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Abstract: High-grade osteosarcoma (OS) is the most common primary bone tumor mainly affecting
children and young adults. First-line treatment consists of neo-adjuvant chemotherapy with dox-
orubicin, cisplatin, and methotrexate and surgery. The mean long-term survival rate for localized
disease at diagnosis is 65–70%, dropping down to 20% when metastases are present at diagnosis.
Therefore, curing OS is a clinical challenge, particularly for patients that do not respond to standard
treatments. MYC has frequently been reported to be involved in the pathogenesis of OS and its high
expression may be associated with drug resistance and patients’ worse prognosis. Moreover, MYC is
a master regulator of ribosomal proteins (RPs) synthesis and ribosome biogenesis (RiBi), which is
often up-regulated in human tumors. In recent years, RPs have been recognized not only for their
traditional role in ribosome assembly but also for their extra-ribosomal functions, many of which
are linked to the onset and progression of cancer. In this review we focus on the role and possible
interplay of MYC and RPs expression in association with drug resistance and worse prognosis in
OS and discuss therapeutic options that target de-regulated MYC, RiBi, or RPs, which are already
clinically available or under evaluation in clinical trials.
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1. Introduction

High-grade osteosarcoma (OS) is the most common malignant bone tumor and mainly
affects children and young adults, for whom it is still a life-threatening disease. Although
OS is a rare entity, accounting for 0.2% of all human malignant neoplasms, in children and
young adults, it is the third most common malignant tumor and cause for death [1,2]. For
these reasons, it can be considered a disease with a relevant social impact. As first-line
therapy, most OS patients currently receive combined treatment of doxorubicin, cisplatin,
and methotrexate administered before and after surgery [1,3]. Nowadays, the mean long-
term survival rate in the case of localized disease at diagnosis is around 65–70%, but it is
significantly lower in patients that scarcely respond to chemotherapy. The prognosis is
even worse when single or multiple metastases, mostly located in the lung, are present at
diagnosis. In that case, the long-term survival rate does not exceed 20% [1,3,4]. Therefore,
curing OS is still a clinical challenge even though several innovative therapeutic approaches
have been explored. MYC is one of the oncogenes that has been most frequently reported
to be involved in the pathogenesis of OS [5], and it is known to regulate the expression of
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ribosomal proteins (RPs) and ribosomal RNA (rRNA) [6]. Furthermore, previous studies
showed that a high expression of MYC in OS may be associated with resistance to some of
the above-mentioned chemotherapeutic drugs and patients’ prognosis [7–10]. For the sake
of clarity, we refer to the cMYC gene as MYC unless differently specified.

On the other hand, it is worthwhile noting that RPs not only carry out a purely struc-
tural role in ribosomal subunit composition together with rRNA but also exhibit some
extra-ribosomal functions that are frequently associated with cancer onset and progres-
sion [11,12].

Ribosomes are ribonucleoprotein complexes with a fundamental cellular function of
protein synthesis. Their contribution to cancer development is well established, and their
biogenesis and functions are often deregulated in cancer cells as a consequence of the high
protein synthesis rates needed for their growth [12,13]. Lately, the expression of some
RPs has been correlated to the onset and progression of diverse human cancers, including
OS; however, most studies have been conducted for other solid malignancies rather than
sarcomas or, specifically, OS [12–14].

In fact, to date, the functions of RPs and MYC on tumor cells have been mostly studied
separately, and laboratory investigations regarding their possible relationships in OS are
lacking. As stated before, the previous studies have shown that high MYC expression in
this bone sarcoma may be associated with resistance to certain chemotherapeutic drugs
and poor patient prognosis, but the underlying molecular mechanisms are still uncovered.
RPs and ribosome biogenesis (RiBi) are targets of MYC and are associated with cancer and,
specifically, OS onset and progression. Thus, in this review, we aim to recapitulate the
available evidence related to the alterations of MYC and RPs expression in OS, highlighting
how these genetic alterations may be mirrored in the drug response and outcome prediction.

2. Unveiling RPs: Understanding Their Impact on Human Tumors

Since the late 19th century, the irregularities observed in the nucleolar morphology of
cancer cells have captivated the interest of tumor pathologists. Of note, Pianese’s ground-
breaking report highlighted hypertrophic and irregularly shaped nucleoli as distinctive
features of malignant cells [15]. This discovery ignited a series of investigations aimed at un-
ravelling the significance of these nucleolar alterations: are they merely consequences of the
cancerous state, or could they potentially serve as catalysts for neoplastic transformation?

The nucleolus is a specialized subnuclear compartment and is the hub for RiBi, a
highly dynamic process in which rRNA is synthesized, modified, and assembled with
RPs to form mature ribosomes. Each ribosome consists of approximately 80 RPs and
4 rRNAs, organized into two subunits. The small subunit (40S) mediates the translation
of mRNA codons into amino acid sequences by engaging with the anticodon regions of
complementary amino-acyl tRNAs, thus acting as the “decoding site”. The large subunit
(60S) houses the peptidyl transferase center (PTC), where amino acids carried by tRNAs are
added to a growing polypeptide chain. The small subunit contains one 18S rRNA molecule
and 33 RPs, while the large subunit comprises 3 rRNA molecules (28S, 5.8S, and 5S) and
48 RPs [14]. Notably, these ribonucleoprotein complexes, essential for cellular protein
synthesis, are ubiquitously expressed across cell types. The recent studies suggest that
ribosomes may exhibit heterogeneity through the selective expression of specific ribosomal
protein genes and rRNA variants, enabling cells to adapt to physiological cues and respond
to various stressors. The ribosomal heterogeneity could facilitate specialized translational
regulation, linking specific ribosome composition to cellular processes like differentiation,
stress responses, and possibly neoplastic transformation [16].

In the realm of ribosome assembly and function, RPs play pivotal roles in RiBi and
functionality. They facilitate rRNA processing, enhance the stability of secondary structures
within rRNAs, and are instrumental in pre-ribosome transport. Furthermore, RPs contribute
to stabilizing both the small and large subunit structures and mediate interactions with
auxiliary factors crucial for ribosome assembly and mRNA translation [17,18].
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RiBi is orchestrated by three RNA polymerases (Pol—Pol I, Pol II, and Pol III) along-
side transcription factors, small nucleolar RNAs (snoRNAs), and non-ribosomal proteins.
Pol I transcribes ribosomal DNA (rDNA) into a 47S rRNA precursor with assistance from
Transcription Intermediary Factor 1-α (TIF-IA), Selective Factor 1 (SL1), and Upstream
Binding Factor (UBF), which is subsequently processed to yield mature rRNAs. Mean-
while, RNA Pol III synthesizes 5S rRNA in the nucleoplasm before its transport to the
nucleolus. RP mRNAs are transcribed by RNA Pol II, translated by cytoplasmic ribosomes,
and incorporated into nascent ribosomes through coordinated nucleolar and cytoplasmic
phases [19,20].

Beyond their conventional roles within the ribosome, numerous RPs possess extra-
ribosomal functions, which include controlling cell growth, proliferation, and differentia-
tion, as well as participating in immune signaling, DNA repair mechanisms, and apopto-
sis [21]. These additional roles arise from specific interactions between RPs and cellular
components outside the ribosome, independent of their primary ribosomal function. No-
tably, RPs can activate p53-dependent or p53-independent pathways in response to stress,
leading to cell cycle arrest and apoptosis [21]. The most well-known response to RiBi
defects involves the tumor suppressor p53, which triggers ribosomal (or nucleolar) stress,
leading to cell cycle arrest, senescence, apoptosis, or differentiation [22].

Aberrations in RiBi, translation, and the functions of individual RPs, including their
mutations, have been associated with a broad spectrum of human congenital and acquired
disorders, known as ribosomopathies. Inherited ribosomopathies are characterized by
tissue-specific phenotypic abnormalities and an elevated risk of cancer development com-
pared to the general population [23]. For instance, in Diamond-Blackfan Anemia (DBA),
mutations in a subset of RP-encoding genes are associated with normochromic, macrocytic
anemia, skeletal abnormalities, and, interestingly, an increased predisposition to develop
OS, acute myeloid leukemia, colon carcinoma, and myelodysplastic syndromes [5,24]. The
increased incidence of tumors in patients with inherited ribosomopathies like DBA remains
puzzling. The paradoxical shift from an initial hypo-proliferative cellular response to a
hyper-proliferative, oncogenic state later in life was first documented by Dameshek in 1967
and is known as Dameshek’s riddle [25]. The recent findings of somatic mutations in RPs
and RiBi factors across various tumor types further underscore the link between altered
RiBi and neoplastic transformation [13,17,23]. In addition, several oncoproteins and tumor
suppressors have been shown to control protein synthesis through the transcriptional
regulation of RPs, thereby affecting tumorigenesis and cancer progression [14].

3. MYC and RP Interplay in Physiology and in Cancer

In cancer, the tumor often exploits the expression and activity of the MYC oncogene,
resulting in elevated levels of MYC mRNA and protein. For this, the MYC family has been
recognized as one of the most altered in various tumor types [26], albeit MYC is the most
deregulated gene in human cancer [27].

As mentioned before, MYC acts as a key regulator in various biological processes,
functioning primarily as a transcription factor that governs the expression of numerous
genes [28]. MYC is implicated in mitotic gene bookmarking of ribosomal loci, facilitating
rapid re-activation of these genes in daughter cells post-mitosis and stabilizing riboso-
mal gene expression across cell divisions [29]. MYC’s role in the regulation of ribosomal
genes further extends to epigenetic mechanisms, including histone modifications and DNA
methylation. Specifically, MYC engages histone acetyltransferases to ribosomal gene pro-
moters, which increases histone acetylation and transcriptional activation, essential for cell
growth and proliferation [30]. MYC can also be amplified at the transcript level or indirectly
increased through growth factor signaling components such as Phosphatidylinositol-4,5-
bisphosphate 3-kinase catalytic subunit α (PI3K), RAS, and the beta-catenin/Adenomatous
Polyposis Coli (APC) pathway [31]. Metabolically, it is well known that MYC overexpres-
sion allows cancer cells to become nutrient-independent, inducing a metabolic shift that
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activates pathways promoting tumor cell survival even in the absence of growth factors or
amino acids [32,33].

In dividing cells, the proto-oncogene MYC orchestrates transcription, especially of
genes crucial for cell cycle advancement [34]. In this context, the primary role of MYC is
to regulate the synthesis of molecular constituents required for RiBi, essential for rapidly
proliferating cells [35]. Notably, this insight has revealed that tumors driven by oncogenic
MYC heavily rely on the overstimulation of RiBi [36]. This might also be true for OS;
however, no specific studies have been published so far.

RiBi is coordinated by MYC through the RNA Pols I-II-III [37] (Figure 1). From a
mechanistic standpoint, MYC engages with various regulatory factors to modulate the
activity of the different RNA Pols. For instance, it boosts the synthesis of rRNA precur-
sor (pre-rRNA) by promoting the binding of Pol I to the rDNA promoter through its
interaction with TATA box-binding protein (TBP) and TBP-associated factors (TAFs) [38].
Arabi et al. demonstrated that MYC and MAX interact within nucleoli and associate
with ribosomal DNA, a process that is followed by the recruitment of the MYC cofactor
Transformation/transcription domain associated protein (TRRAP), enhanced histone acety-
lation, recruitment of RNA polymerase I (Pol I), and the subsequent activation of rDNA
transcription [39]. Additionally, MYC enhances the transcription of 5S rRNA and tRNA
genes by directly activating Transcription Factor (TFIIIB) [40]. Moreover, it stimulates the
transcription of numerous genes involved in RiBi and translation via Pol II, including some
of those encoding RPs, assembly factors, and translation initiation/elongation/termination
components [41]. Furthermore, MYC contributes to rRNA processing [42]. Genome-wide
and microarray studies suggest that MYC may be crucial for the expression of nearly 15%
of all human genes, many of which are involved in RiBi and protein translation [43].
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Figure 1. MYC and RiBi. MYC acts at different levels of RiBi by regulating RNA Pol I, II, and III.
(1) Heterodimer of MYC-MAX promotes rDNA transcription by interacting with TBP and TAFs to
recruit Pol I. Moreover, MYC interacts with cofactors like TRRAP and promotes histone acetylation
to activate rDNA transcription. (2) MYC activates 5S rRNA and tRNA transcription via Pol III by
directly engaging TFIIIB. (3) MYC also stimulates the transcription of genes involved in ribosomal
biogenesis and translation through Pol II by interacting with chromatin remodelers.
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On the one hand, the crucial function of MYC in cell growth is underscored by find-
ings indicating that mice with a homozygous deletion of MYC do not survive beyond
9.5–10.5 days [44]. On the other hand, various approaches to enforce the expression of
MYC transgene, whether constitutive, inducible, or conditional, result in neoplastic, pre-
malignant, and malignant traits in mice [45]. Notably, the reversal of MYC expression
in these mice leads to the spontaneous regression of these tumorigenic characteristics,
underscoring the essential role of MYC in endorsing cell transformation and tumorigene-
sis [45,46].

Initial studies on the Eµ-MYC mouse model of lymphomagenesis, characterized by
enhanced expression of MYC, helped to clarify how this oncogene contributes to neoplastic
transformation by enhancing RiBi, since these mice exhibit enlarged cell size in connection
with increased ribosome production [47]. In addition, reducing the expression of single RP
genes, like RPL24 or RPL38, in Eµ-MYC mice led to a 20% decrease in lymphoma incidence
and delayed tumor onset, highlighting the significance of accurate translational control [36].
Devlin et al. further supported this notion by showing that targeting both RiBi and mRNA
translation synergistically increased survival in MYC-driven lymphoma [48].

Due to the dual importance of MYC in normal cell proliferation and its potential to
become tumorigenic when overproduced or hyperactive, cells have developed multiple
mechanisms to regulate its levels and activity to prevent hyperplasia and subsequent
neoplasia. These regulatory mechanisms include transcriptional, post-transcriptional
(mRNA stability and translation), translational, and post-translational (protein stability)
controls [49].

The transcriptional and pro-oncogenic activities of MYC require its heterodimerization
with MYC-associated factor X (MAX). The MYC–MAX heterodimer can either activate or
repress transcription by directly binding to E-boxes or by interacting with the transcription
factor MIZ1, respectively. The interaction between MYC and MAX is partly regulated by
post-translational modifications: phosphorylation of three residues in the helix–loop–helix
domain of MYC by the serine/threonine kinase P21 (RAC1) activated kinase 2 (PAK2)
disrupts MAX binding, preventing MYC from binding to E-boxes [50,51]. It has been
demonstrated that the binding of MYC to the E-box in the promoters of genes encoding
for RPs and other components necessary for RiBi activates the transcription of these genes,
increasing the production of the respective proteins [38].

For example, in OS, the MYC-MAX interaction is implicated in the transcriptional
regulation of RPL34, and its amplification has been correlated with the oncogenesis, prolif-
eration, and metastasis of OS [52].

Given the pivotal role of MYC in regulating RiBi, an imbalance in this process can have
profound implications. Indeed, an excess production of RPs that are not incorporated into
nascent ribosomes can signal an imbalance in ribosome synthesis. These excess proteins
may interact with transcriptional regulatory factors or mRNA stability factors, leading
to reduced MYC transcriptional activity or destabilization of the mRNA for RPs, thereby
decreasing their production. Under conditions of ribosomal stress, specific cellular signals
can inhibit MYC or activate damage response pathways, leading to the modulation of
protein synthesis and restoration of cellular homeostasis [53].

In this context, recent findings have suggested that MYC stabilizes the RPL5–RPL11–5S
rRNA complex, potentially implicating it in the control of p53 activation. It is plausible that
the RPL5-L11 and Mouse Double Minute 2 (MDM2)-p53 axis may be activated by MYC
as part of a feedback loop to prevent MYC-induced tumorigenesis [6]. Furthermore, it has
been demonstrated that the RPL11 gene is a bona fide transcriptional target of MYC and
that it suppresses the transcriptional activity of MYC in cells. These results represent the
first evidence of an RP acting as a negative regulator of MYC activity, possibly at the level
of RiBi [54].
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4. The Importance of MYC in OS

To date, several studies have shown that MYC is one the most commonly altered genes
in OS, in which it plays different relevant roles in tumor development and progression,
treatment response, and prognosis [5] (Figure 2). Recently, De Noon et al. evaluated the
MYC copy number changes in a total of 258 high-grade OS belonging to three different
cohorts and identified a significant enrichment of focal amplifications in children, indicating
that this gene is a major driver of this tumor, in particular in the pediatric settings [55].
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Moreover, MYC amplification and/or overexpression have also been reported to be
involved in OS drug resistance. In fact, MYC copy number gain and its increased protein
levels were found in several methotrexate-resistant OS cell lines, exhibiting an impact
on their inherent methotrexate sensitivity [7,8,56]. The causal MYC involvement in OS
cell resistance to this drug was validated by down-regulating it with in vitro antisense
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treatment; these experiments resulted in a remarkable decrease in the level of methotrexate
resistance and an enhanced methotrexate-induced growth inhibition and apoptosis [7].

Little additional evidence supporting the involvement of MYC in OS sensitivity to
doxorubicin [8,9] or cisplatin [10] has also been reported, although these findings need to
be confirmed in more extensive studies.

In agreement with all these results, a longitudinal whole genome sequencing of 37 tu-
mor samples from 8 OS patients who had a poor response to neoadjuvant chemotherapy
found that MYC gain/amplification was enriched in treatment-resistant cell populations.
The emergence of these subpopulations was most probably due to the selective pressure of
neoadjuvant chemotherapy [57]. Of particular interest was, however, the observation that
these subclonal treatment-resistant cell populations also dominated at subsequent relapses,
indicating that their genetic alterations can be considered essential and most probably as a
driver for tumor progression and recurrence [57].

The clinical impact of MYC has also been studied in series of clinical samples obtained
from OS patients treated with different standard chemotherapy protocols, which were
mostly based on methotrexate, doxorubicin, and cisplatin [7]. Increased levels of MYC
protein at diagnosis, highlighted by immunohistochemistry (IHC) positivity, emerged to be
associated with a trend toward a higher relapse rate [7]. In agreement with the impact on
relapse, this same study demonstrated a significant association of MYC positivity with a
worse clinical outcome in terms of event-free survival [7].

Additionally, Wu et al. demonstrated through IHC in a series of 56 OS patients that
MYC overexpression was inversely correlated with the apoptotic index (indicative of an
anti-apoptotic effect) and was associated with a poor survival probability [58].

More recently, the clinical impact of MYC emerged from the results of different clinical
trials for localized high grade OS, which led to the identification of biological features asso-
ciated with poor outcomes, including MYC genomic alterations and/or amplification [59].

Moreover, through the use of targeted next-generation sequencing panels performed
on a cohort of 113 tumor and 69 normal samples obtained from 92 high-grade OS patients as
well as on a validation cohort of 86 patients, Marinoff et al. proved that MYC amplification
is associated with a significant worse 3-year overall survival [60]. According to these
observations, in a case-based targeted study in which whole exome sequencing was applied
to eleven matched primary, recurrent, and metastatic samples from three OS patients
characterized by different clinical behaviors, MYC amplification was detected in the patient
with the shortest disease-free interval [61].

MYC has also been found to be more frequently up-regulated in metastatic rather than
in nonmetastatic OS samples, supporting its possible role as a poor prognostic biomarker
and as a promising therapeutic target. Kuijjer et al. analyzed MYC expression in OS patients
with the R2: Genomics Analysis and Visualization Platform (http://r2.amc.nl) using the
Mixed Osteosarcoma-Kuijjer dataset [62] and demonstrated that it was significantly up-
regulated in the metastatic samples, suggesting a possible role in the promotion of OS
metastasization [63]. Accordingly, the outcome analysis revealed that patients with high
MYC expression had a significantly shorter survival time, further supporting the association
of MYC up-regulation with OS progression and poor prognosis [63].

Interestingly, MYC has been found to be crucial also in the crosstalk cancer-stroma
and in the regulation of the tumor microenvironment of several tumors, including OS.
To deepen the discussion on the argument, the readers are referred to Massó-Vallés and
Soucek [64] and D’Avola et al. [27]. As for OS, an interesting example of the role of MYC
in regulating specifically the tumor immune microenvironment is provided by Nirala
et al. [65]. The authors established that MYC overactivation led to a decrease in immune
cell infiltration of the tumor mass, particularly referring to the macrophage population. This
is associated with poor prognosis both in murine models and in OS patients, as reported
in the TARGET and R2 databases. Taking into account these results and the available
preclinical and clinical data, the researchers propose the use of drugs such as mifamurtide,

http://r2.amc.nl


Int. J. Mol. Sci. 2024, 25, 12031 8 of 22

which is already administered in specific settings to OS patients due to its role in the
modulation of the immune microenvironment and the benefits in OS treatment [66,67].

However, although several demonstrations on the link between MYC amplifica-
tion/overexpression and OS worse clinical outcome or chemoresistance have been pub-
lished, the molecular determinants that subtend these phenomena have not been completely
clarified yet.

5. Ribosomal Proteins in Osteosarcoma

Differently from MYC, only a small number of studies have analyzed to date the
role of RPs in human OS pathogenesis and prognostic impact. Some of them aimed to
demonstrate the influence of the differential RP expression in OS cell line behavior. For the
readers’ convenience, the studies’ findings are summarized in Table 1.

Table 1. Summary of the published papers that demonstrate a possible role of RPs in OS onset
and progression.

Ribosomal Protein
(RP)

Expression Levels in
Patients’

Tissues and Cell Lines

Association with
Clinicopathological

Features

Up-/Down-
Stream Signaling
Pathway Involved

Cell Line Models * Ref.

RPL7A Low
Yes (poor survival in case

of lung
metastasis)

Not indicated MG63 [68]

RPS3 High

Yes (increased in case
of lung

metastasis, shorter
survival rate)

GLI2 143B,
HS-Os-1 [69]

RPL8 Gene amplification Not indicated MYC N.A. [70]

RPL34 High Yes (poor prognosis) MYC, eIF3 SaOS-2 [52,71]

RPS9 High
Yes (advanced

Enneking stage and
disease recurrence)

MAPK pathway MNNG/
HOS, MG63, U2OS [72]

RPS21 High Yes (shorter survival rate) MAPK pathway MG63 [73]

RPS15A High Yes (disease
progression) TMED3 MNNG/

HOS, U2OS [74]

RPS28 High
Yes (shorter overall and

progression free
survival rates)

MAPK pathway,
MYC 143B, MG63 [75]

* For the sake of clarity, only the cell lines used in the main experiments of each paper are highlighted here.

The first paper, published in 2009 by Zheng et al., explored the expression of the
RPL7A, which is relatively underexpressed in primary OS samples and the MG63 cell line
compared to normal bone or benign lesions [68]. The authors did not find correlations
with clinicopathological features, except for high-grade patients with lung metastases
at diagnosis where the lower expression of RPL7A tended to be correlated with shorter
survival. Taken together, these data may indicate that RPL7A does not have a direct role
in metastasis formation [68], but its differential expression in a specific subset of patients
suggests the occurrence of a positive selection of ribosomes with low levels of RPL7A in
the complex tumor microenvironment of OS that leads to worse prognosis.

Successively, Nagao-Kitamoto et al. identified the RPS3, a component of the small
ribosomal subunit, as a downstream target of GLI2, a transcription factor in which expres-
sion was already correlated with OS patients’ poor prognosis, OS cells aggressive behavior
in vitro and in vivo, and drug resistance [76]. Interestingly, RPS3 expression was more fre-
quently increased in invasive OS cell lines, as 143B and U2OS, with respect to non-invasive
ones, as SaOS-2 and MG63. The authors demonstrated, in fact, that RPS3 was implicated in
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OS cell migration and invasive potentials. Importantly, IHC staining on patient specimens
showed that RPS3 expression was not only higher in OS tissue with respect to normal bone
but that its levels were even more increased in patients with lung metastases and shorter
survival times with respect to patients with localized disease. Therefore, RPS3 is proposed
as a marker of highly invasive and aggressive OS that may be quantified in serum to early
detect distant metastases [69]. Although these are promising results, to the best of our
knowledge, no drugs targeting the specific GLI2-RPS3 pathway have been developed or
are currently under clinical trials evaluation.

In 2013, Yang and Zhang published a comprehensive analysis of translational studies
aimed to identify new potential molecular targets in OS. Interestingly, in addition to con-
firming the association of MYC amplification and OS pathogenesis and chemoresistance,
they also named RPL8 among the amplified genes that might be involved in the develop-
ment of OS and worthy of further investigation [70]. Notably, the RPL8 gene is located in
the same gene region of MYC on chromosome 8q24.21.

A few years later, Luo et al. investigated RPL34 in OS, confirming its role in conferring
a proliferative advantage to malignant cells [52]. In this paper, the author first analyzed
the expression of RPL34 in OS tissues, finding that it was up-regulated both at the mRNA
and protein levels, with respect to adjacent non-tumoral tissue. Additionally, these patients
with high levels of RPL34 were characterized by a lower 3-year survival rate. To better
investigate the role of RPL34 in OS, the authors induced a stable down-regulation of
the protein in SaOS-2 cells that led to a decrease in proliferation and colony formation
potential, together with a G2/M phase arrest and an increase in apoptosis. To understand
the molecular mechanism underlying this biological effect, the authors performed protein–
protein interaction (PPI) network analyses, finding that MYC and MAX are transcriptional
regulators of RPL34, supporting our hypothesis of a possible link between MYC and some
RPs in OS. Nonetheless, the exact molecular mechanism through which RPL34 induces a
more aggressive behavior in OS cells remains undefined. Interestingly, the PPI analysis also
revealed the possible interaction between RPL34 and three subunits of the eIF3 translation
initiation complex, which, when expressed in high levels, led to the translation of a subset
of mRNAs that promoted cancer cell proliferation and malignant transformation [77,78].
Therefore, as Luo et al. suppose, it is possible that the more aggressive behavior in OS
may be linked to the MYC-RPL34-eIF3 axes that entails the translation of specific pro-
tumorigenic mRNAs. A few years later, the same research group further demonstrated
the link between RPL34 and eIF3 family through an easy but explanatory RPL34 knock-
down (KD) study in SaOS-2 cells. The KD of RPL34 led to a down-regulation of eIF3
and an up-regulation of FAU ubiquitin like and ribosomal protein S30 fusion (FAU), a
fusion protein that plays a carcinogenic role in human OS [71]. Of note in this work,
the authors also cite the relationship between RPs and chemoresistance, mentioning the
paper of Shen et al., which is surprisingly interesting for the scope of this review, since it
highlights for the first time the possible role of a RP, in this case RPL36, in the mechanism
of cisplatin resistance [79]. Even if this proof of concept has been obtained in a human
epidermoid carcinoma cell line, this indication is of fundamental importance in the context
of OS, where cisplatin is administered as a first-line drug in combination with doxorubicin
and methotrexate. Therefore, uncovering a possible role not only for RPL36 but also for
other RPs may be critical to earlier identify patients who will not benefit from standard
chemotherapy with the chance to offer a targeted therapeutic approach.

In 2017, Cheng et al. focused on the study of the role of RPS9 in OS tumorigenesis [72].
RPS9 was overexpressed at mRNA and protein levels in human OS cell lines compared to
healthy osteoblasts and was also significantly up-regulated in human OS tissue samples
with respect to paired adjacent non-tumoral tissue. A transient KD approach with siRNAs
against RPS9 in OS cell lines reported diminished proliferation, colony-forming capacity
(in size and number), and an arrest in the G1 phase of cell cycle with respect to control
cells. All these findings let us presume a possible oncogenic role of RPS9 in human OS.
Then, the authors analyzed the variation of the most involved pathways in human cancers,
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detecting a decrease in the phosphorylation of some components of the Mitogen Activated
Protein Kinase (MAPK) pathway, such as Stress-Activated Protein Kinases (SAPK)/Jun
N-terminal Kinase (JNK) and p38. Finally, in an expanded case series of OS patients, the
authors found a positive correlation with the advanced Enneking stage [80] and disease
recurrence, implying that RPS9 is a critical player in OS progression [72].

More recently, in 2020, Wang et al. identified RPS21 as another oncogenic candidate in
OS development that may explicate its role through the influence of the MAPK signaling
pathway [73]. In this paper, the authors analyzed some Gene Expression Omnibus (GEO)
datasets of OS tissues and normal samples, resulting in the higher expression of RPS21 in
tumoral tissues with respect to healthy ones and a close association with shorter survival
rates. RPS21 was also differentially expressed in human OS cell lines, in higher levels
with respect to healthy osteoblasts. The silencing of RPS21 through a transient siRNA-
based approach led to the inhibition of cell growth and colony-formation, together with
a reduction in invasion and migration potentials, through the activation of the MAPK
signaling pathway [73]. Therefore, RPS21 may be a potential druggable target to inhibit
OS cell growth up-stream in the MAPK pathway, where other MAPK/Extracellular Signal-
regulated Kinase (ERK) inhibitors have failed or showed scarce therapeutic results.

In 2021, Xu et al. demonstrated that RPS15A was a mediator of increased tumor
aggressiveness and disease progression induced by Transmembrane p24 Trafficking Protein
3 (TMED3) overexpression [74]. In fact, RPS15A was among the top five down-regulated
differentially expressed genes (DEGs) in OS cells after stable TMED3 KD. A positive correla-
tion between RPS15A and TMED3 was also confirmed by the analysis of the Therapeutically
Applicable Research to Generate Effective Treatments (TARGET)-OS database. Of note, the
KD of RPS15A alone significantly inhibited OS cell growth, and this RP was found overex-
pressed in human OS tissue samples rather than in normal adjacent tissue. Altogether, this
study highlights an oncogenic role of RPS15A in human OS, favoring the progression of
the disease and, therefore, providing preliminary evidence to consider the TMED3-RPS15A
axis as a therapeutic target.

In 2023, Liang et al. proposed RPS28 as a potential oncogenic marker in OS, exploiting
its effects altering the MAPK signaling pathway and MYC expression [75]. Through
DepMap database analyses, the authors identified RPS28 as potential risk gene in OS and
showed that its high expression in patients was related to lower overall and progression
free survival. Other datasets show that RPS28 mRNA expression is higher in OS cell
lines with respect to osteoblasts and MSCs, with a prevalence for cytoplasmic localization.
These data were confirmed by the authors through IHC staining in five OS patient tissue
samples, where RPS28 was highly expressed in the tumor tissue rather than the para-
tumoral soft tissues. Interestingly, this was true in all the patients who scarcely responded
to chemotherapy. The in vitro data obtained through a transient KD approach in MG63
and 143B cell lines revealed a significant inhibition of cell proliferation, colony-forming,
migration, and invasion abilities with respect to controls. In addition, the in vivo injection
of 143B cells with a stable RPS28 KD led to smaller tumor volume and weight with inferior
KI-67 staining compared to the control group. Strikingly, only mice injected with control
cells developed lung metastases.

6. Targeting the Ribosome in Cancer: Hidden Therapeutic Windows for OS Patients?

Quickly proliferating cancer cells rely on high rates of protein synthesis, which is,
in turn, supported by increased RiBi, reviewed in [13]. Therefore, targeting RiBi or the
different steps of translation has been extensively studied as a therapeutic approach for
many decades. The efficacy of such approaches, however, is not uniform across different
cancer types; in fact, it is influenced by different factors, such as the basal rate of RiBi
and protein synthesis in the specific cancer context, the genetic status of cancer cells, the
actionability of pro-apoptotic pathways, and so on as reviewed in [81]. As outlined below,
most of these approaches have been tested on hematological malignancies or on cancers
of epithelial origin, but their efficacy on OS (or on sarcomas in general), for most of these
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approaches, has never been explored. Based on the information collected in this review,
targeting ribosomes in OS may emerge as a novel candidate treatment strategy. In this
review, we aim to provide an overview of the range of molecules currently available for
further development and efficacy evaluation in oncology (see Table 2), specifically focusing
on those already studied as inhibitors of the ribosome or its biogenesis. Readers are referred
to other sources for information on translation inhibitors that do not target the ribosome,
such as mTOR inhibitors or translation factor inhibitors.

Table 2. “Targeting ribosomes in cancer”. List of different agents targeting ribosome biogenesis or
the different steps of translation in neoplastic and non-tumoral diseases. Information on clinical trials
was extracted from theClinicaltrials.gov website or from the cited references.

Compound Target Mechanism of
Action

Stage of
Development
(Preclinical/

Clinical)

Clinical Trial Details
1. Cancer Histotype

2. NCT Identifier (Protocol
Acronym)

3. Participating Countries
4. Clinical Phase

5. Accrual
6. Time Period

Ref.

CX-
5461(PidnalurexTM,
Tucson, AZ, USA)

RNA Pol I
Selective inhibitor

of RNA Pol I
activity

Clinical

1. advanced
metastatic/recurrent or

unresectable solid malignancies
2. NCT02719977 (CCTG

IND.231)
3. Canada
4. Phase I

5. Completed
6. 13 June 2016–18 January 2023

[82]

CX-5461 RNA Pol I
Selective inhibitor

of RNA Pol I
activity

1. Hematologic cancers
2. 12613001061729

3. Australia
4. Phase I

5. Completed
6. 27 June 2013–4 May 2016

[83]

CX-5461
(Pidnalurex™)

NB: in
combination with

Talazoparib

RNA Pol I
Selective inhibitor

of RNA Pol I
activity

Clinical

1. Metastatic castration-resistant
prostate cancer

2. NCT05425862
3. Australia
4. Phase I

5. suspended
6. 21 October 2022–30 December

2025 (estimated)

N/A

BMH-21 RNA Pol I

Selective inhibitor
of RNA Pol I

activity, GC-rich
DNA intercalator

Preclinical N/A [84,85]

Homoarringtonine
(HHT, or

Omacetaxine
Mepesuccinate,

Synribo™)

80S ribosome
(PTC)

Translation
elongation
inhibition

Clinical

1. Advanced solid tumors (i.e.,
breast, lung, head/neck,

colorectal, melanoma, and
sarcoma) and leukemia

2. NCT01844869
3. Netherlands

4. Phase I
5. Completed

6. July 2013–December 2014

N/A
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Table 2. Cont.

Compound Target Mechanism of
Action

Stage of
Development
(Preclinical/

Clinical)

Clinical Trial Details
1. Cancer Histotype

2. NCT Identifier (Protocol
Acronym)

3. Participating Countries
4. Clinical Phase

5. Accrual
6. Time Period

Ref.

Agelastatin A 80S ribosome
(PTC)

Translation
elongation
inhibition

Preclinical N/A [86–91]

Haemanthamine 80S ribosome
(PTC)

Translation
elongation
inhibition

Preclinical N/A [92–94]

Verrucarins
(Verrucarin A,
Verrucarin J,

deoxynivalenol)

80S ribosome
(A-site)

Translation
elongation
inhibition

Preclinical N/A [95–102]

MYCalamides
(MYC A, MYC B)

80S ribosome
(E-site)

Translation
elongation
inhibition

Preclinical N/A [103,104]

Amicoumacin A 80S ribosome
(mRNA path)

Translation
elongation
inhibition

Preclinical N/A [105,106]

Cryptopleurine 80S ribosome
(mRNA path)

Translation
elongation
inhibition

Preclinical N/A [107–109]

Ataluren (PTC124,
TranslarnaTM)

NB: In
combination with
Pembrolizumab

80S ribosome
(decoding

center)

Stop codon
readthrough Clinical

1. Metastatic colorectal and
endometrial carcinomas

2. NCT04014530
3. Netherlands

4. Phase I/II
5. Recruiting

6. 1 August 2019–ongoing

N/A

6.1. Inhibition of RiBi

Different RiBi-involved factors are potential candidates as target therapeutics, in-
cluding RPs, rRNA synthesis and modifying enzymes, transport and assembly factors,
based on their altered activity, underpinned by somatic genetic alterations throughout
multiple cancer types [110]. Nonetheless, the most widely studied target to this end is
undoubtedly the RNA Pol I complex, for which different inhibitory molecules can be
used to suppress rDNA transcription. Targeting the production of RPs poses significant
challenges because it is difficult to achieve without affecting overall protein synthesis.
Additionally, no compounds have been developed to inhibit the entire RP family or specific
members of it to date. However, generating an imbalance in the production of RPs and
rRNAs remains a good option to exploit the endogenous ribosomal stress response to
activate p53 and block cancer cell growth [111]. The first-in-class selective inhibitor of
RNA Pol I is CX-5461 [112], which acts by irreversibly blocking rDNA promoter release of
the initiation-competent RPI–Rrn3 complex [113]. The blockage of rRNA synthesis, in the
presence of regular RP production, triggers the ribosomal stress response, leading to cell
death [114]. In the past decade, CX-5461 has been proven effective against different kinds
of malignancies such as estrogen receptor positive breast cancer [115], high grade serous
ovarian cancer [116,117], prostate cancer [118], oral squamous cell carcinoma [119,120],
B-cell acute lymphoblastic leukemia [121,122], multiple myeloma [123], and importantly,
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osteosarcoma [124] and leiomyosarcoma [125]. The efficacy of the molecule in preclini-
cal tumor models has propelled it towards clinical studies. In the CCTG IND.231 trial
(NCT02719977), a phase I escalation study, this molecule (commercial name Pidnalurex™)
was given to patients affected by advanced/metastatic/recurrent or unresectable solid
malignancies (mostly carcinomas but also soft tissue or uterine sarcomas), but the trial
was interrupted before reaching the established cohort numerosity. Nonetheless, CX-5461
proved to be partially efficient in homologous recombination deficient solid cancers [82]. In
a further phase I clinical trial, CX-5461 was tested in patients affected with hematological
malignancies (diffuse large B cell lymphoma, Hodgkin lymphoma, chronic lymphocytic
leukemia, multiple myeloma, T-cell lymphoproliferative disorders), achieving either dis-
ease stabilization or, at best, partial responses [83]. In an ongoing dose escalation study
(NCT05425862), Pidnalurex™ was tested in combination with Talazoparib in patients with
metastatic castration-resistant prostate cancer. However, the enrolment was suspended
to further assess supplementary non-clinical study data, possibly related to the recently
reported evidence of a potent aspecific mutagenic activity of CX-5461 in cultured cancer
cell lines [126].

Another molecule specifically inhibiting RNA Pol I activity is BMH-21, a GC-rich
DNA intercalator that does not elicit a DNA-damage response [84]. BMH-21 was proven
to induce the p53-mediated nucleolar stress response, followed by nucleolar disruption,
thus interfering with the viability of cancer cell lines, including U2-OS OS cells [85]. The
research on this molecule lags behind CX-5461, even though BMH-21 shows low toxicity in
normal cells and a good tolerance profile in mice [85]. Nonetheless, additional toxicological
testing is necessary before advancing to clinical trials.

6.2. Inhibition of the 80S Ribosome

The eukaryotic ribosome can be inhibited by several compounds that specifically
target functional sites within the 60S or the 40S subunits (i.e., the PTC, the decoding center
or the mRNA path) to intrinsically block protein synthesis. These molecules generally bind
to rRNA moieties [127]; however, within ribosomes there is a tight interplay between RPs
and rRNAs, implying that alterations in RPs could impact rRNA structure as well [128].
The number of compounds (and their derivatives) explored in the past years is very high,
and for the sake of conciseness, it is not possible to provide a thorough overview herein.
Therefore, the more significant ones, with respect to the impact on cancer treatment and to
the proximity to clinical use, are discussed.

The alkaloids, molecules derived from aminoacids and occurring mostly in flowering
plants, constitute one large class of compounds binding the large subunit in the PTC and
blocking translation elongation by the blockade of aa-tRNA binding to the A-site [129]. One
widely studied member of this family is Homoarringtonine (HHT, or Omacetaxine Mepe-
succinate), isolated from the Japanese plum-yew Cephalotaxus harrintonia. Cell sensitivity to
HHT depends on proliferation rate, supporting a selective effect on highly proliferative can-
cer cells. The HHT anti-proliferative effect was initially tested on different kinds of leukemia
cell lines [130], but it has been proven effective in solid malignancies as well [reviewed in
Khatua et al. [131]. HTT has undergone a number of clinical trials, alone or in combination
with other medications (https://clinicaltrials.gov/search?intr=homoharringtoninem, ac-
cessed on 20 September 2024) for the therapy of chronic and acute myeloid leukemias (CML
and AML) and of solid malignancies including sarcomas [132] and was finally the first
protein synthesis inhibitor approved by the regulatory agencies for the treatment of CML
in those subjects who developed resistance to first-line tyrosine kinase inhibitor treatments,
marketed as SynriboTM [133].

Another class of molecules of natural origin inhibiting the PTC are agelastatins, halo-
genated alkaloids isolated from a marine sponge, Agelas dendromorpha. Agelastatin A has
been thoroughly studied in cancer models in vitro and in vivo, and its inhibitory activity
towards different cancer types (including leukemia, breast, lung, and glioblastoma) [86,87]
has prompted researchers to develop derivatives with even higher efficacy [86,88–90,134].

https://clinicaltrials.gov/search?intr=homoharringtoninem
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Some of these molecules were proven to be partially effective against OS in vitro [91], but
none of them have ever been tested in clinical trials. Among alkaloids, haemanthamine,
a product of Amaryllidaceae bulbs, binds to the PTC and inhibits translation elongation.
Its effectiveness against cancer has been demonstrated in vitro on a wide panel of cancer
cellular models, including OS, cervical carcinoma, acute T-cell lymphoblastic leukemia,
hepatocellular carcinoma, breast carcinoma, chronic myeloid leukemia, non-small-cell
lung carcinoma, colon and colorectal carcinoma, ovarian carcinoma, alveolar cell carci-
noma, where it inhibited protein synthesis and induced nucleolar stress and apoptosis
through p53 stabilization [92–94]. Members of the mycotoxin family, such as verrucarin
A, verrucarin J, and deoxynivalenol have been shown to bind within the A-site in the 60S
ribosomal subunit, thereby inhibiting the elongation step of translation. Different studies
have proven the efficacy of these natural compounds on the inhibition of cancer growth,
both in vitro and in vivo, in a variety of oncological settings. For instance, Verrucarin A
has been proven effective on breast [95–97,135], neuroendocrine [136], and pancreatic [98]
cancers and on clear cell renal carcinoma [99]; verrucarin J on ovarian [100], lung [101], and
colon [102] cancers. These compounds have not been tested in humans due to concerns
about their toxicity.

Shifting to the compounds targeting the E site, mycalamides are isolated from different
marine sponges and have been long studied for their anticancer activity related to protein
synthesis inhibition [103]. Among them, mycalamide A (Myc A) and B (Myc B) have
shown their potent antiproliferative activity in cancer models both in vitro and in vivo,
including leukemia, lung, pancreatic and colon carcinomas, ovarian sarcoma, melanoma,
and lymphoma [103,137], and reviewed by Mosey and Floreancig [104]. Regardless of
these promising findings, however, the research on these compounds is still far from
clinical applications.

Moreover, several other compounds, binding to the mRNA path within the ribosome,
have shown translation inhibition leading to anticancer activity. In this group of molecules,
there are amicoumacin A [105,106] and cryptopleurine [107]. Amicoumacin A is an antibi-
otic produced by Bacillus subtilis, inducing cancer cell death in breast and lung cancer cell
lines (MCF7 and A549) [106]. Intriguingly, it has been demonstrated that cisplatin binds
the mRNA in close proximity to the amicoumacin-binding site, suggesting that cisplatin
and amicoumacin A may exhibit the same inhibitory effects on protein synthesis [138].
Therefore, it could be interesting to test the effect of amicoumacin in OS cells, even in
cisplatin-resistant models. Cryptopleurine, a small molecule derived from plants, and
its synthetic analogs, have been proven effective against different cancer cellular models,
including prostate, lung, colon, breast, liver, kidney, stomach carcinomas, and HPV-related
papilloma [108,139,140], and showed effectiveness in the absence of overtoxicity in animal
models of colon adenocarcinoma [108] and of clear cell renal carcinoma when administered
orally [109].

Aminoglicosides are a class of molecules targeting the ribosome decoding center; a
subset of them has been shown to force the eukaryotic ribosome to read through termination
codons by promoting the misincorporation of near-cognate aa-tRNA in place of the stop
codons. This is particularly relevant with respect to the treatment of different pathologies,
either acquired or inherited, caused by mutations leading to the formation of premature stop
codons. In this context, the treatment with aminoglicosides can force the misincorporation
of near-cognate aa-tRNAs at premature termination codons, thus continuing translation
to restore full-length protein levels and mitigating the impact of nonsense mutations
[reviewed in Bidou et al. [141]. However, the main limitation of aminoglycosides is their
high toxicity, linked to off target effects on lysosomes and mitochondrial ribosomes, which
can lead to hearing loss and kidney damage as potential side effects [142,143]. A molecule
with the same stop-codon-readthrough-inducing activity is PTC124, or Ataluren, which
is available on the market with the commercial name TranslarnaTM. TranslarnaTM was
designated an ‘orphan medicine’ in 2005, and ever since, it has been widely studied
in the clinics for the treatment of patients affected with genetic diseases arising from
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nonsense mutations in different pathological contexts, including Duchenne Muscolar
Dystrophy (DMD) gene in Duchenne muscular dystrophy, Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR) in cystic fibrosis, Coagulation Factor VIII (FVIII) and
Coagulation Factor IX (FIX) in hemophilia A and B, and Methylmalonyl-CoA mutase
(MCM) and 5′-deoxyadenosylcobalamine (AdoCbl) in methylmalonic acidemia. It is worth
mentioning that there is an ongoing phase I-II trial designed to test the safety and efficacy
of the combination of Ataluren with Pembrolizumab in patients with metastatic mismatch-
repair-deficient colorectal carcinoma or metastatic mismatch-repair-deficient endometrial
carcinoma (NCT04014530, clinicaltrials.gov). The results of this study, however, are not
yet available.

7. A Unique Drug That Targets MYC and Its Potential Importance in OS Treatment

As described above, MYC is well known as a master regulator of several cellular
fundamental functions and processes, including RiBi. For these reasons and for other
technical issues, it has always been considered undruggable, and the development of its
inhibitors has always caused multiple intrinsic concerns for possible side effects in vivo.
For a great summary of the long-standing path of the study of MYC inhibition in the onco-
logical setting, the readers are referred to the articles of Massó-Vallés and Soucek [64] and
D’Avola et al. [27]. Thus, although multiple attempts have been made, none of the devel-
oped MYC-targeting agents reached the clinical settings. This was true until the publication
of the results of the dose-escalation phase 1 trial of OMO-103 in advanced solid tumors,
such as pancreatic ductal adenocarcinoma, colorectal cancer, small and non-small cell
lung cancers, salivary gland and ovarian carcinomas, pleuromesothelioma, triple negative
breast cancer, and one patient with fusocellular sarcoma (NCT04808362): this molecule is a
pan-MYC inhibitor developed by the company Peptomyc SL and derives from Omomyc, a
MYC mutant mini-protein that spontaneously penetrates into the cancer cell membrane
and nucleus, where it is able to either bind MYC, sequestering it from DNA-binding, and
compete with it for the binding with MAX on target genes [27,144]. The development and
optimization of Omomyc started in the 90’s due to Dr. Soucek’s work focused on laboratory
strategies to study MYC alterations in cellular models. In these settings, Omomyc was
expressed in genetically modified cells and showed antitumoral activities both in vitro
and in vivo in different human cancer models. For the readers’ convenience, we refer to
the review of Massó-Vallés and Soucek, where all the thrilling and promising in vitro and
in vivo studies on Omomyc are described [64]. Subsequently, multiple studies investigated
the Omomyc mechanism of action, finding that it acts as a dominant negative of MYC,
especially on DNA promoter regions that are overpopulated by its altered oncogenic levels.
Furthermore, Omomyc is able to attenuate all the protumorigenic pathways activated by
increased MYC levels without influencing its physiological roles [64]. It has also been
described that this drug can interfere with cancer stem cell renewal and invasion proper-
ties [145] and more interestingly it can interact with the GLI-family transcription factors
that are responsible for the increased metastatic rate and stem-like phenotype of tumor
cells [64]. Therefore, it could be interesting to verify if Omomyc could inhibit the GLI
Family Zinc Finger 2 (GLI2)/RPS3 pathway described above that is linked to metastasis
formation and shorter survival rate in OS patients. Altogether, the results of decades of
research by Soucek and colleagues inevitably show that a cancer therapy based on MYC
inhibition is not only feasible but also a potent and efficient strategy to treat different types
of human cancers, independently of the mutational status of other known oncogenes. In
addition, the phase 1 trial indicated that the treatment with OMO-103 caused only mild
side effects that were completely manageable with standard care measures. As for efficacy,
the trial reported that all patients benefited from OMO-103 in a variable extent, and the
authors also propose preliminary circulating markers related to drug response, though
this requires further validation. Additionally, OMO-103 showed the ability to remodulate
the tumor microenvironment, as MYC itself does, through the activation of cells from the
immune system. The clinical trial also confirmed a suitable pharmacokinetic profile. In
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conclusion, the authors encourage further investigation of OMO-103 in clinical settings
through phase 2 studies, also in combination with other treatments to tackle all the possible
MYC alterations in cancer and drug resistance [144]. It can be easily understood that testing
the efficacy in vitro and in vivo of this drug in preclinical and clinical settings could be
lifechanging for OS patients.

Another two interesting approaches to MYC inhibition are currently studied in two
actively recruiting phase 1/2 clinical trials. The first one is the MYCHELANGELO I trial
(NCT 05497453), where an mRNA therapeutic designed to down-regulate MYC expression,
delivered via lipid nanoparticles, is administered alone or in combination with standard
of care therapy in patients affected by hepatocellular carcinoma and other solid tumors
known to be associated with MYC alterations. The second trial is a phase 1/2 open-label
study (NCT05546268) on MRT2359, an orally administered molecular glue degrader that
targets the translation termination factor G1 to S phase transition 1 (GSPT1). The study
is currently enrolling patients affected by different solid tumors with the amplification of
different oncogenes such as L-MYC or N-MYC. The results of these clinical trials will be
of fundamental importance for patients and clinicians to see whether there will be other
efficient strategies to tackle MYC alterations in human cancers.

8. Conclusion and Perspectives

In this review, we wanted to highlight all the possible tiles that could help to build
research studies aimed at uncovering the molecular determinants of MYC amplification
and/or overexpression and OS patients’ worst prognosis or chemoresistance. Due to
the strict interplay with RPs, both in physiological and pathological conditions, and the
important role of some of them in OS onset and progression, it must be proven if the MYC
impact on OS patients’ prognosis may be mediated through the regulation of specific RP
expression. However, it is important to consider that most of the findings in the context
of RiBi and cancer connection have been demonstrated in epithelial-derived tumors and
not in sarcomas. If similar results could be obtained also in these cancers, a plethora of
drugs to be tested first in a translational preclinical context and then in clinical studies
could be indicated. Furthermore, in-depth analyses designed to uncover a possible role
for RPs as candidate biomarkers for prognosis or resistance to chemotherapy in OS are
imperative. The aforementioned translational research activities might achieve the goal to
indicate innovative targeted and tailored therapeutic approaches for increasing the cure
probabilities of those OS patients presenting a poor response to standard treatments and/or
extremely aggressive tumors. In conclusion, we hope that our review will pave the way for
the planning of targeted preclinical and clinical studies aimed at clarifying the roles and
the interplay of MYC and RPs in OS onset and progression, with the final aim to impact on
patients’ treatment regimen and clinical outcome.
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