song A, Gram H, Edens MA, Rhoads RE. Inhibition of mitogen-activated protein kinase (MAPK)-interacting kinase (MNK)
preferentially affects translation of mMRNAs containing both a 5’-terminal cap and hairpin. J Biol Chem. 2016;291:3455-67. https://
doi.org/10.1074/jbc.M115.694190.

Proud CG. Mnks, elF4E phosphorylation and cancer. Biochim Biophys Acta. 2015;1849:766-73. https://doi.org/10.1016/j.bbagrm.
2014.10.003.

Orton KC, Ling J, Waskiewicz AJ, Cooper JA, Merrick WC, Korneeva NL, Rhoads RE, Sonenberg N, Traugh JA. Phosphorylation of Mnk1
by caspase-activated Pak2/gamma-PAK inhibits phosphorylation and interaction of elF4G with Mnk. J Biol Chem. 2004;279:38649-57.
https://doi.org/10.1074/jbc.M407337200.

LiY, Yue P, Deng X, Ueda T, Fukunaga R, Khuri FR, Sun SY. Protein phosphatase 2A negatively regulates eukaryotic initiation factor
4E phosphorylation and elF4F assembly through direct dephosphorylation of Mnk and elF4E. Neoplasia. 2010;12:848-55. https://
doi.org/10.1593/neo.10704.

Brown MC, Gromeier M. MNK controls mTORC1: substrate association through regulation of TELO2 binding with mTORC1. Cell Rep.
2017;18:1444-57. https://doi.org/10.1016/j.celrep.2017.01.023.

Xie J, Shen K, Jones AT, Yang J, Tee AR, Shen MH, Yu M, Irani S, Wong D, Merrett JE, et al. Reciprocal signaling between mTORC1 and
MNK2 controls cell growth and oncogenesis. Cell Mol Life Sci. 2021;78:249-70. https://doi.org/10.1007/s00018-020-03491-1.
Ueda T, Watanabe-Fukunaga R, Fukuyama H, Nagata S, Fukunaga R. Mnk2 and Mnk1 are essential for constitutive and inducible
phosphorylation of eukaryotic initiation factor 4E but not for cell growth or development. Mol Cell Biol. 2004;24:6539-49. https://
doi.org/10.1128/MCB.24.15.6539-6549.2004.

Nieminen Al, Eskelinen VM, Haikala HM, Tervonen TA, Yan Y, Partanen JI, Klefstrom J. Myc-induced AMPK-phospho p53 pathway
activates Bak to sensitize mitochondrial apoptosis. Proc Natl Acad Sci U S A. 2013;110:E1839-1848. https://doi.org/10.1073/pnas.
1208530110.

Malawsky DS, Dismuke T, Liu H, Castellino E, Brenman J, Dasgupta B, Tikunov A, Gershon TR. Chronic AMPK inactivation slows SHH
medulloblastoma progression by inhibiting mTORC1 signaling and depleting tumor stem cells. iScience. 2023;26:108443. https://doi.
org/10.1016/j.isci.2023.108443.

Chhipa RR, Fan Q, Anderson J, Muraleedharan R, Huang Y, Ciraolo G, Chen X, Waclaw R, Chow LM, Khuchua Z, et al. AMP kinase promotes
glioblastoma bioenergetics and tumour growth. Nat Cell Biol. 2018;20:823-35. https://doi.org/10.1038/541556-018-0126-z.

Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial homeostasis. Nat Rev Mol Cell Biol. 2018;19:121-35. https://doi.
0rg/10.1038/nrm.2017.95.

Li YH, Luo J, Mosley YY, Hedrick VE, Paul LN, Chang J, Zhang G, Wang YK, Banko MR, Brunet A, et al. AMP-activated protein kinase directly
phosphorylates and destabilizes hedgehog pathway transcription factor GLI1 in medulloblastoma. Cell Rep. 2015;12:599-609. https://
doi.org/10.1016/j.celrep.2015.06.054.

Zhang H, Kuick R, Park SS, Peabody C, Yoon J, Fernandez EC, Wang J, Thomas D, Viollet B, Inoki K, et al. Loss of AMPKalpha2 impairs
hedgehog-driven medulloblastoma tumorigenesis. Int J Mol Sci. 2018. https://doi.org/10.3390/ijms19113287.

Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, Kastritis E, Gilpatrick T, Paranal RM, Qi J, et al. BET bromodomain inhibition
as a therapeutic strategy to target c-Myc. Cell. 2011;146:904-17. https://doi.org/10.1016/j.cell.2011.08.017.

Wang ZQ, Zhang ZC, Wu YY, Pi YN, Lou SH, Liu TB, Lou G, Yang C. Bromodomain and extraterminal (BET) proteins: biological functions,
diseases, and targeted therapy. Signal Transduct Target Ther. 2023;8:420. https://doi.org/10.1038/541392-023-01647-6.

Stratikopoulos EE, Parsons RE. Molecular pathways: targeting the PI3K pathway in cancer-BET inhibitors to the rescue. Clin Cancer Res.
2016;22:2605-10. https://doi.org/10.1158/1078-0432.CCR-15-2389.

Kurimchak AM, Shelton C, Duncan KE, Johnson KJ, Brown J, O'Brien S, Gabbasov R, Fink LS, Li Y, Lounsbury N, et al. Resistance to BET
bromodomain inhibitors is mediated by kinome reprogramming in ovarian cancer. Cell Rep. 2016;16:1273-86. https://doi.org/10.1016/j.
celrep.2016.06.091.

Liu YN, Wan RZ, Liu ZP. Recent developments of small molecule PI3K/mTOR dual inhibitors. Mini Rev Med Chem. 2013;13:2047-59. https://
doi.org/10.2174/13895575113136660105.

Stathis A, Bertoni F. BET proteins as targets for anticancer treatment. Cancer Discov. 2018;8:24-36. https://doi.org/10.1158/2159-8290.
CD-17-0605.

Kling MJ, KesherwaniV, Mishra NK, Alexander G, McIntyre EM, Ray S, Challagundla KB, Joshi SS, Coulter DW, Chaturvedi NK. A novel dual
epigenetic approach targeting BET proteins and HDACs in Group 3 (MYC-driven) Medulloblastoma. J Exp Clin Cancer Res. 2022;41:321.
https://doi.org/10.1186/513046-022-02530-y.

Janku F, Yap TA, Meric-Bernstam F. Targeting the PI3K pathway in cancer: are we making headway? Nat Rev Clin Oncol. 2018;15:273-91.
https://doi.org/10.1038/nrclinonc.2018.28.

Chiarini F, Evangelisti C, McCubrey JA, Martelli AM. Current treatment strategies for inhibiting mTOR in cancer. Trends Pharmacol Sci.
2015;36:124-35. https://doi.org/10.1016/j.tips.2014.11.004.

Pongas G, Fojo T. BEZ235: when promising science meets clinical reality. Oncologist. 2016;21:1033-4. https://doi.org/10.1634/theon
cologist.2016-0243.

Yoshida GJ. Emerging roles of Myc in stem cell biology and novel tumor therapies. J Exp Clin Cancer Res. 2018;37:173. https://doi.org/
10.1186/513046-018-0835-y.

Xia P, Xu XY. PI3K/Akt/mTOR signaling pathway in cancer stem cells: from basic research to clinical application. Am J Cancer Res.
2015;5:1602-9.

Sears R, Nuckolls F, Haura E, Taya Y, Tamai K, Nevins JR. Multiple Ras-dependent phosphorylation pathways regulate Myc protein stability.
Genes Dev. 2000;14:2501-14. https://doi.org/10.1101/gad.836800.

Garcia-Gutierrez L, Delgado MD, Leon J. MYC oncogene contributions to release of cell cycle brakes. Genes (Basel). 2019. https://doi.
org/10.3390/genes10030244.

Jonchere B, Williams J, Zindy F, Liu J, Robinson S, Farmer DM, Min J, Yang L, Stripay JL, Wang Y, et al. Combination of ribociclib with BET-
bromodomain and PI3K/mTOR inhibitors for medulloblastoma treatment in vitro and in vivo. Mol Cancer Ther. 2023;22:37-51. https://
doi.org/10.1158/1535-7163.MCT-21-0896.

@ Discover


https://doi.org/10.1074/jbc.M115.694190
https://doi.org/10.1074/jbc.M115.694190
https://doi.org/10.1016/j.bbagrm.2014.10.003
https://doi.org/10.1016/j.bbagrm.2014.10.003
https://doi.org/10.1074/jbc.M407337200
https://doi.org/10.1593/neo.10704
https://doi.org/10.1593/neo.10704
https://doi.org/10.1016/j.celrep.2017.01.023
https://doi.org/10.1007/s00018-020-03491-1
https://doi.org/10.1128/MCB.24.15.6539-6549.2004
https://doi.org/10.1128/MCB.24.15.6539-6549.2004
https://doi.org/10.1073/pnas.1208530110
https://doi.org/10.1073/pnas.1208530110
https://doi.org/10.1016/j.isci.2023.108443
https://doi.org/10.1016/j.isci.2023.108443
https://doi.org/10.1038/s41556-018-0126-z
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1016/j.celrep.2015.06.054
https://doi.org/10.1016/j.celrep.2015.06.054
https://doi.org/10.3390/ijms19113287
https://doi.org/10.1016/j.cell.2011.08.017
https://doi.org/10.1038/s41392-023-01647-6
https://doi.org/10.1158/1078-0432.CCR-15-2389
https://doi.org/10.1016/j.celrep.2016.06.091
https://doi.org/10.1016/j.celrep.2016.06.091
https://doi.org/10.2174/13895575113136660105
https://doi.org/10.2174/13895575113136660105
https://doi.org/10.1158/2159-8290.CD-17-0605
https://doi.org/10.1158/2159-8290.CD-17-0605
https://doi.org/10.1186/s13046-022-02530-y
https://doi.org/10.1038/nrclinonc.2018.28
https://doi.org/10.1016/j.tips.2014.11.004
https://doi.org/10.1634/theoncologist.2016-0243
https://doi.org/10.1634/theoncologist.2016-0243
https://doi.org/10.1186/s13046-018-0835-y
https://doi.org/10.1186/s13046-018-0835-y
https://doi.org/10.1101/gad.836800
https://doi.org/10.3390/genes10030244
https://doi.org/10.3390/genes10030244
https://doi.org/10.1158/1535-7163.MCT-21-0896
https://doi.org/10.1158/1535-7163.MCT-21-0896

Discover Oncology (2025) 16:23 | https://doi.org/10.1007/512672-025-01761-7

Review

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

Bolin S, Borgenvik A, Persson CU, Sundstrom A, Qi J, Bradner JE, Weiss WA, Cho YJ, Weishaupt H, Swartling FJ. Combined BET bromodo-
main and CDK2 inhibition in MYC-driven medulloblastoma. Oncogene. 2018;37:2850-62. https://doi.org/10.1038/541388-018-0135-1.
Bandopadhayay P, Piccioni F, O'Rourke R, Ho P, Gonzalez EM, Buchan G, Qian K, Gionet G, Girard E, Coxon M, et al. Neuronal differentiation
and cell-cycle programs mediate response to BET-bromodomain inhibition in MYC-driven medulloblastoma. Nat Commun. 2019;10:2400.
https://doi.org/10.1038/541467-019-10307-9.

Alvarez-Fernandez M, Malumbres M. Mechanisms of sensitivity and resistance to CDK4/6 inhibition. Cancer Cell. 2020;37:514-29. https://
doi.org/10.1016/j.ccell.2020.03.010.

O’Brien NA, McDermott MSJ, Conklin D, Luo T, Ayala R, Salgar S, Chau K, DiTomaso E, Babbar N, Su F, et al. Targeting activated PI3K/mTOR
signaling overcomes acquired resistance to CDK4/6-based therapies in preclinical models of hormone receptor-positive breast cancer.
Breast Cancer Res. 2020;22:89. https://doi.org/10.1186/513058-020-01320-8.

Jhaveri K, Burris HA 3rd, Yap TA, Hamilton E, Rugo HS, Goldman JW, Dann S, Liu F, Wong GY, Krupka H, et al. The evolution of cyclin
dependent kinase inhibitors in the treatment of cancer. Expert Rev Anticancer Ther. 2021;21:1105-24. https://doi.org/10.1080/14737
140.2021.19441009.

Pei, Liu KW, Wang J, Garancher A, Tao R, Esparza LA, Maier DL, Udaka YT, Murad N, Morrissy S, et al. HDAC and PI3K antagonists cooper-
ate to inhibit growth of MYC-driven medulloblastoma. Cancer Cell. 2016;29:311-23. https://doi.org/10.1016/j.ccell.2016.02.011.
Nguyen NM, Cho J. Hedgehog pathway inhibitors as targeted cancer therapy and strategies to overcome drug resistance. Int J Mol Sci.
2022. https://doi.org/10.3390/ijms23031733.

Reich SH, Sprengeler PA, Chiang GG, Appleman JR, Chen J, Clarine J, Eam B, Ernst JT, Han Q, Goel VK, et al. Structure-based design of
pyridone-aminal eFT508 targeting dysregulated translation by selective mitogen-activated protein kinase interacting kinases 1 and 2
(MNK1/2) inhibition. J Med Chem. 2018;61:3516-40. https://doi.org/10.1021/acs.jmedchem.7b01795.

Zhan'Y, Guo J, Yang W, Goncalves C, Rzymski T, Dreas A, Zylkiewicz E, Mikulski M, Brzozka K, Golas A, et al. MNK1/2 inhibition limits
oncogenicity and metastasis of KIT-mutant melanoma. J Clin Invest. 2017;127:4179-92. https://doi.org/10.1172/JCI91258.

Yang H, Chennamaneni LR, Ho MWT, Ang SH, Tan ESW, Jeyaraj DA, Yeap YS, Liu B, Ong EH, Joy JK, et al. Optimization of selective mitogen-
activated protein kinase interacting kinases 1 and 2 inhibitors for the treatment of blast crisis leukemia. J Med Chem. 2018;61:4348-69.
https://doi.org/10.1021/acs.jmedchem.7b01714.

Santag S, Siegel F, Wengner AM, Lange C, Bomer U, Eis K, Puhler F, Lienau P, Bergemann L, Michels M, et al. BAY 1143269, a novel MNK1
inhibitor, targets oncogenic protein expression and shows potent anti-tumor activity. Cancer Lett. 2017;390:21-9. https://doi.org/10.
1016/j.canlet.2016.12.029.

Konicek BW, Stephens JR, McNulty AM, Robichaud N, Peery RB, Dumstorf CA, Dowless MS, lversen PW, Parsons S, Ellis KE, et al. Thera-
peutic inhibition of MAP kinase interacting kinase blocks eukaryotic initiation factor 4E phosphorylation and suppresses outgrowth of
experimental lung metastases. Cancer Res. 2011;71:1849-57. https://doi.org/10.1158/0008-5472.CAN-10-3298.

XuY, Poggio M, Jin HY, Shi Z, Forester CM, Wang Y, Stumpf CR, Xue L, Devericks E, So L, et al. Translation control of the immune checkpoint
in cancer and its therapeutic targeting. Nat Med. 2019;25:301-11. https://doi.org/10.1038/541591-018-0321-2.

Kosciuczuk EM, Saleiro D, Platanias LC. Dual targeting of elF4E by blocking MNK and mTOR pathways in leukemia. Cytokine. 2017;89:116-
21. https://doi.org/10.1016/j.cyt0.2016.01.024.

Knight JRP, Alexandrou C, Skalka GL, Vlahov N, Pennel K, Officer L, Teodosio A, Kanellos G, Gay DM, May-Wilson S, et al. MNK inhibition
sensitizes KRAS-mutant colorectal cancer to mTORC1 inhibition by reducing elF4E phosphorylation and c-MYC expression. Cancer Discov.
2021;11:1228-47. https://doi.org/10.1158/2159-8290.CD-20-0652.

Fan C, Zhao C, Zhang F, Kesarwani M, Tu Z, Cai X, Davis AK, Xu L, Hochstetler CL, Chen X, et al. Adaptive responses to mTOR gene target-
ing in hematopoietic stem cells reveal a proliferative mechanism evasive to mTOR inhibition. Proc Natl Acad Sci U S A. 2021. https://doi.
org/10.1073/pnas.2020102118.

Lemos C, Schulze VK, Baumgart SJ, Nevedomskaya E, Heinrich T, Lefranc J, Bader B, Christ CD, Briem H, Kuhnke LP, et al. The potent AMPK
inhibitor BAY-3827 shows strong efficacy in androgen-dependent prostate cancer models. Cell Oncol (Dordr). 2021;44:581-94. https://
doi.org/10.1007/513402-020-00584-8.

Dite TA, Langendorf CG, Hoque A, Galic S, Rebello RJ, Ovens AJ, Lindqvist LM, Ngoei KRW, Ling NXY, Furic L, et al. AMP-activated protein
kinase selectively inhibited by the type Il inhibitor SBI-0206965. J Biol Chem. 2018;293:8874-85. https://doi.org/10.1074/jbc.RA118.
003547.

Hawley SA, Russell FM, Ross FA, Hardie DG. BAY-3827 and SBI-0206965: potent AMPK inhibitors that paradoxically increase Thr172
phosphorylation. Int J Mol Sci. 2023. https://doi.org/10.3390/ijms25010453.

Yang S, He S, Zhou X, Liu M, Zhu H, Wang Y, Zhang W, Yan S, Quan L, Bai J, et al. Suppression of Aurora-A oncogenic potential by c-Myc
downregulation. Exp Mol Med. 2010;42:759-67. https://doi.org/10.3858/emm.2010.42.11.077.

TakahashiY, Sheridan P, Niida A, Sawada G, Uchi R, Mizuno H, Kurashige J, Sugimachi K, Sasaki S, Shimada Y, et al. The AURKA/TPX2 axis
drives colon tumorigenesis cooperatively with MYC. Ann Oncol. 2015;26:935-42. https://doi.org/10.1093/annonc/mdv034.

Otto T, Horn S, Brockmann M, Eilers U, Schuttrumpf L, Popov N, Kenney AM, Schulte JH, Beijersbergen R, Christiansen H, et al. Stabiliza-
tion of N-Myc is a critical function of Aurora A in human neuroblastoma. Cancer Cell. 2009;15:67-78. https://doi.org/10.1016/j.ccr.2008.
12.005.

Brockmann M, Poon E, Berry T, Carstensen A, Deubzer HE, Rycak L, Jamin Y, Thway K, Robinson SP, Roels F, et al. Small molecule inhibi-
tors of aurora-a induce proteasomal degradation of N-myc in childhood neuroblastoma. Cancer Cell. 2013;24:75-89. https://doi.org/10.
1016/j.ccr.2013.05.005.

Dauch D, Rudalska R, Cossa G, Nault JC, Kang TW, Wuestefeld T, Hohmeyer A, Imbeaud S, Yevsa T, Hoenicke L, et al. A MYC-aurora kinase
A protein complex represents an actionable drug target in p53-altered liver cancer. Nat Med. 2016;22:744-53. https://doi.org/10.1038/
nm.4107.

Golsteyn RM, Lane HA, Mundt KE, Arnaud L, Nigg EA. The family of polo-like kinases. Prog Cell Cycle Res. 1996;2:107-14. https://doi.org/
10.1007/978-1-4615-5873-6_11.

Xiao D, Yue M, SuH, Ren P, Jiang J, Li F, HuY, Du H, Liu H, Qing G. Polo-like kinase-1 regulates myc stabilization and activates a feedforward
circuit promoting tumor cell survival. Mol Cell. 2016;64:493-506. https://doi.org/10.1016/j.molcel.2016.09.016.

@ Discover


https://doi.org/10.1038/s41388-018-0135-1
https://doi.org/10.1038/s41467-019-10307-9
https://doi.org/10.1016/j.ccell.2020.03.010
https://doi.org/10.1016/j.ccell.2020.03.010
https://doi.org/10.1186/s13058-020-01320-8
https://doi.org/10.1080/14737140.2021.1944109
https://doi.org/10.1080/14737140.2021.1944109
https://doi.org/10.1016/j.ccell.2016.02.011
https://doi.org/10.3390/ijms23031733
https://doi.org/10.1021/acs.jmedchem.7b01795
https://doi.org/10.1172/JCI91258
https://doi.org/10.1021/acs.jmedchem.7b01714
https://doi.org/10.1016/j.canlet.2016.12.029
https://doi.org/10.1016/j.canlet.2016.12.029
https://doi.org/10.1158/0008-5472.CAN-10-3298
https://doi.org/10.1038/s41591-018-0321-2
https://doi.org/10.1016/j.cyto.2016.01.024
https://doi.org/10.1158/2159-8290.CD-20-0652
https://doi.org/10.1073/pnas.2020102118
https://doi.org/10.1073/pnas.2020102118
https://doi.org/10.1007/s13402-020-00584-8
https://doi.org/10.1007/s13402-020-00584-8
https://doi.org/10.1074/jbc.RA118.003547
https://doi.org/10.1074/jbc.RA118.003547
https://doi.org/10.3390/ijms25010453
https://doi.org/10.3858/emm.2010.42.11.077
https://doi.org/10.1093/annonc/mdv034
https://doi.org/10.1016/j.ccr.2008.12.005
https://doi.org/10.1016/j.ccr.2008.12.005
https://doi.org/10.1016/j.ccr.2013.05.005
https://doi.org/10.1016/j.ccr.2013.05.005
https://doi.org/10.1038/nm.4107
https://doi.org/10.1038/nm.4107
https://doi.org/10.1007/978-1-4615-5873-6_11
https://doi.org/10.1007/978-1-4615-5873-6_11
https://doi.org/10.1016/j.molcel.2016.09.016

Review

Discover Oncology (2025) 16:23 | https://doi.org/10.1007/512672-025-01761-7

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Funke VLE, Walter C, Melcher V, Wei L, Sandmann S, Hotfilder M, Varghese J, Jager N, Kool M, Jones DTW, et al. Group-specific cellular
metabolism in Medulloblastoma. J Transl Med. 2023;21:363. https://doi.org/10.1186/512967-023-04211-6.

LiuY, Azizian NG, Sullivan DK, Li Y. mTOR inhibition attenuates chemosensitivity through the induction of chemotherapy resistant per-
sisters. Nat Commun. 2022;13:7047. https://doi.org/10.1038/s41467-022-34890-6.

Donati G, Amati B. MYC and therapy resistance in cancer: risks and opportunities. Mol Oncol. 2022;16:3828-54. https://doi.org/10.1002/
1878-0261.13319.

Slika H, Shahani A, Wahi R, Miller J, Groves M, Tyler B. Overcoming treatment resistance in medulloblastoma: underlying mechanisms
and potential strategies. Cancers (Basel). 2024. https://doi.org/10.3390/cancers16122249.

Cyberski TF, Singh A, Korzinkin M, Mishra V, Pun F, Shen L, Wing C, Cheng X, Baird B, MiaoY, et al. Acquired resistance to immunotherapy
and chemoradiation in MYC amplified head and neck cancer. NPJ Precis Oncol. 2024;8:114. https://doi.org/10.1038/5s41698-024-00606-w.
Shen C, Shyu DL, Xu M, Yang L, Webb A, Duan W, Williams TM. Deregulation of AKT-mTOR signaling contributes to chemoradiation resist-
ance in lung squamous cell carcinoma. Mol Cancer Res. 2022;20:425-33. https://doi.org/10.1158/1541-7786.MCR-21-0272.

Hua H, Kong Q, Zhang H, Wang J, Luo T, Jiang Y. Targeting mTOR for cancer therapy. J Hematol Oncol. 2019;12:71. https://doi.org/10.
1186/513045-019-0754-1.

Tufail M, Hu JJ, Liang J, He CY, Wan WD, Huang YQ, Jiang CH, Wu H, Li N. Hallmarks of cancer resistance. iScience. 2024;27: 109979. https://
doi.org/10.1016/j.isci.2024.109979.

Bhin J, Yemelyanenko J, Chao X, Klarenbeek S, Opdam M, Malka Y, Hoekman L, Kruger D, Bleijerveld O, Brambillasca CS, et al. MYC is a
clinically significant driver of mTOR inhibitor resistance in breast cancer. J Exp Med. 2023. https://doi.org/10.1084/jem.20211743.
Alammar H, Nassani R, Alshehri MM, Aljohani AA, Alrfaei BM. Deficiency in the treatment description of mtor inhibitor resistance in
medulloblastoma, a systematic review. Int J Mol Sci. 2021. https://doi.org/10.3390/ijms23010464.

Tan J, Yu Q. Molecular mechanisms of tumor resistance to PI3K-mTOR-targeted therapy. Chin J Cancer. 2013;32:376-9. https://doi.org/
10.5732/cjc.012.10287.

Wu D, Chen Q, Chen X, Han F, Chen Z, Wang Y. The blood-brain barrier: structure, regulation, and drug delivery. Signal Transduct Target
Ther. 2023;8:217. https://doi.org/10.1038/541392-023-01481-w.

Robey RW, Pluchino KM, Hall MD, Fojo AT, Bates SE, Gottesman MM. Revisiting the role of ABC transporters in multidrug-resistant cancer.
Nat Rev Cancer. 2018;18:452-64. https://doi.org/10.1038/s41568-018-0005-8.

Minocha M, Khurana V, Qin B, Pal D, Mitra AK. Co-administration strategy to enhance brain accumulation of vandetanib by modulating
P-glycoprotein (P-gp/Abcb1) and breast cancer resistance protein (Bcrp1/Abcg2) mediated efflux with m-TOR inhibitors. Int J Pharm.
2012;434:306-14. https://doi.org/10.1016/j.ijpharm.2012.05.028.

Heffron TP, Ndubaku CO, Salphati L, Alicke B, Cheong J, Drobnick J, Edgar K, Gould SE, Lee LB, Lesnick JD, et al. Discovery of clinical
development candidate GDC-0084, a brain penetrant inhibitor of PI3K and mTOR. ACS Med Chem Lett. 2016;7:351-6. https://doi.org/
10.1021/acsmedchemlett.6b00005.

Ecker J, ThatikondaV, Sigismondo G, Selt F, Valinciute G, Oehme |, Muller C, Buhl JL, Ridinger J, Usta D, et al. Reduced chromatin binding
of MYC is a key effect of HDAC inhibition in MYC amplified medulloblastoma. Neuro Oncol. 2021;23:226-39. https://doi.org/10.1093/
neuonc/noaal9l.

Winkler R, Magdefrau AS, Piskor EM, Kleemann M, Beyer M, Linke K, Hansen L, Schaffer AM, Hoffmann ME, Poepsel S, et al. Targeting the
MYC interaction network in B-cell ymphoma via histone deacetylase 6 inhibition. Oncogene. 2022;41:4560-72. https://doi.org/10.1038/
s41388-022-02450-3.

Peter S, Bultinck J, Myant K, Jaenicke LA, Walz S, Muller J, Gmachl M, Treu M, Boehmelt G, Ade CP, et al. Tumor cell-specific inhibition of
MYC function using small molecule inhibitors of the HUWET1 ubiquitin ligase. EMBO Mol Med. 2014;6:1525-41. https://doi.org/10.15252/
emmm.201403927.

Crawford LJ, Campbell DC, Morgan JJ, Lawson MA, Down JM, Chauhan D, McAvera RM, Morris TC, Hamilton C, Krishnan A, et al. The E3
ligase HUWET inhibition as a therapeutic strategy to target MYC in multiple myeloma. Oncogene. 2020;39:5001-14. https://doi.org/10.
1038/541388-020-1345-x.

YuanY, Wang LH, Zhao XX, Wang J, Zhang MS, Ma QH, Wei S, Yan ZX, Cheng Y, Chen XQ, et al. The E3 ubiquitin ligase HUWE1 acts through
the N-Myc-DLL1-NOTCH1 signaling axis to suppress glioblastoma progression. Cancer Commun (Lond). 2022;42:868-86. https://doi.
org/10.1002/cac2.12334.

Wiese KE, Walz S, von Eyss B, Wolf E, Athineos D, Sansom O, Eilers M. The role of MIZ-1 in MYC-dependent tumorigenesis. Cold Spring
Harb Perspect Med. 2013;3:a014290. https://doi.org/10.1101/cshperspect.a014290.

Shostak A, Ruppert B, Ha N, Bruns P, Toprak UH, Project IM-S, Eils R, Schlesner M, Diernfellner A, Brunner M. MYC/MIZ1-dependent gene
repression inversely coordinates the circadian clock with cell cycle and proliferation. Nat Commun. 2016;7:11807. https://doi.org/10.
1038/ncomms11807.

Sangodkar J, Perl A, Tohme R, Kiselar J, Kastrinsky DB, Zaware N, Izadmehr S, Mazhar S, Wiredja DD, O’Connor CM, et al. Activation of
tumor suppressor protein PP2A inhibits KRAS-driven tumor growth. J Clin Invest. 2017;127:2081-90. https://doi.org/10.1172/JCI89548.
Zhang L, Zhou H, Li X, Vartuli RL, Rowse M, Xing Y, Rudra P, Ghosh D, Zhao R, Ford HL. Eya3 partners with PP2A to induce c-Myc stabiliza-
tion and tumor progression. Nat Commun. 2018;9:1047. https://doi.org/10.1038/s41467-018-03327-4.

Farrington CC, Yuan E, Mazhar S, Izadmehr S, Hurst L, Allen-Petersen BL, Janghorban M, Chung E, Wolczanski G, Galsky M, et al. Protein
phosphatase 2A activation as a therapeutic strategy for managing MYC-driven cancers. J Biol Chem. 2020;295:757-70. https://doi.org/
10.1074/jbc.RA119.011443.

Naso FD, Boi D, Ascanelli C, Pamfil G, Lindon C, Paiardini A, Guarguaglini G. Nuclear localisation of Aurora-A: its regulation and significance
for Aurora-A functions in cancer. Oncogene. 2021;40:3917-28. https://doi.org/10.1038/s41388-021-01766-w.

RenY, Bi C, Zhao X, Lwin T, Wang C, Yuan J, Silva AS, Shah BD, Fang B, Li T, et al. PLK1 stabilizes a MYC-dependent kinase network in
aggressive B cell ymphomas. J Clin Invest. 2018;128:5517-30. https://doi.org/10.1172/JCI122533.

Wang D, Pierce A, Veo B, Fosmire S, Danis E, Donson A, Venkataraman S, Vibhakar R. A regulatory loop of FBXW7-MYC-PLK1 controls
tumorigenesis of MYC-driven medulloblastoma. Cancers (Basel). 2021. https://doi.org/10.3390/cancers13030387.

@ Discover


https://doi.org/10.1186/s12967-023-04211-6
https://doi.org/10.1038/s41467-022-34890-6
https://doi.org/10.1002/1878-0261.13319
https://doi.org/10.1002/1878-0261.13319
https://doi.org/10.3390/cancers16122249
https://doi.org/10.1038/s41698-024-00606-w
https://doi.org/10.1158/1541-7786.MCR-21-0272
https://doi.org/10.1186/s13045-019-0754-1
https://doi.org/10.1186/s13045-019-0754-1
https://doi.org/10.1016/j.isci.2024.109979
https://doi.org/10.1016/j.isci.2024.109979
https://doi.org/10.1084/jem.20211743
https://doi.org/10.3390/ijms23010464
https://doi.org/10.5732/cjc.012.10287
https://doi.org/10.5732/cjc.012.10287
https://doi.org/10.1038/s41392-023-01481-w
https://doi.org/10.1038/s41568-018-0005-8
https://doi.org/10.1016/j.ijpharm.2012.05.028
https://doi.org/10.1021/acsmedchemlett.6b00005
https://doi.org/10.1021/acsmedchemlett.6b00005
https://doi.org/10.1093/neuonc/noaa191
https://doi.org/10.1093/neuonc/noaa191
https://doi.org/10.1038/s41388-022-02450-3
https://doi.org/10.1038/s41388-022-02450-3
https://doi.org/10.15252/emmm.201403927
https://doi.org/10.15252/emmm.201403927
https://doi.org/10.1038/s41388-020-1345-x
https://doi.org/10.1038/s41388-020-1345-x
https://doi.org/10.1002/cac2.12334
https://doi.org/10.1002/cac2.12334
https://doi.org/10.1101/cshperspect.a014290
https://doi.org/10.1038/ncomms11807
https://doi.org/10.1038/ncomms11807
https://doi.org/10.1172/JCI89548
https://doi.org/10.1038/s41467-018-03327-4
https://doi.org/10.1074/jbc.RA119.011443
https://doi.org/10.1074/jbc.RA119.011443
https://doi.org/10.1038/s41388-021-01766-w
https://doi.org/10.1172/JCI122533
https://doi.org/10.3390/cancers13030387

Discover Oncology (2025) 16:23 | https://doi.org/10.1007/512672-025-01761-7

Review

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Fan J, Bellon M, Ju M, Zhao L, Wei M, Fu L, Nicot C. Clinical significance of FBXW?7 loss of function in human cancers. Mol Cancer.
2022;21:87. https://doi.org/10.1186/512943-022-01548-2.

Jiang H, Bower KE, Beuscher AET, Zhou B, Bobkov AA, Olson AJ, Vogt PK. Stabilizers of the Max homodimer identified in virtual ligand
screening inhibit Myc function. Mol Pharmacol. 2009;76:491-502. https://doi.org/10.1124/mol.109.054858.

Conacci-Sorrell M, McFerrin L, Eisenman RN. An overview of MYC and its interactome. Cold Spring Harb Perspect Med. 2014;4:
a014357. https://doi.org/10.1101/cshperspect.a014357.

Struntz NB, Chen A, Deutzmann A, Wilson RM, Stefan E, Evans HL, Ramirez MA, Liang T, Caballero F, Wildschut MHE, et al. Stabilization
of the max homodimer with a small molecule attenuates myc-driven transcription. Cell Chem Biol. 2019;26:711-23. https://doi.org/
10.1016/j.chembiol.2019.02.009.

Hao YH, Fountain MD Jr, Fon Tacer K, Xia F, Bi W, Kang SH, Patel A, Rosenfeld JA, Le Caignec C, Isidor B, et al. USP7 acts as a molecular
rheostat to promote WASH-dependent endosomal protein recycling and is mutated in a human neurodevelopmental disorder. Mol
Cell. 2015;59:956-69. https://doi.org/10.1016/j.molcel.2015.07.033.

Zhang K, SunT, LiW, GuoYY, Li A, Hsieh M, Wang J, Wu J, Arvanitis L, Raz DJ. Inhibition of USP7 upregulates USP22 and activates its
downstream cancer-related signaling pathways in human cancer cells. Cell Commun Signal. 2023;21:319. https://doi.org/10.1186/
$12964-023-01320-z.

Lu Z, Hunter T. Prolyl isomerase Pin1 in cancer. Cell Res. 2014;24:1033-49. https://doi.org/10.1038/cr.2014.109.

Cohn GM, Liefwalker DF, Langer EM, Sears RC. PIN1 provides dynamic control of MYC in response to extrinsic signals. Front Cell Dev
Biol. 2020;8:224. https://doi.org/10.3389/fcell.2020.00224.

Chaturvedi NK, Mahapatra S, Kesherwani V, Kling MJ, Shukla M, Ray S, Kanchan R, Perumal N, McGuire TR, Sharp JG, et al. Role of
protein arginine methyltransferase 5 in group 3 (MYC-driven) Medulloblastoma. BMC Cancer. 2019;19:1056. https://doi.org/10.1186/
$12885-019-6291-z.

Kumar D, Jain S, Coulter DW, Joshi SS, Chaturvedi NK. PRMTS5 as a potential therapeutic target in MYC-amplified medulloblastoma.
Cancers (Basel). 2023. https://doi.org/10.3390/cancers15245855.

YaoY, Ng JF, Park WD, Samur M, Morelli E, Encinas Mayoral J, Chyra Z, Xu Y, Derebail S, Epstein C, et al. CDK7 controls E2F- and MYC-
driven proliferative and metabolic vulnerabilities in multiple myeloma. Blood. 2023;141:2841-52. https://doi.org/10.1182/blood.
2022018885.

Hashiguchi T, Bruss N, Best S, Lam V, Danilova O, Paiva CJ, Wolf J, Gilbert EW, Okada CY, Kaur P, et al. Cyclin-dependent kinase-9 is a thera-
peutic target in MYC-expressing diffuse large B-cell lymphoma. Mol Cancer Ther. 2019;18:1520-32. https://doi.org/10.1158/1535-7163.
MCT-18-1023.

Thieme E, Bruss N, Sun D, Dominguez EC, Coleman D, LiuT, Roleder C, Martinez M, Garcia-Mansfield K, Ball B, et al. CDK9 inhibition induces
epigenetic reprogramming revealing strategies to circumvent resistance in lymphoma. Mol Cancer. 2023;22:64. https://doi.org/10.1186/
$12943-023-01762-6.

Wong M, Sun, Xi Z, Milazzo G, Poulos RC, Bartenhagen C, Bell JL, Mayoh C, Ho N, Tee AE, et al. JIMJD6 is a tumorigenic factor and thera-
peutic target in neuroblastoma. Nat Commun. 2019;10:3319. https://doi.org/10.1038/s41467-019-11132-w.

Manni W, Jianxin X, Weiqi H, Siyuan C, Huashan S. JMJD family proteins in cancer and inflammation. Signal Transduct Target Ther.
2022;7:304. https://doi.org/10.1038/s41392-022-01145-1.

Xiao RQ, Ran T, Huang QX, Hu GS, Fan DM, Yi J, Liu W. A specific JMJD6 inhibitor potently suppresses multiple types of cancers both
in vitro and in vivo. Proc Natl Acad Sci U S A. 2022;119: €2200753119. https://doi.org/10.1073/pnas.2200753119.

Coulter DW, Chhonker YS, Kumar D, Kesherwani V, Aldhafiri WN, McIntyre EM, Alexander G, Ray S, Joshi SS, Li R, et al. Marinopyrrole
derivative MP1 as a novel anti-cancer agent in group 3 MYC-amplified Medulloblastoma. J Exp Clin Cancer Res. 2024;43:18. https://doi.
org/10.1186/513046-024-02944-w.

Schreiber KH, Arriola Apelo SI, Yu D, Brinkman JA, Velarde MC, Syed FA, Liao CY, Baar EL, Carbajal KA, Sherman DS, et al. A novel rapamycin
analog is highly selective for mTORC1 in vivo. Nat Commun. 2019;10:3194. https://doi.org/10.1038/541467-019-11174-0.

Xie H, Lee MH, Zhu F, Reddy K, Huang Z, Kim DJ, LiY, Peng C, Lim DY, Kang S, et al. Discovery of the novel mTOR inhibitor and its antitumor
activities in vitro and in vivo. Mol Cancer Ther. 2013;12:950-8. https://doi.org/10.1158/1535-7163.MCT-12-1241.

Lee BJ, Mallya S, Dinglasan N, Fung A, Nguyen T, Herzog LO, Thao J, Lorenzana EG, Wildes D, Singh M, et al. Efficacy of a novel Bi-steric
mTORCT inhibitor in models of B-cell acute lymphoblastic leukemia. Front Oncol. 2021;11: 673213. https://doi.org/10.3389/fonc.2021.
673213.

Fouque A, Delalande O, Jean M, Castellano R, Josselin E, Malleter M, Shoji KF, Hung MD, Rampanarivo H, Collette Y, et al. A novel covalent
mTOR inhibitor, DHM25, shows in vivo antitumor activity against triple-negative breast cancer cells. ) Med Chem. 2015;58:6559-73.
https://doi.org/10.1021/acs.jmedchem.5b00991.

Wang J, Liang D, Zhang XP, He CF, Cao L, Zhang SQ, Xiao X, Li SJ, Cao YX. Novel PI3K/Akt/mTOR signaling inhibitor, W922, prevents colo-
rectal cancer growth via the regulation of autophagy. Int J Oncol. 2021;58:70-82. https://doi.org/10.3892/ij0.2020.5151.

Mohan S, Vander Broek R, Shah S, Eytan DF, Pierce ML, Carlson SG, Coupar JF, Zhang J, Cheng H, Chen Z, et al. MEK inhibitor PD-0325901
overcomes resistance to PI3K/mTOR inhibitor PF-5212384 and potentiates antitumor effects in human head and neck squamous cell
carcinoma. Clin Cancer Res. 2015;21:3946-56. https://doi.org/10.1158/1078-0432.CCR-14-3377.

Lin F, Buil L, Sherris D, Beijnen JH, van Tellingen O. Dual mTORC1 and mTORC2 inhibitor Palomid 529 penetrates the blood-brain barrier
without restriction by ABCB1 and ABCG2. Int J Cancer. 2013;133:1222-33. https://doi.org/10.1002/ijc.28126.

Bei S, Li F, Li H, LiJ, Zhang X, Sun Q, Feng L. Inhibition of gastric cancer cell growth by a PI3K-mTOR dual inhibitor GSK1059615. Biochem
Biophys Res Commun. 2019;511:13-20. https://doi.org/10.1016/j.bbrc.2019.02.032.

Ippen FM, Alvarez-Breckenridge CA, Kuter BM, Fink AL, Bihun IV, Lastrapes M, Penson T, Schmidt SP, Wojtkiewicz GR, Ning J, et al. The
dual PI3K/mTOR pathway inhibitor GDC-0084 achieves antitumor activity in PIK3CA-mutant breast cancer brain metastases. Clin Cancer
Res. 2019;25:3374-83. https://doi.org/10.1158/1078-0432.CCR-18-3049.

Beaufils F, Cmiljanovic N, Cmiljanovic V, Bohnacker T, Melone A, Marone R, Jackson E, Zhang X, Sele A, Borsari C, et al. 5-(4,6-Dimor-
pholino-1,3,5-triazin-2-yl)-4-(trifluoromethyl)pyridin-2-amine (PQR309), a Potent, Brain-Penetrant, Orally Bioavailable, Pan-Class | PI3K/
mTOR Inhibitor as Clinical Candidate in Oncology. J Med Chem. 2017;60:7524-38. https://doi.org/10.1021/acs.jmedchem.7b00930.

@ Discover


https://doi.org/10.1186/s12943-022-01548-2
https://doi.org/10.1124/mol.109.054858
https://doi.org/10.1101/cshperspect.a014357
https://doi.org/10.1016/j.chembiol.2019.02.009
https://doi.org/10.1016/j.chembiol.2019.02.009
https://doi.org/10.1016/j.molcel.2015.07.033
https://doi.org/10.1186/s12964-023-01320-z
https://doi.org/10.1186/s12964-023-01320-z
https://doi.org/10.1038/cr.2014.109
https://doi.org/10.3389/fcell.2020.00224
https://doi.org/10.1186/s12885-019-6291-z
https://doi.org/10.1186/s12885-019-6291-z
https://doi.org/10.3390/cancers15245855
https://doi.org/10.1182/blood.2022018885
https://doi.org/10.1182/blood.2022018885
https://doi.org/10.1158/1535-7163.MCT-18-1023
https://doi.org/10.1158/1535-7163.MCT-18-1023
https://doi.org/10.1186/s12943-023-01762-6
https://doi.org/10.1186/s12943-023-01762-6
https://doi.org/10.1038/s41467-019-11132-w
https://doi.org/10.1038/s41392-022-01145-1
https://doi.org/10.1073/pnas.2200753119
https://doi.org/10.1186/s13046-024-02944-w
https://doi.org/10.1186/s13046-024-02944-w
https://doi.org/10.1038/s41467-019-11174-0
https://doi.org/10.1158/1535-7163.MCT-12-1241
https://doi.org/10.3389/fonc.2021.673213
https://doi.org/10.3389/fonc.2021.673213
https://doi.org/10.1021/acs.jmedchem.5b00991
https://doi.org/10.3892/ijo.2020.5151
https://doi.org/10.1158/1078-0432.CCR-14-3377
https://doi.org/10.1002/ijc.28126
https://doi.org/10.1016/j.bbrc.2019.02.032
https://doi.org/10.1158/1078-0432.CCR-18-3049
https://doi.org/10.1021/acs.jmedchem.7b00930

Review

Discover Oncology (2025) 16:23 | https://doi.org/10.1007/512672-025-01761-7

181.

182.

183.

184.

185.

186.

187.

Alvarez RM, Garcia AB, Riesco-Fagundo C, Martin JI, Varela C, Rodriguez Hergueta A, Gonzalez Cantalapiedra E, Oyarzabal J, Di Geronimo
B, Lorenzo M, et al. Omipalisib inspired macrocycles as dual PI3K/mTOR inhibitors. Eur J Med Chem. 2021;211: 113109. https://doi.org/
10.1016/j.ejmech.2020.113109.

Atanasova VS, Riedl A, Strobl M, Flandorfer J, Unterleuthner D, Weindorfer C, Neuhold P, Stang S, Hengstschlager M, Bergmann M, et al.
Selective eradication of colon cancer cells harboring PI3K and/or MAPK pathway mutations in 3D culture by combined PI3K/AKT/mTOR
pathway and MEK inhibition. Int J Mol Sci. 2023. https://doi.org/10.3390/ijms24021668.

Sun C, Yang X, Jin Z, Gao Z. Combination of mTOR inhibitor PP242 and AMPK activator metformin exerts enhanced inhibitory effects on
colorectal carcinoma cells in vitro by blocking multiple kinase pathways. J Chemother. 2023;35:259-69. https://doi.org/10.1080/11200
09X.2022.2091122.

Yu K, Toral-Barza L, Shi C, Zhang WG, Lucas J, Shor B, Kim J, Verheijen J, Curran K, Malwitz DJ, et al. Biochemical, cellular, and in vivo activ-
ity of novel ATP-competitive and selective inhibitors of the mammalian target of rapamycin. Cancer Res. 2009;69:6232-40. https://doi.
org/10.1158/0008-5472.CAN-09-0299.

Wang L, Zhu YR, Wang S, Zhao S. Autophagy inhibition sensitizes WYE-354-induced anti-colon cancer activity in vitro and in vivo. Tumour
Biol. 2016;37:11743-52. https://doi.org/10.1007/s13277-016-5018-x.

Zhang D, Xia H, Zhang W, Fang B. The anti-ovarian cancer activity by WYE-132, a mTORC1/2 dual inhibitor. Tumour Biol. 2016;37:1327-36.
https://doi.org/10.1007/s13277-015-3922-0.

Bhagwat SV, Gokhale PC, Crew AP, Cooke A, Yao Y, Mantis C, Kahler J, Workman J, Bittner M, Dudkin L, et al. Preclinical characterization of
0SI-027, a potent and selective inhibitor of mMTORC1 and mTORC2: distinct from rapamycin. Mol Cancer Ther. 2011;10:1394-406. https://
doi.org/10.1158/1535-7163.MCT-10-1099.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Discover


https://doi.org/10.1016/j.ejmech.2020.113109
https://doi.org/10.1016/j.ejmech.2020.113109
https://doi.org/10.3390/ijms24021668
https://doi.org/10.1080/1120009X.2022.2091122
https://doi.org/10.1080/1120009X.2022.2091122
https://doi.org/10.1158/0008-5472.CAN-09-0299
https://doi.org/10.1158/0008-5472.CAN-09-0299
https://doi.org/10.1007/s13277-016-5018-x
https://doi.org/10.1007/s13277-015-3922-0
https://doi.org/10.1158/1535-7163.MCT-10-1099
https://doi.org/10.1158/1535-7163.MCT-10-1099

	Targeting protein synthesis pathways in MYC-amplified medulloblastoma
	Abstract
	1 Introduction
	2 Tumorigenic roles of MYC-induced protein synthesis
	3 Co-operation and crosstalk between MYC and mTOR signaling
	4 Other associated pathways of protein synthesis
	4.1 MNK
	4.2 AMPK

	5 Targeting protein synthesis as a cancer therapeutic approach
	5.1 Targeting MYCMTOR
	5.2 Targeting MNK
	5.3 Targeting AMPK
	5.4 Targeting alternatives of MYC
	5.5 Targeting MYC-driven metabolism

	6 Role(s) of MYC-mTOR signaling in chemoradition resistance
	7 Possible resistance mechanisms of the targeting MYC-mTOR
	8 Future perspective and conclusion
	Acknowledgements 
	References


