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Unwinding new therapeutic
opportunities in
rhabdomyosarcoma: the role of
RNA helicase DDX5

Valeria Bianconi and Chiara Mozzetta*

Department of Biology and Biotechnologies “Charles Darwin”, Sapienza University of Rome, Rome,
[taly

Rhabdomyosarcoma (RMS) is one of the most common soft tissue tumors
in children and is primarily classified into two subtypes: alveolar (ARMS) and
embryonal (ERMS). Among these, ARMS is the more aggressive form, often
driven by chromosomal translocations that give rise to PAX3/7-FOXOL1 fusion
proteins, which act as oncogenic transcription factors. Despite advancements in
treatment and improved survival rates over recent years, effective and targeted
therapies for RMS remain a significant clinical challenge. A family of proteins
known as the DEAD-box RNA helicases plays a critical role in RNA metabolism
as well as in a variety of cellular processes beyond RNA regulation. Among them,
DDX5 has emerged as a protein of particular interest. Aberrant expression and
functional alterations of DDX5 have been reported in multiple cancers, including
RMS, where its overexpression is associated with enhanced tumor growth
and cancer cell proliferation. In this review, we highlight recent discoveries
that position DDX5 as a promising therapeutic target in RMS, focusing on
its oncogenic functions and its contribution to tumorigenesis and cancer
progression.
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Introduction

Rhabdomyosarcoma (RMS) is the most frequently diagnosed soft tissue sarcoma
in children and adolescents, accounting for approximately 40% of pediatric soft tissue
sarcomas, with an incidence of 4.5 cases per million per year (Ognjanovic et al., 2009). RMS
is believed to arise from mesenchymal progenitor cells committed to the skeletal muscle
lineage (Skapek et al., 2019), and it is broadly classified into two major subtypes—alveolar
(ARMS) and embryonal (ERMS)—which differ significantly in their histological, molecular,
and clinical characteristics (Wachtel and Schifer, 2018).

The alveolar subtype (ARMS), more common in older children and adolescents, is
predominantly characterized by chromosomal translocations that generate PAX3/7-FOXO1
fusion oncoproteins. These fusions are major oncogenic drivers but are notoriously difficult
to target pharmacologically (Wachtel and Schifer, 2018). Approximately 20% of ARMS
cases, however, lack these fusions (Hettmer et al., 2014; Barr et al., 2002) and are nearly
indistinguishable from ERMS at the molecular level (Williamson et al., 2010). Fusion-
positive ARMS tumors are associated with higher metastatic potential, resistance to therapy,
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and poorer clinical outcomes compared to their fusion-negative
counterparts, and are thus considered the more aggressive form of
RMS (Hettmer et al., 2014; Williamson et al., 2010).

In contrast, ERMS typically presents in younger children
and shows morphological features resembling developing skeletal
muscle. ERMS lacks specific chromosomal translocations but
displays widespread genomic instability (Sun et al., 2015) and is
generally associated with a more favorable prognosis.

Current RMS treatment follows a multimodal strategy
combining surgery, chemotherapy, and radiotherapy, tailored
according to histological subtype and disease stage (Lomiak et al.,
2023). Recent advances include the use of proton beam therapy
(Dong et al.,, 2023), immune checkpoint inhibitors (Davis et al.,
2020), and CAR-T cell-based therapies (Tian et al., 2023). Despite
these improvements, treatment resistance and disease recurrence
remain major clinical challenges, underscoring the urgent need for
novel therapeutic targets and robust diagnostic biomarkers.

Among the emerging molecular players in cancer biology are
members of the DEAD-box RNA helicase family, highly conserved
enzymes involved in virtually all aspects of RNA metabolism.
Beyond their canonical roles, several DEAD-box helicases have
been implicated in cancer progression, where their overexpression
is associated with increased tumor proliferation and survival.

Recent studies have begun to elucidate the role of DEAD-box
helicase 5 (DDX5) in RMS. DDX5 is significantly upregulated in
ARMS and supports tumor cell proliferation and survival both in
vitro and in vivo, partly through its interaction with the histone
methyltransferase EHMT2 (Gualtieri et al., 2022). Moreover, co-
depletion of DDX5 and the m6A reader protein YTHDCI leads to
impaired proliferation in RMS cell models, suggesting an oncogenic
role for DDX5 in this context (Dattilo et al., 2023).

In this review, we summarize and critically evaluate current
knowledge regarding DDX5 function in RMS. We highlight the
molecular mechanisms by which DDX5 contributes to RMS
pathogenesis and discuss its potential as a novel therapeutic target.

Physiological and oncogenic
functions of DDX5

DDXS5, also known as p68, is a highly conserved member
of the DEAD-box RNA helicase family, defined by the hallmark
Asp-Glu-Ala-Asp (DEAD) motif. It plays multifaceted roles
in both physiological processes and cancer pathogenesis. In
normal cellular physiology, DDX5 contributes significantly to
RNA metabolism, including pre-mRNA splicing, microRNA
(miRNA) processing, RNA export, and mRNA decay (Linder
2011). Beyond its RNA-related functions,
DDX5 also acts as a transcriptional co-activator for key
regulators such as p53 (Bates et al, 2005) and B-catenin
(Yang et al., 2006; Wang et al., 2015).

DDX5 participates in DNA replication and cell cycle progression

and Jankowsky,

by facilitating the expression of replication machinery components,
recruiting transcriptional complexes, and regulating cyclin levels
to support G1/S and G2/M transitions (Mazurek et al, 2012;
Nicol et al.,, 2013; LeGrand et al., 2019; Sergeeva and Zatsepin,
2021; Zhang et al., 2021). It also contributes to ribosome biogenesis
(Saporita et al., 2011), the resolution of RNA-DNA hybrids
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(Mersaoui et al., 2019; Yu et al., 2020), and the unwinding of G-
quadruplex DNA structures (Wu et al., 2019) (Figure 1).

Consistent with its role as a versatile RNA helicase, DDX5 has
emerged as a multifunctional oncogenic driver in both solid and
hematologic malignancies, integrating upstream signaling inputs
with downstream transcriptional and post-transcriptional programs
that sustain tumor growth, survival, and therapy resistance. In
colorectal cancer (CRC), for example, DDX5 directly interacts
with B-catenin to act as a transcriptional co-activator, upregulating
FOXM1 and promoting tumor progression (Tabassum et al,
2023). PDGF stimulation in CRC cells further exemplifies its
responsiveness to extracellular cues: phosphorylation of DDX5
enables binding to P-catenin and displacement of Axin, driving
B-catenin nuclear translocation through a Wnt-independent route
and activating EMT-related gene expression (Yang et al., 2006).
In breast cancer, DDX5 facilitates the G1-S phase transition
by recruiting RNA polymerase II to E2F-regulated promoters,
thereby increasing the expression of DNA replication factors
(Mazurek et al, 2012). In non-small cell lung cancer (NSCLC),
DDXS5 overexpression sustains Wnt/p-catenin signaling, promotes
nuclear accumulation of B-catenin, and co-activates cyclin D1 and
c-Myc expression (Li et al, 2021; Wang et al, 2015), while in
thyroid cancer it enhances metastatic potential through interaction
with E2F1 (Yuan et al., 2020).

In prostate cancer, DDX5 links oncogenic transcription to
genome stability maintenance. It contributes to tumor progression
by stabilizing oncogenic mRNAs and by participating in nucleotide
excision repair through interactions with Ku70/Ku80, NF45/NF90,
TFIIH, and RFC complexes (Le et al, 2023), with its stability
in castration-resistant disease further maintained by heat shock
protein 27. In hematologic malignancies, the oncogenic output of
DDX5 appears context-dependent: in T-cell acute lymphoblastic
leukemia (T-ALL) it associates with the MAMLI1 coactivator of
Notch signaling but is dispensable for proliferation, whereas in acute
promyelocytic leukemia (APL) and acute myeloid leukemia (AML),
where expression levels are higher, DDX5 activity is essential for
cell survival.

Together, these findings underscore how DDX5 functions
as a signaling-responsive regulator whose impact depends on
tumor context, upstream modifiers, and expression level—features
that may critically influence responsiveness to targeted inhibition
(Wuetal., 2020; Xu et al., 2022) (Figure 1). Different small-molecule
inhibitors have been developed to inhibit DDX5 function via distinct
mechanisms, including helicase activity inhibition, disruption of
protein—protein interactions, and protein destabilization. Among
them, FL118 has shown potent antitumor effects by reducing
DDXS5 expression in models of pancreatic and colorectal cancer,
as well as chronic myeloid leukemia (Ling et al., 2022; Ling et al.,
2024; Takeda et al.,, 2024). Although FL118 has been proposed to
interfere with the RNA helicase activity of DDX5 (Takeda et al.,
2024), its predominant mechanism of action appears to involve
protein destabilization (Ling et al, 2022). Indeed, FL118 binds
with DDXG5, thereby suppressing its phosphorylation and inducing
its degradation by the ubiquitin-proteasome system (Ling et al.,
2022). Another promising compound, RX5902 (Supinoxin), binds
phosphorylated DDX5 (Tyr593), blocking its ATPase activity and
interaction with Pcatenin. RX5902 has demonstrated the ability
to inhibit proliferation and EMT in vitro, and reduce tumor
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Overview of the diverse functions of DDX5 in physiological and pathological contexts.

growth in xenograft models of breast cancer (Kost et al., 2015;
Capasso et al., 2019; Tentler et al., 2020). It is currently undergoing
Phase I-II clinical trials for solid tumors, including triple-negative
breast cancer.

Despite these promising developments, no DDX5-targeted
strategy has yet been applied to Rhabdomyosarcoma. Given its
pleiotropic roles in promoting tumor growth and resistance,
further exploration of DDX5 in RMS is warranted, both to better
understand its biological relevance and to evaluate its potential as a
therapeutic target.

DDXS5 as a key regulator in
fusion-positive rhabdomyosarcoma
In alveolar rhabdomyosarcoma (ARMS), particularly in
fusion-positive cases (FP-RMS), DDX5 plays a pivotal role in
sustaining tumor growth and survival. Its activity in this context
appears to be mediated through two complementary mechanisms:
regulation of post-transcriptional gene expression—most notably by
stabilizing the histone methyltransferase EHMT2—and modulation
of the fusion oncoprotein PAX3-FOXO1 (Gualtieri et al., 2022).
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In parallel, DDX5 also contributes to shaping the non-coding
RNA landscape, including circular RNA (circRNA) production
(Dattilo et al., 2023) (Figure 2).

The DDX5-EHMT2-PAX3-FOXOL1 axis: a
tumor-specific circuit driving
fusion-positive RMS

DDX5 expression has been found significantly elevated in FP-
RMS tumors compared to both normal skeletal muscle and fusion-
negative RMS (Gualtieri et al.,, 2022), suggesting a pathogenic role.
In support of this, functional studies have shown that silencing of
DDX5 leads to a marked reduction in FP-RMS cell proliferation
and consequent induction of apoptosis. Importantly, this effect
appears to be tumor-specific, as DDX5 depletion in human skeletal
muscle myoblasts (HSMMs) does not impact their viability or
proliferation (Gualtieri et al., 2022).

Further evidence for DDX5 as a potential therapeutic
target comes from its phosphorylation status in RMS.
Hyperphosphorylated DDX5 (p-DDX5) is enriched in FP-RMS,
and pharmacological targeting of this form with RX-5902—a
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Role of DDX5 in fusion-positive RMS. Left panel: schematic representation of the DDX5-PAX3-FOXO1-EHMT2 axis, showing that DDX5 stabilizes
EHMT2 mRNA. EHMTZ2 in turn sustains both AKT activity and PAX3-FOXOL1 stability. Right panel: DDX5 cooperates with YTHDC1 to promote

small molecule that blocks DDX5-fB-catenin interaction—has
shown promising anti-tumor activity. In FP-RMS cells, RX-5902
treatment results in decreased nuclear P-catenin accumulation,
dose-dependent growth arrest, and induction of apoptosis, while
sparing non-transformed muscle cells (Gualtieri et al., 2022).
Transcriptomic analysis of DDX5-depleted FP-RMS cells
revealed significant downregulation of genes involved in RAS
signaling, particularly the PI3K-AKT pathway, suggesting that
DDX5 supports oncogenic signaling cascades. Mechanistically,
DDX5 was shown to bind preferentially to the 3'untranslated
regions (UTRs) of mRNAs encoding chromatin and transcriptional
regulators, including EHMT2. Knockdown of DDX5 reduced
the EHMT2
levels of the unspliced form, indicating a role in mRNA

spliced, mature transcript  without altering
stabilization rather than transcriptional initiation or splicing
regulation (Gualtieri et al., 2022).

A functional axis involving DDX5, EHMT?2, and PAX3-FOXO1
has been proposed, where DDX5 not only stabilizes EHMT2 mRNA
but also forms an RNA-dependent complex with both EHMT2
and PAX3-FOXOL1. Depletion of either DDX5 or EHMT?2 leads
to a reduction in PAX3-FOXO1 protein levels without affecting
its mRNA expression, supporting a post-transcriptional regulatory
mechanism. Although no direct methylation of PAX3-FOXO1 by
EHMT?2 was detected, its enzymatic activity appears essential for
maintaining PAX3-FOXO1 protein stability (Gualtieri et al., 2022).

The relevance of this axis is further supported by the observation
that EHMT2 knockdown downregulates canonical PAX3-FOXO1
target genes, including MYOD1 and MYOGENIN. Disruption of
DDX5 or EHMT2 function also suppresses PI3K-AKT signaling,
reduces proliferation, and induces apoptosis in FP-RMS cells.
Restoration of EHMT2 in DDX5-silenced cells partially rescues
cell growth, positioning DDX5 functionally upstream in this
regulatory network (Gualtieri et al., 2022).
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Finally, in wvivo experiments using xenograft models
demonstrated that DDX5 depletion results in significantly impaired
tumor growth, accompanied by reduced expression of both
EHMT2 and PAX3-FOXO1. Together, these findings define a
tumor-specific DDX5-EHMT2-PAX3-FOXO1 axis critical for FP-
RMS maintenance (Gualtieri et al., 2022). Given that RX-5902 is
already under clinical investigation in other solid tumors, targeting
DDX5 may offer a viable and selective therapeutic strategy for

fusion-positive rhabdomyosarcoma.

DDX5 fuels circRNA biogenesis in RMS

DDX5 has recently been identified as a central player in a novel
oncogenic RNA regulatory pathway in RMS, where it cooperates
with the m®A reader YTHDCI to promote the expression of a
specific subset of circular RNAs (circRNAs) (Dattilo et al., 2023).
Among RNA modifications, m®A is one of the most extensively
characterized, with roles extending well beyond circRNA biogenesis.
For instance, studies on circ-ZNF609 have demonstrated that m°A
marks, deposited by methyltransferases such as METTL3 and
recognized by YTHDCI, can influence whether an RNA transcript
is processed into a circular or linear form, thereby modulating both
its biogenesis and translational potential (Di et al., 2020). Moreover,
m®A modifications have been shown to trigger the translation of
circRNA-derived proteins under environmental stress conditions,
underscoring a functional role for these modified circRNAs beyond
RNA stability (Yang et al., 2017). Supporting this, the m® A-modified
circMYOI1C, derived from the MYOIC gene, has recently been
identified as upregulated in pancreatic ductal adenocarcinoma
(PDAC), where it appears to contribute to oncogenesis via an m°A-
dependent mechanism (Guan et al., 2023).
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CircRNAs themselves have been implicated in oncogenic
processes in RMS (Rossi et al,, 2021), and the study by Dattilo
and colleagues provides important mechanistic insights by
demonstrating that YTHDC1 and DDX5 act cooperatively to
drive the biogenesis of tumor-promoting circRNAs in this context
(Dattilo et al., 2023). Intriguingly, RMS cell lines exhibit a global
increase in circRNA abundance relative to normal myoblasts, a
phenomenon not accompanied by corresponding changes in linear
RNA levels, suggesting a tumor-specific shift favoring circular
isoform production. This observation prompted investigation into
the m®A machinery, revealing upregulation of key components such
as METTL3, METTL14, and YTHDCI1 in RMS cells (Dattilo et al.,
2023). Among these factors, YTHDCI emerges as a pivotal
regulator of circRNA biogenesis: its depletion in RMS cells leads
to a significant drop in circRNA levels without affecting overall
transcription, highlighting its role in facilitating back-splicing
(Dattilo et al., 2023). DDX5, previously reported to interact with
METTL3 (Zhao et al., 2018), was identified as a key co-regulator in
this process. This connection aligns with emerging evidence linking
DDX5 to circRNAs function (He et al.,, 2024) and biogenesis in
other cancers, such as gastric cancer, where DDX5-driven circRNAs
promote tumor growth and invasion (Wang et al., 2023).

Mechanistically, DDX5 interacts with YTHDCI independently
of RNA,
combination—markedly reduces circRNA abundance and causes
G2/M cell cycle arrest (Dattilo et al., 2023). Notably, classical
DDX5 targets, including MYC and CCNDI, remain unaffected
by DDX5 depletion, indicating a distinct, circRNA-specific role.

and knockdown of either factor alone—or in

Most circRNAs downregulated upon DDX5 knockdown overlap
with those regulated by YTHDC1, supporting a shared regulatory
circuit that operates independently of transcriptional output,
RNA export, or stability (Dattilo et al., 2023). DDX5 appears to
bind structured, GC-rich regions near back-splicing junctions in
precursor transcripts (Dattilo et al., 2023), where its helicase activity
likely remodels RNA structure to expose sites for m® A modification.
While METTL3 depletion—but not DDX5 loss—reduces m°®A
signals, YTHDCI may subsequently recruit splicing factors to these
modified regions, jointly enhancing circRNA production.

In summary, this body of work reveals a previously
unrecognized RNA regulatory mechanism in RMS whereby m®A
modification and the coordinated activity of YTHDCI and DDX5
promote the biogenesis of oncogenic circRNAs. The dependency
of RMS cell proliferation on these factors highlights their potential
as therapeutic targets, with implications that may extend to other
malignancies harboring similar regulatory pathways.

Concluding remarks

The multifaceted oncogenic functions of the DEAD-box
RNA helicase DDX5 across various malignancies have brought
it into focus as a promising therapeutic target. In the context
of rhabdomyosarcoma, and particularly in the fusion-positive
(FP-RMS) subtype, DDX5 emerges as a central regulator of
tumorigenesis, with implications for both disease progression and
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treatment. In this review, we highlighted key evidence positioning
DDX5 at the crossroads of RMS cell survival and proliferation,
operating through at least two distinct and complementary
mechanisms. On one hand, DDX5 engages in a pro-survival
regulatory axis with the histone methyltransferase EHMT?2 and the
fusion oncoprotein PAX3-FOXOJI, stabilizing oncogenic transcripts
and reinforcing signaling pathways such as PI3K-AKT. On the
other, DDX5 cooperates with the m°®A reader YTHDCI to drive the
biogenesis of a tumor-specific subset of circular RNAs (circRNAs),
which further contribute to RMS pathogenesis.

These dual roles—spanning transcriptional co-activation, post-
transcriptional regulation, and RNA remodeling—highlight DDX5
as a multifunctional hub in FP-RMS biology. Importantly, its
tumor-specific phosphorylation status has enabled the development
of targeted pharmacological inhibitors, such as RX-5902, which
has already demonstrated preclinical efficacy and is undergoing
evaluation in early-phase clinical trials for other cancers. This
existing therapeutic groundwork offers a significant advantage
for the repurposing and clinical translation of DDX5-targeting
strategies in RMS.

In summary, the body of evidence reviewed here underscores
DDX5 as a promising and selective therapeutic target in RMS,
with particular relevance to the alveolar subtype. Moving forward,
bridging the remaining gaps in our understanding of its tumor-
driving mechanisms and refining inhibitors for maximal efficacy
and safety will be pivotal. With its tumor-restricted activity and
far-reaching regulatory roles, DDX5 inhibition offers the prospect
of reshaping therapeutic paradigms—not only in pediatric RMS,
but across a spectrum of DDX5-dependent malignancies—paving
the way for more
therapies.

precise, mechanism-based cancer
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