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Abstract

Therapeutic resistance remains a critical obstacle in rhabdomyosarcoma (RMS), the most
common pediatric soft tissue sarcoma. Increasing evidence implicates redox adaptation in
tumor survival and treatment failure. Here, we investigated the functional role and clinical
relevance of catalase, a primary hydrogen peroxide-detoxifying enzyme, in modulating
RMS therapeutic response. Integrated transcriptomic analyses revealed that while catalase

is overall downregulated in RMS compared to healthy skeletal muscle, elevated expression
W) Check for updates . . . .. .
strongly correlates with high-risk, metastatic disease and poor overall survival. In human
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patient specimens revealed generally weak catalase expression in RMS tumors, whereas
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strong reactivity was observed in a secondary embryonal RMS (ERMS) arisen following
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enhanced oxidative stress-mediated cytotoxicity in resistant cells. Together, these findings
identify catalase as a pivotal driver of adaptive radioresistance and establish dual cata-
lase/ Akt targeting as a promising pro-oxidant strategy to overcome radiotherapy resistance
in RMS.

Keywords: rhabdomyosarcoma; catalase; redox homeostasis; radioresistance; Akt signaling

1. Introduction

Rhabdomyosarcoma (RMS) is the most prevalent pediatric soft tissue sarcoma, ac-
counting for 5-8% of all childhood malignancies [1,2]. Originating from mesenchymal
progenitor cells committed to the skeletal muscle lineage, RMS is broadly stratified into
fusion-negative (FN-RMS) and fusion-positive (FP-RMS) subtypes based on key driver
translocations [3], which correspond to histological embryonal (ERMS) and alveolar (ARMS)
subtypes, respectively. FN-RMS is a prototypical RAS-driven malignancy frequently har-
boring mutations in NRAS, KRAS, HRAS, NF1, and PIK3CA [4]. Conversely, FP-RMS is
characterized by recurrent chromosomal translocations, primarily #(2;13) or #(1;13), that
yield high-risk PAX3:FOXO1 or PAX7::FOXOL1 fusion oncoproteins, respectively [5]. Inde-
pendent of fusion status, hyperactivation of the PI3K pathway occurs in roughly 80-90% of
all RMS tumors, driving cell proliferation and survival [6].

Standard RMS clinical management employs a multimodal approach combining
surgery, radiation, and chemotherapy based on vincristine, actinomycin D, and cyclophos-
phamide (the VAC backbone). Low-risk patients receive vincristine and actinomycin D
alone to limit cumulative cyclophosphamide toxicities (such as secondary malignancies and
gonadotoxicity), whereas intermediate- and high-risk patients are treated with intensified
VAC-based regimens. Although effective against localized primary disease, current thera-
peutic strategies yield dismal outcomes in metastatic or relapsed settings, where treatment
failure is predominantly driven by acquired resistance [7].

Accumulating evidence highlights redox homeostasis as a critical determinant of RMS
progression and therapeutic resistance [8,9]. Reactive oxygen species (ROS) exhibit context-
dependent dual roles in cancer: low-to-moderate ROS levels sustain proliferation and
oncogenic signaling, whereas excessive ROS accumulation induces irreversible oxidative
damage and triggers cell death [10,11]. To survive chronic oxidative stress, cancer cells
upregulate antioxidant defense systems, including catalases, superoxide dismutases (SODs),
peroxiredoxins (PRDXs), and glutathione peroxidases (GPXs) [12].

In RMS, elevated baseline ROS production is initially sustained by oncogenic RAS sig-
naling, creating a pro-survival feed-forward loop [13]. This high oxidative burden is further
compounded by MCU/MICU1 dysregulation and epigenetic alterations in oxidative stress-
related genes (PTK2, COX7A1, NOSIP, NOS1, ATP2A3, DDAH1, GLRX, TXNDC12) [8],
leading to a prominent enrichment of G—T transversions in ERMS. This elevated baseline
oxidative stress provides a strong rationale for pro-oxidant therapeutic strategies. Indeed,
key backbone drugs like actinomycin D exert their cytotoxicity in part by provoking intra-
cellular ROS surges, inducing lipid peroxidation, and depleting intracellular glutathione
(GSH) and SOD reserves. Consequently, pairing pro-oxidant compounds (e.g., HDAC
inhibitors) [14], with inhibitors of antioxidant enzymes (e.g., the thioredoxin reductase
inhibitor auranofin) [8,15,16] represents a viable therapeutic approach. However, RMS
cells frequently develop adaptive mechanisms to scavenge ROS and repair DNA damage.
In particular, the PI3K/Akt axis plays a pivotal role in treatment resistance by activating
NRF2 to upregulate ABC transporters [17] and stimulating DNA-dependent protein kinase
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(DNA-PK) [18] to accelerate double-strand break repair [19]. Furthermore, Akt signal-
ing can directly enhance the expression of ROS-scavenging enzymes [20], promoting an
oxidative stress-resistant phenotype.

Catalase efficiently converts hydrogen peroxide (HyO,), a major signaling ROS,
into water and oxygen [21-24]. The functional impact of catalase in oncology is highly
context-dependent [25]: while it acts as a tumor suppressor in certain cancers like
breast carcinoma [26], it promotes aggressiveness in melanoma, glioblastoma, and Ew-
ing sarcoma [27-29]. By buffering cytotoxic ROS surges, high catalase activity frequently
confers resistance to both chemo- and radiotherapy [30]. Pharmacological inhibition of
catalase using 3-amino-1,2,4-triazole (3-ATA), which covalently inactivates the enzyme’s
catalytic site [31], has demonstrated promising therapeutic sensitization in experimental
models [32,33].

Despite growing interest in RMS redox biology [8], the specific role of catalase in
orchestrating RMS progression and therapy resistance remains uncharacterized. In this
study, we investigated catalase expression and function in RMS using transcriptomic
datasets, cell-based models, and patient tissue specimens. We demonstrated that while
baseline catalase is low in RMS tumors, elevated levels correlate with poor survival and
strong upregulation marks post-radiation radioresistance. Pharmacologically targeting
catalase, alone via 3-ATA or synergistically alongside Akt signaling, restores chemo- and
radiosensitivity through ROS accumulation, establishing catalase as a pivotal target in
aggressive RMS.

2. Results
2.1. Catalase Is Downregulated in RMS, but Higher Expression Predicts Poor Patient Survival

We first evaluated the baseline expression levels of CATALASE (CAT) in healthy
skeletal muscle versus RMS tumor tissue across two independent RNA datasets from mouse
(GSE22520) and human (GSE108022) RMS (Figure 1A,B). In the first cohort, CAT expression
was significantly downregulated in both tumor subtypes compared to normal skeletal
muscle, showing a significant reduction in FN-RMS (p < 0.01) and a highly significant
decrease in FP-RMS (p < 0.001; Figure 1A). This drastic reduction (p < 0.001) in CAT
expression across both subtypes was successfully validated in a second, larger cohort
(Figure 1B).

We next investigated the clinical relevance of CAT expression in RMS. Kaplan-Meier
analysis of transcriptomic datasets revealed that high CAT expression was significantly as-
sociated with reduced overall survival in a cohort of 101 RMS patients (p = 0.019; Figure 1C).
Although CAT expression levels did not differ significantly based on specific chromosomal
translocations or between FN and FP subtypes (Figure 1D), high CAT levels stratified
patients into poorer survival outcomes within both subgroups (FN-RMS, p = 0.017; FP-RMS,
p = 0.055; Figure 1E). Moreover, CAT expression was significantly elevated in high-risk
compared with intermediate-risk tumors (p = 9.61 x 10~3; Figure 1F) and in metastatic
versus non-metastatic cases (p = 4.08 x 1073; Figure 1G). Together, these findings indicate
that while CAT is significantly downregulated in RMS compared to healthy skeletal muscle,
its elevated expression within tumor tissues strongly associates with aggressive disease
features and unfavorable clinical outcomes.
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Figure 1. Catalase expression and its prognostic value in RMS: in silico transcriptomic analysis.
(A,B) Quantification of CAT gene expression in mouse (A) (GSE22520; FN-RMS n = 7, FP-RMS
n = 11, normal skeletal muscle n = 5) and human (B) (GSE108022; FN-RMS n = 66, FP-RMS n = 35,
normal skeletal muscle n = 3) transcriptomic datasets. Individual sample values are plotted, with
horizontal lines representing mean values. ** p-value < 0.01; *** p-value < 0.001 vs. normal skeletal
muscle; one-way ANOVA with Dunnett’s post hoc test. (C-G) In silico clinical characterization
performed via the R2 platform on a public RMS transcriptomic cohort (n = 101; https:/ /www.ebi.
ac.uk/biostudies/arrayexpress/studies/E-TABM-1202) (accessed on 19 January 2026). (C) Kaplan—
Meier overall survival curves of RMS patients stratified by CAT transcript levels (high, red; low,
blue; log-rank test p = 0.019). (D) Boxplot displaying CAT expression (logy) according to driver
chromosomal translocations: NCOA1::PAX3 (n = 1), fusion-negative (1 = 56), PAX3::FOXO1 (n = 34),
and PAX7::FOXOL1 (n = 10). (E) Kaplan-Meier overall survival curves for FN-RMS (left, n = 56)
and FP-RMS (right, n = 45) cohorts stratified by CAT expression (log-rank test). (F,G) Violin plots
showing CAT expression (log,) across Children’s Oncology Group (COG) risk categories (low, n = 13;
intermediate, n = 43; high, n = 28) (F) and comparing non-metastatic (1 = 72) vs. metastatic (n = 28)
cases (G). *** p-value < 0.001; one-way ANOVA for (F) and two-tailed unpaired t-test for (G).
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2.2. Catalase Is Expressed in Human FN- and FP-RMS Cell Lines, and Its Inhibition Enhances
ROS Accumulation and Chemosensitivity

To assess catalase protein levels, we performed immunoblotting analysis on a panel of
RMS cell lines, including FN-RMS (RD, SMS) and FP-RMS (RH30, RH4) models (Figure 2A).
Catalase protein expression was detected in all examined lines, with RD and RH30 cells
exhibiting the highest baseline levels (Figure 2A). To determine the functional role of
catalase, RD and RH30 cells were treated with H,O,, doxorubicin, or actinomycin D, either
alone or in combination with the catalase inhibitor 3-ATA. ROS levels and cell viability
were assessed after 24 and 48 h, respectively. In RD cells, 3-ATA alone modestly increased
ROS levels, whereas co-treatment significantly enhanced the oxidative stress induced
by HyO,, doxorubicin, and actinomycin D (Figure 2B); this synergistic effect on ROS
accumulation was particularly evident when combined with actinomycin D. Consistently,
3-ATA significantly potentiated the reduction in cell viability induced by all three pro-
oxidant treatments (Figure 2C). A similar pattern was observed in RH30 cells, where
catalase inhibition markedly exacerbated ROS accumulation across all conditions, with the
most pronounced effect seen in combination with HyO, (Figure 2D). This oxidative peak
was closely paralleled by a significant decrease in cell viability (Figure 2E). Overall, these
data indicate that catalase inhibition efficiently enhances intracellular oxidative stress and
sensitizes both FN- and FP-RMS cells to chemotherapeutic agents.

2.3. Catalase Upregulation Is Associated with a Radioresistant Cell and Tumor Phenotype

In previous studies, we generated diverse radioresistant RMS models utilizing distinct
experimental strategies. Specifically, we established models of intrinsic radioresistance
in FN-RMS RD cells via the overexpression of either a constitutively active Aktl (RD
myrAkt) [18] or Caveolin-1 (RD Cav-1) [34,35], both of which activate pathways that pro-
mote ROS detoxification and DNA repair. In parallel, we utilized FN- and FP-RMS models
of acquired radioresistance (RD RR and RH30 RR), which were generated through chronic,
fractionated irradiation up to a cumulative dose of 66 Gy [36]. Immunoblotting analysis
revealed that all these independent radioresistant cell models exhibited significantly higher
endogenous catalase expression compared to their respective parental lines (Figure 3A).
Accordingly, the expression pattern of catalase was confirmed in cell-block sections across
all radioresistant models, with RD RR, RD myrAkt, RD Cav-1 and RH30 RR displaying
markedly elevated catalase staining compared to parental RD and RH30 cells (Figure 3B).

1¥2 clone demon-

Consistent with the immunoblotting data, the highly metastatic RD Cav-
strated the highest catalase expression levels (Figure 3A,B). To extend our findings to a
clinical context, we evaluated catalase expression in a cohort of RMS specimens, encom-
passing both the ARMS (samples #1-7) and ERMS (samples #8-13) subtypes (Figure 3C).
Additionally, we examined an illustrative clinical case of secondary ERMS (sample #14)
that arose in a patient following chemo- and radiotherapy for nasopharyngeal carcinoma
(detailed in the Materials and Methods). In tumors, immunohistochemistry (IHC) analysis
revealed that catalase expression was weak or undetectable across most cases, regardless
of histological subtype or recurrent status (Figure 3D, left panel). Notably, the minor
catalase expression observed within these primary tissues was predominantly localized to
non-tumoral populations in the microenvironment, particularly infiltrating macrophages
(Figure 3D, left panel). This relative absence of catalase in primary RMS cells aligns with
our in silico observations, which demonstrated reduced CAT expression in RMS patient
samples and mouse models compared to normal skeletal muscle (Figure 1A,B). Strikingly,
whereas RMS specimens exhibited negligible tumor catalase staining, the ERMS specimen
arising post-chemoradiotherapy displayed strong, diffuse cytoplasmic immunoreactivity
for catalase throughout the malignant cells (Figure 3D, right panel). Although based on an
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initial proof-of-concept clinical observation, these findings closely mirror our in vitro data,
suggesting that catalase induction may serve as a pivotal adaptive mechanism promoting
tumor survival under radiation-induced oxidative stress.
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Figure 2. Catalase inhibition increases ROS levels and enhances chemosensitivity in RMS cells.
(A) Representative immunoblotting analysis of catalase protein expression in FN-RMS (RD, SMS) and
FP-RMS (RH30, RH4) cell lines (left). Relative protein levels normalized to tubulin loading control
are quantified on the right (n = 2). (B-E) RD (B,C) and RH30 (D,E) cells were treated with H,O,
(200 uM, top panels), doxorubicin (doxo, 1 uM, middle panels), or actinomycin D (act D, 0.5 nM,
bottom panels), with or without overnight pretreatment with the catalase inhibitor 3-ATA (50 mM).
(B,D) Intracellular ROS production measured after 24 h using CM-Hy;DCFDA staining, expressed
as fold change relative to vehicle-treated controls (1 = 3). (C,E) Cell viability evaluated after 48 h by
MTT assay (absorbance at 540 nm; n = 3). Data are presented as mean + SEM. * p < 0.05, ** p < 0.01,
*** p < 0.001; one-way ANOVA followed by Tukey’s post hoc test.
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Figure 3. Catalase is upregulated during the acquisition of a radioresistant RMS phenotype. (A) Rep-
resentative immunoblotting analysis of catalase protein expression (bottom) and densitometric
quantification normalized to tubulin loading control (top) in parental (RD, RH30) and radioresistant
RMS cell lines (RD RR, RD myrAkt*!, and RD myrAkt*?, RD Cav-1f?, RD Cav-1F?, and RH30 RR);
n = 2. *p<0.05 **p<0.01, ** p < 0.001; one-way ANOVA test. (B) Representative immuno-
cytochemical staining of cell-block sections from parental and resistant RMS models displaying
cytoplasmic catalase expression (brown) counterstained with hematoxylin (blue) (magnification
400x, scale bar: 50 pum). (C) Summary table of patient demographics and clinical diagnoses for
the RMS tissue cohort (F: Female; M: Male; age 0 indicates an infant < 1 year old). Asterisks (x)
denote sequential /paired samples from the same patient. (D) Representative catalase IHC stain-
ing in ERMS (samples #10 and #12) and ARMS (samples #5 and #7) specimens (left panel; 200 x
magnification, scale bar: 50 um), alongside a post-radiation secondary ERMS specimen (sample #14,
two fields) showing strong, diffuse immunoreactivity (right panel; 200x magnification, scale bar:
50 um). Counterstain: hematoxylin.

2.4. Catalase Inhibition Restores Radio- and Chemosensitivity in Resistant RMS Models, and Dual
Inhibition with Akt Potentiates the Therapeutic Response

We sought to determine whether targeting catalase could reverse radioresistance.
While radioresistant sublines displayed limited sensitivity to ionizing radiation (IR) alone,
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pharmacological pretreatment with the catalase inhibitor 3-ATA significantly impaired
clonogenic survival across all tested models, as evidenced by a drastic reduction in both
colony-forming ability and surviving fractions (Figure 4A). In parallel, we evaluated
whether catalase inhibition could similarly overcome chemoresistance. Although actino-
mycin D mono-treatment exerted limited cytotoxicity in several resistant lines, its combina-
tion with 3-ATA consistently and significantly synergized to reduce cell viability across all
four radioresistant models (Figure 4B). The Akt pathway is overactivated in approximately
93% of RMS cases [4], playing a pivotal role in tumor survival and being consistently
upregulated in our chemo- and radioresistant models. Although Akt inhibitors exhibit
efficacy against RMS, their clinical translation is frequently hampered by dose-limiting
toxicities. To address this limitation, we investigated whether dual targeting of catalase
and Akt signaling could offer a more effective and viable therapeutic strategy. While IR
alone had a minimal impact on the clonogenic survival of these resistant lines, single-agent
treatment with either 3-ATA or the Akt inhibitor MK-2206 led to a modest reduction in
colony formation (Figure 5A). Notably, the simultaneous combination of both inhibitors at
sub-toxic doses resulted in a significantly greater reduction in clonogenic survival upon
irradiation across all radioresistant models, with the most profound sensitization observed
in RD myrAkt and RD Cav-1 cells (Figure 5A). Similarly, dual inhibition successfully en-
hanced tumor cell sensitivity to actinomycin D. While single-agent treatments moderately
decreased cell viability, combining 3-ATA and MK-2206 exerted a strikingly more pro-
nounced cytotoxic effect when paired with actinomycin D in all tested models (Figure 5B).
Interestingly, baseline combined treatment with 3-ATA and MK-2206 (in the absence of
radiation or chemotherapy) significantly reduced cell viability in short-term MTT assays
in radioresistant models such as RD RR and RH30 RR (Figure 5B, grey bars). In contrast,
its impact on long-term colony-forming ability was less pronounced under non-irradiated
conditions (Figure 5A, white bars), where robust synergistic lethality was unmasked only
upon combination with IR or chemotherapy (Figure 5A,B, blue and orange/red bars). This
divergence likely reflects differences in treatment duration, assay endpoints (metabolic
activity vs. reproductive integrity), or the capacity of single cells to recover over extended
periods. Collectively, our results demonstrate that catalase inhibition restores both radio-
and chemosensitivity in treatment-resistant RMS cells. Furthermore, dual inhibition of
catalase and Akt cooperatively enhances oxidative stress-mediated cytotoxicity, effectively
overcoming therapy resistance in aggressive RMS models.
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Figure 4. Catalase inhibition restores radio- and chemosensitivity in resistant RMS models. (A) Clono-
genic survival assay in the indicated radioresistant RMS cell lines (RD RR, RH30 RR, RD myrAkt#1,
and RD Cav-12) pretreated overnight with 3-ATA (50 mM) or vehicle control prior to IR (4 Gy).
Representative colony wells stained with crystal violet after 10-14 days (top) and quantification of
the surviving fraction relative to control (bottom; n = 3). (B) Cell viability evaluated by MTT assay
(absorbance at 540 nm) after 48 h of treatment with actinomycin D (act D, 0.5 nM), with or without
overnight pretreatment with 3-ATA (50 mM; n = 3). Data are presented as mean + SEM. * p < 0.05,
**p <0.01, *** p < 0.001; one-way ANOVA followed by Tukey’s post hoc test.
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Figure 5. Combined inhibition of catalase and Akt enhances therapeutic response in radioresistant
RMS models. (A) Clonogenic survival assay in radioresistant RMS cell lines (RD RR, RH30 RR,
RD myrAkt, and RD Cav-1) pretreated with 3-ATA (50 mM), the Akt inhibitor MK-2206 (1 uM), or
their combination, in the presence (colored bars) or absence (white bars) of IR (4 Gy). Histograms
display the quantification of surviving fractions relative to untreated controls (n = 3). (B) Cell viability
evaluated by MTT assay (absorbance at 540 nm) after 48 h of treatment with actinomycin D (act D,
0.5 nM), 3-ATA (50 mM), MK-2206 (1 uM), or their combinations in the presence of chemotherapy
(colored bars), alongside baseline combination treatments in the absence of chemotherapy (grey bars)
(n = 3). Data are presented as mean + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001; one-way ANOVA
followed by Tukey’s post hoc test.

https://doi.org/10.3390/ijms27167147


https://doi.org/10.3390/ijms27167147

Int. J. Mol. Sci. 2026, 27, 7147

10 of 17

3. Discussion

Catalase regulates H,O, availability and exerts context-dependent effects on tumor
growth and metastatic potential [30]. Here, we identify catalase as a central node linking
redox adaptation, therapy resistance, and clinical aggressiveness in RMS. We show for the
first time that elevated CAT expression correlates with poor clinical outcome, including high-
risk disease, metastasis, and reduced overall survival. This clinical association is strongly
supported by our experimental models: catalase expression was consistently elevated
across multiple independent RMS cell lines characterized by aggressive features, such
as Akt hyperactivation [18], Cav-1 overexpression [34,35], and acquired radioresistance
following chronic fractionated irradiation [36]. Notably, the highest catalase levels were
observed in RD Cav-1f2 clones, which are highly metastatic [34], suggesting that catalase
upregulation represents a hallmark adaptive feature of RMS progression.

A remarkable finding of our study is that catalase upregulation occurs universally
across both intrinsic (RD myrAkt and RD Cav-1) and acquired (RD RR and RH30 RR)
radioresistant models, encompassing both FN- and FP-RMS subtypes. This reflects a
conserved, subtype-independent mechanism of redox homeostasis. This convergence un-
derscores a shared survival strategy wherein RMS cells, regardless of their driving genetic
background or mode of resistance, rely on the induction of key antioxidant enzymes like
catalase to buffer oxidative stress and evade apoptosis. Notably, acquired radioresistant
sublines (RD RR and RH30 RR) were previously shown to harbor elevated endogenous
levels and activation of both Akt and Cav-1 [35], pointing to an adaptive survival network
engaged by chronic radiation pressure. Consequently, our genetically engineered intrinsic
models, driven by the singular overexpression of Aktl or Cav-1, faithfully recapitulate key
elements of this acquired radioresistance program, positioning catalase as a central conver-
gence node of therapy resistance. This suggests that the Akt/Cav-1/catalase signaling axis
is a valuable therapeutic target in RMS.

The molecular mechanisms regulating catalase expression in cancer remain incom-
pletely defined. Several transcription factors, including Sp1, NF-Y, and CCAAT/enhancer-
binding protein-f3 (C/EBP-f3), are known to engage regulatory elements within the catalase
promoter [37-39]. Notably, NF-Y-dependent transcription can be augmented by endoplas-
mic reticulum (ER) stress through activation of the unfolded protein response (UPR) [40,41].
Because IR triggers both chronic ER stress and sustained oxidative burden [42], and RMS
cells exhibit high baseline UPR signaling [43—46], this pathway represents a plausible
mechanism driving catalase upregulation in response to radiation or intrinsic stress. Our
radioresistant cell models are all characterized by elevated Akt signaling, suggesting that
catalase may be under control of this pathway, as observed in MCF-7 breast cancer cells [47].
Whether catalase represents a direct target of Akt signaling in RMS warrants further inves-
tigation. Beyond transcription factor control, catalase expression is subject to epigenetic
regulation [48,49]. Under chronic oxidative stress, we hypothesize that both transcriptional
and epigenetic mechanisms drive the upregulation of catalase in RMS.

Crucially, our study highlights the dual behavior of catalase in tumor progression:
while globally downregulated in primary tumors compared to healthy skeletal muscle, it
is markedly re-expressed under therapeutic stress. Indeed, IHC analysis of 11 primary
and two recurrent RMS samples revealed weak or undetectable baseline catalase staining.
In striking contrast, robust catalase positivity was observed in a clinical specimen of sec-
ondary ERMS that developed in the nasal cavity of a 34-year-old woman, 15 years after
chemoradiotherapy for nasopharyngeal carcinoma. We hypothesize that prior therapeutic
pressure selected for a resilient cell population, culminating in a secondary ERMS equipped
with high catalase-mediated antioxidant protection. This histological evidence, although
preliminary, provides a pivotal bridge between our in silico predictions and in vitro find-
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ings. Although our mechanistic characterization relies primarily on cell-based genetic and
pharmacological models, this clinical IHC case provides a critical first-in-human proof of
concept. Formal validation in expanded, prospective clinical cohorts will be essential to
confirm these preliminary results.

Pharmacological inhibition of catalase using 3-ATA [50,51] successfully restored both
chemo- and radiosensitivity in radioresistant RMS models through ROS-dependent mecha-
nisms, mirroring findings in other tumor types [52]. To maximize the translational impact of
this approach, we evaluated a novel combinatorial regimen. Dual targeting of catalase and
Akt, a key regulator of cell survival and redox homeostasis [17,53-55], yielded synergistic
oxidative stress-induced apoptosis across all RMS models. Remarkably, this synergistic
cytotoxic effect was achieved using sub-toxic doses approximately five-fold (3-ATA) and
ten-fold (MK-2206) lower than their respective single-agent IC50 values, highlighting a tar-
getable dependency between antioxidant defense and Akt signaling that can be exploited to
widen the therapeutic window. Moving forward, evaluating the safety, pharmacokinetics,
and in vivo efficacy of this combination will be essential for clinical translation.

Given the intrinsically high baseline oxidative stress of RMS cells [8,56,57], combin-
ing catalase inhibition with standard-of-care regimens (such as VAC chemotherapy) or
pro-oxidant therapies (e.g., auranofin, erastin, or buthionine sulfoximine) represents a
highly rational therapeutic strategy [8,14-16,58-64]. Nevertheless, key limitations of our
study should be noted. Although 3-ATA effectively targets catalase in vitro, its translational
utility is constrained by off-target reactivity and potential rodent carcinogenicity [32,33],
highlighting the need for selective, next-generation catalase inhibitors. The current land-
scape of small-molecule catalase inhibitors remains narrow, consisting predominantly of
agents that target key active-site residues or NADPH cofactor binding. Examples include
the Pseudomonas aeruginosa toxin pyocyanin [65], the benzaldehyde thiosemicarbazone
derivative BI-Br66, and various natural flavonoids (such as myricetin, epicatechin gallate,
and quercetin) [66] or phenolic acids [67]. Alternative strategies, including 400—420 nm
blue light photoinactivation, used to deplete catalase in resistant bacteria [68], have not
yet been translated to oncology. Given these constraints, future studies should evaluate
novel highly specific small molecules or utilize genetic loss-of-function models (e.g., siRNA
or CRISPR-Cas9 knockout) to definitively isolate the biological consequences of catalase
depletion in RMS.

In summary, our findings establish catalase as both a clinical biomarker of treatment-
adapted disease and a therapeutically actionable vulnerability in RMS. Disrupting catalase-
driven redox adaptation, particularly when combined with Akt pathway inhibition, repre-
sents a potent strategy to overcome therapy resistance and improve clinical outcomes in
aggressive RMS.

4. Materials and Methods
4.1. In Silico Analysis

Bioinformatic analyses were performed using a mouse dataset (GSE22520) of 7 FN-
RMS, 11 FP-RMS, and 5 skeletal muscle samples; a human dataset (GSE108022) of 66 FN-
RMS, 35 FP-RMS, and 3 skeletal muscle samples; and a cohort of 101 RMS patients from the
publicly available dataset E-TABM-1202 (https:/ /www.ebi.ac.uk/biostudies/arrayexpress/
studies/E-TABM-1202 (accessed on 19 January 2026)), in which tumors were classified
as FN-RMS (n = 56) and FP-RMS (n = 45). The latter included PAX3:NCOA1 (n = 1),
PAX3::FOXO1 (n = 34), and PAX7::FOXOL1 (n = 10) transcript fusion samples. Kaplan—
Meier survival analyses and correlation analyses between gene expression and clinical
parameters were generated using the R2 platform (https:/ /hgserverl.amc.nl/ (accessed on
19 January 2026)).
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4.2. Cell Cultures

Human RD and RH30 RMS cell lines were obtained from the European Collection of
Cell Cultures (ECACC, Salisbury, UK). Human SMS-CTR and RH4 were kindly provided
by Prof. Maurizio Onisto (University of Padova, Italy). Stable myrAktl- and Cav-1-
overexpressing clones were generated as previously described [18,34]. Radioresistant RD
and RH30 cell lines were obtained as described in [36]. Cells were maintained in high-
glucose Dulbecco’s Modified Eagle’s Medium (DMEM,; Euroclone, Milan, Italy) supple-
mented with 10% fetal bovine serum (FBS; Euroclone), 100 pg/mL penicillin/streptomycin
(Merck, Milan, Italy), and 1 mM L-glutamine (Merck), in a humidified incubator at 37 °C
with 5% C02

4.3. Antibodies

Primary antibodies against catalase and a-tubulin were obtained from Santa Cruz
Biotechnology (Dallas, TX, USA) and Merck, respectively. HRP-conjugated anti-mouse
and anti-rabbit secondary antibodies were purchased from Immunological Sciences
(Rome, Italy).

4.4. Immunoblotting

Cells were lysed in cold RIPA buffer (20 mM Tris-HCl at pH 7.6, 1% Nonidet P40,
0.5% sodium deoxycholate, 0.1% SDS, 50 mM NaCl) supplemented with phosphatase
inhibitors (1 mM Na3VO, and 4 mM NaF) and a cocktail of protease inhibitors (Roche,
Milan, Italy), sonicated, and centrifuged (12,000 x g, 10 min, 4 °C). Protein concentration
was determined using the Bradford assay. Equal amounts of protein (40 pg) were boiled at
95 °C for 5 min before separation by SDS-PAGE and subsequent transfer onto polyvinyli-
dene fluoride (PVDF) membranes. Membranes were blocked in Tris-buffered saline (TBS)
with 0.1% Tween-20 (TBS-T) containing 5% non-fat milk (15 min at room temperature)
and incubated with primary antibody (overnight at 4 °C), followed by HRP-conjugated
secondary antibody (1 h at room temperature). Signals were detected using an enhanced
chemiluminescence reagent (GeneSpin, Milan, Italy). Band intensities were quantified
using the Gel Pro Analyzer 4 software (MediaCybernetics Inc., Rockville, MD, USA) and
expressed in arbitrary density units.

4.5. Cell-Block Preparation

For cell-block preparation, at least 1 x 10° cells were harvested and processed as
follows. Cell suspensions of RMS cell lines were centrifuged for 5 min at 800x g. A mixture
of human plasma (100 pL, kindly provided by the Centro Trasfusionale, ASST Spedali
Civili di Brescia) and HemosIL RecombiPlasTin 2G (200 pL, Instrumentation Laboratory,
Bedford, MA, USA; cat. no. 0020003050; 1:2 ratio) was added to the cell pellets and mixed
until a clot formed, which was then placed into a labeled cassette (Bio-Optica, Milan, Italy;
cat. no. 07-7350). Samples were fixed in 10% neutral buffered formalin (Bio-Optica; cat.
no. 05-K01004) for 1 h, followed by paraffin embedding. Four-micrometer-thick cell-block
sections were processed for IHC.

4.6. Cell Treatments

The compounds 3-ATA, H,O;, and actinomycin D were purchased from Merck. Dox-
orubicin was obtained from Thermo Fisher Scientific (Milan, Italy), and MK-2206 was from
Aurogene (Rome, Italy). 3-ATA was dissolved in deionized water, while doxorubicin and
actinomycin D were dissolved in dimethyl sulfoxide (DMSO) as vehicle. Compounds were
used at the concentrations indicated in the figure legends. IR treatment was performed
using an X-ray linear accelerator at room temperature on subconfluent cells pretreated (or
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not) with the indicated compounds for the indicated times at 4 Gy (dose rate of 2 Gy /min).
Post-irradiation cells were processed for clonogenic assay.

4.7. ROS Measurement

The production of reactive oxygen species (ROS) was quantified using the fluores-
cent probe CM-H;DCFDA (Thermo Fisher Scientific), according to the manufacturer’s
instructions. Cells were plated in black 96-well plates (2.5 x 103 cells/well) and pretreated
with 3-ATA or vehicle overnight. Twenty-four hours after seeding, cells were treated with
200 uM H;07, 1 pM doxorubicin, 0.5 nM actinomycin D, or vehicle. After 24 h, the super-
natant was removed, and cells were incubated with culture medium containing 1 uM probe
for 30 min at 37 °C, protected from light. The probe-containing medium was then replaced
with fresh medium. Fluorescence was measured using the EnSight Multimode plate reader
(PerkinElmer, Waltham, MA, USA) at 492 nm excitation and 517 nm emission wavelengths.
Cells were fixed in paraformaldehyde (PFA) in PBS for 20 min at 4 °C. After fixation, cells
were washed with deionized water to remove residual fixative. Bound dye was solubilized
using a 1% sodium dodecyl sulfate (SDS) solution in PBS, and plates were shaken continu-
ously until complete dissolution was achieved. Absorbance was subsequently measured at
595 nm using a microplate reader. Results were expressed as the ratio of ROS fluorescence
to crystal violet absorbance and reported as fold change relative to the control (set to 1).

4.8. MTT Cell Viability Assay

Cells were seeded in 96-well plates (1.5 x 10° cells/well) and pretreated overnight
with 3-ATA or vehicle. Twenty-four hours post-seeding, cells were treated with 200 uM
Hy0;, 1 uM doxorubicin, 0.5 nM actinomycin D, or vehicle control. Following a 48 h
treatment period, the medium was replaced with fresh medium containing 0.5 mg/mL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and cells were incu-
bated for 3.5 h at 37 °C. The resulting formazan crystals were solubilized in DMSO, and
absorbance was measured at 540 nm using a microplate reader.

4.9. Clonogenic Assay

Four hours after irradiation, cells were re-seeded in triplicates into 6-well plates
(1000 cells/well) to evaluate clonogenic survival. Colonies were allowed to grow for
10 days, then fixed with a 3% PFA solution (20 min, 4 °C) and stained with crystal violet
solution (10 min at room temperature). Images of colonies were acquired after washing with
deionized water. The surviving fraction was calculated by dividing the number of colonies
by the number of seeded cells, normalized to the plating efficiency of non-irradiated control
cells (set to 1).

4.10. Immunohistochemistry

Formalin-fixed, paraffin-embedded (FFPE) tissue blocks used in this study were re-
trieved from the tissue bank of the Department of Pathology, ASST Spedali Civili di Brescia
(Brescia, Italy). Four-micrometer-thick tissue sections were prepared for IHC analysis.
The analyzed series included 7 ARMS (samples #1-7), 6 ERMS (samples #8-13), and one
case of chemoradiotherapy-induced ERMS (sample #14) arising in the nasal cavity of a
34-year-old woman 15 years after standard chemoradiotherapy for nasopharyngeal carci-
noma. Catalase expression was evaluated by IHC using a mouse monoclonal anti-catalase
antibody (clone H-9, Santa Cruz Biotechnology) at a dilution of 1:70. Antigen retrieval was
performed using citrate buffer (pH 6.0). Inmunoreactivity was detected using the Novolink
Polymer detection system (Leica Microsystems, Milan, Italy), followed by visualization
with 3, 3/-diaminobenzidine (DAB). Sections were counterstained with hematoxylin.
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4.11. Statistical Analysis

Data are presented as mean £ SEM. Statistical significance was assessed using an
unpaired Student’s ¢-test for pairwise comparisons, or one-way ANOVA test with Tukey’s
post hoc test to compare means among three or more groups using GraphPad Prism 8
software (GraphPad Software, San Diego, CA, USA). A p-value < 0.05 was considered
statistically significant.
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