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ARTICLE INFO ABSTRACT
Keywords: Background: Alveolar rhabdomyosarcoma (ARMS) primarily affects children in the first decade of life, but it can
Alveolar Rhabdomyosarcoma also occur during adolescence, typically with a more favorable prognosis. This study aimed to explore differences

DNA methylation
Transcriptome sequencing, Targeted therapies,
CDK9

in DNA methylation (DNAm) and gene expression profiles that may account for the worse prognosis in younger
patients; and to investigate possible new therapeutic targets.

Methods: We conducted whole-genome DNAm and transcriptome analyses on 10 parameningeal head and neck
ARMS patients, including 4 patients under 1 year old and 6 over 10 years old. Among the differentially expressed
genes, we focused on actionable therapeutic targets and confirmed their protein expression levels by immuno-
histochemistry. We validated the biological relevance of molecules of interest through functional experiments on
rhabdomyosarcoma cell lines.

Results: DNAm profiles did not significantly differ across age groups, while gene expression was the primary
driver of observed differences. Several enriched pathways characterized younger patients with respect to older
ones, including FAS, Integrin, PI3 kinase, and p53 by glucose deprivation. Among actionable molecules, cyclin
dependent kinase 9 (CDK9) emerged as a promising therapy target, highly expressed in younger patients. Of note,
CDK?9 inhibitors specifically inhibit cell growth in bi- and three-dimensional ARMS cellular models, both as a
monotherapy and in combination with BRD4 inhibitors.

Abbreviations: ARMS, Alveolar Rhabdomyosarcoma; DNAm, DNA methylation; CDK9, cyclin dependent kinase 9; 2D, bidimensional; 3D, three-dimensional; RMS,
Rhabdomyosarcoma; ERMS, Embryonal Rhabdomyosarcoma; SSRMS, Spindle cell and sclerosing RMS; PAX3, Paired Box 3; PAX7, Paired Box 7; FOXO1, Forkhead
Box O1; FP-RMS, Fusion Positive Rhabdomyosarcoma; FFPE, formalin-fixed and paraffin-embedded; MRI, Magnetic Resonance Imaging; MyoD1, myogenic differ-
entiation antigen 1; CNV, Copy Number Variation; PCA, Principal Component Analysis; DMRs, Differentially Methylated Regions; T-SNE, t-distributed stochastic
neighbor embedding; BMIQ, Beta MIxture Quantile dilation; VST, Variance Stabilizing Transformation; UCSC, University of California Santa Cruz; GEO, Gene
Expression Omnibus; DEGs, Differentially Expressed Genes; GDSC, Genomics of Drug Sensitivity in Cancer; EGFR, Epidermal growth factor receptor; MTOR,
Mammalian target of rapamycin; P-mTOR, phosphorylated mTOR; AP2beta, activating enhancer binding protein 2 beta; P-STAT3, phosphorylated signal transducer
and activator of transcription 3; ANOVA, Analysis Of Variance; CRISPR, clustered regularly interspaced short palindromic repeats; ATCC, American Type Culture
Collection; DMEM, Dulbecco’s Modified Eagle Medium; FBS, fetal bovine serum; DMSO, Dimethyl Sulfoxide; PI, Propidium Iodide; RIPA, radio immunoprecipitation;
EDTA, Ethylenediaminetetraacetic acid; SDS, Sodium dodecyl sulfate; BCA assay, bicinchoninic acid assay; TBS, Tris-buffered saline; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; RT-qPCR, Real-time reverse transcription-quantitative Polymerase Chain Reaction; ALK, anaplastic lymphoma kinase; CT, chemotherapy;
RT, radiation therapy; BVZ, bevacizumab; FN-RMS, Fusion, Negative Rhabdomyosarcoma; P3F, PAX3-FOXO1 chimeric protein; IC50, Half-maximal inhibitory
concentration; BRD4, Bromodomain Containing 4; WB, Western Blot.
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Conclusion: Despite the small sample size, these findings suggest potential age-related molecular mechanisms and
highlight candidate genes for further investigation as novel therapeutic targets. Notably, we identified CDK9 as a
promising target, warranting further exploration in the context of ARMS treatment.

1. Introduction

Rhabdomyosarcoma (RMS) accounts for about 7 % of all childhood
tumors and is the most common soft tissue sarcoma in children [1]. RMS
can occur at any age, with 1-2 % of cases being congenital and 5-10 %
diagnosed during the first year of life [2]. Incidence peaks at 2-6 years
and in adolescence (14-18 years) [3]. Infants with RMS often face worse
outcomes, potentially due to less intensive treatment, despite similar
clinical and histologic profiles to older patients [4]. In fact, therapeutic
options for ARMS patients younger than 1 year are limited by concerns
for chemotherapy toxicity [5] and late effects of radiation therapy [4].

RMS is currently classified into subtypes with distinct morphological,
genetic and epigenetic features: embryonal RMS (ERMS), alveolar RMS
(ARMS), pleomorphic, and spindle cell and sclerosing RMS (ssRMS) [6].

ARMS is defined by chromosomal fusions involving PAX3 (Paired
box 3) or PAX7 (Paired box 7) and FOXO1 (Forkhead Box O1); hence its
alternative definition of Fusion Positive (FP)-RMS. ARMS exhibits the
least differentiated morphology among the RMS subtypes and displays
aggressive metastatic behavior in up to 30 % of cases [7]. Head and neck
parameningeal location of ARMS is associated with a worse prognosis in
pediatric population [8]. Consistent with findings across RMS subtypes,
ARMS prognosis is particularly poor in infants, with a 5-year event-free
survival of 22 % [9]. On the other hand, older age has been linked to a
lower disease-specific survival rate in ARMS patients [10].

This study examines ARMS cases localized to parameningeal head
and neck regions in infants under 1 year old and in patients over 10 years
old at the time of diagnosis, treated at our institution. Our aim is to
verify the effect of age on prognosis in a population with a homoge-
nously unfavorable location, and to identify age-associated differences
in DNA methylation and gene expression that could point to novel
therapeutic targets. To our knowledge, this is the first study to investi-
gate age-related differences in ARMS on a -omic scale.

2. Methods
2.1. Case selection

For this study, we selected patients affected by parameningeal head
and neck ARMS, diagnosed between March 2012 and July 2023 at
Bambino Gesui Children’s Hospital (Rome, Italy). Patients were catego-
rized into two age groups: Group A (diagnosed before 1 year of age) and
Group B (diagnosed after 10 years of age). We selected these age cutoffs
based on several observations from the literature, reporting worse out-
comes for patients under 1 year [9,11-13] or over 10 years of age [4,14].
Specimens for the analysis were retrieved from formalin-fixed and
paraffin-embedded (FFPE). Tumor site identification was based on
Magnetic Resonance Imaging (MRI) images and histological data,
including hematoxylin-eosin and immunohistochemistry for ARMS
markers (Desmin, Myogenin, and myogenic differentiation antigen 1
-MyoD1) and proliferative index (Ki67). Diagnosis was confirmed after
fusion identification, as described below, with the exception of case #5
for which fusion was assessed by RT-PCR as previously described [15].

2.2. DNA methylation profiling

We extracted DNA according to MagPurix FFPE DNA Extraction Kit
(Resnova) for automatic extraction of genomic DNA. Starting from
250 ng of DNA extracted from each sample, we performed bisulfite-
conversion with EZ DNA Methylation Kit (Zymo Research), restoring
with Illumina HD FFPE Restoration Kit (Illumina), and then screening

with Illumina Human Methylation EPIC BeadChip arrays (Illumina).

We analyzed raw BeadChip data in R environment (version 4.2.1),
first by performing copy number variation (CNV) analysis of each
sample using R package Conumee (https://bioconductor.org/
packages/devel/bioc/vignettes/conumee/inst/doc/conumee.html) and
cumulative CNV visualization by group using package GenVisR [16]. We
also used functions implemented in ChAMP package (version 2.26.0)
[17] for data loading with method “minfi”, filtering out probes located
on X or Y chromosomes, known genetic polymorphisms, or with detec-
tion p-value > 0.01. We then performed functional normalization on the
raw beta values. Since Singular Value Decomposition analysis revealed
no significant batch effects affecting the normalized dataset’s vari-
ability, we applied no further correction.

To assess sample similarity, we performed Principal Component
Analysis (PCA) using the 1000 beta methylation values with highest
variance. Then we computed Differentially Methylated Regions (DMRs)
between groups A and B using the method “DMRcate” as implemented in
package ChAMP, considering an adjusted P value threshold of 0.05 for
statistical significance.

We further compared DNA methylation profiles of the collected
samples to well-characterized sarcoma entities from Koelsche et al. [18]
to contextualize findings with t-distributed stochastic neighbor embed-
ding (t-SNE). Specifically, we performed data loading and probe filtering
as described previously, processing each array platform separately
(HumanMethylation450 or EPIC). Then, we combined the raw beta
values according to the probe name and genomic position and normal-
ized the whole matrix with BMIQ (Beta MIxture Quantile dilation)
method [19]. Finally, we used the 10,000 probes with highest standard
deviation to compute the 1-variance weighted Pearson correlation be-
tween the samples, then used this correlation matrix to compute the
distance matrix that became the input of Rtsne function from Rtsne
package (https://CRAN.R-project.org/package=Rtsne).

We also used the normalized DNA methylation data to predict the
mitotic rate of tumor samples with the EpiTOC clock [20].

2.3. Gene expression profiling

We extracted RNA following ReliaPrep™ FFPE Total RNA kit
(Promega) and prepared the library for sequencing using the SureSelect
XT HS RNA according to manufacturer recommendations (Agilent
Technologies). We verified the quality and quantity of RNA samples
with Agilent 2200 Tapestation system (Agilent Technologies), and then
performed total RNA sequencing on Illumina platform NEXTSEQ550.

To identify potential fusion transcripts, raw sequencing reads were
preprocessed using Fastp [21] to remove low-quality reads and adapter
sequences. The cleaned reads were then aligned to the human reference
genome (UCSC build 38) using the STAR algorithm (v.2.5.3a) [22]. The
resulting alignment files were analyzed using the Arriba [23] and
FusionCatcher [24] pipelines.

We obtained RNA sequencing data from 9 healthy muscle samples of
children of an intermediate age group (2-8 years old), previously pub-
lished by Guadagnin et al. [25] from Gene Expression Omnibus (GEO),
to use as a control group. We used Salmon (version 1.9.0) [26] to align
reads of all samples to the hg38 reference genome and to perform
transcript quantification. After importing gene counts in R using tximeta
(1.14.1) [27], we normalized them with variance stabilizing trans-
formation (VST) and performed PCA on the count value of the 1000 most
variable genes.

We detected Differentially Expressed Genes (DEGs) between younger
and older patients with adjusted P value lower than 0.05 using package
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DEseq2 (v. 1.32.0) [28]. between groups A and B. To refine the DEG list,
comparisons with a control group were performed, excluding genes also
differentially expressed in these comparisons to eliminate potential ar-
tifacts and any gene that varies in expression in different stages of
muscle growth. We explored the biological implications of the DEGs
through a statistical overrepresentation test in PANTHER pathway
analysis platform (https://pantherdb.org/).

To identify actionable therapeutic targets for ARMS patients, DEGs
were also queried against the Genomics of Drug Sensitivity in Cancer
(GDSC) database (https://www.cancerrxgene.org/).

2.4. Immunohistochemistry

We performed immunohistochemical staining to verify the protein
expression of selected target genes, using the corresponding antibodies
when available. For genes without available antibodies, a “proxy” gene
involved in the same pathway according to the literature was used for
validation.

We used 2 pym thick sections of formalin-fixed, paraffin-embedded
tissue samples. The Dako Omnis platform (Agilent) was utilized for the
application of the following antibodies: EGFR (Epidermal growth factor
receptor, Agilent, clone E29, ready to use), desmin (Dako, clone D33,
ready to use), myogenin (Dako, clone F5D, ready to use), MyoD1 (Cell
Marque, clone EP212, dilution 1:50), BCL2 (Dako, clone 124, ready to
use), mTOR (Mammalian target of rapamycin, Cell Signaling, clone
7C10, dilution 1:50), p-mTOR (phosphorylated mTOR, Cell Signaling,
clone Ser2448 49F9, dilution 1:100), AP2beta (activating enhancer
binding protein 2 beta, Santa Cruz Biotechnology, INC, clone E-8,
dilution 1:100), p-STAT3 (phosphorilated signal transducer and acti-
vator of transcription 3, Cell Signaling, clone D3A7, dilution 1:250) and
CDK9 (Cell Signaling, clone C12F7, dilution 1:100), following estab-
lished guidelines.

The immunohistochemical expression was assessed quantitatively by
determining the percentage of tumor cells exhibiting positivity.

We developed a scoring system based on the percentage of tumor
cells exhibiting positivity: 0 = negative; 1 = expression in 1-25 % of
cells; 2 = expression in 26-75 % of cells; 3 = expression in > 75 % of
cells.

2.5. Public datasets analysis

Affymetrix profiling data from patients’ public datasets (E-TABM-
1202) and normal skeletal muscle samples [29] were normalized and
polished using the robust multiarray average in RMAexpress. We
selected a representative probeset for CDK9 expression (203198_at) and
plotted expression levels for each patient subgroup and skeletal muscle
in prism 10.1.1. We used One-way analysis of variance (ANOVA) to
determine statistical significance. CRISPR data for a panel of RMS cell
lines were downloaded from DepMap portal (https://depmap.org/por
tal/), using CRISPR database (Public 24Q4, 13 RMS cell lines) and
plotted with Prism 10.1.1. We reported perturbation effects as Chronos
score.

2.6. Cell lines

RH30 cell line was obtained from American Type Culture Collection
(ATCC) while RH4 cells were provided by P. Houghton and SCMC by J.
Khan. All RMS cells were cultured in Dulbecco’s Modified Eagle Medium
(DMEM) high-glucose (Invitrogen) supplemented with 10 % fetal bovine
serum (FBS), 1 % of an L-glutamine solution and 1 % of a penicillin-
streptomycin solution and at 37 °C in a humidified atmosphere of 5 %
CO2/95 % air and regularly checked for mycoplasma contamination.

2.7. Cell proliferation assay and drug treatment

1.5 x 10° RH30, RH4 and SCMC cells were seeded on 384-well plates
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in complete growth medium and were treated with decreasing doses of
NVP-2 (10 uM-0.06 nM) or with DMSO after 24 h. Cell confluences were
recorded by Celigo Image Cytometer (Nexcelom Bioscience) and half
maximal inhibitory concentration (IC50) values were calculated 72 h
post treatment by using the GraphPad Prism version 10.1.1. For prolif-
eration experiments, 1.5 x 10% RH30 and RH4 cells were seeded on 384-
well plates and, after 24 h (t0), media containing Dimethyl Sulfoxide
(DMSO) or NVP-2 at the selected concentrations were added. Cell
confluence was quantified under phase contrast every 24 h, until 72 h
posttreatment using Celigo Image Cytometer (Nexcelom Bioscience).
Results of dose-response curves are expressed as the mean of 3 inde-
pendent experiments + standard error of mean. Results of growth curve
analysis represent the mean of 3 independent experiments + standard
deviation. Statistical significance was assessed with Student’s two-tailed
t-test.

2.8. Spheroid generation and image acquisition

For three-dimensional (3D) tumor spheroids assessment, we seeded
RH4 cells in 100 ul of complete growth media on 96 Ultra-Low
Attachment plates (ULA, #7007, CORNING) to obtain tumor spheroids
of 300 um diameter in 96 h. After 72 h of drug treatments, we performed
Calcein AM (1 mM final concentration), Propidium Iodide (PI, 1 mg/ml
final concentration) and Hoechst (1:10000) staining and acquired im-
ages by Celigo image cytometer (Nexcelom Bioscience).

2.9. Transient RNA interference

RH4 Cells were transfected with 100 nM (final concentration) siR-
NAs against human CDK9 (5’-TGATTGAGATTTGTCGAACCA-3’) or a
non-targeting siRNA as control (SIC001) (Sigma, St Louis, MO, USA)
using Oligofectamine (Invitrogen, Carlsbad, CA), according to the
manufacturer’s recommendations. Twenty-four hours later, the medium
was replaced with fresh complete growth medium and transfected cells
were harvested at 48 h post-transfection for subsequent analysis.

2.10. Western blot

We performed Western blotting on whole-cell lysates by homoge-
nizing cells in RIPA lysis buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 %
Triton X-100, 1 mM EDTA, 1 % sodium deoxycholate, 0.1 % Sodium
dodecyl sulfate - SDS), containing the protease inhibitor cocktail
(Sigma), NaF 1 mM, Na3VO4 1 mM and PMSF 1 mM. Lysates were
incubated on ice for 30 minutes (min) and centrifuged at 12,000xg for
20 min at 4°C. Supernatants were used as total lysates. We estimated
protein concentrations with the BCA protein assay (bicinchoninic acid
assay, Pierce), according to the manufacturer’s protocol. The proteins
(40 pg) were boiled in reducing SDS sample buffer (200 mM Tris-HCl pH
6.8, 40 % glycerol, 20 % fB-mercaptoetanol, 4 % SDS, and bromophenol
blue), and run on 8 % SDS-polyacrylamide gels. Then, the proteins were
transferred to Hybond ECL membranes (Amersham, GE HEALTHCARE
BioScience Corporate Piscataway). Membranes were blocked in 5 %
non-fat dried milk in Tris-buffered saline (TBS) for 1 h and incubated
overnight (ON) with the appropriate primary antibody at 4°C. After
incubation, membranes were washed in TBS and incubated with the
appropriate secondary antibody for 1 h at room temperature. Detection
was performed by Pierce™ ECL Western Blotting Substrate (Thermo
Scientific) or Western Lightning ECL Pro (PerkinElmer,). Antibody
against FOXO1 (#2880) and GAPDH (glyceraldehyde-3-phosphate de-
hydrogenase, #2118) was from Cell Signaling Technology, MYCN was
from Santa Cruz Biotechnology (B8.4.B; sc-53993) and Vinculin anti-
body was from Sigma-Aldrich (V9131). We used all antibodies in
accordance with manufacturer’s instructions.
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2.11. Real-time reverse transcription-quantitative PCR (RT-qPCR)

We extracted total RNA from cells using TRIzol (Invitrogen) ac-
cording to manufacturer’s protocol. We performed reverse transcription
with Improm-II Reverse Transcription System (A3800, Promega), then
measured gene expression levels for relative quantification with qRT-
PCR on Applied Biosystems 7900HT Fast RealTime PCR System, using
TagMan gene assay (Applied Biosystems, Life Technologies, Carlsbad,
CA, USA) for human ALK (Hs00608284.m1) and CDK9
(Hs00977896_g1). We normalized values according to the human
GAPDH (Hs99999905_m1) mRNA levels and calculated the expression
fold change by the 2- AACt method for each reference gene. was We
performed at least two independent amplifications for each probe, in
triplicate. Results represent the mean of at least 2 independent experi-
ments + standard deviation. Statistical significance was assessed with
Student’s two-tailed t-test.

3. Results

We selected a cohort of 10 patients affected by head and neck ARMS
(clinical characteristics are summarized in Table 1). All patients
harbored the pathognomonic PAX3::FOXO1 fusion translocation, except
for patient #10, who presented PAX7::FOXO1 fusion. The cohort
included six male and four female patients. Four patients received their
diagnosis before the age of one (Group A), while the remaining six were
diagnosed after the age of 10 (Group B). At the latest follow up, 6 pa-
tients (3 from Group A and 3 from Group B) had died, while 4 patients (1
from Group A and 3 from Group B) were alive. The outcomes varied
significantly, ranging from patient #3, who died 3 months after diag-
nosis, to patient #8, who remained alive and well after 85 months of
follow-up. Notably, all patients in Group A had metastases at the time of
diagnosis, whereas none of the patients in Group B had metastases. All
patients received chemotherapy; in addition, Bevacizumab was admin-
istered to 2/4 patients in Group A, and radiation therapy (RT) in 1/4
Group A (brachytherapy) and 4/6 Group B patients (external beam RT).

Representative MR images at diagnosis are shown in Fig. 1A. All
tumors presented as heterogeneous masses, with contrast enhancement
and signal restriction, indicative of highly cellular components. Tumors
in Group A appeared bulkier. Intracranial and bone involvement was
evident for patients #3 and #5. All tumors displayed parameningeal
involvement.

Hematoxylin-eosin staining (Fig. 1B) revealed a homogenous
morphology. The tumors were composed of round cells with a pale

Pharmacological Research 216 (2025) 107767

eosinophilic cytoplasm and rounded nuclei, with a solid and/or pseu-
doalveolar pattern of growth. Desmin, Myogenin, and MyoD1 were
diffusely positive in all samples (examples from patient #3 are shown in
Fig. 1C), as well as AP2beta in the tested cases. Ki67 was high in tested
cases.

Analysis of DNA methylation data revealed partial separation be-
tween the two age groups along the first principal component (hori-
zontal axis, PC1), aligning with age at tumor onset (Fig. 2A). However,
differential methylation analysis identified no significant DMRs between
the groups. In t-SNE analysis, all samples clustered closely with refer-
ence ARMS cases, confirming high similarity regardless of age group
(Fig. 2B). CNV analysis revealed predominantly flat profiles in Group A
patients (Fig. 2C and Supplementary Figure 1), while Group B cases
displayed a higher frequency of complex genomic alterations (Fig. 2D
and Supplementary Figure 1).

We also estimated the mitotic ages of ARMS samples based on their
raw DNAm data. We observed a positive correlation (score 0.7, R [2]=
0.49) between the number of CNVs and mitotic rate (Fig. 2E), suggesting
that a higher proliferation rate could be responsible for an accumulation
of genomic alterations. In accordance, we observed a negative correla-
tion (score —0.6, R?= 0.42) between survival and mitotic rate (Fig. 2F).

We analyzed RNA sequencing for 9 of the 10 ARMS patients
(excluding patient #5 due to low RNA quality) and 9 control samples of
pediatric healthy muscle from a public database [25]. PCA of the 1000
most variable genes revealed a strong separation between ARMS and
control samples along PC1, with partial overlap between the two ARMS
age groups (Fig. 3A). The differential gene expression analysis workflow
is summarized in Fig. 3B. A total of 8361 genes were differentially
expressed between Group A and Group B. Compared to controls, 13968
genes were significantly differentially expressed in younger patients,
and 18384 in older patients. Of these, 11938 genes were shared between
both age groups when compared to controls, leaving 5601 transcripts
differentially expressed uniquely between Group A and Group B. Spe-
cifically, 625 transcripts were more expressed in Group A. The most
enriched pathways among these genes included FAS signaling pathway
(P00020), Integrin signaling pathway (P00034), mRNA splicing
(P00058), PI3 kinase pathway (P00048), p53 pathway by glucose
deprivation (P04397). The remaining 4976 genes were more expressed
in Group B. Pathway enrichment results on this gene group yielded the
following top hits: Blood coagulation (P00011), 5-Hydroxytryptamine
biosynthesis (P04371), Heterotrimeric G-protein signaling pathway-Gi
alpha and Gs alpha mediated pathway (P00026), Nicotine degradation
(P05914), Arginine biosynthesis (P02728) (Fig. 3C and Supplementary

Table 1
Demographic and clinical characteristics of head and neck ARMS patients included in the study. CT=chemotherapy, RT=radiation therapy, BVZ= bevacizumab.
Sample Sex  Age at diagnosis Age Fusion Survival Status at last Localization Metastases at diagnosis (yes/  Therapy
D (years) group (months) follow up no - localization)
1 M 0.67 A PAX3:: 12 Dead Right cervicofacial- Yes (abdomen) BVZ
FOX01 mediastinal + CT
2 M 0.83 A PAX3: 22 Dead Maxillary sinus Yes (L4 vertebra) CT
FOX01
3 F 0.5 A PAX3:: 3 Dead Right orbit Yes (abdomen) BVZ
FOXO01 + CT
4 F 0.92 A PAX3:: 36 Alive Left jaw Yes (lymph nodes) CT + RT
FOX01
5 F 16 B PAX3: 10 Dead Right sub-mandibular No CT + RT
FOXO01 region
6 M 15 B PAX3:: 29 Dead Left nasal fossa No CT
FOX01
7 M 14 B PAX3:: 19 Dead Anterior cranial fossa No CT +RT
FOXO01
8 M 15 B PAX3:: 85 Alive Right nasal fossa No CT 4+ RT
FOXO01
9 M 17 B PAX3:: 25 Alive Right maxillary sinus No CT + RT
FOX01
10 F 10 B PAX7:: 15 Alive Parotid and temporal No CT
FOX01 region
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A NMR images

Figure 1

Fig. 1. Radiological and histological characterization. A -MRI images of ARMS at diagnosis. B - Hematoxylin and eosin staining of ARMS tissue from each patient.
Scale bar: 100 um. C — Representative immunohistochemistry (IHC) staining for the proteins desmin, Ki67, myogenin, and MYOD1 in ARMS patient (#3).

Table 1).

Among the differentially expressed genes, 22 were included as drug
targets in the GDSC database. Six transcripts (CAPN1, KDM3A, CDK9,
PARP1, AKT2, AKT1) were more expressed in Group A, while the
remaining 16 (ROS1, BRDT, ESR1, ESR2, PIM2, RAC2, BTK, TEC,
NUAK2, AURKC, EGFR, CDK5, NTRK2, KIT, LRRK2, PLK2) were more
expressed in Group B.

We assessed the protein expression of EGFR, BCL2, mTOR and p-

mTOR (downstream of AKT1), p-STAT3 (downstream of KDM3A), and
CDKO. Patient #3 was excluded from the analysis due to insufficient
material. Quantitative staining scores for each protein and patient are
summarized in Fig. 4A. In Group A, all evaluated patients (3) exhibited a
score of O for EGFR, a score of 3 for mTOR and CDK9; while BCL2 was
positive in 2 patients (scores 1 and 2). p-mTOR and p-STAT3 were
positive in one patient each, with scores of 2 and 1, respectively. In
Group B, EGFR was positive in 1/6 patients (score 1); BCL2 in 5/6 (score
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Figure 2

Fig. 2. Whole-genome DNA methylation analysis. A — Principal Component Analysis (PCA) of the beta values for the 1000 most variable probes in the whole genome
methylation data. Patients aged > 10 years are represented in pink, while patients aged < 1 year are shown in aqua. B — t-Distributed Stochastic Neighbor Embedding
(tSNE) of DNA methylation data, including the ARMS samples recruited for this study and other sarcomas with various histologies as described by Koelsche et al.
Patients aged < 1 year (A) are shown in aqua, patients aged > 10 years (B) in pink, reference ARMS samples in lilac, and other sarcoma entities in grey. C and D —
Cumulative copy number variation (CNV) plots showing the proportion of copy number gains (red) and losses (blue) across all chromosomes in ARMS group A (C)
and ARMS group B (D), respectively. E and F — Linear regression analysis between the epiTOC2 mitotic clock score (Y-axis) and (E) the number of CNVs on the X-axis,
and (F) survival in months on the X-axis.
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Fig. 3. Gene expression analysis. A — PCA of the counts for the 1000 most variable genes across the whole transcriptome RNA sequencing data. Patients aged < 1 year
(A) are represented in aqua, patients aged > 10 years (B) in pink, and control tissues in green. B — Schematic representation of the gene selection process. Genes in red
are more highly expressed in patients over 10 years of age (B), while genes in green are more highly expressed in patients under 1 year of age (A). C — Plot of the top 5
enriched Panther pathways for genes more highly expressed in group A (top) or group B (bottom). For each enriched pathway (Y-axis), the dot position on the X-axis
represents the fold enrichment relative to the expected value. Dot color indicates the adjusted p-value, and dot size corresponds to the number of genes included in

the pathway.

1 in 3 patients and 2 in 2). mTOR was expressed in 6/6 patients (score 3),
p-mTOR was highly expressed (score 3) in 3/6 patients and weakly in 1/
6 (score 1), while p-STAT3 was positive in 2/6 (score 1). CDK9 was
expressed in all Group B patients with scores of 3in 4/6, 2 in 1/6, and 1
in 1/6. Representative images for one case from each age group are
shown in Fig. 4B. Linear regression analysis showed a modest but pos-
itive correlation between the RNA VST-normalized read counts and IHC
quantitative score of EGFR (R2 =0.22, Fig. 4C) and CDK9 (R2 =0.26,
Fig. 4D).

CDK9 is emerging as a promising therapeutic target in pediatric
sarcomas [30]. To further investigate its role in ARMS, we first analyzed
a public Affymetrix dataset to assess its expression in patients. Our
analysis confirmed that CDK9 is significantly overexpressed in both
Fusion negative (FN)-RMS and FP-RMS compared to normal skeletal
muscle tissue (Fig. 5A). Additionally, CRISPR/Cas9 knockout (KO) data
from the DepMap portal (Achilles project, https://depmap.org/portal
/achilles) demonstrated that both FP-RMS and FN-RMS cell lines are
highly dependent on CDK9 expression for survival (Chronos score < —1)

(Fig. 5B). These findings suggest that CDK9 inhibition could be a
promising strategy for suppressing RMS tumor growth.

To evaluate the efficacy of CDK9 inhibition, we conducted dose-
response experiments on ARMS (FP-RMS) cell lines (RH4, RH30 and
SCMC), using the selective CDK9 inhibitor NVP-2. The results showed
that all the cell lines exhibited extremely low IC50 values (RH4: 4.6 nM,
RH30: 2.9 nM, SCMC: 1.7 nM) (Fig. 5C). Additionally, a 72-hour growth
assay in RH30 and RH4 cells demonstrated a significant reduction in
proliferation following NVP-2 treatment compared to DMSO-treated
controls, with inhibitory effects becoming evident as early as 24 hours
post-treatment (Fig. 5D). We next evaluated the efficacy of NVP-2
treatment in a 3D tumor spheroid model using RH4 cells. A high dose
of NVP-2 (1 uM) strongly inhibited cell growth, drastically reducing the
number of live cells while inducing significant cell death. Notably, even
a low dose (5 nM), which was effective in bidimensional (2D) cultures,
was sufficient to suppress 3D cell proliferation (Fig. 5E).

CDK9 is a transcriptional kinase involved in regulating RNA poly-
merase II activity [30], and ARMS are driven by an aberrant
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Fig. 4. Immunohistochemical validation of protein expression. A — IHC staining results for proteins of interest (EGFR, BCL2, mTOR, p-mTOR, p-STAT3, CDK9). Each
square represents the quantitative score for the staining of a given protein (column) in each patient (row), with age groups indicated in horizontal boxes. Scores range
from O (white) to 3 (dark blue). Unavailable stainings (NA) are represented by gray squares. B — Representative IHC staining images for each protein of interest across
different age groups. Scale bars are either 100 um or 50 um, as indicated. C and D — Linear regression analysis between RNA sequencing normalized counts (X-axis)

and IHC quantitative scores (Y-axis) for EGFR (C) and CDK9 (D).

transcriptional program orchestrated by a core regulatory transcription
factor complex, including key components MYCN and PAX3-FOXO1
chimeric protein (P3F) [31]. To assess the impact of CDK9 inhibition
on these oncogenes, we treated RH30 cells with NVP-2. Interestingly, a
6-hour treatment with 25 nM NVP-2 reduced MYCN protein levels
(Fig. 5F), while a 24-hour treatment at the IC50 dose led to a decrease in
P3F levels (Fig. 5G) and downregulation of its target gene ALK at the
mRNA level (Fig. 5H).

To confirm the specificity of these effects, we silenced CDK9
expression in RH4 cells for 48 h. Consistently, CDK9 knockdown

resulted in reduced MYCN and P3F protein levels (Fig. 5I) as well as
decreased ALK mRNA expression (Fig. 5J), reinforcing the role of CDK9
in regulating these oncogenic drivers.

P3F is a chimeric fusion transcription factor considered challenging
to target directly. However, recent studies have shown that BRD4 in-
hibition can suppress its transcriptional activity [31]. Based on this, we
investigated the combinatorial effects of JQ1 (an inhibitor of BRD4 -
Bromodomain Containing 4 gene inhibitor) and NVP-2 in RH4 cells.

Interestingly, NVP-2 at its IC50 dose and JQ1 at 300 nM individually
reduced cell proliferation by approximately 50 % and 30 %,
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Fig. 5. In vitro validation of the role of CDK9 inhibition in ARMS cells. A — Boxplot depicting CDK9 expression among normal skeletal muscle (n = 40), FN-RMS
(n =56) and FP-RMS (n = 44). B — Dependency (Chronos score) of FN-RMS and FP-RMS cell lines from CDK9 expression (from DepMap). C - Dose-response
curves of RH4, RH30 and SCMC FP-RMS cells treated with increasing concentration of NVP-2. D - Growth curve analysis of RH30 and RH4 cells treated with
NVP-2 at IC50 doses reported in C. E - Representative images of RH4 tumor spheroids treated for 72 h with NVP-2 (1 uM and 5 nM), marked with Calcein (green, live
cells), Propidium Iodide (PI, red, dead cells) and Hoechst (blue, all cells). Scale bars = 500 pm. F — Representative Western Blot (WB) showing MYCN protein level in
RH30 cells treated with NVP-2 (25 nM) or DMSO for 6 h. G - Representative WB showing PAX3-FOXO1 (P3F) protein level in RH30 cells treated with NVP-2 (IC50) or
DMSO for 72 h. H - mRNA levels (RT-qPCR) of ALK on RH30 cells treated as in G, normalized to GAPDH levels and expressed as fold increase over DMSO. I -
Representative WB showing P3F and MYCN protein levels in RH4 cells transfected with either Scrambled siRNA (siSCR) or CDK9 siRNA (siCDK9) at 48 h post-
transfection. J - mRNA levels (RT-qPCR) of CDK9 and ALK on RH4 cells treated as in I, normalized to GAPDH levels and expressed as fold increase over DMSO.
K - Histogram depicting cell confluence of RH4 cells treated with NVP-2 (IC50) and JQ1 (BRD4 inhibitor; 300 nM) as single agents or in combination for 72 h. Mean
of 2 independent experiments + SD, Student’s two-tailed t-test. L - Representative images of RH4 tumor spheroids treated as in K, marked with Calcein (green, live

cells), Propidium Iodide (PI, red, dead cells) and Hoechst (blue, all cells). Scale bars = 500 pm.

respectively. However, their combination produced a significantly
stronger effect, reducing cell growth by nearly 85 % (Fig. 5K).
Furthermore, we tested this combination in a 3D RH4 tumor spheroid
model, where it markedly suppressed spheroid growth and significantly
decreased the number of viable cells (Fig. 5L).

Collectively, these findings provide proof of concept for the thera-
peutic efficacy of CDK9 inhibition in ARMS, both as a single agent and in
combination with BRD4 inhibitors.

4. Discussion and conclusions

This study examined a cohort of patients with parameningeal head
and neck ARMS, with the aim to investigate age-associated biological
factors, that may impact clinical outcomes, and identify potential ther-
apeutic targets to complement conventional treatments, particularly for
younger patients with less favorable prognoses.

The cohort included 10 patients: 4 diagnosed during their first year
of life (Group A) and 6 after 10 years of age (Group B). Male patients
predominated (6 males vs. 4 females), consistent with literature on
rhabdomyosarcoma [32]. The cohort was homogenous regarding driver
genetic events, tumor localization and morphology, and marker
expression.

Group A had higher mortality (75 %, 3/4) than Group B (50 %, 3/6),
aligning with previous findings [4]. At diagnosis, Group A displayed
more aggressive phenotypes, with metastatic disease in all cases.
Notably, the only patient in group A that had received radiation therapy
was also the one with the longest overall survival and the only one alive
at the time of writing. These observations support the concept that the
worse prognosis observed in infants with RMS could be, at least in part,
due to the fact that radiation therapy is often omitted or limited [11].

Conversely, Group B showed more complex CNV profiles, suggesting
prolonged disease duration and additional DNA alterations beyond the
fusion driver. Irrespective of age, samples with a higher mitotic rate
according to the epigenetic clock showed a higher number of CNVs and
poorer overall survival.

DNA methylation profiles were similar across both age groups and
clustered together with larger methylome reference data [18]. However,
transcriptional profiling revealed significant differences between the
groups.

The genes overexpressed in Group A belonged to pathways that have
a known role in ARMS growth and metastasis, coherently with a more
aggressive clinical behavior in this age group. Specifically, the charac-
teristic P3F oncoprotein has been linked to an increase in the activation
of the PI3 kinase pathway [33] and of glucose uptake through loss of p53
activity [34]. In ARMS cells, p53 suppression is also achieved through
alternative mRNA splicing of MDM2 and MDM4 genes [35]. The alter-
native isoforms also have a direct effect in promoting invasion and
metastasis. Moreover, an enrichment of proteins related to FAS and
integrin signaling has been observed in exosomes derived from ARMS
cell lines [36].

The genes that were more highly expressed in Group B, on the other
hand, exhibited a wider range of diverse and unexpected functions. The
most significantly enriched pathway among them was blood

10

coagulation. Hypercoagulability has been observed in several pediatric
cancers, including rhabdomyosarcomas [37]. Case reports of intravas-
cular coagulation in alveolar rhabdomyosarcomas are sparse, but older
age emerged as a risk factor for this condition [38], supporting our
observation.

Key findings of the differential expression analysis with potential
pharmacological relevance included the upregulation of AKT1, p-
STATS3, and CDK9 in younger patients and EGFR in older ones. mTOR
was consistently expressed across all samples, though its phosphoryla-
tion was more frequent in Group B (4/6) compared to Group A (1/3),
contrary to transcriptomic data suggesting broader pathway activation.

EGFR expression was minimal and sporadic, with only one Group B
case being positive, reflecting its limited potential as a robust drug target
for ARMS [39]. Nevertheless, its role in tumorigenesis warrants further
study in larger cohorts.

Immunohistochemical analysis showed high expression of CDK9
across the cohort, particularly in Group A. This protein is implicated in
cancer metastasis, including soft tissue sarcomas [40]. Early studies of
CDK9 inhibitors in sarcoma treatment have shown promise [41].
Particularly, it recently emerged as a vulnerability in Ewing Sarcoma,
where CDK9 inhibition induces EWS::FLI downregulation, impairing its
oncogenic transcriptional program [42]. As a validated drug target [30],
it is being investigated in currently recruiting trials in the context of
hematological malignancies [43], advanced solid tumors and lym-
phomas [44].

Our findings support CDK9 as a promising therapeutic target in
ARMS. Analysis of public datasets confirmed its overexpression in FN-
RMS and FP-RMS, with CRISPR/Cas9 screening revealing its essential
role in RMS cell survival [30].

CDK9 inhibition using NVP-2 showed strong anti-proliferative effects
in ARMS cell lines, with low IC50 values and significant reduction in 3D
tumor spheroids. Mechanistically, NVP-2 treatment downregulated key
oncogenes MYCN and P3F, along with the P3F target gene ALK, effects
that were confirmed via CDK9 knockdown [31].

Given the difficulty in directly targeting P3F, we explored a combi-
natorial approach using the BRD4 inhibitor JQ1. This combination
significantly enhanced anti-tumor effects, both in 2D cultures and 3D
spheroids, demonstrating potential synergy in disrupting ARMS tran-
scriptional regulation. These data support the recent findings in Ewing
sarcoma that CDK9 interacts directly with BRD4, and that CDK9 inhi-
bition enhances cellular sensitivity to JQ1 treatment [42].

Taken together, these results provide strong preclinical evidence for
CDK9 inhibition as a viable therapeutic strategy in ARMS, both as a
monotherapy and in combination with BRD4 inhibitors; mostly for the
high-risk group of parameningeal head and neck infantile tumors, where
radiation therapy is less applicable. In recent years, a wider application
of tailored and localized radiation therapy in infants has been associated
with a better overall survival [45]. While the positive clinical impact of
radiation therapy is undeniable, there is still a relevant therapeutic gap,
that CDK9 inhibitors could fill either when radiation therapy is not
feasible or when the patients do not respond. Larger clinical studies
would be needed to assess their efficacy and to elaborate specific
treatment schedules.
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In conclusion, our study provides a detailed molecular character-
ization of pediatric and infantile ARMS in the parameningeal head and
neck region. Despite the small sample size, our findings indicate ho-
mogenous DNA methylation profiles across age groups but reveal
distinct transcriptional profiles, including potential targetable genes
such as CDK9. Further validation in larger patient cohorts and in vivo
studies could pave the way for clinical translation of these findings. Such
advancements may enable the development of novel treatment strate-
gies aimed at improving outcomes for patients with this aggressive pe-
diatric sarcoma, especially for those with limited therapeutic options.
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