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Abstract

Rhabdomyosarcoma is a high-risk paediatric cancer that results from errors in the
myogenic differentiation process. Representing over 50% of paediatric soft tissue
sarcomas and approximately 4% of all diagnosed paediatric tumours, RMS has an
overall 5-year survival rate of 70%, which drops to below 30% in metastatic cases.
RMS is categorized into two main types: fusion-positive (FP-RMS) and fusion-
negative (FN-RMS). FP-RMS is characterized by translocations between the
PAX3 or PAX7 genes and the FOXOT gene, leading to the formation of a fusion
protein that acts as the main oncogenic driver of the disease. While FP-RMS is
less common, it has a poorer prognosis compared to FN-RMS, with PAX3-
FOXO1+ tumours exhibiting the worst outcomes. In contrast, FN-RMS shows
significant survival rate variations based on distinct methylation patterns or
mutations in genes such as MYOD7. These findings underscore the necessity of
incorporating molecular features into high-risk protocols and to develop
innovative therapeutic strategies to counteract resistance to standard treatments.

Unlike many adult cancers, loss-of-function TP53 mutations are relatively rare in
RMS, occurring in about 5-10% of cases at diagnosis. Instead, tumour cells often
use alternative mechanisms to impede p53 activation, such as the overexpression
or overactivation of MDM2, which promotes p53 degradation via ubiquitin-
mediated pathways. Thus, disrupting the MDM2-p53 interaction is a promising
strategy to release p53 from MIDM2 control and restore its tumour suppressive
functions in p53 wild-type tumours. Over the last decade, several compounds
inhibiting the interaction between MDM?2 and p53 have been synthesized, and
their efficacy has been demonstrated at the preclinical level. However, results
from eatly-phase clinical trials have shown limited efficacy of these compounds
as a monotherapy, highlighting the need to study additional combinations with
other drugs to enhance their antitumoral effect.

This thesis explores the single-drug efficacy of four promising MDM?2 inhibitors
(siremadlin, idasanutlin, navtemadlin, and MI-773) and provides the results from
drug combination screening, highlighting the therapeutic potential of combining
siremadlin with specific compounds, in particular with olaparib. Through a
comprehensive study of the impact of this combination on RMS tumour growth
in vitro and in vivo, as well as its integration with currently approved treatments,
our study provides valuable insights into novel multidrug therapeutic strategies
that could potentially be translated to the treatment of p53 wild-type RMS and
other solid tumours.
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1. INTRODUCTION







1.1. Childhood cancer

Childhood cancer is typically defined as a heterogeneous group of malignancies
that affect individuals under 19 years old!. Approximately 400000 new cases of
childhood cancer are diagnosed each year, with incidence rates slowly increasing
over time for some tumour types? (Figure 1a). Nowadays, cancer ranks as the
second leading cause of death among children aged 1-14 years in developed
countries, and the fourth among adolescents aged 15-19 years3. Despite the
scarcity of new drugs to treat childhood cancers over the past 30 years, cure rates
for these diseases have steadily improved, with an overall cure rate of 80% in
high-income countries*. This progress has been built on highly precise diagnostic
procedures and the continuous enhancement of multimodal treatment
strategies>¢. Unfortunately, survival does still lag for some cancer types, especially
for central nervous system neoplasms, hepatoblastoma, soft-tissue sarcomas
(STS), and bone tumours, which show 5-year survival rates of 70% (Figure 1b).
Moreover, the use of cytotoxic chemotherapy and radiotherapies often results in
significant side effects, potentially compromising survivors’ life quality,
underscoring the need to develop new and less toxic therapeutic approaches’.

Age-adjusted incidence rates in USA b 5-year relative survival rates in USA
By cancer site, both sexes, all races, ages <20 By cancer site, both sexes, all races, ages <20

Rate per million

70 75 80 85 90 95 100
5-year relative survival (%)

1999 2004 2009 2014 2019

-O- |. Leukemias —-@- VII. Hepatic Tumors

-0~ |I. Lymphomas -O- VIII. Bone Tumors

-O- lIl. Central Nervous System Neoplasms -O- IX. Soft Tissue Tumors

-O- IV. Neuroblastoma and Peripheral Nervous Cell -O- X. Germ Cell Tumors

-O- V. Retinoblastoma -O- XI. Epithelial Neoplasms And Melanomas
-O- VI. Renal Tumors -@- XIl. Other/ Unspecified Neoplasms

Figure 1. Incidence and survival rates of paediatric tumours in the United States (U.S.). (@) Trends in
age-adjusted incidence rates (1998-2019) by cancer site for individuals under 20 years old, including
both sexes and all races (b) Five-year relative survival rates (2013—2019) by cancer site for individuals
under 20 years old, including both sexes and all races. Data were obtained from NCCR regjistries® and
represents up to 70% of all US. children and adolescents (data available at:
https://nccrexplorer.ccdi.cancer.gov). Cancer types are categorized according to the International
Classification of Childhood Cancer®.
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1.1.1. Differences between childhood and adult cancer
Cancer types and mutations

Currently, there is a widespread belief that developing new, less toxic therapies
for childhood cancers should focus on targeting the genetic alterations driving
these diseases!®12. During the last years, several efforts have been made to
elucidate the genetic alterations underlying childhood cancers and understand the
pathobiology of these diseases to develop more effective and less toxic
treatments'!. In this regard, findings from global paediatric cancer projects have
unveiled distinct molecular features in comparison to adult cancers, as well as a
notable divergence in the spectrum of cancer types between the two
populations!!=1¢, For example, solid tumours commonly diagnosed in children,
such as neuroblastoma (NB), medulloblastoma (MB),
(RMS), Ewing sarcoma (EWS), osteosarcoma (OS), and Wilms tumour, are

rhabdomyosarcoma

exceedingly rare occurrences in adults''-'4 (Figure 2a). Similarly, the genetic
subtypes of acute lymphoblastic leukemia (ALL), the most prevalent childhood
exhibit adult

populations't17 (Figure 2b).

malignancy, notable differences between paediatric and
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Figure 2. Tumour types and leukemia subtypes diagnosed in paediatric and adult populations.
(a) The frequency of cancer types in children (left) and adults (right). Both charts are organized with
cancers listed from the most common to the least common in a clockwise fashion. (b) The frequency
of T-cell lineage (blue text) and B-cell lineage (black text) subtypes of ALL in children (left) and adults
(right). Each chart is organized with ALL subtypes listed from the most common to the least common
in a clockwise fashion. This figure was generated using data from the previously published manuscript
by Downing et al.™.

Additionally, coding mutation frequencies differ between paediatric and adult
cancers, and the spectrum of mutations leading to malignant transformation also
varies significantly!'-1¢ (Figure 3a). In childhood cancer, the most common group
of significantly mutated genes (SMGs) includes genes linked to epigenetic
modifications (25%) followed by transcriptional regulators (12%), and MAPK-
associated genes (7%)'3. By contrast, PI3K-associated SMGs are the most
commonly altered genes in adult cancers (31%) (Figure 3b). Regarding the most
common somatic mutations, TP53 mutations are observed in 4% of childhood
tumours, followed by KRAS, ATRX, NF1, and RB7 mutations (Figure 3c). It is
important to note that although TP53 is the most commonly mutated gene in
both cancer populations, TP53 mutations are 10 times more frequent in adult
cancers than in paediatric cancer!3. Interestingly, only a small number of
mutational signatures are found to be active in paediatric cancers compared to
those previously identified in adult cancers!8. Specifically, a significant proportion
of single base substitutions (SBS) and small insertions and deletions (IDs) is
attributed to clock-like signatures, including SBS1 (C>T transitions), SBS5 (T>C
mutations), and indel signatures ID1 and ID2 (resulting from DNA damage
induced by replication slippage)!819. APOBEC signatures, such as SBS2 and
SBS13, are particularly identified in bone sarcomas, ETV6—RUNX1 B-ALL, and
adrenocortical carcinoma (ACC) while the ultraviolet light (UV) exposure
signature SBS7 is observed in paediatric melanomals!®. Additional frequent
signatures in paediatric cancer included SBS8, SBS9, and SBS18, which are linked
to DNA damage from homologous recombination deficiencies (HRD),
polymerase 7 activity, and reactive oxygen species (ROS), respectively!s. SBS31
and SBS35, associated with platinum treatment, are also identified in some
tumours!819. Given this unique mutational landscape, comprehensive cancer
genomic profiling has become essential in the clinical management of children
and adolescents with cancer??:21. This approach facilitates the diagnosis of cancer
subtypes, the identification of targetable genetic alterations, and informed
treatment decision-making, while enhancing the monitoring of treatment
responses and the detection of minimal residual disease (MRD) or recurrence,

ultimately leading to clinical benefits for some patients?!-23.
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Figure 3. Somatic mutations in paediatric and adult cancer. (a) Somatic coding mutation frequencies
in 24 paediatric (n = 879 primary tumours) and 11 adult (n = 3,281) cancer types from The Cancer
Genome Atlas (TCGA). Hypermutated and highly mutated paediatric samples are highlighted with
black squares. Median mutation loads are shown as solid lines (purple, all paediatric; green, all adult).
(b) Cellular processes associated with paediatric (left) and adult (right) SMGs. (c) Projected mutation
rates of SMGs based normalized by cancer type incidence. Data is presented for paediatric (top) and
adult (bottom) cancers. This figure was adapted from the previously published manuscript by Grobner
et al®.

Fusion genes and chromosomal rearrangements

Although tumour mutation burden is typically higher in adult cancers, oncogenic
fusion genes are generally more prevalent in paediatric malignancies®*. These
fusion genes lead to aberrant activity of the encoded proteins and are hallmarks
of many childhood cancers?>26. Recent genomic and transcriptomic analysis of
paediatric samples have revealed that the number of fusion partners is greater
than previously thought?6-28, Nevertheless, despite these advances, most gene
fusions identified in paediatric cancer are rare and have yet to be functionally
validated?0-?. Gene fusion events play a crucial role in the diagnosis and treatment
of childhood cancers, serving as pathognomonic markers, prognostic indicators,
and guides for the selection of optimal therapies?’. For instance, in paediatric
leukemia, RUNX7-RUNXTT and CBFB-MYHT1 are the most prevalent fusion
genes, occurring in 10—15% of acute myeloid leukemia (AML) cases? (Figure 4a).
These fusions disrupt the core binding factor complex, essential for the
transcriptional regulation of normal haematopoiesis?-30-31, Similarly, in paediatric
brain tumours, the KLAA7549-BRAF is the most frequently detected fusion,
acting as a driver event in pilocytic astrocytoma and other gliomas?6-3233 (Figure
4b). This fusion results in the loss of the N-terminal regulatory domain of BRAF,
leading to its constitutive activation and subsequent activation of the downstream
MAPK pathway3*. As a result, tumours harbouring BRAF fusions are more likely
to respond to MAPK pathway-targeted therapies, offering a promising treatment
avenue for these patients?>. In paediatric solid tumours, the EWSR7-FLIT fusion
in EWS and the PAX3-FOXOT fusion in RMS are among the most commonly
detected gene rearrangements (Figure 4c). Both fusions drive tumorigenesis by
rewiring the transcriptome through core regulatory circuitries (CRCs) that are
critical for the development of these tumours36-3%. Indeed, the genetic
vulnerabilities of EWS and RMS are intricately linked to the fusion genes and the
transcription factors (TFs) that form the CRCs. Thus, targeting of these proteins
and their interactions represents a promising strategy for developing effective
therapeutic approaches for these paediatric malignancies*.
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Figure 4. Fusion genes detected in paediatric cancer. In a cohort of 5190 childhood cancer patients,
2012 oncogenic fusion events involving 272 gene pairs were detected. Spectrum of canonical fusions
in (@) leukemia (n = 1424, blue), (b) brain tumour (n = 304, yellow) and (c) solid tumours (n = 199,
magenta). This figure was adapted from the previously published manuscript by Liu et al.?®

Traditionally, TFs have been considered ‘undruggable’ due to their significant
structural disorder and lack of defined small-molecule binding pockets*!.
However, this perspective has undergone a significant transformation in recent
years, with numerous promising successes achieved. Significant progress has been
made in ligand discovery and optimization, and novel approaches to targeted
protein degradation, such as proteolysis targeting chimaeras (PROTACs), have
emerged*-#3. These advances hold great potential for generating new agents to
target TTs and fusion proteins, which are likely to impact future paediatric cancer
treatments. Despite the inherent difficulties directly targeting gene fusions
involving TFs, some success has been achieved with other fusions. For instance,
TRK inhibitors have demonstrated both safety and efficacy in treating TRK
fusion-positive paediatric cancers*-4¢, Additionally, strategies to indirectly target
fusion proteins by interfering with their regulatory pathways are being actively
explored*”->'. These developments highlight a transformative shift towards more
targeted and personalized therapeutic approaches in paediatric oncology.

Origin, predisposition and environmental factors

Many paediatric cancers arise from tissues undergoing significant expansion
during early stages of organ development, growth, and maturation®!. As a result,
paediatric tumours are mainly derived from mesodermal and ectodermal lineages
rather than epithelial lineages. In contrast, adult cancers are predominantly
epithelial and frequently associated with aging and exposure to environmental

mutagens®2.

4



The observation that many tumour types are specific to childhood and seldom
seen in adults suggests that the precursor cells for these paediatric cancers are
absent in mature tissues®. Indeed, the timing of these tumours often aligns with
specific developmental stages®. For instance, NTRK-fusion STS frequently
occur in early neonatal periods, while ALL with MIL rearrangements primarily
affects infants®5.56. Other examples include Wilms tumour, which is commonly
found in toddlers, and bone sarcomas, which are frequently linked to the pubertal

growth spurt>7->%,

Morphological = similarities between certain childhood tumours, such as
hepatoblastoma, and embryonal tissues like the developing liver, also suggest that
these tumours may originate from foetal developmental stages>-%0. Additionally,
analyses of transcription profiles, enhancer activities, and DNA methylation
patterns support the notion that paediatric tumour cells often exhibit
characteristics of blocked development>?. Indeed, single-cell profiling studies
have further correlated paediatric cancer cells with specific developmental cell
types®!-64. Interestingly, some paediatric tumours have demonstrated the ability
to differentiate into benign tissue, either spontaneously or in response to
treatment with cytotoxic chemotherapy or differentiation agents®>-67. This
phenomenon is currently being explored using single-cell multiomics to gain

deeper insights and potentially leverage this capability for therapeutic purposes®’-
69

While environmental exposures are rarely implicated in childhood malignancies,
growing evidence indicates that some inherited genetic factors play a significant
role in their development”. Hereditary predisposition is particularly common in
certain cancers, with ACC showing a 50% predisposition rate and hypodiploid B-
ALL demonstrating a 28% rate. Other malignancies, including H3K27 high-grade
gliomas, atypical teratoid rhabdoid tumours, SHH-MB, and retinoblastomas,
exhibit predisposition rates between 15-25% (Figure 5a)!3. Notably, most
pathogenic or likely pathogenic (P/LP) germline variants are associated with
DNA repair genes such as TP53, BRCA2, MSH2/6, PMS2, or CHEKZ2, which
are more commonly linked to adult rather than paediatric cancers!37! (Figure 5b-
). Approximately 6—10% of childhood cancer patients may harbour germline
variants indicative of hereditary predisposition!372-74 (Figure 5d). Consequently,
identifying paediatric patients at increased risk for secondary malignancies
through comprehensive clinical genetic testing, combined with the
implementation of early personalized cancer surveillance and prevention
strategies, is essential for significantly reducing mortality in this population.
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Figure 5. Germline mutations in cancer predisposition genes. (a) Frequency of patients with a
pathogenic germline mutation by cancer type. (b) Mutated genes sorted by number of affected
samples. (c) Cellular processes associated with cancer predisposition genes. (d) Frequency of germline
mutations normalized for childhood cancer type prevalence. This figure was adapted from the
previously published manuscript by Grébner et al.

1.1.2. Challenges and perspectives in paediatric cancer research
Integrating multiomics profiling with targeted therapies

In recent years, paediatric cancer research has made remarkable progress, leading
to ground-breaking discoveries that not only benefit childhood cancer patients
but also have broader implications for various scientific fields’0. The advent of
comprehensive molecular profiling of paediatric tumours has become
increasingly routine, paving the way for more personalized and effective
treatment plans’’. Techniques such as whole-genome sequencing and RNA
sequencing now provide an in-depth view of the genetic and molecular landscape
these tumours, allowing for the identification of actionable mutations, guiding
the selection of targeted therapies, and ultimately improving patient
outcomes!6.7879,
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Currently, combining different targeted therapies with traditional chemotherapies
offers a promising strategy in paediatric oncology. This integrated approach aims
to boost treatment efficacy while potentially minimizing toxicity80sl,
By leveraging the combined strengths of different drugs, these treatments can
produce additive or synergistic effects that enhance overall treatment outcomes8!.
Additionally, such combination therapies can target cancer cells through multiple
mechanisms, which helps to reduce the likelihood of resistance thereby increasing
the chances of successful treatment82. Importantly, using therapy combinations
may allow for lower doses of each individual treatment, potentially reducing the
severe side effects often associated with high-dose chemotherapy®:83. This is
particularly important for paediatric patients, who are especially vulnerable to the
long-term adverse effects of cancer treatments®4. By achieving therapeutic
efficacy with reduced toxicity, combination therapies can significantly improve
the quality of life for young patients during and after treatment.

In the field of immunotherapy, clinical trials involving immune checkpoint
inhibitors have yielded promising results, suggesting that selected subgroups of
paediatric patients may benefit from these therapies®>86. Furthermore, chimeric
antigen receptor T-cell (CAR-T) therapy has demonstrated significant efficacy in
the treatment of certain types of paediatric leukemia®’. This success has spurred
further research to extend CAR-T cell therapy to other paediatric solid tumours,
thereby broadening the potential impact of immunotherapy in the treatment of
childhood tumours®8:89,

Emerging targets and cutting-edge therapies

Fusion proteins and the TFs that form the CRCs are pivotal in paediatric cancers,
as they drive the expression of genes that promote tumour growth and
survival3637.90-92 Targeting these proteins offers a promising and attractive
avenue for developing new therapies for paediatric cancers®. Currently, various
approaches, including small molecules, peptides, PROTACs and other innovative
strategies, are being explored to inhibit these key drivers of paediatric
malignancies*-43. Concurrently, advances in understanding the epigenetic
changes that underpin paediatric cancers have led to the development of drugs
aimed at reversing these alterations?>4. Moreover, extensive research into key
developmental pathways, including Notch, Wnt, TGF-3, YAP, Hippo, and
Hedgehog, has facilitated the development of targeted inhibitors specifically
designed to disrupt the aberrant signalling within these pathways in paediatric

tumours?-97,
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Another class of targeted therapies that are likely to provide new therapeutic
strategies for combating paediatric cancer are antibody—drug conjugates (ADCs).
ADCs are innovative class of targeted therapies that combine the specificity of
monoclonal antibodies with the powerful cell-killing capability of cytotoxic
drugs”s. By selectively delivering cytotoxic agents directly to cancer cells, ADCs
can enhance the efficacy of treatment while minimizing damage to healthy
tissues?. Several ADCs are currently being developed and tested for various
paediatric cancer types, yielding promising outcomes in both preclinical and
clinical settings!00-103,

Biomarkers and liquid biopsy

In conjunction with these advances, the identification and application of
biomarkers have become crucial for optimizing paediatric cancer management!04,
Biomarkers of response, such as specific genetic mutations or alterations, play a
key role in personalizing treatment plans!'0>19, By indicating which patients are
more likely to benefit from targeted therapies, these biomarkers enable a more
tailored approach, moving away from one-size-fits-all treatments and focusing
resources on therapies with the highest likelthood of success!?’. Currently,
circulating tumour DNA (ctDNA) is emerging as a powerful tool for non-
invasive cancer detection and monitoring in paediatric patients!’8. ctDNA enables
the early detection of paediatric cancers, potentially identifying them before
clinical symptoms appear!®-110, This early detection facilitates timely intervention,
which can significantly improve patient outcomes!!!. ctDNA levels also provide
valuable insights into treatment efficacy. A reduction in ctDNA often indicates a
favourable response to therapy, whereas rising levels may signal disease
progression or resistance!!2. Additionally, ctDNA is instrumental in detecting
MRD post-treatment, offering crucial information about the likelihood of
relapse!!3. Ongoing research and clinical trials are focused on refining ctDNA
analysis techniques to improve their sensitivity and specificity'!4. These studies
aim to validate the clinical utility of these biomarkers across various paediatric
cancers. As these technologies advance, they are expected to integrate more
seamlessly into routine clinical practice, providing powerful tools for eatly
detection, personalized treatment, and ongoing monitoring!!>116, By enabling
precise patient stratification, offering predictive insights, and facilitating real-time
monitoring of treatment responses, liquid-biopsy ctDNA analysis represent
promising approaches for enhancing outcomes and personalizing treatment
strategies for paediatric patients.

45



Preclinical xenograft models in paediatric cancer

To effectively study and develop new therapies in paediatric cancer, a range of
preclinical models is essential. These models provide critical insights into tumour
biology and therapeutic efficacy, serving as a bridge between basic research and
clinical application!'”. Among these preclinical tools, cell-derived xenografts
(CDXs5s) and patient-derived xenografts (PDXs) offer distinct advantages. CDXs
involve the implantation of well-characterized cancer cell lines into
immunocompromised mice. These models are highly valued for their consistency
and reproducibility, making them particularly useful for high-throughput drug
screening, mechanistic studies, and target validation!'8. However, their reliance
on established cell lines can limit their ability to fully capture the genetic and
phenotypic heterogeneity of primary tumours, as these cell lines may not always
reflect the complexity of the original tumours due to genetic drift over time!1%120,
In contrast, PDXs are created by transplanting tumour tissues obtained directly
from patients into immunocompromised mice!?!. PDX generally recapitulate
patient tumours in histology, copy number, transcriptomic profiles, human
leucocyte antigen characteristics and specific metabolic pathway signatures!'2>-124,
Despite their advantages, PDX models are not without limitations. Discrepancies
in mutational profiles between patient tumours and PDX models have been
observed in approximately 30% of cases, and clonal analysis has indicated that
aggressive subclones from the primary tumour often dominate in PDXs!24, This
underscores the complex interplay between intratumoral heterogeneity and
antitumor immunity, which can influence the fidelity of PDX models in
representing the primary tumour. Additionally, genetically engineered mouse
models (GEMMs) represent another critical tool in preclinical cancer research!?,
GEMNMs involve the introduction of specific genetic alterations into the mouse
genome, thereby recapitulating key aspects of human paediatric cancers. These
models provide valuable insights into the genetic drivers of tumorigenesis and
facilitate the evaluation of targeted therapies within a more physiologically
relevant context!2,. GEMMs also enable researchers to study the interactions
between genetic mutations and the tumour microenvironment, including the
immune system’s role in cancer progression!?’-128, These models collectively
facilitate the development and testing of new treatments, elucidate mechanisms
of drug resistance, and identify biomarkers for personalized therapy. By
integrating insights from these preclinical approaches with findings from adult
cancer research, the advancement of effective treatments can be accelerated,
leading to improved survival rates and quality of life for paediatric cancer patients.
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1.2. Rhabdomyosarcoma
1.2.1. Overview of rhabdomyosarcoma

RMS is the most prevalent STS in the paediatric population, accounting for
approximately 50% of all paediatric STS and around 4% of all childhood
cancers!?%130, Histologically, RMS resembles developing muscle tissue and is
thought to originate from myogenic progenitor cells that fail to complete the
differentiation process!3!. Consequently, RMS cells can present with a range of
differentiation states, from undifferentiated small round cells to more
differentiated muscle-like cells, depending on the subtype and disease
progression. Notably, RMS can also occur in anatomical regions without skeletal
muscle, suggesting the potential involvement of alternative cells of origin!32.

Paediatric RMS is classified in two main subtypes: embryonal (ERMS) and
alveolar RMS (ARMS), each characterized by distinct molecular mechanisms and
clinical features'? (Table 1). ERMS is the most prevalent subtype, and is generally
associated with a favourable prognosis'33. At the molecular level, ERMS tumours
usually exhibit aneuploidies, copy number gains and losses, alterations in the
RAS-MAPK, PI3K-AKT pathways, and occasionally, disruptions of the p53
pathway!34, This subtype includes two variants: the embryonal and the botryoid
variants'3>. The embryonal variant, characterized by a large, infiltrative mass of
small round and spindle cells with differentiated rhabdomyoblasts, is typically
located in the head and neck (H&N) or in the genitourinary (GU) tract!30.
Conversely, the botryoid variant, characterized by its distinctive "grape-like"
appearance, is often detected on mucosal surfaces such as the vagina, bladder,
biliary tract, or upper respiratory tract!33135137,

In contrast, ARMS has a more aggressive behaviour and is characterized by its
distinctive alveolar pattern, where medium-sized round tumour cells are arranged
in clusters separated by dense fibrous stromal?. This subtype is primarily
associated with translocations involving PAX3 or PAX7 genes and FOXOT gene,
resulting in PAX3-FOXOT1 (P3F) or PAX7-FOXOT1 (P7F) fusions that are key
drivers of the disease3$3%134, However, some ARMS lack these fusion proteins
and closely resemble ERMS both molecularly and clinically!38. As a result, many
experts categorize childhood RMS based on fusion status into fusion-positive
(FP-RMS) and fusion-negative RMS (FN-RMS)!29.

47



Table 1. Main clinicopathologic features of RMS histologic subtypes

. Genetic .
Subtype Age Location Morphology alterations Prognosis
Embryonal
Round and Fusion negative
Embryonal Spc;?f(fjelfecnililastévc;th TSNS
(~6rZ)/%) Paediatric H&gg’cfu thabdomyoblasts MACIL\,KéSF;IS/j—SA_KT Favourable
Botryoid and P53 pathway
Grape-like alterations

growth pattern

Clustered round Fusion positive

cells separated by pax3/7-FOXO7
dense fibrous

Poor (P3F) or
intermediate

Alveolar o - and alternative (P7F)
(~25%) Paediatric ~ Extremities stroma, fusions (~85%)
° resembling the
alveolar lung Fusion negative
tissue (~15%) Favourable
: o Bizarre TP53, RBT and/or
Pleomorphic ‘
2 PREelRimTE Extremities pleomorphic CDKNZA Poor
(~10%) and adults
& rhabdomyoblasts alterations
Congenital or
infantile SC/SRMS
VGLLE- Very good
CITED2/NCOA2
SCRMS or TEAD1/SRF-
Spindle cells in NCOA2 fusions
Spindle cell/ fascicles
P . Paediatric H&N, GU Classic SC/SRMS
Sclerosing tract, SRMS
5_10% andadults e rhabdomyoblasts  MYODT and/or Poor
(5-10%) in a sclerosing PIK3CA mutations
“pseudovascular” |
pattern ntraosseous
SC/SRMS
EWSRI1/FUS- Poor
TFCP2 or MEIST-
NCOA2 fusions

H&N: head and neck, GU: genitourinary; CNA: copy-number alteration; P3F: PAX3-FOXOT fusion;
P7F: PAX7-FOXOT fusion; SCRMS: spindle-cell RMS; SRMS: sclerosing RMS.
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In addition to ERMS and ARMS, the World Health Organization (WHO)
recognizes two rater RMS subtypes: pleomorphic and spindle cell/sclerosing
RMS'¥. Pleomorphic RMS (PRMS) predominantly affects adults and is
associated with a poorer prognosis compared to ERMS and ARMS!40-144,
Although PRMS is rare in the paediatric population, its occurrence may indicate
an underlying genetic predisposition, such as Li-Fraumeni syndrome!4>.146,
Histologically, PRMS is distinguished by a high degree of variability in cell size
and shape, high mitotic activity, and areas of necrosis!4. These tumours often
arise in the extremities, but can also occur in the trunk or retroperitoneum!40:147,
Unlike other RMS subtypes, PRMS does not exhibit the gene fusions seen in
ARMS, nor does it share the molecular features of ERMS'48. Ongoing research
aims to identify molecular targets and develop novel therapies to improve
outcomes for this challenging and poorly understood subtype.

Another distinct subtype of RMS recognized for its unique histopathological and
clinical features is spindle cell/sclerosing RMS (SC/SRMS). Unlike other RMS
subtypes, SC/SRMS is characterized by elongated, spindle-shaped tumour cells
and differentiated rhabdomyoblasts forming fascicles, often accompanied by a
dense fibrous stroma with a pseudovascular pattern, particularly in the sclerosing
variant'#¥. This subtype can occur at various anatomical sites, with a predilection
for the H&N, paratesticular region, and extremities!50-152, Clinically, SC/SRMS is
associated with a more favourable prognosis in children, but tends to follow a
more aggressive course in adults'4%-153.154, Recent molecular studies have identified
recurrent gene fusions and mutations SC/SRMS, distinguishing it from other
RMS forms and underscoring the need for specific therapeutic strategies tailored
to its unique biology!>2153155-159 " Accordingly, the latest WHO classification
further categorizes SC/SRMS into four subgroups: congenital SCRMS, classic
SRMS, S/SCRMS without detectable genetic alterations, and intraosseous
SRMS'3.

1.2.2. Epidemiology

Despite being a rare disease, the overall incidence rate of RMS in the U.S. is about
4.5 cases per million individuals under 20 years of age®. In Europe RMS incidence
is modestly elevated with an overall incidence of about 5.4 cases per million in
individuals under 15 years of age!?’. Notably, a lower incidence of RMS has been
reported in several Asian countries, including Japan, India, and China, with
approximately 2 cases per million individuals!¢!.
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According to data from the Surveillance Epidemiology and End Results (SEER)
Program, the incidence of RMS differs by both age and histology, and neatly two-
thirds of cases are diagnosed in children younger than 10 years of age!62163, ERMS
is diagnosed about 2.5 times more frequently than ARMS and is most commonly
seen in eatly childhood, with some evidence indicating a second peak during early
adolescencel®2164, Conversely, the incidence of ARMS stays relatively stable
throughout childhood and adolescence!¢. The incidence of RMS also differs by
sex, with male children exhibiting a higher rate of ERMS than female children
(male-to-female ratio of 1.51)16%. In contrast, no significant differences in
incidence have been observed across different ethnic groups!¢6:.167. Analysis of
SEER data also reveals that the incidence of ERMS between 1975 and 2005
remained relatively stable, but the incidence of ARMS increased during the same
period!4. However, this rise might be influenced by evolving diagnostic criteria,
such as the extent of specific features required for an ARMS diagnosis!2%168,
While a mote objective classification of RMS, based on the presence of P3/7F
could provide greater clarity, such information has not been consistently recorded
by the SEER Program or other major cancer registries!2.

1.2.3. Clinical presentation and diagnosis

As previously noted, RMS can arise in almost any soft-tissue location, with the
GU tract, H&N, extremities and parameningeal regions being the most common
sites!%?. The presenting signs and symptoms of RMS can vary greatly influenced
by the primary tumour site of origin, but also the age of the patient, and the
presence or absence of metastatic disease!’0. In some cases, symptoms can also
result from the pressure exerted by tumours on adjacent organs or tissue
structures!?-171, Notably, approximately 10-30% of children present radiographic
or clinical signs of distant metastatic disease at diagnosis'’2-174, These metastases
frequently spread through both lymphatic and hematogenous routes, and
commonly involve the lungs, bones, and bone marrow!7>.

The diagnosis of RMS requires the direct analysis of tumour tissue obtained
through incisional, excisional, or core needle biopsy to identify malignant cells!.
RMS cells typically exhibit characteristics indicative of skeletal muscle lineage,
which can be observed using light microscopy after haematoxylin-eosin staining,
or detected through immunohistochemistry and molecular assays!'76177. Key
indicators include the expression of muscle-specific actin, myosin, desmin,
myoglobin, Z-band protein, and the TFs myogenin and MYOD1178-182,
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However, accurate diagnosis also requires careful consideration of cellular
morphology and architecture, as myogenic proteins can be expressed in other
childhood tumours!83184, Advances in molecular diagnostic tools have
significantly improved the identification of RMS'36. For instance, ARMS can be
more accurately diagnosed as FP-RMS by detecting the PAX-FOXO1 fusions in
tumour cells using techniques such as fluorescence in situ hybridization (FISH)
or reverse transcription polymerase chain reaction (RT-PCR)!85.186, Similarly,
genetic testing is crucial for confirm the diagnosis and distinguish between
distinct subgroups of FN-RMS, thereby providing better risk stratification and
guiding therapeutic strategies!'$”. Furthermore, artificial intelligence and deep
learning technologies are increasingly advancing RMS diagnosis by analysing
complex imaging and pathology data with high precision!88.189, These tools can
identify subtle differences that enhance the differentiation of RMS subtypes and
support personalized treatment planning!®. As artificial intelligence and deep
learning continue to evolve, they hold the promise of further refining diagnostic
accuracy and therapeutic approaches for RMS.

1.2.4. Risk factors and stratification

Given the absence of well-established prevention strategies for RMS, identifying
associated risk factors is crucial'?’. Environmental exposures such as prenatal X-
ray exposure, parental use of recreational drugs, vaginal bleeding during
pregnancy, and a family history of ERMS have been linked to an increased risk
of developing RMS!91-194. Additionally, ~7% of RMS patients harbour P/LP
variants in cancer susceptibility genes, many of which are associated with heritable
syndromes like TP53, NF1, HRAS, DICER, or mismatch repair genes (e.g.,
BRCA2, MSH2/6, ATM, or CHEK2)1951% (Figute 6). Notably, these germline
variants are more frequently observed in patients with ERMS or FN-RMS than
in those with ARMS or FP-RMS!%5.19%,  Although patients with cancer
predisposition variants tend to be younger at diagnosis, a great proportion of
germline variants are identified in those older than 3 years of age, emphasizing
the need to extend genetic testing to this age group!?. Identifying these variants
is essential not only for guiding targeted treatments and determining clinical trial
eligibility but also for prompting genetic counselling and cascade testing, thereby
allowing the identification of at-risk family members, and facilitating early
intervention and preventive measures!®>.
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Figure 6. Oncoprint of pathogenic and likely pathogenic variants in cancer susceptibility genes. Results
are shown for the discovery cohort (on the left) and the secondary cohort (on the right). This figure
was adapted from the previously published manuscript by Kim et al.™®

Over the past 30 years, the prognosis for RMS has markedly improved, with the
5-year overall survival (OS) now exceeding 70%2%197-199, 'This progress can be
largely attributed to advancements in RMS management and treatment, as well as
the effective implementation of risk stratification strategies?. The former
Intergroup Rhabdomyosarcoma Study Group (IRS) played a pivotal role in
developing these strategies by introducing a comprehensive approach to risk
stratification, which includes both a pre-treatment staging system and a clinical
classification201.202, The IRS staging system, which ranges from 1 to 4, classifies
patients based on factors such as the location, size, and invasiveness of the
primary tumour, lymph node involvement, and the presence of metastasis?0?
(Table 2). In contrast, the IRS clinical grouping, determined after initial surgical
intervention and before to the initiation of systemic therapy, categorizes patients
according to the extent of tumour resection of localized and the presence or

absence of distant metastasis2®3 (Table 3).
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Table 2. IRS staging classification for RMS patients

Stage  Sites Invasiveness Size Nodes Metastasis
1 Orbit, H&N (non-PM), GU Tior Tz AorB  No Nior Ny Mo
(non-BP)
2 BP, Ext, PM, and other Tior T2 A No or Ny Mo
A N1
3 BP, Ext, PM, and other Tior T2 Mo

B No, N1 or Nx
4 Any TiorTe AorB No or N M

H&N: head and neck; PM: parameningeal; GU: genitourinary; BP: bladder/prostate; Ext: extremity;
Ti: primary tumour confined to anatomical site of origin; T2: primary tumour with extension and/or
fixation to surrounding tissue; Size A: primary tumour <5 cm in diameter; Size B: primary tumour
>5 c¢m in diameter; No: regional nodes not involved; Ni: regional nodes involved; Ny: status of
regional nodes not known; Mo: no distant metastasis; M1: metastasis

Table 3. IRS clinical grouping for RMS patients

Group Subgroup Definition
I = Localized disease, completely resected

Localized disease, positive margins and/or evidence for regional spread

I A Gross resection with microscopic residual disease
B Total resection with no microscopic residual, involved regional lymph nodes
C Gross resection with microscopic residual, involved regional lymph nodes
1l = Localized disease, incomplete resection with gross residual or biopsy only
v - Distant metastatic disease

Both the IRS stage and clinical group have been demonstrated to strongly predict
patient outcomes. In addition, prognostic factors such as age at diagnosis, the
presence of P3/7F fusion, and the number of metastases have further refined
RMS risk stratification20+-207. However, while risk stratification guides treatment
allocation, specific criteria for stratification differ between American Children’s
Oncology Group (COG) and the European Paediatric Soft-Tissue Sarcoma
groups (EpSSG). For example, the EpSSG protocol (RMS 2005) stratifies RMS
patients into low- (LR), standard- (SR), high- (HR), and very-high-risk (VHR)
categories by considering fusion status, IRS clinical group, anatomical site, node
involvement, tumour size, and age at diagnosis?’8209, Conversely, the American
COG protocol classifies patients into low-, intermediate- and high-risk categories
focusing on IRS staging, IRS clinical group, age and fusion?” (Table 4). These
divergences in risk stratification criteria underscores both the challenge and the
opportunity to develop a unified clinical practice with a standardized risk
classification, thereby facilitating the creation of a global resource for the
collection, storage and sharing of RMS clinical data!?.
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Table 4. Risk stratification for RMS patients

European Paediatric Soft Tissue Sarcoma Group (EpSSG)

Risk group  Subgroup  Fusion status'  IRS Group Site? Node stage®  Size or Age*
. Both
Low A Negative I Any No favourable
Negative I Any No One or both
Standard unfavourable
C Negative I, 1Ml Favourable No Any
D Negative 11, 1Ml Unfavourable No Any
High E Negative 11, 1Ml Any Ni Any
F Positive [, 11, 10 Any No Any
G Positive I, 1Ml Any Ni Any
Very High
H Any % Any Any Any

IFusion status: It is recommended to stratify patients according to the fusion status, but if this would
not available then histology (favourable vs unfavourable should be used: Favourable: ERMS
(including botryoid RMS), SC/SRMS (non-MYODT mutant) / Unfavourable: ARMS, SC/SRMS MYOD1-

mutant.

2Site: favourable = orbit, genitourinary tract, head and neck non-parameningeal, biliary tract /
unfavourable = ‘parameningeal, extremities and other sites.

3Node stage: No = no clinical or pathological node involvement / Ni: clinical or pathological nodal

involvement.

4Size or Age: Tumour size (maximum) <5 cm AND age <10 years / Unfavourable: all others (i.e.
Size >5 ¢cm OR age 210 years).

Children’s Oncology Group

Risk group IRS Stage IRS Group Age Fusion status
1 I, 11, 1l (orbit only) Any Negative
Low
2 [, Any Negative
1 Il (non-orbit) Any Negative
12,3 LA Any Positive
Intermediate 2,3 Il Any Negative
3 Il Any Negative
4 % <10 years Negative
4 % >10 years Negative
High
4 \% Any Positive
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1.2.5. Current treatment modalities

RMS tumours exhibit significant sensitivity to chemotherapy, with response rates
ranging from 80% to 85%210-212, Multimodal treatment protocols are tailored
according to risk stratification and generally involve a combination of established
cytotoxic drugs with local treatments like radiotherapy and surgery to maximize
therapeutic efficacy?? (Table 5).

First-line systemic treatments

Refinements in the intensity and combinations of chemotherapy drugs have led
to significant treatment efficacy, particularly for LR and SR tumours, achieving
5-year OS rates of 96.7% and 90.6%, respectively?!3. LR and SR patients (Groups
A—C) are treated with regimens that exclude alkylating agents, such as vincristine
plus actinomycin (VA) or involve reduced doses of ifosfamide IVA/VA),
offering a more favourable toxicity profile while maintaining treatment
efficacy?!4. However, significant treatment challenges remain for localized HR
(Groups D-F) and VHR (Group G) tumours, with 5-year OS rates of 76.7% and
49.7%, respectively?!3. In Europe, ifosfamide, vincristine, and actinomycin D
(IVA) has demonstrated the highest efficacy as an induction chemotherapy
regimen for patients with HR RMS?11.215" whereas in North America, the
combination of vincristine, actinomycin D, and cyclophosphamide (VAC) shows
similar efficacy?98.199.216. Notably, the introduction of doxorubicin (IVAD) in
localized FP-RMS with nodal involvement (Group G) led to improved
outcomes?!’. Following consolidation chemotherapy, maintenance therapy with
daily oral cyclophosphamide and weekly vinorelbine for 6 months has been
shown to improve disease-free survival and OS in HR patients?!8. In metastatic
VHR RMS (Group H), the prognosis is significantly worse compared to other
risk groups with a 5-year OS rate of 26%?1%. In these patients, the combination
of systemic and local treatments may achieve complete remissions (CR); however,
local and distant relapses remain frequent?8. The standard systemic treatment for
metastatic RMS typically involves IVA or VAC with the addition of doxorubicin
during induction followed by IVA for consolidation??. If disease control is
achieved following consolidation chemotherapy, maintenance therapy for 12
months with daily oral cyclophosphamide and weekly intravenous or oral
vinorelbine is recommended?!8.
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Table 5. EpSSG systemic treatment protocol for RMS patients

Group Risk Subgroup Chemotherapy Local treatment
Low A 8XVA (28-day cycle) Surgery
B 4AxIVA + 5xVA (21-day cycle) Surgery+ RTx
Standard c 5XIVA + 4xVA? (21-day cycle)
9XIVA RTx+Surgery®
D 9xIVA + 6xMaintenance RTx+Surgery®
High E 9xIVA + 6xMaintenance RTx+Surgery®
F 9xIVA + 6xMaintenance RTx+Surgery®
. G 4xIVAD + S5xIVA + 12xMaintenance RTx+Surgery?
Very High ,
H 4XIVAD + 5xIVA + 12xMaintenance RTx#Surgery®
Chemotherapy schedule
Treatment ~ Chemotherapy Schedule Daily Dose
VA 21-day cycle/ 28-day cycle
Vincristine D1/ D1, D8, D15, D21 1.5 mg/m? (max 2 mg)
Actinomycin D D1/ D1, D21 1.5 mg/m? (max 2 mg)
IVA / IVAD 21-day cycle
Ifosfamide D1, D2 3 g/m?
First-line  Vincristine D1, D8, D15 (C1-C2) / D1(C3-C9) 1.5 mg/m? (max 2 mg)
Actinomycin D D1 1.5 mg/m? (max 2 mg)
Doxorubicin D1, D2 (C1-C4) 30 mg/m?
Maintenance 28-day cycle
Vinorelbine D1, D8, D15 25 mg/m?
Cyclophosphamide  Daily 25 mg/m?
vIT 21-day cycle
Vincristine D1, D8 1.5 mg/m? (max 2 mg)
Irinotecan D1-D5 50 mg/m?
Temozolamide D1-D5 125 mg/m?
VCDE 21-day cycle
Vincristine D1 1.5 mg/m? (max 2 mg)
Second-line Cyclophosphamide D1 15 g/m?
Doxorubicin D1-D3 20 mg/m?
Etoposide D1-D3 150 mg/m?
TVD 21-day cycle
Topotecan D1-D5 1.5 mg/m?
Vincristine D5-D6 1 mg/m? (max 1 mg)
Doxorubicin D5-D6 22,5 mg/m?

2 Patients will receive 9xIVA if a is achieved through secondary surgery, without the need for RTx. If
RTx is included, 5xIVA + 4xVA. Bladder/prostate tumours will receive always 9xIVA.

b Unfavourable sites are usually treated with RTx alone.
RTx: Radiotherapy; D: day; C: cycle.
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Second-line systemic treatments

Approximately 30% of patients with localized disease experienced an event
within 5 years, while 66% of those with metastatic RMS had an event within 3
years?2!. Relapsed/Refractory (R/R) tumours are generally resistant to treatment,
with a 5-year OS rate of less than 20%, highlighting the critical need for new
therapeutic strategies??2. In general, patients who received more intensive therapy
at the time of initial diagnosis had worse outcomes following relapse than those
who received less intensive therapy!??. The treatment of R/R RMS varies
depending on the timing of the relapse and prior treatments. Currently, the
combination of vincristine, irinotecan, and temozolomide (VIT) is considered the
EpSSG standard for treating R/R RMS, achieving an objective response rate of
4490223, If there is no response to VIT, it is recommended to either enroll the
patient in a clinical trial or explore alternative combinations2%8. For patients who
have not previously received anthracyclines, the VCDE (vincristine,
cyclophosphamide, doxorubicin, etoposide) or TVD (topotecan, vincristine,
doxorubicin) regimens may be considered?08.224.225,

Additional options include the DCEI (doxorubicin, carboplatin, etoposide,
ifosfamide) or ACCTTIVE (adriamycin, carboplatin, cyclophosphamide,
topotecan, vincristine, etoposide) regimens for LR and SR patients??6. For HR or
VHR R/R patients, the VI (vincristine, irinotecan) regimen combined with
DCEI, or the TECC (topotecan, etoposide, carboplatin, cyclophosphamide)
regimen, may be considered??!-226, For patients who had not received maintenance
chemotherapy, the combination of vinorelbine plus cyclophosphamide, with the
possible addition of temsirolimus, has shown the best results?27-228,

Local treatments

If positive surgical margins are detected in localized tumours, patients may
undergo additional surgical resection or receive radiation therapy??2. The
treatment approach is influenced by factors including the patient's age,
histological subtype, tumour biology, anatomical location, tumour size, and
response to chemotherapy?’8. However, the intensity of radiotherapy is ultimately
determined by the risk stratification, ensuring that treatment is tailored to
patient’s specific needs (Table 6). Notably, advances such as intensity-modulated
radiation therapy and proton beam therapy are increasingly being used to reduce
tumour size while minimizing treatment side effects, particularly in young patients
with RMS2%9,
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Table 6. EpSSG radiotherapy protocol for RMS patients

Radiotherapy dose prescription

Location Group Response to induction CTx Doses and fractionation
Resectable NA 41.4 Gy in 23 fractions (4.5 weeks)
Complete 41.4 Gy in 23 fractions (4.5 weeks)

50.4 Gy in 28 fractions (5.5 weeks)

EHmary —  Phase I: 41.4 Gy in 23 fractions
umour - nresectable —  Phase ll: 9 Gy in 5 fractions
Incomplete 55.8 Gy in 31 fractions (6 weeks)
—  Phasel: 41.4 Gy in 23 fractions
—  Phase ll: 14.4 Gy in 8 fractions
Lymoh 50.4 Gy in 28 fractions (5.5 weeks)
nyo dzs NA NA —  Phasel: 414 Gy in 23 fractions
—  Phase lI?: 9 Gy in 5 fractions
Limited or Radical dose fractionation or
. oligometastatic stereotactic ablative RTx
Metastatic NA
sites® Lung® 15 Gy in 10 fractions
Other 30 Gy in 10 fractions

2Only for bulky residual lymph nodes.

b Radiotherapy doses for metastatic sites is at discretion of the treating physician. The doses
indicated are the most common doses used.

¢Benefit of whole lung radiation is uncertain and still a matter of debate.

In the EpSSG study (RMS 2005), radiotherapy improved 3-year event-free
survival (EFS) to 67% in HR RMS patients and 56% in VHR, significantly
outperforming historical outcomes?!>23, Additionally, re-excision of recurrent
RMS can improve 5-year OS, increasing them from 8% to 37% compared to
those who do not undergo aggressive re-excision?’!. For metastatic patients,
global guidelines recommend systematic irradiation of all technically feasible sites
where the risk-benefit analysis justifies its use?’s. However, the use of radiation
therapy in metastatic RMS is variable, with limited evidence supporting its
use?08.232, Retrospective studies suggest that aggressive local management of
metastatic disease, including surgery and radiotherapy when feasible, might
positively influence EFS and OS rates?32233, However, conflicting results have
been published regarding the benefit of whole-lung radiation?3>-238. Given the
variability in patient circumstances and disease characteristics, universal
recommendations for local treatment with radiotherapy cannot be established.
Instead, each case must be evaluated individually to reach a consensus on the
most appropriate treatment options.
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1.2.6. Pathogenesis and molecular mechanisms

1.2.6.1. Fusion-positive rhabdomyosarcoma

Cytogenetic studies have identified recurrent chromosomal translocations in the
majority of patients with ARMS, with the most notable being the t(2;13)(q35;q14)
and t(1;13)(p36;q14) translocations?3-240, These translocations result in the
generation of chimeric TFs that combine the amino-terminal region of PAX3 or
PAX7, which retains an intact DNA-binding domain (DBD), and the C-terminal
region of FOXOI1, which maintains an intact transcriptional activation
domain?#1.242 (Figure 7). In contrast to the PAX3 and PAX7 proteins, these fusion
proteins exhibit significantly increased transcriptional activity?43. This enhanced
activity is due to a shared gain-of-function mechanism, where the FOXO1
transactivation domain becomes less sensitive to the inhibitory effects of the
amino-terminal domains of PAX3 or PAX7243.244, In addition to their functional
changes, P3FF and P7F are overexpressed through different mechanisms. P3F
transcription is upregulated by a mechanism that is independent of copy number
changes, while the overexpression of P7F is driven by amplifications of the fusion
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Figure 7. PAX3/7-FOXO1 fusions are key drivers of FP-RMS tumorigenesis. Balanced translocations
between PAX3 or PAX7 and FOXOT result in the creation of PAX-FOXO1 fusions. These fusion proteins
combine the amino-terminal domain (NTD) of PAX3/7 with the carboxy-terminal domain (CTD) of
FOXO1. The NTD provides DNA-binding motifs from the respective PAX gene, while the CTD is
believed to modify the trans-activation domain (TAD) of the oncogenic transcription factor. The other
derivative chromosomes do not contribute to RMS pathogenesis. Chr: chromosome, der: derivative
chromosome, DBD: DNA-binding domain, HB: homeobox domain, FH: forkhead domain; PB: paired
box domain.
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The function of the P3F fusion protein is also regulated by post-translational
modifications, with key phosphorylation, acetylation, methylation, and O-linked
B-N-acetylglucosamination sites within its carboxy-terminal FOXO1 region
modulating its stability and function*’. For instance, phosphorylation at S503 and
S505 by PLK1, and acetylation at K426 and K429 mediated by P/CAF (KAT2B),
stabilizes P3F246,247, Other kinases such as CK2, GSK3, CDK4 or AKT have also
been shown to modulate PAX3-FOXO1 activity through phosphorylation*’.
Additionally, research utilizing the pharmacological kinase inhibitor PKC412 has
highlighted the regulatory role of phosphorylation on the amino-terminal region
of PAX3, affecting both DNA binding and the transcriptional activity of the
fusion protein®8. However, the precise proteins responsible for these
phosphorylation events remain unidentified.

P3F and P7F function as potent oncoproteins by rewiring the transcriptome of
FP-RMS cells through CRCs3839, P3F promotes the expression of downstream
target genes by binding to PAX3-binding sites near these genes, using its
activation domain to recruit CBP/p300, and maintaining active RNA polymerase
IT (RNA pol II) clusters necessary for oncogenic transcription®¥. Chromatin
immunoprecipitation followed by sequencing (ChIP-seq) has revealed that most
P3F binding sites are positioned more than 2.5 kb away from the nearest
transcription start site and are associated with active enhancer chromatin marks,
such as acetylation of histone H3K27392%0, These regions often contain E-box
DNA-binding motifs in addition to PAX3-binding sites. P3F co-binds these
regions with E-box-specific transcription factor MYCN and myogenic basic
helix-loop-helix TFs MYOD1 and MYOG?32>!, Furthermore, P3F interacts with
several chromatin-associated factors and complexes, including BRD4, cohesion-
CTCF, SWI/SNF, NuRD, NELFB, DSIF and Mediator complexes. This
interaction helps reprogram the chromatin landscape and establish super-
enhancers, which then interact with target gene promoters through three-
dimensional chromatin looping-92252253 (Figure 8). The oncogenic influence of
these fusions extends to the regulation of growth, survival, differentiation, and
other cellular processes by activating numerous downstream target genes, such as
ALK, IGF2, IGFIR, FGF8, FGFR4, MET, MYCN, MYODI1, MYOG,
TFAP2B, RUNX2, CXCR4, and KILF4%.922502542% In addition to fusion
proteins, FP-RMS can involve other genetic alterations that cooperate in disease
development, such as amplifications in MYCN, CDK4, and MIR-17-92, ot
deletions in CDKIN2A. Additional candidate somatic driver mutations are rare in
FP-RMS, reflecting the low somatic mutation rate observed in this disease!34.
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Figure 8. PAX3—-FOXO1 rewires the transcriptome by inducing de novo super-enhancer. PAX3-FOXO1
uses super-enhancers to establish autoregulatory loops in collaboration with MYOG, MYOD, and
MYCN. Moreover, PAX3-FOXOT1 collaborates with various transcriptional complexes and chromatin-
associated proteins to maintain an open chromatin structure, thereby facilitating the activation of its
target genes.

1.2.6.2.  Fusion-negative rhabdomyosarcoma

In contrast to FP-RMS, FN-RMS exhibit a higher degree of aneuploidies, CNAs,
and mutational burden, primarily affecting a few key pathways!3* (Figure 9).
Notably, some of these pathways are also disrupted in FP-RMS, either through
the upregulation of downstream targets of the P3F and P7F fusion proteins or
through genomic amplification, suggesting common molecular driving forces
underlying both subtypes!?.

Alterations in receptor tyrosine kinases (RTKs) signalling

In FN-RMS, activating mutations in FGFR4, present in 7-12% of cases, lead to
the activation of the RAS pathway, which plays a significant role in tumour
growth134256.257 In contrast, FP-RMS exhibits increased levels of FGFR4 and
FGFR2, which are attributed to the upregulation induced by P3/7F
fusions39.2502%8, Similarly, fusion proteins upregulate IGF1R expression in FP-
RMS, while in FN-RMS, increased expression of its ligand IGF2 results from
either loss of heterozygosity (LOH) or imprinting at the 11p15.5 locus!34250,
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Notably, mutations in IGFIR have also been identified in both subtypes?®.
Increased IGF signalling in FN-RMS enhances the tyrosine phosphorylation of
insulin receptor substrate 1 (IRS1), thereby activating downstream RAS-MAPK
and PIBK—AKT signalling pathways2®. Furthermore, increased MET signalling
in FN-RMS supports invasive tumour growth, while in FP-RMS, PAX3—
FOXO1-driven MET expression promotes cell motility via MAPK, thereby
inhibiting myogenic differentiation?01-263, Additionally, in FP-RMS, the fusion
protein drives the expression of platelet-derived growth factor receptor-o
(PDGFRA), which is occasionally mutated in FN-RMS!34250264 PDGFRA
activity is critical for regulating cancer cell stemness, differentiation, senescence,
and apoptosis, highlighting the complex interplay of signalling pathways in RMS
pathology2®5. Less frequently mutated RTKs, such as FGFR1 and ALK, also
contribute to the diverse molecular landscape that underpins RMS2%.
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Figure 9. Pathways significantly altered in FN-RMS. Alterations in receptor tyrosine kinases (RTKs), as
well as the PI3K-AKT and MAPK pathways, are observed in most FN-RMS cases. Dysregulation of cell
cycle-related pathways, including the p53 and Rb pathways, is also prevalent. Mutations in key
myogenic regulatory factors like MYOD, along with epigenetic modifiers, such as BCOR, ARID1A, and
CHD7, have also been identified. Furthermore, defects in developmental pathways including
Hedgehog, Notch, Wnt, and Hippo, further contribute to the disease pathogenesis. GFs: growth
factors; GPCR: G protein-coupled receptor; NICD: Notch intracellular domain; B-cat: f-catenin; LRPs:
LRP5/6; MSTs: MST1/2.
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Alterations in RAS-MAPK and PI3K-AKT pathways

In addition to alterations in RTKs, >50% of FN-RMS tumours harbour
mutations that affect RAS-RAF-MAPK and/or PI3K-AKT-mTOR
pathways!34257.266, Approximately one-third of these patients exhibit activating
mutations in critical RAS pathway components, such as NRAS, KRAS, and
HRAS134257266, Moreover, additional mutations have been identified in genes
associated with RAS pathway signalling, including PTPN77, NF1, MAP3K4 and
BRAF134257259.266. In  the PI3K-AKT-mTOR pathway, mutations are
predominantly found in the PIK3CA, with additional mutations in PTEN,
MTOR, RICITOR, and RPTOR!3#257.259266,  Additionally, PTEN promoter
hypermethylation is frequently observed in FN-RMS, and PTEN copy number
loss occurs in approximately 25% of cases, leading to its inactivation, thus
contributing to increased PI3K signalling activity?572¢7, Interestingly, PTEN-
deleted tumours exhibit increased expression of PAX7, and PAX7 deletion
completely rescues the effects of PTEN loss, suggesting a close connection
between PTEN loss and PAX7 expression to maintain FIN-RMS identity?¢’.
These genetic alterations collectively underscore the complex and overlapping
signalling disruptions driving RMS pathology.

Alterations in cell-cycle genes

Unlike most adult tumours, loss-of-function TP53 mutations are relatively rare in
RMS, occurring in 5-20% of FN-RMS and 0-5% of FP-RMS at
diagnosis!3+257.2%9, Additionally, LOH at 17p13.1, which includes TP53, is
observed in 12-17% of all RMS tumours!3+257. However, p53 function can also
be compromised by the overexpression and/or overactivation of MDM2 (Murine
Double Minute 2 proto-oncogene), the main E3 ubiquitin ligase of p53, with gene
amplifications detected in ~10% of RMS cases!34257. Furthermore, frequent
alterations in the tumour suppressor CDKN2A are observed in both FP- and
FN-RMS, including mutations, homozygous deletions (3—25%), and LOH at
9p21.3 (10-20%)134257268, Toss of CDKN2A directly affects Rb and p53
pathways, both involved in cell-cycle regulation 269270, Specifically, CDKN2A
encodes p16INK4A which regulates CDK4/6 activity and Rb phosphorylation, and
p14ARE which inhibits MDM2 and stabilizes p53. Interestingly, mutations in
FBXW7, a p53 downstream target, have also been detected in 2.4-7% of FN-
RMS134257, Other alterations observed in cell cycle genes, include CDK4
amplifications in 9% of RMS cases (primarily FP-RMS), and BUB7B, CCND1,
and CCND2 mutations in approximately 1-1.4% of FN-RMS cases!34.
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Involvement of developmental pathways

As a paediatric cancer, RMS exhibits a low mutational burden, suggesting that
deregulation of pathways involved in embryonal development could play a
significant role in its pathogenesis®. Studies of primary tumours, cell lines, and
mouse models have revealed the involvement of developmental pathways in RMS
tumorigenesis and progression, including Wnt2"1-273, Notch?7+276, Hedgehog?7"~
279 and Hippo-YAP280.281 signalling pathways. Specifically, some mutations in the
B-catenin (CTINNBT) and NOTCH genes are observed in RMS, and components
of these pathways are frequently hyperactivated!34259.272282  Similarly,
dysregulation of Sonic Hedgehog (SHH) signalling is common in FN-RMS, with
some tumours harbouring GILI7 amplifications and/or PTCHT7 loss?™.
Additionally, YAP1 is highly expressed in both FP- and FN-RMS, driving tumour
growth and survival when the upstream Hippo tumour suppressor pathway is
silenced?®3. The crosstalk between these developmental pathways and other
oncogenic pathways altered in RMS creates an integrated network that supports
the development of the disease?”.

Alterations in myogenic regulators and epigenetic modifiers

In addition to alterations in developmental pathways, mutations in genes involved
in myogenesis, such as MYOD7, have been identified in FN-RMS
patients!3+152.259.284 These MYOD7 mutations frequently co-occur with
mutations in genes of the PI3K—AKT-MTOR pathway, defining a particularly
aggressive FN-RMS subtype (classic SC/SRMS)152284, Such mutations occut in
the conserved DBD of MYOD7 and lead to transactivation and MYC-like
functions?>. Furthermore, global and specific changes in DNA methylation and
histone modifications that might affect myogenesis processes have been
observed in RMS%:257.259.280, Notably, mutations predominantly found in FN-
RMS affect genes associated with the polycomb repressive complex 1 (e.g.,
BCOR), the SWI/SNF chromatin remodelling complex (e.g., ARID71A,
SMARCD?2), as well as chromodomain-helicase-DNA-binding proteins such as
CHD7 and CHDY'342572% Indeed SWI/SNF complex has been recently
demonstrated to drive proliferation and block myogenic differentiation in FP-
RMS and mutations in CHDs are known to cause multiple developmental
disorders?53.287288, The interplay between myogenic regulators and epigenetic
modifiers highlights the multifaceted nature of FN-RMS, emphasizing the need
to identify novel vulnerabilities associated to certain pathways to develop new
targeted therapies.
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1.2.7. The MDM2-p53 axis: an intersection of multiple pathways
altered in FP- and FN-RMS

Despite the distinct genetic and molecular profiles that define FP-RMS and FN-
RMS, a critical intersection in their pathogenesis lies in the MDM2-p53 axis,
which emerges as a central node in RMS biology (Figure 10). Understanding the
mechanisms driving the dysregulation of this axis is crucial, as it reveals potential
therapeutic vulnerabilities applicable across both RMS subtypes. In FP-RMS, P3F
and P7F act as the main drivers of the disease by rewiring the transcriptome of
FP-RMS cells through CRCs3%. These fusions facilitate the expression of
downstream target genes by binding to PAX3/7-binding sites and maintaining
active RNA pol II clusters, which are essential for sustaining oncogenic
transcription?®. As a result, P3F and P7F promote the transcription of several
RTKSs and growth factors, leading to the hyperactivation of the PI3K-AKT and
RAS-MAPK signaling pathways39.250258.261.264 These pathways are also frequently
altered in most FN-RMS cases, primarily due to genetic alterations in RTKs and
components of both PI3K-AKT and RAS-MAPK pathways!34257.266, A key
downstream effect of PI3K-AKT and RAS-MAPK pathway activation is the
phosphorylation and subsequent overactivation of MIDM2289-2%, Specifically,
AKT and ERK phosphorylate MDM2 at Ser166, 183, 186 or 188, resulting in an
increased MDM?2 stability, activity and its translocation to the nucleus289-29,

In FP-RMS, the oncogenic influence of the P3F on MDM2-p53 axis extends
further by significantly increasing the transcription of MYCN which directly
upregulates MDM2 transcription, adding another layer of MDM2 overactivation
and p53 suppression?’72%,. As an E3 ubiquitin ligase, MDM2 binds to p53,
ubiquitinates it, and mediates its transport from the nucleus to the cytoplasm,
promoting its degradation in the proteasome??-392, Consequently, the
overactivation of MDM2 inhibits the tumour-suppressive functions of p53,
representing a key mechanism by which RMS cells evade p53-mediated cell cycle
arrest and apoptosis300-303.304, Furthermore, MDM2 overactivation has been
implicated in therapeutic resistance, as the suppression of p53 may reduce the
efficacy of conventional treatments such as chemotherapy and radiation, which
often rely on intact p53 pathways to induce tumour cell death305306, Irrespective
of p53-mediated ubiquitination, MDM2 amplification and overexpression has
also been shown to inhibit MYOD1-mediated myogenesis, suggesting its
contribution to the blocked myogenesis observed in RMS307.
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Beyond these indirect mechanisms, direct genetic alterations further consolidate
the central role of MDM2 in RMS. As aforementioned, MDM2 amplifications
identified mainly in FN-RMS cases provide an additional mechanism for p53
inhibition!34257, Moreover, loss of CDKN2A observed in some RMS removes
another critical checkpoint on MDM2 activity, leading to unrestrained MDM2-
mediated p53 degradation!34257.268,
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Figure 10. The MDM2-p53 axis as a central node of multiple pathways altered in RMS. In fusion-
negative RMS (FN-RMS), genetic alterations in receptor tyrosine kinases (RTKs) and disruptions in the
RAS-MAPK and PI3K-Akt signaling pathways often lead to overactivation of AKT and ERK. In contrast,
fusion-positive RMS (FP-RMS) features PAX-FOXO1 fusions, which enhance RTK and growth factor
expression, driving excessive activation of the RAS-MAPK and PI3K-Akt pathways. The resultant
activation of AKT and ERK promotes the phosphorylation of MDM2 at critical residues within its nuclear
localization signal, enhancing its stability, activity, and nuclear localization. Additionally, in FP-RMS,
MYCN—either overexpressed through PAX3-FOXOT1 fusions or amplified in some cases—further
upregulates MDM2 transcription. Loss of CDKN2A, which encodes p14ARF, is also observed in some
RMS cases, exacerbating MDM2 overactivation. Elevated MDM2 levels lead to increased ubiquitination
and proteasomal degradation of p53. Thus, MDM2 inhibitors, which disrupt the MDM2-p53 interaction
and restore p53 activity, present a promising therapeutic approach for targeting p53 WT tumours,
potentially improving treatment outcomes for this aggressive paediatric cancer.
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Despite the molecular complexity and heterogeneity of RMS, it is notable that
the disease typically presents with a low mutation burden at diagnosis!3+308,
Importantly, although the mutational burden at relapse is higher than at diagnosis,
the majority of R/R RMS retain p53 wild-type (p53 WT)3%. The persistence of
p53 WT status in R/R RMS, together with the critical role of the MDM2-p53 axis
in the pathogenesis of both FP- and FN-RMS, underscores the potential of
MDM?2 inhibitors. These inhibitors could disrupt the interaction between MDM2
and p53 across both RMS subtypes, offering a novel approach to develop more
targeted and effective treatments for patients with this highly aggressive paediatric

cancer.

1.3. Targeting the MDM2-p53 pathway in RMS

The protein p53, encoded by the TP53 gene, is a critical regulator of cellular fate,
coordinating responses such as cell cycle arrest, DNA repair, senescence, or
apoptosis in response to various stress signals310-311, Under normal conditions,
p53 levels are tightly controlled through rapid proteasomal degradation to
prevent excessive accumulation, which can impair normal cell proliferation and
development3!!. However, in response to certain cellular stresses, p53 becomes
activated and stabilized, underscoring its essential role as a tumour suppressor312,
One of the key functions of p53 is to protect against early cancerous changes by
initiating repair mechanisms in response to DNA mutations and by promoting
the elimination of severely damaged cells3!1313.314,

In cancer, p53 function is often compromised not only by mutations in the TP53
gene, but also by mechanisms such as overexpression and/or overactivation of
MDM?2, which collectively diminish its tumour-suppressive capabilities315-318, To
address these challenges, significant efforts in medicinal chemistry have been
directed towards developing therapies designed to restore p53 function in cancer
cells, especially for tumours that retain p53 WT3!8. Over the past two decades,
researchers have developed several small molecules aimed at inhibiting the
interaction between p53 and its primary repressor, MDM2304319.320  These
inhibitors effectively disrupt the MDM2-p53 complexes in p53 WT cells, thereby
reducing p53 ubiquitination and degradation320321, This disruption leads to the
accumulation and activation of p53, which in turn induces the expression of a
broad range of p53-regulated genes, eliciting diverse cellular responses that vary
depending on the specific context and extent of the damage3!1322,
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1.3.1. MDM2 inhibitors: disrupting the interaction between p53
and MDM2

Since the discovery of potent small-molecule inhibitors that target MDM2-p53
interactions, a broad range of chemical scaffolds has been developed and
assessed?4. Crystallographic studies of the p53—-MDM2 complex identified three
specific subpockets within the hydrophobic cleft of MDM2 that interact with the
Leu26, Trp23, and Phel9 side chains of p53323. This structural information
provided a basis for developing a range of structurally unique small-molecule
inhibitors targeting this interaction.

In the early 2000s, Hoffman-I.a Roche developed a series of cis-imidazoline
derivatives known as nutlins (including nutlin-1, -2, and -3), which were the first
selective inhibitors of MDM2324.325, Building on this foundation, researchers also
developed RG7112, a more potent cs-imidazoline derivative with improved
efficacy in disrupting the MDM?2-p53 interaction32?. Notably, Hoffman-I.a Roche
further advanced the field with the introduction of idasanutlin (RG7388), a
second-generation antagonist featuring a pyrrolidine core3?’. Idasanutlin not only
offered enhanced potency and selectivity compared to RG7112 but also
demonstrated better bioavailability, leading to its evaluation in several clinical
trials327. Similarly, Amgen developed navtemadlin (AMG-232) by refining an
initial lead structure based on a piperidinone scaffold3?8. In this compound, the
isopropyl group specifically fits into the LLeu26 pocket, while two trans-oriented
chlorophenyl groups bind to the Trp23 and Phel9 pockets329.330,

Another notable class of MDM2 antagonists are the spiro-oxindole-pyrrolidines,
initially identified at the University of Michigan33!. This discovery led to the
development of early compounds such as MI-63, as well as other related
molecules, MI-219 and MI-319332333, Subsequent optimization produced
advanced second-generation compounds, including MI-773334, Structural analysis
of the co-crystal complex of MI-773 with MDM2 revealed a binding mode that
not only mirrored the interactions of earlier spiro-oxindole-pyrrolidines but also
introduced novel interactions33. Notably, MI-773 induced the refolding of the
N-terminal region of MDM2, which enhanced its binding affinity and potentially
increased its therapeutic efficacy?43%. More recent developments include a new
generation of spiro-oxindoles with a dispiropyrrolidine core. Noteworthy
examples of these novel compounds are alrizomadlin (APG-115), developed by
Ascentage Pharma Group, and milademetan (DS-3032b), created by Daiichi-
Sanky0336.337,
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Novartis has also developed two additional classes of MDM2 antagonists that are
currently undergoing clinical trials. These compounds were designed around the
'central valine' concept, positioning a planar aromatic ring near the Val93
residue3®. The initial design, which used a dihydroisoquinolinone core, resulted
in the highly potent compound CGMO0973%. Further optimization of the
dihydroisoquinoline scaffold resulted in a new class of inhibitors with a pyrazolo-
pyrrolidinone core, among which siremadlin (HDM-201) stands out due to its
enhanced properties’®. Concurrently, Boehringer Ingelheim developed
brigimadlin (BI-907828), an MDM2 inhibitor characterized by its multicyclic core
structure3*1-343, This compound demonstrated favourable pharmacokinetic and
pharmacodynamic properties in several preclinical models and is currently being
evaluated in clinical trials3*1-343, In addition to small-molecule inhibitors, peptide-
mimetic compounds targeting the MDM2 protein have been developed. A
notable example is ALRN-6924, created by Aileron Therapeutics, which is
currently being evaluated in multiple clinical trials344.34>,

Limitations of MDMZ2 inhibitors as monotherapy: the necessity for
combination therapies

Despite their potential to disrupt the interaction between MDM2 and p53, the
use of MDM2 inhibitors as monotherapy has encountered significant limitations,
highlighting the need for a more sophisticated approach to their clinical
application320346, Initially, MDM2 inhibitors were anticipated to activate the p53
pathway in p53 WT cells, thereby inducing robust apoptosis. However,
accumulating evidence has revealed that the apoptotic response triggered by these
inhibitors is often constrained by the complex and context-dependent nature of
P53 activity319347.348, Moreover, cancer cells frequently develop resistance
mechanisms that undermine the effectiveness of MDM2 inhibitors, leading to a
diminished apoptotic response34¢:349350, This reduction in effectiveness is often
due to the tumout’s specific molecular context and the presence of compensatory
mechanisms that mitigate the intended therapeutic effects of MDM2
inhibition3>1-353, Furthermore, the integration of MDM2 inhibitors into cancer
therapy has faced significant challenges, particularly in early-phase clinical trials,
where monotherapy with these agents has demonstrated limited efficacy320-3543%,
Although MDM2 inhibitors are generally well-tolerated, with relatively mild
adverse effects, they are not without their own set of issues. Hematologic
toxicities, gastrointestinal problems, and other systemic side effects may limit the
feasibility of their long-term use, presenting an additional challenge for their
effectiveness as standalone treatments304349,350,
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Given these limitations, there is increasing interest in exploring combination
therapies to enhance the therapeutic efficacy of MDM2 inhibitors and overcome
resistance mechanisms34¢. Combining MDM?2 inhibitors with other modalities,
such as chemotherapy, radiation, or targeted therapies, presents a promising
strategy to improve treatment outcomes34319, Both clinical trials and preclinical
studies are now increasingly focused on identifying synergistic combinations that
could enhance the overall efficacy of MDM2 inhibitors, especially in the context
of certain adult cancers. (Figure 11).
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Figure 11. Combination strategies enhancing the efficacy of MDM2-p53 inhibitors. Combining MDM?2
inhibitors with DNA-damaging agents, such as chemotherapeutics and ionizing radiation, enhances
p53 activation through post-translational modifications, thereby amplifying its tumour-suppressive
effects. To further enhance the pro-apoptotic potential of MDM2-p53 inhibitors, strategies such as
targeting anti-apoptotic proteins (e.g., BCL-2, BCL-xL, BCL-w, and XIAP) or inducing apoptotic
signaling with TRAIL agonists can be employed. Integrating MDM2 antagonists with inhibitors of RTK,
RAS-MAPK, and PI3K-AKT-mTOR pathways can also reduce MDM2 activation and suppress pro-
survival signaling pathways often dysregulated in cancer. Moreover, cell cycle dysregulation can be
addressed by combining MDM2 inhibitors with CDK inhibitors to reduce tumour cell proliferation
through cell cycle arrest induction. Exploring combinations with immunotherapies, such as anti-PD-
1/PD-L1 agents, or proteasome inhibitors provides new opportunities to enhance the therapeutic
efficacy of MDM2 inhibitors.
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In RMS, the strategy of combining MDM2 inhibitors with other treatments has
shown initial promise in preclinical studies. For example, combinations of nutlin-
3a, a first-generation MDM2 inhibitor, with vincristine or actinomycin D have
demonstrated encouraging results in p53 WT RMS cells iz vitro’>. Similarly,
idasanutlin has been found to enhance the efficacy of ionizing radiation in
MDM2-amplified RH18 cells and their xenografts iz viwe’>. Despite these
promising findings, existing studies often focus on specific combinations and
may not fully explore the potential synergistic interactions with newly developed
or currently tested compounds. Additionally, there is a notable absence of
systematic research comparing the potency and selectivity of different MDM?2
inhibitors. This lack of comparative studies impedes a comprehensive assessment
of which inhibitors might offer superior efficacy and specificity, thereby
constraining the optimization of therapeutic strategies. Expanding research to
include a broader array of combination therapies and conducting systematic
comparisons of MDM2 inhibitors could reveal more effective strategies for
managing R/R cancers, potentially leading to improved treatment outcomes and
more effective management of challenging malignancies.

1.3.2. Combinations of MDM2 inhibitors with other therapies:
the experience from other tumours

The limitations of MDM2 inhibitors as monotherapy have prompted extensive
research into combination therapies to enhance their antitumor efficacy. This
section will explore the current knowledge and experiences of combining MDM2
inhibitors with other therapies across various tumour types, providing insights
into the strategies that may inform future therapeutic approaches in RMS and
other cancers.

1.3.2.1. DNA damage inducers

DNA is a crucial target in cancer therapy, particularly in chemotherapy and
radiotherapy, due to the increased proliferation rates of cancer cells and their
frequent deficiencies in DNA repair mechanisms3>8. Genotoxic agents, including
chemotherapeutic drugs and ionizing radiation, induce significant and often
irreversible genomic damage, which disproportionately affects cancer cells
compared to normal cells®». This genomic stress triggers a complex cellular DNA
damage response, leading to a progressive activation of p53 through a series of
post-translational modifications3!2360 (Figure 12a).
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Figure 12. Regulation of p53 dynamics by post-translational modifications. (a) Key post-translational
modifications of p53 and their corresponding enzymes. Multiple enzymes can modify a single residue,
creating antagonism between different modifications. (b) Pulsatile p53 protein levels lead to fluctuating
p53 DNA binding and result in varied gene expression dynamics that depend on the stability of the
target mRNAs. (c) Sustained p53 expression produces more consistent mMRNA expression (d) The
expression levels of short-lived target mRNAs mirror the p53 pulses, while stable mRNAs may not rise
significantly above baseline during brief periods of p53 activity. (e) Conversely, under sustained p53
activity, unstable mRNAs increase rapidly above their basal levels, while stable mRNAs take longer to
accumulate significantly. (f) This panel exemplifies how the timing of measurement, p53 dynamics, and
mRNA half-life influence gene expression classification post-p53 activation. Early measurements may
fail to detect significant induction of stable mRNAs, while later measurements capture both unstable
and stable mRNAs during sustained p53 activity, but may underestimate stable mRNA induction after
p53 pulses. ChIP: chromatin immunoprecipitation; TAD: trans-activation domain, DBD: DNA-binding
domain; OD: oligomerization domain; PRD: proline-rich domain. This figure was adapted from the
previously published manuscript by Hafner et al 3.

Phosphorylation at these sites facilitate the binding of lysine acetyltransferases
such as p300/CBP, P/CAF, TIP60, leading to the acetylation of p53 at particular
residues such as Lys320301-365, These modifications are crucial for stabilizing p53
by decreasing its interaction with MDM2, allowing p53 to accumulate in the
nucleus and induce the transcription of cell cycle arrest (e.g. CDKNTA,
GADD45.4) and DNA damage repair genes (e.g. XPC, DDB2)312.
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Despite these activating modifications, p53 also induces the expression of its
negative feedback regulators, MDM2 and PPM1D (also known as WIP1), which
are responsible for attenuating the p53 response, thereby creating a dynamic
pulsatile pattern of p53 activation312360, In cases of severe or irreparable DNA
damage, p53 undergoes additional phosphorylation at Ser46, a process primarily
mediated by HIPK2 and ATM?366-369, Notably, MDM2-mediated degradation of
HIPK2 inhibits p53 phosphorylation at Ser46, thereby regulating the balance
between cell survival and apoptosis and ensuring that pro-apoptotic signals are
restrained unless a complete apoptotic response is required3’0. Phosphorylation
at Ser46 enhances subsequent acetylation at multiple residues (e.g. Lys120,
Lys373, and Lys382) leading to increased p53 concentration and amplified
activation of apoptosis-related genes (e.g., BAX, NOX. A7, PUM.A)312371-373 The
different dynamics of p53 activation — whether it is transient (pulsatile) or
sustained — are therefore crucial determinants of cell fate31237+ (Figure 12b).
Pulsatile and sustained p53 activity led to the induction of cell cycle arrest and
DNA damage, but only sustained activation led to apoptosis and senescence’’>.

Targeting the MDM2-p53 axis, particularly through the use of MDM2 inhibitors,
represents a highly promising strategy for enhancing the efficacy of conventional
cancer therapies304319.320, MDM2 inhibitors work by stabilizing and activating p53
WT, effectively preventing its degradation and thereby amplifying its tumour-
suppressive functions without introducing additional genotoxic stress%4. The
combination of MDM2 inhibitors with DNA-damaging agents can promote a
more robust and sustained activation of p53 by disrupting the MDM2-mediated
negative feedback loop that normally limits p53 activity!2. This disruption can
convert the naturally pulsatile activation of p53 into a sustained response, thereby
enhancing the transcriptional activation of genes involved in apoptosis and
potentially reducing the likelihood of resistance associated with single-agent
therapies304319,

Alkylating agents

Alkylating agents, such as cyclophosphamide, ifosfamide, and temozolomide
(TMZ), constitute a class of reactive chemicals that covalently attach alkyl groups
to DNA, leading to the formation of DNA strand cross-links376. These cross-
links impede critical cellular processes such as DNA replication and transcription,
ultimately leading to cell death®’. However, the therapeutic efficacy of these
agents can be compromised by the tumour cells' ability to repair DNA damage,
which limits their overall effectiveness376-378,
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Despite the wide range of alkylating agents available, research involving MDM?2
inhibitors has largely focused on enhancing the efficacy of TMZ in neural
tumours. For example, the combination MDM?2 inhibitors such as brigimadlin
and nutlin-3a with TMZ has been shown to improve survival in orthotopic
glioblastoma xenograft models37%-380, Similarly, the therapeutic efficacy of TMZ
has been further enhanced when combined with idasanutlin in p53 WT NB
models3!. The combination of TMZ with idasanutlin not only enhanced tumour
suppression but also promoted the activation of apoptosis-related genes,
underscoring the potential of this strategy to overcome resistance mechanisms
and improve therapeutic outcomes in neural tumours.

Platinum based drugs

Platinum-based chemotherapeutics, such as cisplatin, carboplatin, and oxaliplatin
act by forming covalent bonds between DNA nucleobases, creating inter-strand,
intra-strand, and DNA-protein cross-links3$2383, These cross-links, mediated by
platinum-containing moieties, result in DNA bending and disrupt essential
processes such as DNA replication and transcription3$438, However, the
effectiveness of platinum-based agents can be limited by the tumour cells' ability
to repair these DNA lesions and evade apoptosis, contributing to the
development of resistance3¥’. Recent studies have explored the combination of
platinum-based drugs with MDM2 inhibitors to overcome resistance
mechanisms3!®. For instance, the combination of cisplatin with nutlin-3a has
shown synergistic effects in p53 WT sarcoma cell lines, preserving antitumor
efficacy while reducing genotoxic side effects388. Similarly, this combination has
also enhanced cisplatin-induced cytotoxicity in nasopharyngeal carcinoma cells3%.
In p53 WT NB cells, the combination of cisplatin with idasanutlin significantly
increased apoptosis, while in ovarian cancer cells, this combination increased p53
activation, further promoted apoptosis, and induced cell cycle arrest390391,
Additionally, the combination of navtemadlin with cisplatin and carboplatin has
significantly enhanced antitumor efficacy in several cancer cell lines and 7 vivo
mouse models while MI-219 has demonstrated improved growth inhibition in
p53 WT cancer cell lines in combination with oxaliplatin®2393, Notably,
alrizomadlin is currently in clinical trials in combination with carboplatin for
salivary gland carcinoma (NCT03781986)3%. This ongoing trial underscores the
promise of combining MDM?2 inhibitors with platinum-based therapies as a
strategy to address the challenge of treatment resistance and optimize treatment
regimens.

74



Antimetabolites

Antimetabolites are synthetic analogues of naturally occurring molecules that
interfere with key biochemical pathways necessaty for cell division and survival®>.
Many of the antimetabolites used in cancer treatment resemble nucleotides,
enabling them to block nucleotide synthesis or become integrated into DNA
strands?. This disrupts DNA replication and repair processes, causing errors and
hindering the proliferation of cancer cells3%¢:37, Antimetabolites are widely
utilized in cancer treatment and are also being investigated in combination with
MDM2 inhibitors in preclinical and clinical studies.

For example, fludarabine, a pyrimidine nucleoside analogue, has shown
synergistic effects with nutlin-3a, enhancing p53 activation and promoting
apoptosis in p53 WT chronic lymphocytic leukemia cells*8. Additional studies
have explored other pyrimidine analogues in combination with MDM2 inhibitors,
including 5-fluorouracil plus CGM0973%, and gemcitabine plus MI-633. In the
clinical setting, a phase I trial (NCT01635296) evaluated the combination of
RG7112 with cytarabine for AML patients*?. This regimen yielded promising
results, including CRs in elderly and heavily pretreated patients who had been
refractory to prior cytarabine-based regimens. Pharmacodynamic analyses
revealed activation of the p53 pathway, as evidenced by increased expression of
MIC-1 and MDM240, More recently, the combination of cytarabine with
idasanutlin has been evaluated in a phase III trial NCT02545283) for R/R AML
patients. However, despite an improvement in overall response rate compared to
cytarabine alone, the addition of idasanutlin did not enhance OS or CR rates40!.
Furthermore, an ongoing phase I trial (NCT03041688) is assessing the
combination of decitabine with navtemadlin for AML patients.

Topoisomerase inhibitors

Topoisomerases, classified into type I (TOP1) and type II (TOP2), are enzymes
that regulate DNA topology during essential cellular processes, including
replication, transcription, recombination, and chromosome segregation#02403, As
DNA undergoes supercoiling during these processes, topoisomerases alleviate
the torsional stress, allowing replication and transcription machinery to proceed
efficiently*04405, Given their central role in DNA metabolism, TOP1 and TOP2
have become important therapeutic targets in cancer treatment*0240, Inhibiting
these enzymes disrupts their function, leading to the accumulation of DNA
damage, particularly in rapidly dividing cancer cells, where replication stress is
already elevated*07.408,
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Topoisomerase inhibitors are categorized based on their specificity for either
TOP1 or TOP2, each with a distinct mechanism of action*9411, TOP1 inhibitors,
such as topotecan and irinotecan, prevent the religation of DNA after TOP1
introduces transient single-strand breaks (SSBs) to alleviate supercoiling. These
SSBs can then be converted into double-strand breaks (DSBs) during replication,
ultimately leading to apoptosis*?. In contrast, TOP2 inhibitors, such as etoposide
and doxorubicin, interfere with the DNA breakage and re-ligation process
performed by TOP2#1, These inhibitors stabilize the TOP2-DNA complex after
the enzyme has introduced DSBs but before the re-ligation step can occur#!l.
This stabilization prevents the re-ligation of the breaks, leading to the
accumulation of persistent DSBs. The unresolved DSBs ultimately result in
increased DNA damage and cytotoxicity, promoting cell death*11:412,

Tumour cells that overexpress MDM2 often exhibit reduced DNA DSBs in
response to TOP2 inhibitors and resistance to treatment*3. MDM2 inhibitors
can counteract this protective effect by disrupting the interaction between
MDM?2 and NBS1, a crucial component of the MRE11-RAD50-NBS1 DNA
repair complex*4. This disruption delays the repair of TOP2-induced DSBs,
leading to the accumulation of unrepaired DNA damage. Consequently, MDM2
inhibitors have been shown to synergize with TOP2 inhibitors, enhancing their
cytotoxic effects and promoting more effective cancer cell death#!4. For instance,
the combination of etoposide with nutlin-3a has resulted in increased activation
of effector caspases, thereby promoting apoptosis in pancreatic cancer cells*!4.
Additionally, doxorubicin has been tested in combination with both navtemadlin
and nutlin-3a in several tumours, further highlighting the therapeutic potential of
combining TOP2 inhibitors with MDM2 antagonists for more effective cancer
treatments392.414.415,

Preclinical studies have also supported the effectiveness of combining MDM2
inhibitors with TOP1 inhibitors. topotecan, for example, has been shown to
synergize with idasanutlin in p53 WT NB cells3°, while irinotecan combined with
navtemadlin has demonstrated improved therapeutic efficacy compared to
monotherapy in colorectal adenocarcinoma?2. However, despite promising
preclinical results that demonstrate the synergistic potential of combining TOP1
or TOP2 inhibitors with MDM2 inhibitors, there are currently no clinical trials
investigating this combination therapy.
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Ionizing radiation

Ionizing radiation (IR) is a common treatment modality in cancer therapy,
frequently administered alone or in combination with chemotherapy drugs#¢. IR
affects DNA through direct damage, such as causing DNA SSBs and DSBs, or
indirectly by generating ROS#17:418, These ROS, in turn, can lead to various DNA
alterations, including abasic sites, DNA adducts, SSBs, DSBs, DNA-protein
crosslinks, base oxidation, and base deamination#19:420,

Research has demonstrated that IR can upregulate MDM?2 expression in a p53-
dependent manner, prompting studies into combining IR with MDM2 inhibitors
to enhance p53 activity*?1:422, For example, nutlin-3a has been shown to induce
senescence and increase radiosensitivity in p53 WT laryngeal carcinoma cells*23.
Similarly, nutlin-3a sensitizes p53 WT lung cancer cells to radiation, leading to
cell cycle arrest and apoptosis*?4. This approach has also shown promise in
glioblastoma, where it increased apoptosis and senescence while improving the
radiation response zz vitro*?>. Moreover, alrizomadlin has been shown to sensitize
p53 WT gastric cancer cells to radiation*?6, while the combination of navtemadlin
and IR resulted in significant tumour growth inhibition in p53 WT adenoid cystic
carcinoma PDXs%7. Currently, navtemadlin is being evaluated in clinical trials in
combination with IR for STS patients (NCT03217266). Preliminary results
indicate that neoadjuvant navtemadlin, administered concurrently with standard-
dose preoperative radiation therapy, is well tolerated in patients with p53 WT
STS#28. A daily oral dose of 120 mg of navtemadlin, administered five days per
week, has been recommended for future trials involving radiation therapy for
extremity STS#28,

DNA damage response agents

PARP enzymes play a critical role in the repair of SSBs in DNA by facilitating
the recruitment of DNA repair proteins to sites of damage*??-431. Upon
recognizing DNA damage, PARP enzymes bind to the site and catalyse the
addition of poly-ADP ribose chains to target proteins, which subsequently
attracts additional repair factors to mediate the repair process*243, PARP
inhibitors, by blocking the activity of these enzymes, prevent the effective repair
of SSBs, resulting in the persistence of damage*30:433, If left unrepaired, these SSBs
progress to more deleterious DSBs, which are typically repaired via homologous
recombination (HR), a mechanism dependent on BRCA1 and BRCA2
proteins*34-436,

77



In normal cells, even with PARP inhibition, DSBs can be efficiently repaired
through HR, allowing cell survival. However, in cancer cells harbouring BRCA1
or BRCA2 mutations, the HR repair pathway is defective, and the accumulation
of unrepaired DSBs becomes lethal to the cell*7:438, Additionally, other tumours,
including EWS, certain types of prostate cancer, and small cell lung cancer,
exhibit increased sensitivity to PARP inhibitors despite having an apparently
intact HR pathway**#440, In these HR-intact tumours, the efficacy of PARP
inhibitors may involve alternative mechanisms, potentially related to high levels
of replication stress*¥. Interestingly, some preclinical studies have recently
uncovered new targets that can induce a “chemical HRD” phenotype, thereby
overcoming PARP inhibitor resistance43:441-444,

Up to now, only one preclinical study has explored the combination of MDM?2
and PARP inhibitors. This study demonstrated that the combination of
idasanutlin with rucaparib was particularly effective in p53 WT ovarian cancer
cell lines, inducing both apoptosis and cell cycle arrest*4>. Importantly, the
observed synergistic effects were evident in both PARP-sensitive and PARP-
resistant cell lines, suggesting that MDM2-p53 inhibition may potentially
resensitize cells to PARP inhibition 7 vitro*. These findings highlight the need
for further investigation into the potential of MDM2/PARP inhibitor
combinations as a strategy to enhance therapeutic responses across various

cancer types.
1.3.2.2.  Apoptosis inducers

The activation of p53 initiates apoptosis by disrupting the balance between pro-
apoptotic and anti-apoptotic proteins, either through direct interactions or by
inducing mitochondrial membrane permeabilization*6-448, Effective apoptosis
requires sustained p53 activity, which enhances the transcription of pro-apoptotic
factors such as BAX, NOXA, and PUMA312360374449_ In addition, p53 directly
engages with multidomain members of the BCL-2 family to induce mitochondrial
outer membrane permeabilization, thus contributing to the intrinsic apoptosis
pathway*. However, MDM2 inhibitors typically induce a pulsatile p53 activity,
leading to cell cycle arrest rather than optimal apoptosis’’®. Moreover, the
overexpression of anti-apoptotic proteins from the BCL-2 family, such as BCL-
2, BCL-xL, and MCL-1, can undermine the pro-apoptotic effects of p53451-453,
Consequently, effective strategies to enhance the pro-apoptotic potential of
MDM?2 antagonists may include the down-regulation of these anti-apoptotic
proteins or the augmentation of pro-apoptotic signaling pathways.
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Research on MDM2 inhibitors in combination with anti-apoptotic agents has
predominantly focused on their synergy with BH3 mimetics, particularly
venetoclax, a selective BCL-2 inhibitor. Preclinical studies have demonstrated
that dual targeting of MDM2 and BCL-2 provides superior efficacy compared to
monotherapy across various malignancies, including p53 WT AMIA#54455 NB#36,
breast cancer*”’, and ovarian and endometrioid carcinomas*8. These promising
preclinical outcomes have prompted their investigation in clinical trials. For
example, a phase Ib study (NCT02670044) evaluating the combination of
venetoclax with idasanutlin in patients with R/R AML reported manageable
safety profiles and encouraging preliminary efficacy, supporting further
exploration of this therapeutic approach#. This combination has recently been
assessed in conjunction with chemotherapy in a phase I/1I study (NCT04029688)
involving paediatric and young adult patients with R/R acute leukemia or solid
tumours. Additionally, another phase I/II trial (NCT03135262) examined the
combination of idasanutlin, venetoclax, and obinutuzumab (anti-CD20) in
patients with R/R non-Hodgkin lymphoma*. However, despite initial feasibility
and promise, this combination was ultimately discontinued due to the emergence
of alternative therapeutic strategies. Similarly, siremadlin has demonstrated
promising preliminary antileukemic activity in combination with venetoclax in a
phase Ib trial (NCT03940352) involving patients with R/R  AMLA!L
Furthermore, a clinical study (NCT05155709) is currently investigating the triple
combination of siremadlin, venetoclax, and azacytidine, with results anticipated
in the near future?. Beyond the combination of MDM2 inhibitors with
venetoclax, other therapeutic strategies involving BH3 mimetics, such as
navitoclax463:464. as well as combinations with XIAP inhibitors465-467 or TRAIL

agonists#846%_ are also under investigation.
1.3.2.3.  Targeted therapies of pro-survival signalling pathways
Tyrosine kinase inhibitors

Tyrosine kinase receptors are critical for the initiation, transmission, and
regulation of numerous cellular pathways related to cell proliferation and survival,
including the JAK-STAT, PI3K-AKT-mTOR, and RAS-MAPK pathways+70:471,
Currently, numerous tyrosine kinase inhibitors are being evaluated in clinical
trials, sometimes in combination with MDM2 antagonists. For instance, the
combination of siremadlin with pazopanib, a multi- kinase inhibitor that targets
VEGEFR, PDGFR, and ¢-KIT, is being evaluated in clinical trials for patients with
p53 WT advanced or metastatic STS (NCT05180695).
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Two additional clinical studies, a phase Ib/2 (NCT04485260) and a phase 111
(NCT006479135), are evaluating the combination of navtemadlin with ruxolitinib,
a JAK inhibitor, in patients with myelofibrosis who have exhibited a suboptimal
response to ruxolitinib monotherapy*72. In the preclinical setting, combined ALK
and MDM2 inhibition has shown synergistic antitumor activity in ALK-aberrant
NB cell lines and PDX models#73474, The combination of MDM2 and FGFR
inhibitors has also demonstrated a highly synergistic effect on both cell viability
and apoptosis across liposarcoma cell lines#’>. The combination of milademetan
with the FLT3 tyrosine kinase inhibitor quizartinib demonstrated synergistic
antileukemic activity in preclinical models of FLT3-ITD-mutant AMIA7,
However, the phase I study (NCT03552029) evaluating this combination was
ultimately terminated due to a business decision by the sponsor. Other RTK
inhibitors tested preclinically in combination with nutlin-3a include ibrutinib in
leukemia?77478 and sorafenib in AML and renal cell carcinoma#79:480,

MAPK and PI3K-AKT pathway inhibitors

The crosstalk between the p53 pathway and the PI3K/mTOR/AKT and
MEK/ERK signaling pathways is crucial for regulating cell fate, particularly in
determining whether a cell undergoes apoptosis or survives#!-483. Given that
alterations in p53 and these signaling pathways are common in human cancers,
targeting these pathways simultaneously represents a promising therapeutic
strategy*84:485,

Preclinical studies in AML models have demonstrated that combining MDM?2
and MEK inhibitors produces synergistic effects by activating pro-apoptotic
proteins PUMA and Bim, regulating p53 localization, and upregulating target
genes to promote apoptosis over proliferation*86:487, Similarly, dual inhibition of
MDM2 and MEK has shown synergy in KRAS mutant non-small cell lung cancer
and colorectal cancers, leading to increased expression of PUMA and BIM,
apoptosis 7 vitro, and tumour regression zz vivo*®8. This combination has also
proven effective in PDXs of p53 WT MDM2-amplified lung adenocarcinoma*.
Furthermore, combining MDM2 inhibitors with BRAF and/or MEK inhibitors
has shown efficacy in PDXs of BRAF mutant, p53 WT metastatic melanoma*,
Notably, the addition of MEK inhibitors to continued idasanutlin treatment
effectively overcame acquired resistance to MDM?2 inhibition in glioblastoma,
both in vitro and in vivo*1. These encouraging results have led to several clinical
trials exploring the therapeutic potential of combining MDM2 with MEK and/or
BRAF inhibitors across various cancer types.
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In a phase Ib study (NCT02016729) involving patients with R/R AML, the
combination of navtemadlin and the MEK inhibitor trametinib exhibited a safety
profile similar to that of the individual agents and showed eatly evidence of
antileukemic activity*2. Another phase I clinical trial INCT02110355) evaluated
navtemadlin with trametinib and dabrafenib for metastatic melanoma. Although
the triple combination had a favourable pharmacokinetic profile and resulted in
objective responses, it did not provide additional clinical benefit compared to
trametinib plus dabrafenib alone*3. Recently, siremadlin has also been evaluated
in combination with trametinib for treating advanced or metastatic RAS/RAF
mutant and p53 WT colorectal carcinomas (NCT03714958), but results from this
study have not yet been reported.

In addition to RAF and MEK inhibitors, combinations involving PI3K-AKT-
mTOR pathway inhibitors have yielded promising preclinical results. Specifically,
the combination navtemadlin and CGM-097 with PI3K inhibitors such as
buparlisib, pictilisib, and alpelisib demonstrated a moderate to strong synergistic
effect in AML cell lines*4. Furthermore, the combination of idasanutlin with
dactolisib (BEZ235), a dual PI3K and mTOR inhibitor, produced a robust
therapeutic response in liposarcoma*?>. Additionally, in another preclinical study
involving various p53 WT cell lines, navtemadlin exhibited broad synergy with
dactolisib, as well as with other PI3K inhibitors like GDC-0941, the AKT
inhibitor MK-2206, and the mTOR inhibitor AZID8055%%.

Cyclin-dependent kinase inhibitors

Alterations in cell cycle control are common in various human cancers, making
cyclin-dependent kinase (CDK) inhibitors a crucial class of anticancer drugs. In
cancer cells, persistent activation of CDK regulatory pathways often bypasses
essential cell cycle checkpoints, leading to uncontrolled growth and proliferation.
In preclinical studies, the combination of idasanutlin with palbociclib significantly
enhanced apoptosis 7 vitro and improved tumour volume regression in
dedifferentiated liposarcoma iz vwo*’. In a phase Ib/II clinical study
(NCT02343172) of locally advanced or metastatic liposarcoma, the combination
of siremadlin with the CDK4/6 inhibitor ribociclib exhibited a manageable safety
profile and preliminary evidence of antitumor activity*’s. Additional studies are
currently ongoing (NCT04116541) to investigate the combination of MDM?2 and
ribociclib in patients with advanced/metastatic p53 WT solid tumours who meet
specific criteria, including amplification of CDK6 and/or CDK4, homozygous
deletion of CDKN2A, amplification of CCND1 and/or CCND3, and no more
than a single copy loss of RB1.
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1.3.2.4. Immunotherapies and other anti-cancer agents
Immunotherapies

Patients with MDM2-amplified tumours often exhibit poor clinical outcomes and
hyperprogtessive disease when treated with single-agent PD-1/PD-L1 immune
checkpoint inhibitors*?. This reduced efficacy is partially attributed to the role of
MDM?2 and p53 in regulating essential immune processes, such as antigen
presentation, interferon responses, IL-15 production, and TRAIL receptor
expression in cancer cells’ (Figure 13). As a result, there is growing interest in
evaluating the potential benefits of combining MDM?2 inhibitors with various
immunotherapies to overcome these limitations and improve patient outcomes.
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Figure 13. Proposed mechanisms by which MDM2-p53 axis influences antitumor immunity. Inhibition
of MDM?2 and the resulting elevation of p53 levels enhance the expression of MHC class | and |l
molecules, and trigger the release of double-stranded RNA, which stimulates type 1 and 3 interferon
responses. This process also increases IL-15 production and TRAIL-R1/2 transcription in malignant cells.
Additionally, MDM2 inhibition or deletion in effector T cells leads to increased production of perforin
and other cytotoxic molecules.

Currently, sitemadlin is being evaluated in a phase Ib/II (NCT05447663), both
as a monotherapy and in combination with donor lymphocyte infusions, for
patients with high-risk AMIL following allogeneic hematopoietic cell
transplantation. Additionally, siremadlin is being tested in a phase Ib study
(NCT03940352) in combination with an anti-TIM3 antibody for patients with
AML or myelodysplastic syndrome (NCT03940352).
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MDM2 inhibition is also being investigated in combination with various
immunotherapies across different solid tumours. For instance, a phase I dose-
escalation study (NCT03611868) of alrizomadlin with pembrolizumab (anti-
PD1) in metastatic melanoma and advanced solid tumours demonstrated
objective clinical responses in a subset of patients without dose-limiting
toxicities’0!. Likewise, a phase Ib/II trial (NCT04785190) is exploring the same
combination in patients with liposarcoma and other advanced solid tumours.
Moreover, the combination of spartalizumab (anti-PD1) with siremadlin is being
evaluated in a phase I study (NCT02890069) across multiple solid tumour types,
including colorectal, non-small cell lung, breast, and renal cell carcinomas.
Additionally, a phase II trial (NCT03964233) is assessing brigimadlin in
combination with ezabenlimab (anti-PD-1), with or without BI-754111 (anti-
LLAG-3), in solid tumours, with early data suggesting manageable safety profiles
and initial signs of anti-tumour activity>02503, These investigations highlight a
broader trend in oncology, where MDM?2 inhibitors are being increasingly
explored in combination with various immunotherapeutic strategies across
diverse cancer types. This trend reflects a growing interest in addressing the
limitations of single-agent treatments and improving patient outcomes across a
range of tumour types.

Other anti-cancer agents

Given that p53 degradation is mediated through the proteasome, there is
significant interest in exploring the combined use of MDM2 inhibitors and
proteasome inhibitors to potentially enhance p53 WT levels®045%, In this regard,
the clinical potential of this strategy is being investigated through trials examining
the combination of idasanutlin with ixazomib in the treatment of R/R multiple
myeloma (NCT02633059).

Furthermore, the combination of protein kinase C (PKC) and MDM2 inhibition
has shown synergistic antiproliferative effects and tumour regression in xenograft
models of uveal melanoma, a malignancy marked by hyperactivation of the
PKC/MAPK pathways>%. To further explore this promising therapeutic
approach, a clinical trial was initiated to evaluate the efficacy of this dual
inhibition strategy in patients with metastatic uveal melanoma (NCT02601378).
However, the results for the combination arm have not yet been reported.
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Beyond these examples, other less frequently studied combinations with MDM?2
inhibitors have also demonstrated the versatility and potential of these agents in
overcoming resistance mechanisms and enhancing antitumor efficacy’’®. As
research progresses, the integration of MDM?2 inhibitors into combination
therapies, may offer new avenues for treating a wide range of malignancies. This
approach could address the limitations of single-agent therapies and potentially
improve patient outcomes, particularly in paediatric sarcomas, where the
application of targeted therapies has been less extensively studied compared to
adult cancers.
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2. HYPOTHESIS AND OBJECTIVES







Background and rationale

RMS is a highly aggressive STS, primarily diagnosed during childhood and
adolescence, resulting from genetic alterations during the myogenic
differentiation process!?’. In contrast to many adult tumours, p53 loss-of-
function mutations in RMS are uncommon and detected in only ~5% of cases!3.
However, tumour cells may employ alternative mechanisms to disrupt normal
p53 function, such as the overexpression and/otr overactivation of MDM2,
thereby ensuring their survival and proliferation3!!. MDM2 acts as an E3
ubiquitin ligase of p53, playing a crucial role in its negative regulation through
ubiquitin-mediated ~ proteasomal  degradation?-302507,  Under = normal
circumstances, MDM2 ubiquitinates and targets p53 for proteasomal
degradation?. However, in response to stimuli such as excessive proliferation
or DNA damage, MDM2-mediated ubiquitination of p53 is suppressed, allowing
p53 to activate a plethora of genes and proteins aimed at cell cycle arrest, DNA
repair, and/or apoptosis induction300321,322,

Thus, the disruption of MDM2-p53 interaction using small-molecules represents
a promising strategy for treating p53 WT tumours due to its ability to block p53
degradation, increase p53 levels and potentially activate its tumour suppressor
activities304319508 In the past decade, multiple compounds inhibiting the MDM?2-
p53 interaction have been synthesized, demonstrating efficacy in preclinical
studies involving p53 WT tumours3203%0, However, early-phase clinical trials have
revealed limited effectiveness of these compounds when wused alone,
underscoring the necessity to explore combinations with other drugs to enhance
their antitumoral effects3203%, On this matter, various combination strategies
involving MDM2 inhibitors and chemotherapies or other targeted therapies are
being explored in both preclinical studies and clinical trials to overcome the mild-
to-moderate therapeutic effects that many of these drugs have shown when
administered as monotherapy304319,

Hypothesis

We hypothesize that disrupting the MDM2-p53 interaction will restore p53
tumour-suppressive functions, leading to reduced cell proliferation and increased
cell death in p53 WT RMS. Additionally, we also hypothesize that the
combination of MDM?2 inhibitors with selected therapeutic agents will enhance
their antitumor efficacy in p53 WT RMS cells through putative
additive/synergistic mechanisms.
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Objectives

1. Investigate the differential drug responses of p53 wild-type (WT) vs. p53-
mutant (MUT) RMS cells to MDM2 inhibitors
— Conduct a comprehensive drug screening to evaluate the sensitivity of
p53 WT and p53 MUT RMS cells to various MDM2 inhibitors iz vitro.
— Analyse the expression of p53 pathway genes that may serve as bio-
markers of response and efficacy of MDM2 inhibitors in RMS models.
2. Evaluate the synergistic efficacy of combining MDM?2 inhibitors with other
therapeutic agents in p53 WT RMS cells 7 vitro and in vivo
— Perform a comprehensive drug combination screening to identify
synergistic interactions between MDM2 inhibitors and other therapeutic
agents.
3. Validate the most promising drug combinations and investigate the

molecular mechanisms driving the potential additive or synergistic effects.
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3. MATERIALS AND METHODS







3.1. Cell line culture

Seven different RMS cell lines were used in this study: RH18, RH36, CW9019,
RD, RH4, and RH28. All RMS cell lines were cultured in adhesion in Minimum
Essential Medium with Farle’s Salts (MEM, Biowest) supplemented with 10%
foetal bovine serum (FBS, Biowest), 2 mM L-glutamine (Biowest), 1 mM sodium
pytuvate (Biowest), 1X MEM non-essential aminoacids (Biowest), 100 U/mL
penicillin, and 100 pg/mL streptomycin (Biowest). Cultures were maintained at
37 °C in a 5% COz atmosphere and were regularly tested for mycoplasma
contamination. Molecular features of each RMS cell line are detailed in Table 7.

Table 7. RMS cell line molecular features

Cell lines RRID Fusion TP53 status Other molecular features
RH18 CVCL_1659 Negative Wild-type MDM2 amplification
RH36 CVCL_M599 Negative Wild-type HRASQEK, TP53BP1P1o65fs
CW9019 CVCL_N820 PAX7-FOXOT1 Wild-type CDKN2A loss, ATRXN1045
RH28 CVvCL_8752 PAX3-FOXO1 TP536187¢ CDKN2AR9"

RH4 CVCL_5916 PAX3-FOXO1 RSz ARID1AS1001del

RD CVCL_1649 Negative TP53RA48W NRASQE™H NF1E977*

Before reaching confluence, cells were washed with phosphate-buffered saline
(PBS, Cytiva), detached using trypsin-EDTA (Thermo Fisher Scientific),
collected in fresh medium, and centrifuged at 1500 rpm for 3 minutes. The
pelleted cells were then resuspended and seeded into new culture dishes or flasks
with fresh medium. This procedure was also used for cell counting. For counting,
pelleted cells were resuspended in an appropriate volume, and 10 pl of the cell
suspension were mixed with 10 ul of 0.4% trypan blue (GE Healthcare).
Subsequently, 10 pl of the cell suspension was loaded onto Cell Counting slides
(NanoEnTek), and total and viable cell counts were determined using the Cell
Counter EVE (NanoEnTek). For cryopreservation, pelleted cells were
resuspended in FBS containing 5% dimethyl sulfoxide (DMSO, Sigma-Aldrich)
and slowly frozen using an isopropanol freezing container (Thermo Fisher
Scientific) at -80 °C, prior to storage in liquid nitrogen. For resuscitation, frozen
cells were thawed by a fast warming in a 37 °C water bath, diluted into pre-
warmed growth medium, and centrifuged. The thawed cells were then
resuspended and plated at high density to optimize recovery. Details of all
reagents and resources used for cell culture are provided in Table 8.
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Table 8. Reagents and resources used for cell culture

Cell culture

Reagent or Resources Reference Source

MEM #L0440 Biowest

FBS #51810 Biowest

L-glutamine 100X, 200mM #X0550 Biowest

Sodium pyruvate 100X, 100mM #L0642 Biowest

MEM non-Essential AA 100X #X0557 Biowest
Penicillin/Streptomycin 100X #L0022 Biowest

PBS, 10X #SH30258.02 Cytiva

Trypsin-EDTA #25200072 Thermo Fisher Scientific
Trypan blue #SV30084.01 GE Healthcare

EVE™ Cell counting slides #EVS-050 NanoEnTek

EVE™ Automated cell counter #E1000 NanoEnTek

DMSO #D8418 Sigma-Aldrich, Merck
Isopropanol #19516 Sigma-Aldrich, Merck
Mr. Frosty™ freezing container #5100-0001 Thermo Fisher Scientific

Headquarters: Biowest (Nuaillé, France), Cytiva (Marlborough, MA, USA), Thermo Fisher Scientific
(Waltham, MA, USA), GE Healthcare (Chicago, IL, USA), NanoEntek (Seoul, South Korea), Sigma-
Aldrich (St. Louis, MO, USA).

3.2. Cell proliferation analysis and drug screenings

Cell proliferation assays were performed by seeding RH18, RH36, CW9019,
RH28, RH4, or RD in p96-well plates (Thermo Fisher Scientific). The number of
cells was previously optimized to ensure an exponential growth at a constant rate
during the assays (Table 9). After 24 hours, compounds were diluted in medium
before being added to the cells at specified concentrations (Table 10).

3.2.1. Crystal violet staining

Cell proliferation was assessed by crystal violet staining. Briefly, medium was
removed from 96-well plates after the treatments, and cells were washed with
PBS (Cytiva). Cells were then stained with 50 ul of a 0.5% crystal violet solution
(Sigma-Aldrich) in 20% ethanol (VWR) for 10 minutes at room temperature.
Crystal violet excess was removed by rinsing with PBS, and the stained cells were
allowed to air-dry overnight. Finally, the resulting crystals were dissolved in 50 pl
of 15% acetic acid (Roth), and absorbance was measured at 590 nm in an Epoch®
microplate spectrophotometer (Agilent Technologies).
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Cell survival percentages were determined by normalizing the absorbance values
of each condition to their respective controls within each experiment. ICso values
and drug combination effects were assessed at 72 hours post-treatment, while cell
proliferation over time was assessed from 24 to 168 hours post-treatment.

3.2.2. Dose-response curves and synergy scoring

Dose-response curves and ICsyp values were determined using non-linear
regression analysis implemented in GraphPad Prism 6.0 (GraphPad Software).
Drug combination effects were measured using the Bliss independence model>,
either implemented in Synergy Finder 2.0510 or calculated manually. This model
measures from the expected additive effect (Bliss score = 0), based on the
assumption of multiplicative effects when both drugs act independently. Details
of all reagents, resources, and drugs used for cell proliferation assays and drug
screenings are provided on Table 11.

Table 9. Number of cells seeded per well or dish

96-well plates 24-well plates 60 mm dish 100 mm dish
Cell lines 72 h Time course Assays Assays Assays
RH18 4x10° 2 x10° 2.5 x10* 5 x 108 1x 108
RH36 3x103 1% 103 2 x 10 4 x10° 8 x10°
CW9019 4x10° 2 x10° 2.5 x 10 5 x 108 1x 108
RH28 1x 104 - - 1% 106 2 x 106
RH4 2 x10° = = 2.5x10° 5x10°
RD 1.5x10° - - 2 x10° 2 x10°

Table 10. Drugs and doses used

IC50

Name Target Doses in p53 WT Doses in p53 MUT
Siremadlin MDM2 10 uM to 1.05 nM 65 uM to 1.05 nM
Idasanutlin MDM?2 10 uM to 1.05 nM 65 uM to 1.05 nM
Navtemadlin MDM2 10 uM to 1.05 nM 65 UM to 1.05 nM
MI-773 MDM2 10 UM to 1.05 nM 65 uM to 1.05 nM
ME-240 MDM2/X (exp) 10 uM to 1.05 nM

ME-242 MDM2/X (exp) 10 uM to 1.05 nM

ME-62 MDM2/X (exp) 10 uM to 1.05 nM

ME-258 MDM2/X (exp) 10 uM to 1.05 nM

Olaparib PARP 10 uM to 19.53 nM
Actinomycin Chemotherapy 10 nM to 0.0195 nM

Vincristine Chemotherapy 100 nM to 0.195 nM
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Ph. mustard Chemotherapy 10 uM to 19.53 nM
Irinotecan Chemotherapy 10 uM to 19.53 nM

™Z Chemotherapy 10 uM to 19.53 nM

Cisplatin Chemotherapy 10 uM to 19.53 nM
Doxorubicin Chemotherapy 10 uM to 19.53 nM
Etoposide Chemotherapy 10 uM to 19.53 nM

Drug screenings Monotherapy Combination
Name Target Dose 100X Dose 10X  Dose 1X Dose 1X
Siremadlin MDM2 1TuM 01uM  0.01uM 0.1 uM
Idasanutlin MDM?2 1TuM 01uM  0.01uM -
Navtemadlin MDM2 1TuM 01uM  0.01uM -
MI-773 MDM2 1uM 01uM  0.01uM -
Linsitinib IGFIR 10 uM 1TuM 0.1uM 0.1uM
Omipalisib PI3K 1TuM 01pyM  0.01uM 0.01 uM
Buparlisib PI3K 10 uM 1TuM 0.1 uM 1uM
Everolimus mTOR 10 nM 1nM 0.1 nM 1nM
MK-2206 AKT 10 uM 1uM 0.1uM 1uM
Trametinib MEK 1TuM 01uM  0.01uM 0.1 uM
Selumetinib MEK TuM 01uM  0.01uM 0.1uM
Venetoclax BCL2 100 nM 10 nM 1nM 1uM
Palbociclib CDK4/6 10 uM 1TuM 0.1uM 10 uM
Bortezomib Proteasome 100 nM 10 nM 1nM 5nM
Vorinostat HDAC 1uM 01uM  0.01uM 1uM
Olaparib PARP 10 uM 1TuM 0.1uM 10 uM
PTC-028 BMI1 1uM 01pyM  0.01uM 0.1uM
Adavosertib WEE1 1TuM 0.1uM  0.01pM 0.1uM
Actinomycin Chemotherapy 1nM 0.1nM  0.01nM 0.1nM
Vincristine Chemotherapy 100 nM 10 nM 1nM 10 nM
Ph. mustard Chemotherapy 10 uM 1TuM 0.1uM 10 uM
Cisplatin Chemotherapy 10 uM 1uM 0.1uM 10 uM
Irinotecan Chemotherapy 10 uM 1TuM 0.1 uM 1uM
™Z Chemotherapy 10 uM 1TuM 0.1 uM 10 uM
Doxorubicin Chemotherapy 10 uM 1uM 0.1uM 0.1uM
Etoposide Chemotherapy 10 uM 1TuM 0.1uM 1uM
Combination 5x5 matrix

Name Target Doses

Siremadlin MDM2 0, 20, 40, 80, 160 nM
Olaparib PARP 0,12 4,8uM
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Table 11. Reagents, resources and drugs used for cell proliferation assays and screenings

Reagent or Resource Reference Source

96-well plates #130188 Thermo Fisher Scientific
PBS, 10X #SH30258.02 Cytiva

Crystal violet #CO775 Sigma-Aldrich, Merck
Ethanol #20821.330 VWR

Acetic acid #3738.2 Carl Roth

BioTek® Epoch™ Microplate Agilent Technologies
Spectrophotometer

Synergy Finder 2.0 = https://synergyfinder.fimm.fi
Drugs Reference Source

Siremadlin #HY-18658 MedChemExpress
Idasanutlin #HY-15676 MedChemExpress
Navtemadlin #HY-12296 MedChemExpress
MI-773 #HY-17493 MedChemExpress
Linsitinib #HY-10191 MedChemExpress
Omipalisib #HY-10297 MedChemExpress
Buparlisib #HY-70063 MedChemExpress
Everolimus #HY-10218 MedChemExpress
MK-2206 #HY-108232 MedChemExpress
Trametinib #HY-10999 MedChemExpress
Selumetinib #HY-50706 MedChemExpress
Venetoclax #HY-15531 MedChemExpress
Palbociclib #HY-50767A MedChemExpress
Bortezomib #HY-10227 MedChemExpress
Vorinostat #ab144480 Abcam

Olaparib #HY-10162 MedChemExpress
PTC-028 #HY-103696 MedChemExpress
Adavosertib #HY-10993 MedChemExpress
Actinomycin D #A13239 Adooq Bioscience
Vincristine #HY-N0488 MedChemExpress
Ph. mustard #HY-137316 MedChemExpress
Cisplatin #HY-17394 MedChemExpress
Irinotecan #HY-16562 MedChemExpress
Temozolamide #Y0001960 Sigma-Aldrich, Merck
Doxorubicin #D9891 Sigma-Aldrich, Merck
Etoposide #HY-13629 MedChemExpress

Headquarters: Thermo Fisher Scientific (Waltham, MA, USA), Cytiva (Marlborough, MA, USA), Sigma-
Aldrich (St. Louis, MO, USA), VWR (Radnor, PA, USA), Carl Roth (Karlsruhe, Germany), Agilent
Technologies (Santa Clara, CA, USA), GraphPad Software (La Jolla, CA, USA), MedChemExpress
(Monmouth Junction, NJ, USA), Abcam (Cambridge, UK), Adooq Bioscience (Irvine, CA, USA).
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3.3. Cell death assay
3.3.1. Double staining with Hoechst 33342 and PI

Nuclear condensation and cell membrane permeability are key indicators for
distinguishing healthy cells from apoptotic or dead cells. The Hoechst 33342
(HO) and propidium iodide (PI) double staining assay leverages the distinct
biochemical properties of these dyes to differentiate cell states. HO is a cell-
permeable nuclear counterstain that emits blue fluorescence upon binding to
DNA, particularly AT-rich double-stranded DNA. In contrast, PI is a DNA
intercalating agent that emits red fluorescence when bound to nucleic acids. Due
to its membrane impermeability, P1 is excluded from the nuclei of viable cells and
is used to distinguish dead, necrotic, or late apoptotic cells from viable ones. In
the experimental procedure, RMS cells were plated in 24-well plates and treated
under specified conditions. Following treatment, cells were stained with a
solution containing 5 pg/mlL Hoechst 33342 (Sigma-Aldrich) and 3 pg/mL
propidium iodide (PI, Sigma-Aldrich) in PBS (Cytiva). The stained cells were
incubated for 15 minutes at 37 °C, and the stained nuclei were visualized and
photographed using an epifluorescence microscope (Nikon). Cell counts were
subsequently performed using Image]>!!. All reagents and resources used for
HO/PI staining assays are listed on Table 12.

Table 12. Reagents and resources used for cell death assay

Cell death assays

Reagent or Resource Reference Source

24-well plates #930186 Thermo Fisher Scientific
Hoechst 33342 (HO) #14533 Sigma-Aldrich, Merck
Propidium iodide (P1) #537059 Sigma-Aldrich, Merck
PBS, 10X #SH30258.02 Cytiva

Epifluorescence microscope #2CE-MPKH-9 Nikon

Image J - https://imagej.net/

Headquarters: Thermo Fisher Scientific (Waltham, MA, USA), Sigma-Aldrich (St. Louis, MO, USA),
Cytiva (Marlborough, MA, USA), Nikon (Tokyo, Japan).

3.4. High-content image-based assays

Cell painting is a high-content, image-based assay for morphological profiling >12.
In this approach, cells seeded in multiwell plates are treated with various
compounds, subsequently fixed and imaged using a high-throughput microscope.
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Approximately 2000 morphological features, including size, shape, texture, and
intensity of cellular compartments and organelles, are then quantified in single
cells using automated image analysis software. These morphological profiles
enable the detection of subtle phenotypic changes, facilitating comparisons across
different treatments, determining phenotypic effects of chemical perturbations,
and identifying treatment-specific signatures. Cell painting assays were performed
in collaboration with the Pharmaceutical Bioinformatics Research Group at the
University of Uppsala (co-led by Dr. Jordi Carreras-Puigvert). The following
materials and methods section is based on the protocol of the research group.
For any further details, please see the full protocol described by Rietdijk et al.>13.

3.4.1. Cell seeding and compound treatment

Briefly, RH36 (1300 cells/well) were seeded in 24 pl volumes in 384 multiwell
plates (Corning) using a Biotek Multiflo FX microplate dispenser (Agilent
Technologies). The plates were incubated overnight at 37 °C in a 5% COz
atmosphere to allow cell attachment. Morphological changes induced by olaparib
and siremadlin were assessed in both single-drug and combination experiments
(Table 13). Additionally, four reference compounds were included: tetrandrine,
metoclopramide, fenbendazole, and etoposide. D-Sorbitol was used as negative
control and DMSO as the vehicle (all from Sigma-Aldrich). A 5X source plate
containing the compounds diluted in MEM was prepared using an automated
OT-2 liquid handler (Opentrons Labworks). From this source plate, 6 ul of the
solution was transferred to assay plates using a Viaflo 384 electronic pipette
(Integra Biosciences), with compounds achieving a final 1X concentration. Cells
were then incubated for 48 h at 37 °C under 5% COx. Each condition was tested
in three technical replicates and two biological replicates. Plate layouts were
optimized with PLAID>!“ to ensure even distribution of conditions.

Table 13. Drugs and doses used in high-content imaged-based assays

Single-drug

Name Target Doses
Siremadlin MDM2 0.02 uM to 1.6 uM
Olaparib PARP 0.05 uM to 10 uM
Tetrandrine Calcium channels TuM, 3 uM, and 10 uM
Metoclopramide D2, S5HT3, 5HT4 10 uM, 30 uM, 100 uM
Fenbendazole B-tubulin 0.3 uM, 1uM, and 3 uM
Etoposide DNA topoisomerase || 0.3 uM, 1 uM, and 3 uM
D-Sorbitol = 1TuM, 10 uM, and 30 M
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Combined

Compound (steady) Doses Compound (increasing) Doses
Siremadlin 0.04 and 0.08 uM Olaparib 0.05 uM to 10 uM
Olaparib 3,4 and 8 uM Siremadlin 0.02 uM to 1.6 uM

3.4.2. Cell painting

Cell painting experiments were conducted according to the protocol described by
Bray et al.>12 with minor modifications. After 48 hours of chemical exposure, cells
were washed three times with 80 ul PBS (Thermo Fisher Scientific) using a Biotek
405 LS microplate washer (Agilent Technologies), leaving 10 ul in the wells to
minimize cell disturbance. Subsequently, 35 ul of MitoTracker (Thermo Fisher
Scientific) was added to a final concentration of 900 nM, and the cells were
incubated for 30 min at 37 °C in a humidified atmosphere with 5% CO. After
removing the MitoTracker solution, cells were washed again three times with 80
ul PBS and fixed with 50 pl of 4% paraformaldehyde (Histolab) for 20 minutes.
Following fixation, cells were washed three times, and permeabilized with 50 ul
of 0.1% Triton X-100 (Cytiva) for 20 min. After removing Triton X-100, cells
were washed three additional times. Subsequently, a staining mixture (20 pl per
well) was added, achieving final well-concentrations of 1 pg/ml Hoechst 33342,
15 pg/ml Wheat Germ Agglutinin, 10 pl/ml Phalloidin, 4 pM SYTO 14, and 80
pg/ml Concanavalin A (all from Thermo Fisher Scientific), and the cells were
incubated for 20 minutes. Finally, plates were washed three times, sealed, and
stored at 4 °C, protected from light until image acquisition.

3.4.3. Image acquisition and processing

Fluorescence microscopy was performed using a high throughput ImageXpress
Micro XLS (Molecular Devices) microscope equipped with a 20X objective and
laser-based autofocus. Specific offsets were established and maintained
throughout the experiment. For each well, six sites were imaged using five
fluorescence channels to capture various cellular compartments: DNA (Hoechst),
mitochondria (MitoTracker), Golgi apparatus and plasma membrane (Wheat
Germ Agglutinin), F-actin (Phalloidin), nucleoli and cytoplasmic RNA (SYTO
14), and the endoplasmic reticulum (Concanavalin A). The excitation wavelengths
(Aex) were set as follows: 377/50 nm for Hoechst, 628/40 nm for MitoTracker,
562/40 nm for Phalloidin and Wheat Germ Agglutinin, 531/40 nm for SYTO
14, and 482/35 nm for Concanavalin A.
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The emission wavelengths (Aen) were set to detect signals at 447/60 nm for
Hoechst, 692/40 nm for MitoTracker, 624/40 nm for Wheat Germ Agglutinin
and Phalloidin, 593/40 nm for SYTO 14 and 536/35 for Concanavalin A. Image
processing and analysis was performed using CellProfiler>> and CellPose>!S.
Analysis was divided into three steps: quality control, illumination correction, and
segmentation and feature extraction. A total of 2330 features were extracted from
each cell, and exported for multivariate analysis using Python 3. All reagents and
resources used for high-content image-based assays are listed on Table 14.

Table 14. Reagents and resources used for high-content image-based assays
High-content image-based assays

Reagent or Resource Reference Source

Biotek® Multiflo™ FX microplate dispenser - Agilent Technologies
Falcon® 384-well Optilux Flat Bottom plates 353962 Corning

Siremadlin #HY-18658 MedChemExpress
Olaparib #HY-10162 MedChemExpress
Tetrandrine #SML3048 Sigma-Aldrich, Merck
Metoclopramide #MO0763 Sigma-Aldrich, Merck
Fenbendazole #F5396 Sigma-Aldrich, Merck
Etoposide #E1383 Sigma-Aldrich, Merck
D-Sorbitol #51876 Sigma-Aldrich, Merck
DMSO #D2438 Sigma-Aldrich, Merck
OT-2 Liquid Handler = Opentrons Labworks
Viaflo 384 electronic pipette #6030 INTEGRA Biosciences
PBS #11510546 Thermo Fisher Scientific
Biotek® 405™ LS washer - Agilent Technologies
MitoTracker™ Dye #M22426 Thermo Fisher Scientific
Formaldehyde 4.0% #02176 Histolab

Triton X-100 #17-1315-01 Cytiva

Hoechst 33342 #H3570 Thermo Fisher Scientific
SYTO 14 green #S7576 Thermo Fisher Scientific
Concanavalin A (conj. with A488) #C1252 Thermo Fisher Scientific
Wheat Germ Agglutinin (conj. with A555) #W32464 Thermo Fisher Scientific
Phalloidin (conj. with A568) #A12380 Thermo Fisher Scientific
ImageXpress Micro XLS Widefield High- Molecular Devices,
Content Analysis System 7 Danaher

PLAID https://github.com/pharmbio/plaid
CellProfiler™ cell image analysis software https://cellprofiler.org/

CellPose https://www.cellpose.org/

Python™ 3 https://www.python.org/downloads/
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Headquarters: Agilent Technologies (Santa Clara, CA, USA), Corning (Corning, NY, USA),
MedChemExpress (Monmouth Junction, NJ, USA), Sigma-Aldrich (St. Louis, MO, USA), Opentrons
Labworks (Queens, NY, USA), INTEGRA Biosciences (Zizers, Switzerland), Thermo Fisher Scientific
(Waltham, MA, USA), Histolab (Gothenburg, Sweden), Cytiva (Marlborough, MA, USA), Molecular
Devices (San José, CA, USA).

3.5. DNA damage assay
3.5.1. Quantification of YH2AX foci by ICC/IF

Phosphorylation of the Ser139 residue of the histone protein H2AX (yH2AX) is
an early cellular response to the induction of DNA DSBs. Quantification of
YH2AX serves as a specific and sensitive marker for monitoring the initiation and
resolution of DNA damage, especially in the context of ionizing radiation, as well
as other genotoxic stresses such as ultraviolet radiation, oxidative stress, and

various genotoxic drugs.

In the experimental procedure, RMS cells plated in 96-well plates and treated
under specified experimental conditions were washed with PBS (Cytiva) and fixed
with a 4% formaldehyde solution (Labbox Labware) for 10 minutes at room
temperature. After fixation, cells were permeabilized and blocked with a solution
of 5% bovine serum albumin (BSA, Sigma-Aldrich) and 0.5% Triton X-100
(Cytiva) in PBS for 30 minutes at room temperature. Following permeabilization
and blocking, cells were incubated overnight at 4 °C with a mouse anti-phospho-
Histone H2AX (§139) antibody (1:1000 dilution, Millipore). Cells were then
washed twice with 0.05% Tween20 (Sigma-Aldrich) in PBS and incubated with
the secondary antibody Alexa Fluor 568-tagged goat anti-mouse IgG (1:500
dilution, Thermo Fisher Scientific) for 2 hours at room temperature. After the
secondary antibody incubation, cells were gently washed with the washing buffer
(0.05% Tween20 in PBS) and stained with 10 ug/mL 4’-6-diamidino-2-fenilindol
(DAPI, Thermo Fisher Scientific) in PBS for 10 minutes. Following staining, cells
underwent two additional washes for 5 minutes each, with gentle rocking. Finally,
100 pLL PBS was added to each well, and stained nucleus were observed and
photographed using an epifluorescence microscope (Nikon). The percentage of
YH2AX-positive nuclei was determined by counting the number of yH2AX-
positive nuclei divided by the number of DAPI-stained nuclei using Image]>!1.
All reagents and resources used for the quantification of yH2AX foci by ICC/IF
are listed on Table 15.
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Table 15. Reagents and resources used for the quantification of yH2AX foci by ICC/IF
DNA damage assay

Reagent or Resource Reference Source

96-well plates #130188 Thermo Fisher Scientific
PBS, 10X #SH30258.02 Cytiva

Formaldehyde 4.0% #FORM-DOP-10K Labbox Labware

BSA #A7030 Sigma-Aldrich, Merck
Triton X-100 #17-1315-01 Cytiva

Mouse anti-yH2AX (Ser139)

Antibody, clone JBW301

Tween20 #P1379 Sigma-Aldrich, Merck
Goat anti-Mouse IgG Secondary
Antibody, Alexa Fluor™ 568
DAPI #D1306 Thermo Fisher Scientific
Epifluorescence microscope
Eclipse Ts2R-FL

Image J = https://imagej.net/

#05-636 Merck Millipore

#A11004 Thermo Fisher Scientific

#2CE-MPKH-9 Nikon

Headquarters: Thermo Fisher Scientific (Waltham, MA, USA), Cytiva (Marlborough, MA, USA), Labbox
Labware (Premia de Dalt, Spain), Sigma-Aldrich (St. Louis, MO, USA), Merck Millipore (Burlington, MA,
USA), Thermo Fisher Scientific (Waltham, MA, USA), Nikon (Tokyo, Japan).

3.6. Gene expression analysis by qPCR

Quantitative PCR (qPCR) was used to measure mRNA gene expression levels in
both cultured cell lines and tumours derived from 7z vivo mouse models. For 7
vitro experiments, cells were collected from culture dishes or plates, centrifuged
for 3 minutes at 1500 rpm, rinsed twice with 1 mL of PBS (Cytiva), and pelleted.
Pellets were either stored at -80 °C or used immediately for RNA extraction. For
tumours from 7z vivo experiments, ~5 mm diameter sections were processed for
RNA extraction immediately after thawing.

3.6.1. RNA extraction and reverse transcription

Total RNA was extracted from samples using the RNeasy® Mini Kit (Qiagen)
according to the manufacturer’s instructions. The extracted RNA was quantified
using Nanodrop™ 2000 Spectrophotometer (Thermo Fisher Scientific) and
stored at -80 °C prior to reverse transcription. To generate complementary DNA
(cDNA) from the extracted mRNA, reverse transcription was performed.
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Briefly, 1 pg of RNA was mixed with 1 pg of random primers in nuclease-free
water (Thermo Fisher Scientific) in a sterile RNase-free microcentrifuge tube to
a final volume of 15 pL, and heated at 70 °C for 5 minutes. Then, 5 pL. of 5X
Maloney Murine Leukemia Virus Reverse Transcriptase (M-MLV) reaction
buffer (Promega), 5 pL. of a mixture of 10 mM of four deoxynucleoside
triphosphate (ANTPs (dATP, dCTP, dGTP, dTTP), Promega) and 200 U of M-
MLV retrotranscriptase (Promega) were added to the mixture. The reaction was
incubated at 37 °C for 60 minutes.

3.6.2. Quantitative PCR (qPCR)

The PCR reaction was performed by mixing 0,5 uL. of cDNA with 5 uL. of 2X
TagMan™ Universal Master Mix (Thermo Fisher Scientific), 0,5 pL of
TagMan™ probes (Thermo Fisher Scientific, Table 16), and 4 pL. of nuclease-
free water (Thermo Fisher Scientific) in PCR tubes (Thermo Fisher Scientific).
Then, 10 uL of each reaction mixture was transferred a MicroAmp™ 384-well
plates (Thermo Fisher Scientific) and sealed with a MicroAmp™ Optical
adhesive film (Thermo Fisher Scientific). The plates were briefly centrifuged to
spin down the contents and remove any air bubbles and loaded into an ABI
PRISM™ 7900HT real-time PCR system (Thermo Fisher Scientific) to run the
amplification program. The following thermal cycling parameters were set:
polymerase activation at 95 °C for 10 minutes, followed by 40 cycles of PCR with
denaturation at 95 °C for 15 seconds and annealing/extension at 60 °C for 1
minute. TATA-binding protein (TBP) gene expression was used as an
endogenous control to relatively quantify the gene expression differences
between samples using the 2(AACT) method>!7. All reagents and resources used for
RT-qPCR are listed on Table 16.

Table 16. Reagents and resources used for RT-gPCR

RT-gPCR

Reagent or Resource Reference Source

PBS, 10X #SH30258.02 Cytiva

RNeasy® Mini Kit #74104 QIAGEN

Nanodrop™ 2000 #ND-2000 Thermo Fisher Scientific
Invitrogen™ Random primers #48190011 Thermo Fisher Scientific
Ambion® DEPC-treated water #AM9906 Thermo Fisher Scientific
M-MLV RT 5X buffer #M531A Promega

dATP #U1208 Promega

dGTP #U121B Promega

dcTp #U1228B Promega
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dTTP #U123B Promega

M-MLV RT #M170B Promega

Applied Biosystems™ Thermal cycler #12313653 Thermo Fisher Scientific
TagMan™ Universal Master Mix #4304437 Thermo Fisher Scientific
Fisherbrand™ PCR tubes #12134102 Thermo Fisher Scientific
MicroAmp™ 384-well plates #4343370 Thermo Fisher Scientific
MicroAmp™ Optical adhesive film #4311971 Thermo Fisher Scientific
ABI PRISM™ 7900HT #4329002 Thermo Fisher Scientific
TagMan™ probes

Gene Reference Source

MDM2 #Hs01066930_m1 Thermo Fisher Scientific
CDKNTA #Hs00355782_m1 Thermo Fisher Scientific
FBXW7 #Hs00217794_m1 Thermo Fisher Scientific
MDMX #Hs00159092_m1 Thermo Fisher Scientific
TBP #Hs00172424_m1 Thermo Fisher Scientific

Headquarters: Cytiva (Marlborough, MA, USA), QIAGEN (Venlo, Netherlands), Thermo Fisher
Scientific (Waltham, MA, USA), Promega (Madison, WI, USA)

3.7. Western blot

Western blot (WB) was used to quantify protein levels in cultured cell lines and
tumours derived from zz vivo mouse models. For 7 vitro experiments, cells were
collected from culture dishes or plates under the specified experimental
conditions, centrifuged for 3 minutes at 1500 rpm, rinsed twice with 1 mL of PBS
(Cytiva), and pelleted. Pellets were either stored at -80 °C or used immediately for
protein extraction. In the case of tumours from iz vivo experiments, ~5 mm
diameter sections were used for protein extraction immediately after thawing.

3.7.1. Protein extraction, quantification and sample preparation

Pelleted cells were lysed by resuspension in RIPA lysis buffer (Thermo Fisher
Scientific) supplemented with Halt™ Protease and Phosphatase Inhibitor Single-
Use Cocktail (Thermo Fisher Scientific). For frozen tissues, ~5 mm diameter
sections were homogenized in 200-400 ul of RIPA buffer using a Bead Ruptor
12 (Omni International) in one agitation cycle (20 seconds, 5 m/s). In both cases,
the lysates were incubated on ice for 20 minutes to ensure efficient cell lysis, and
then centrifuged for 15 minutes at 13,300 rpm and 4 °C to remove cell debris.
The resulting supernatant fraction was transferred to a new collection tube, and
total protein concentration was measured with the DC Protein Assay Kit (Bio-
Rad), using a standard curve of 0.125 - 2 pg/uL BSA (Sigma-Aldrich).
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3.7.2. Electrophoresis and transfer

For electrophoresis, 30 ug of each protein sample were mixed with Laemmli
loading buffer and adjusted to a final volume of 20 ul using RIPA buffer. Samples
were then heated at 70 °C for 10 minutes before loading onto 8-12% sodium
dodecyl sulphate-polyacrylamide gels (SDS-PAGE), located in a mini-
PROTEAN® Tetra electrophoresis cell (Bio-Rad) filled with running buffer.
SDS-PAGE gels were manually prepared by mixing the appropriate volumes of
ultrapure water, 30% Acrylamide/Bis Solution, 37.5:1 (Bio-Rad), 10% w/v SDS,
and either 0.5 M Tris (pH 6.8) for the stacking gel or 1.5 M Tris (pH 8.8) for the
resolving gel. Polymerization reaction was initiated by adding 10% ammonium
persulfate (APS; Sigma-Aldrich) and tetramethylethylenediamine (TEMED;
Sigma-Aldrich) to the gel mixture. Precision Plus Protein™ Dual Colour
Standards (Bio-Rad) were used as molecular weight marker. Proteins were
separated under an electric field at 35 mA per gel. Following electrophoresis,
proteins were transferred onto polyvinylidene difluoride (PVDF) membranes
(Cytiva) activated with methanol (Thermo Fisher Scientific). PVDF membranes
and polyacrylamide gels were sandwiched between two Whatman filter papers
(Cytiva) and one sponge on each side. Transfer was performed in a Mini Trans-
Blot® Cell (Bio-Rad) at a constant 200 mA and 4 °C for 2.5 hours in cold transfer
buffer. The composition of all buffers used in Western Blot is listed on Table 17.

Table 17. Composition of buffers used in Western Blot

Buffer Composition

. 50 mM Tris base, 2% SDS, 10% glycerol, 0.01% blue
Laemmli (1X) L )

bromophenol, and 100 mM dithiothreitol (DTT)

Running (1X) 25 mM Tris base, 192 mM glycine (pH 8.3), and 0.1% SDS
Transfer (1X) 25 mM Tris base, 192 mM glycine (pH 8.3), and 20% methanol
TBS-T 20 mM Tris base, 150 mM NaCl (pH 7.6), and 0.1% Tween20
High-salt washing 20 mM Tris base, 500 mM NaCl, 0.2% SDS, and 0.1% Tween20

3.7.3. Protein detection

After transferring the proteins onto membranes, each membrane was blocked for
1 hour in 5% non-fat dried milk diluted in TBS-T to prevent non-specific
antibody binding. Membranes were then incubated overnight at 4 °C with
primary antibodies diluted in the same blocking solution. The following day,
membranes were washed three times for 10 minutes each with TBS-T and
incubated for 1 hour with horseradish peroxidase (HRP)-conjugated secondary
antibodies diluted in 5% milk/TBS-T solution.
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After three additional 10-minute washes with TBS-T, membranes were incubated
for 2 minutes in Amersham ECL WB Detection Reagent (Cytiva), a luminol-
based HRP substrate, before exposure to SuperRX Fuji Medical X-ray films
(Fujifilm). The exposed films were marked and scanned for digitalization.
Densitometric quantification of protein bands was performed using Image J518:519,
To enable reprobing with alternative antibodies, both primary and secondary
antibodies were stripped using Re-blot Plus Strong Antibody Stripping Solution
(Sigma-Aldrich) or NaOH 0.5 M (Sigma-Aldrich). If persistent high background
was observed after ECL incubation, membranes were washed with a high salt
washing buffer (Table 17). All antibodies, reagents, and resources used for
Western Blot are listed on Table 18.

Table 18. Reagents, resources, and antibodies used for Western Blot

Western Blot

Reagent or Resource Reference Source

PBS, 10X #SH30258.02 Cytiva

Pierce RIPA Buffer #89900 Thermo Fisher Scientific

Halt™ Protease and Phosphatase Inhibitor ) L
#78429 Thermo Fisher Scientific

Single-Use Cocktail
Bead Ruptor 12

#SKU19-050A

Omni International

DC™ Protein Assay Kit #5000112 Bio-Rad
BSA #A7030 Sigma-Aldrich, Merck
Tris base #173182 Thermo Fisher Scientific
30% Acrylamide/Bis Solution #1610158 Bio-Rad
APS #A3678 Sigma-Aldrich, Merck
TEMED #79281 Sigma-Aldrich, Merck
SDS #3771 Sigma-Aldrich, Merck
Glycerol #24.388.295 VWR
Blue bromophenol #B0026 Sigma-Aldrich, Merck
DTT #D632 Sigma-Aldrich, Merck
Glycine #)64365.A1 Thermo Fisher Scientific
Methanol #M/4000/21 Thermo Fisher Scientific
NaCl #12314 Thermo Fisher Scientific
Tween20 #P1379 Sigma-Aldrich, Merck
Mini-PROTEAN® Tetra Cell #1658000 Bio-Rad
Precision Plus Protein™ Standards #1610374 Bio-Rad
Mini Trans-Blot® Transfer Cell #1703930 Bio-Rad
Amersham HyBond™ P 0.45 PVDF )

#10600023 Cytiva

Blotting membrane
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Whatman filter paper #10331687 Cytiva

Non-fat dried milk #A0830 VWR

Amersham ECL WB Detection Reagent #RPN2134 Cytiva

SuperRX Fuji Medical X-ray film #47410 Fujifilm

Reblot Plus Strong Stripping Solution #2504 Sigma-Aldrich, Merck
NaOH #58045 Sigma-Aldrich, Merck
Antibodies used for Western Blot

Primary Ab

Target MW Origin  Dilution Reference  Company

PARP (total) 115 Rabbit 1:1000 #9542 Cell Signaling Technology
p-Rb (S807/11) 110 Rabbit 1:1000 #9308 Cell Signaling Technology
cl-PARP 90 Rabbit 1:1000 #9542 Cell Signaling Technology
MDM2 90 Mouse 1:1000 #5c965 Santa Cruz Biotechnology
cl-MDM2 60 Mouse 1:1000 #5c965 Santa Cruz Biotechnology
Cyclin B1 58 Mouse 1:1000 #05-373 Merck Millipore

P53 53 Mouse 1:2000 #5126 Santa Cruz Biotechnology
ac-p53 (K382) 53 Rabbit 1:1000 #2525 Cell Signaling Technology
Actin 43 Mouse 1:8000 #sc47778  Santa Cruz Biotechnology
BAX 17 Rabbit 1:2000 #ABC11 Merck Millipore

p21 19 Rabbit 1:2000 #2947 Cell Signaling Technology
Secondary Ab

Target MW Origin  Dilution Reference  Company

Rabbit IgG = Goat 1:5000 #A0545 Sigma-Aldrich, Merck
Mouse IgG - Rabbit 1:2000 #P0260 Agilent Technologies

Headquarters: Cytiva (Marlborough, MA, USA), Thermo Fisher Scientific (Waltham, MA, USA), Omni
International (Kennesaw, GA, USA), Bio-Rad (Hercules, CA, USA), Sigma-Aldrich (St. Louis, MO, USA),
VWR (Radnor, PA, USA), Fuijifilm (Tokyo, Japan), Cell Signaling Technology (Danvers, MA, USA), Santa
Cruz Biotechnology (Dallas, TX, USA), Merck Millipore (Burlington, MA, USA), Agilent Technologies

(Santa Clara, CA, USA).

3.8. Flow cytometry

3.8.1. Cell cycle assay

Cell cycle assays were performed by quantifying the DNA content of DAPI-
stained cell suspensions via flow cytometry. DAPI fluorescence, emitted upon
binding to DNA in permeabilized and fixed cell populations, allowed the
determination of cell proportions in G1, S, and G2/M phases based on

fluorescence signal intensity.
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In the experimental procedure, cells harvested from cell culture dishes under
specified conditions were resuspended in 300 pl PBS and fixed at a density of 1
x 100 cells/mL in 700 pl of 100% ice-cold ethanol (VWR) overnight at -20 °C.
After 24 hours, fixed cells were centrifuged at 5000 rpm for 5 minutes and washed
twice with PBS to remove the ethanol. Subsequently, cells were incubated in a
staining solution composed of 0.1% Triton X-100 (Cytiva) and 10 pg/mL DAPI
(Thermo Fisher Scientific) in PBS, to a final volume of 1 mL. The staining process
was conducted at room temperature (~25°C) for 30 minutes prior to measuring
DAPI fluorescence intensity on individual cells using a BD FACSCalibur™ flow
cytometer (BD Biosciences). Flow cytometry data were analysed using the
Watson cell cycle univariate model>20 implemented in FlowJo™ v10.8 Software
(BD Biosciences) to interpret the results and determine cell cycle distributions
accurately. Cells in the G2/M phase exhibited approximately twice the
fluorescence intensity of those in the G1 phase, while cells in the S phase

displayed intermediate fluorescence, indicating ongoing DNA replication.

3.8.2. Apoptosis assay

Apoptosis was evaluated using allophycocyanin (APC) conjugated Annexin V
(BD Biosciences), which specifically binds to phosphatidylserines translocated to
the outer leaflet of the cell membrane during apoptosis. Additionally, Sytox™
Blue Dead Cell Stain (Thermo Fisher Scientific) was used to identify and quantify
dead cell by staining nucleic acids in cells with compromised plasma membranes.

In the experimental procedure, cells harvested from cell culture dishes under
specified conditions were resuspended at a density of 106 cells/mL in 100 ul of
Annexin V Binding buffer (BD Biosciences). Next, 100 ul of APC Annexin V
was added to the cell suspension, and the samples were incubated for 15 minutes
at room temperature (~25°C). Subsequently, 400 ul of Annexin V Binding buffer
and 0.5 pl of Sytox™ Blue Dead Cell Stain were added to the samples, which
were then incubated for an additional 30 minutes at room temperature. After
incubation, fluorescence intensities of APC Annexin V and Sytox™ Blue Dead
Cell Stain were measured on single cells using a BD FACSCalibur™ flow
cytometer (BD Biosciences). Unstained cells and cells stained with either APC
Annexin V or Sytox™ Blue Dead Cell Stain were used to establish gates for
apoptotic and dead cell populations. Cells treated with 1 nM actinomycin
(MedChemExpress) for 72 hours served as a positive control of apoptosis. Flow
cytometry data was analysed using Flow]Jo™ v10.8 Software (BD Biosciences).

110



Single cells were gated based on forward and side scatters, while Annexin V-
positive cells and Sytox™ Blue-positive cells were identified using C-red (Arm =
640 nm) and F-Violet (A\em = 405 nm) detectors, respectively. Cells negative for
both markers were classified as viable, Annexin V-positive cells as early apoptotic,
Sytox™ Blue-positive cells as dead, and cells positive for both markers as late
apoptotic. Details of all reagents and resources used for cell cycle and apoptosis
assays can be found in Table 19.

Table 19. Reagents, resources, and antibodies used for flow cytometry
Cell cycle assays

Reagent or Resource Reference Source

PBS, 10X #SH30258.02  Cytiva

Ethanol #20821.330 VWR

Triton X-100 #17-1315-01 Cytiva

DAPI #D1306 Thermo Fisher Scientific
BD FACSCalibur™ flow cytometer ~ #342973 BD Biosciences
FlowJo™ v10.8 Software - BD Biosciences
Apoptosis assays

Reagent or Resource Reference Source

PBS, 10X #SH30258.02  Cytiva

APC Annexin V #550474 BD Biosciences

Sytox™ Blue Dead Cell Stain #S34857 Thermo Fisher Scientific
Annexin V Binding Buffer, 10X #556454 BD Biosciences

BD FACSCalibur™ flow cytometer ~ #342973 BD Biosciences
FlowJo™ v10.8 Software - BD Biosciences
Actinomycin D #A13239 Adooq Bioscience

Headquarters: Cytiva (Marlborough, MA, USA), VWR (Radnor, PA, USA), Thermo Fisher Scientific
(Waltham, MA, USA), BD Biosciences (Franklin Lakes, NJ, USA), Adooq Bioscience (Irvine, CA, USA).

3.9. Cell-derived orthotopic xenografts

RMS cell-derived orthotopic xenografts (CDOX) were established by injecting 2
x 100 RH36 cells into the gastrocnemius muscle of 5-week-old severe combined
immunodeficient (SCID) mice (Charles River Laboratories). Tumour growth was
monitored by measuring limb dimensions with a calliper, and tumour volume was
calculated using the formula: Tumour volume = 4n/3((length + width)/4)"3.
Mice were randomized into treatment groups once tumours reached tumours
reached ~25 mm?.
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Pilot study

In the pilot study, mice were randomized into six groups (# = 2 per group) and
received the following treatments orally twice a week: control (vehicle), siremadlin
at 50 mg/kg, olaparib at 100 mg/kg, a combination of siremadlin (50 mg/kg) plus
olaparib (100 mg/kg), a combination of sitemadlin (25 mg/kg) plus olaparib (50
mg/kg), or a combination of siremadlin (12.5 mg/kg) plus olapatib (25 mg/kg).
Both siremadlin and olaparib were dissolved in a vehicle composed of 5% DMSO
(Sigma-Aldrich), 40% PEG300 (Sigma-Aldrich), 5% Tween-80 (Sigma-Aldrich),
and 50% PBS (Cytiva), added sequentially.

Experimental studies

In the experimental study, mice were randomized into four treatment groups (7
= 6 per group) and received the following treatments orally twice a week: control
(vehicle), siremadlin at 50 mg/kg, olaparib at 100 mg/kg, and a combination of
sitemadlin (25 mg/kg) plus olaparib (50 mg/kg). Tumour volume was measured
regularly, and animals were euthanized when tumours reached 1500 mm3. Ethical
endpoint criteria, including acute weight loss (>10% of total body weight) or poor
general appearance, were monitored throughout the study.

Simultaneously, an additional experiment was conducted to assess the molecular
effects of the treatments following three dosage regimens (1, 3, and 5 doses).
Mice were randomized into the same treatment groups as in the experimental
study, with additional stratification based on the number of doses administered,
resulting in 12 experimental conditions (# = 2 per group). In order to obtain
enough tumour sample size for subsequent studies, treatment was initiated when
tumours reached ~250 mm?3, and tumour samples were collected 24 hours after
the last dose. The specimens were divided in two portions: one was preserved at
-80 °C, while the other was fixed in 4% formaldehyde (LLabbox Labware).

All CDOX experimental procedures were conducted at the Rodent Platform of
the Laboratory Animal Service of the Vall d’Hebron Institute of Research, under
pathogen-free conditions. These procedures had received prior approval from
the regional Institutional Animal Care and Ethics Committee of Animal
Experimentation of the Vall d'Hebron Research Institute (CEEA 70/19) and
complied with EU directive 2010/63/EU. All reagents and resources used for i
vivo experiments are listed on Table 20.
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Table 20. Reagents and resources used for in vivo experiments
Cell-derived orthotopic xenografts
Reagent or Resource Reference Source
Fox Chase SCID® mouse CB17/Icr-

PrikdelcricoCH mouse #236 Charles River Laboratories
Sterican® hypodermic needles #46557705 B. Braun

Digital electronic calliper #30087-00 Fine Science Tools
Single-use feeding needles #18061-20 Fine Science Tools
Siremadlin #HY-18658 MedChemExpress
Olaparib #HY-10162 MedChemExpress
DMSO #D8418 Sigma-Aldrich, Merck
PEG300 #202371 Sigma-Aldrich, Merck
Tween® 80 #P4780 Sigma-Aldrich, Merck
PBS, 10X #SH30258.02 Cytiva

Formaldehyde 4.0% #FORM-DOP-10K  Labbox Labware

Headquarters: Charles River Laboratories (Wilmington, MA, USA), B. Braun (Melsungen, Germany),
Fine Science Tools (Foster City, CA, USA), MedChemExpress (Monmouth Junction, NJ, USA), Sigma-
Aldrich (St. Louis, MO, USA), Cytiva (Marlborough, MA, USA), Labbox Labware (Premia de Dalt, Spain),
Inotiv (West Lafayette, IN, USA).

3.10. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.0 (GraphPad
Software). Parametric or non-parametric test were chosen after assessing the
normality and homoscedasticity of the data. Statistical significance between two
groups were conducted using Student’s #test or the Mann-Whitney U test.
Statistical significance between three or more groups was determined by using
one- or two-way analysis of variance (ANOVA) followed by Dunnett’s or Tukey’s
post-hoc test for multiple comparisons. Each p-value was adjusted to account for
multiple comparisons. The level of significance was denoted using asterisks (*) or
hashes (#) as follows: p < 0.05 (* or #), p < 0.01 (** or ##), and p < 0.001 (*¥**
or ###). Plots representing the data indicate the mean * standard error of the
mean (s.e.m.) of three independent replicates, unless otherwise stated. Additional
details regarding statistical analysis can be found on each section.
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4.1. p53 WT RMS cells were especially vulnerable to MDM2
inhibitors

Initially, a comprehensive drug screening was conducted to evaluate the
differential responses of p53 WT and p53 MUT RMS cells to a range of
pharmaceutical agents. This screening involved 26 distinct drugs, tested at three
different concentrations across six RMS cell lines: three p53 WT cells (RH18,
RH36, CW9019) and three p53 MUT cells (RH28, RH4, RD) (Figure 14a). The
drug panel included both targeted therapies—some of which are approved for
clinical use or are in clinical trials for cancer treatment—and standard

chemotherapeutic agents commonly used in paediatric oncology.
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Figure 14. Schematic representation of the initial drug screening workflow conducted on both p53 WT
and p53 MUT RMS cells. (a) RMS cells were cultured in 96-well plates and exposed to 26 compounds
at three distinct concentrations (refer to section 3.2 for details) for 72h. Differences in cell viability,
measured as logz fold-change (logzFC), between p53 WT and p53 MUT were assessed for each
compound and dose.

Cell survival analysis revealed an increased vulnerability of p53 WT RMS cells to
the tested MDM2 inhibitors (siremadlin, idasanutlin, navtemadlin, and MI-773)
while no significant differences were observed in response to the remaining drugs
(Figures 15a-b). To accurately assess the sensitivity and specificity of these
MDM?2 inhibitors, ICso values were subsequently determined for each
compound. Siremadlin and idasanutlin exhibited lower ICso values in p53 WT
cells compared to navtemadlin and MI-773, indicating greater potency of these
compounds in inhibiting MDM2-p53 interaction (Figure 15c). Furthermore, the
difference in loglCso values (AloglCs) between p53 WT and p53 MUT cells was
significantly greater for siremadlin, suggesting a superior specificity and selectivity
of siremadlin in disrupting the MDM2-p53 interaction compared to other MDM?2
inhibitors tested (Figure 15c).
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Figure 15. MDM2 inhibitors were able to reduce cell survival and modulate p53 activity in p53 WT RMS
cells. (a) Heatmap summarizing cell viability results (in %) for 26 drugs tested at three concentrations
(100X, 10X and 1X) in six RMS cell lines: three p53 WT (RH18, RH36, CW9019) and three p53 MUT (RH28,
RH4, RD) cell lines, after 48 hours (n=3). (b) Volcano plot showing the differential response of p53 WT
and p53 MUT cell lines to the 26 drugs tested. The x-axis represents the difference in cell viability,
expressed as logz fold-change (log2FC), between p53 WT and p53 MUT cell lines for each drug and
concentration, while the y-axis shows the associated significance level, expressed as -logw p-value.
Statistical significance was determined using Student’s t-test. Results were considered significant
according to the following cut-off levels: p-value < 0.05, and abs(logzFC) > 0.25. (c) Dose-response
curves of MDM2 inhibitors (siremadlin, idasanutlin, navtemadlin, and MI-733) are shown for p53 WT
(left) or p53 MUT (middle) cell lines (n=3). ICso values were calculated using a non-linear regression
approach (least squares regression without weighting). The right panel displays the difference in 1Cso
values between p53 WT and p53 MUT cells, expressed as the mean + SEM. Statistical significance was
assessed using one-way ANOVA followed by Tukey's post-hoc test.
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To assess how the MDM2 and p53 expression levels influence the sensitivity of
RMS cells to MDM?2 inhibitors, the expression levels of these proteins were
quantified. In addition, the expression of p21, a well-established target of p53,
was measured. The results showed no significant differences in the expression
levels of p53, MDM2, and p21 between p53 WT and p53 MUT cells (Figures
16a-b). Similarly, gene expression analysis revealed no significant differences in
MDM?2 and CDKNT7A (which encodes p21), likely due to the substantial
variability in the expression of these genes among p53 WT cells (Figure 16c¢).
Despite this variability, significant correlations were observed between the
expression levels of MDM2 and p21, both at the gene and protein levels, and the
ICs0 values of MDM2 inhibitors (Figure 16d). However, the strongest correlation
was found between TP53 status and 1Cso values, indicating that TP53 status was
a more reliable predictor of response to MDM2 inhibitors compared to the
individual expression levels of its downstream targets, MDM2 and p21.
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Figure 16. Comprehensive assessment of siremadlin in p53 WT and p53 MUT RMS cells. (a) Western
blot showing the basal expression of MDMZ2, p53 and p21in six RMS cells. (b) Bar plots showing the
protein quantification normalized to -actin of results presented in panel (a). Data represent the mean
+ SEM from three p53 WT and three p53 MUT RMS cells (n=3). Statistical significance was assessed
using Mann Whitney's test. (c) Bar plots showing the basal gene expression of MDM2 and CDKNTA in
p53 WT RMS and p53 MUT RMS cells (n=3). Gene expression fold-change (mean FC + SEM) is relative
to the basal expression of fibroblasts. Statistical significance was assessed using Mann Whitney's test.
(d) Heatmap showing the correlation between loglCso values for each MDM? inhibitor and TP53 status,
p53 protein expression, and MDM2 and p21 protein and gene expression. (e) Western blot showing
the expression of MDM2, p53 and p21in p53 WT cells treated with 0.08 uM siremadlin for 0, 8, 16, and
24 hours. (f) Bar plots showing the protein quantification normalized to $-actin of results presented in
panel (e). Data represent the mean + SEM from three p53 WT RMS cells (n=3). Statistical significance
was assessed using one-way ANOVA followed by Kruskal-Wallis post-hoc test. (g) Dot plots showing
the expression of MDM?2 (left) and CDKNTA (right) in p53 WT (orange) and p53 MUT (grey) cell lines
treated with 0.08 uM siremadlin for 8, 16, 24, and 48 hours (n=3). Gene expression fold-change (mean
FC + SEM) is relative to untreated cells. Statistical significance was assessed using two-way ANOVA
followed by Sidak's post-hoc test.

Subsequently, temporal changes in p53, MDM2, and p21 levels were analysed to
assess the impact of siremadlin on p53 activity. Western blot analysis revealed a
progressive accumulation of p53 (6-fold), as well as an increased expression of its
downstream targets, MDM2 (18-fold) and p21 (18-fold), in p53 WT cells at 24-
hours post-treatment (Figure 16e-f). These results indicated a time-dependent
activation of the p53 pathway by siremadlin in p53 WT RMS cells. Consistently,
gene expression analysis showed increased levels of MDM?2 (10-fold) and
CDKN1A (6-fold) at 16- and 24-hours post-treatment in p53 WT cell lines
(Figure 16g). In contrast, the expression levels of MDM2 and p21 remained
largely unchanged in p53 MUT cells following siremadlin treatment, suggesting
that siremadlin selectively activates p53 transcriptional activity in p53 WT RMS
cells. The enhanced sensitivity of p53 WT cells to siremadlin, along with the
increased p53 transcriptional activity as evidenced by the accumulation of MDM?2
and p21, underscores the effective modulation of p53 activity by siremadlin in
P53 WT RMS 7 vitro.

4.1.1. Cell survival analysis revealed limited specificity of novel
experimental MDM2/X inhibitors

Building on the promising results of existing MDM2 inhibitors, particularly
siremadlin, a collaboration was established with the Medicinal Organic Chemistry
group of the University of Lisbon (PI: Dr. Maria M. M. Santos). This
collaboration aimed to test new experimental compounds designed to inhibit
both MDM2 and MDMX, a homologous protein of MDM2 that can partially
compensate for its function.
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Hence, p53 WT and p53 MUT cells were treated with these experimental
compounds (designated ME240, ME242, ME258, and MEG62) for 72 hours to
generate dose-response curves. However, these compounds exhibited limited
efficacy, with high ICso values and no significant specificity, as indicated by the
absence of differential activity between p53 WT and p53 MUT cells (Figure 17a).
Consequently, these compounds were deemed non-viable, and the project
refocused on siremadlin.
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Figure 17. Cell survival analysis revealed limited specificity of novel experimental MDM2/X inhibitors.
(@) On the left, dose-response curves are shown for the experimental compounds (ME240, ME242,
ME258, and ME62) in p53 WT and p53 MUT cells (n=3). In the middle, bar plots comparing loglCso
values of MDM2 inhibitors with those of the experimental compounds in both p53 WT and p53 MUT
cells. On the right, bar plots displaying the differences in loglCso (mean + SEM) between p53 WT and
p53 MUT cells for both MDM2 inhibitors and experimental compounds. Statistical significance in the
differences between siremadlin and the experimental compounds was assessed using one-way
ANOVA followed by Tukey's post-hoc test.

4.2. A comprehensive drug combination screening revealed
the synergistic efficacy of combining siremadlin with
olaparib in p53 WT RMS cells

In recent years, results from early-phase clinical trials have demonstrated the
limited efficacy of MDM2 inhibitors as monotherapy, emphasizing the necessity
of exploring additional combinations with other agents to enhance their
antitumor effects. Furthermore, the initial assumption that MDM2 inhibitors
would induce strong apoptosis in p53 WT cells has been challenged by emerging
evidence suggesting limited apoptosis response, potentially due to distinct
patterns of p53 activation. In view of these findings, this study aimed to evaluate
the synergistic efficacy of siremadlin combined with 22 other drugs in p53 WT
RMS cells to identify therapeutic combinations that may improve clinical
outcomes (Figure 18a).
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Figure 18. Synergistic antitumoral effects of combining siremadlin with olaparib in p53 WT RMS cells.
(a) On the left, heatmap summarizing the effects on cell viability (in %) of p53 WT RMS cells treated
siremadlin in combination with 22 different drugs for 48 hours. On the right, heatmap showing the
degree of synergism (Bliss > 10), additivity (Bliss = 0), or antagonism (Bliss < -10) between the drug
combinations, based on the Bliss independence model. (b) Dot plot summarizing the results from
panel (a). The excess over Bliss is displayed on x-axis, while the cell viability (in %) is displayed on y-
axis. The lower-right quadrant highlights the most synergistic combinations with the greatest reduction
in cell viability. Each dot represents the mean + SEM from three p53 WT RMS cell lines (n=3). (c) On
the upper section, cell viability (in %) of p53 WT RMS cells treated with increasing concentrations of
siremadlin (0-160 nM) and olaparib (0-8 uM) for 72 hours. Data represent the mean viability from
three replicates (n=3). On the lower section, SynergyFinder &-score (Bliss score) plots generated from
5x5 dose-response matrices, indicating additive to synergistic effects between siremadlin and olaparib
at the tested doses across each p53 WT RMS cell line. (d) Heatmap showing the mean synergy &-
scores for each cell line using four reference models: Bliss, Highest Single Agent (HSA), Loewe and
Zero Interaction Potency (ZIP). The mean &-scores across all three p53 WT RMS cell lines are
summarized on the right. (e) Quantitative analysis of cell proliferation in p53 WT RMS cells treated
with 80 nM siremadlin and 4 uM olaparib over 1, 3, 5, or 7 days. Cell proliferation is expressed as logz
fold-change (log2FC) relative to vehicle-treated control cells. Dots represent the mean + SEM of three
replicates (n=3). Statistical significance was assessed using two-way ANOVA followed by Dunnett’s
post-hoc test.

Cell viability and excess over Bliss score were used to assess the efficacy and
nature of drug-drug interactions (synergism, additivity, or antagonism) at specific
doses. Notably, the combination of siremadlin and olaparib demonstrated the
highest excess over Bliss score, significantly reducing cell viability and emerging
as the most promising therapeutic strategy tested (Figure 18a-b). To confirm
these results, p53 WT RMS cells were treated with increasing doses of siremadlin
and olaparib, either as single agents or in combination, using a 5x5 dose-response
matrix. Synergy Finder &-score plots showed additive to synergistic effects
between the two compounds at the tested doses (Figure 18c). These effects were
consistent across multiple synergy models (Bliss, HSA, ZIP, and Loewe) at 72
hours post-treatment, suggesting an enhanced therapeutic efficacy of the
combination beyond that of the individual agents (Figure 18d). Additionally, a
time-course analysis of cell proliferation revealed a significant reduction in cell
proliferation at 3, 5, and 7 days post-treatment, with the combination treatment
outperforming either drug alone (Figure 18e). These findings underscored the
potential of combining siremadlin with olaparib to synergistically enhance their
individual therapeutic effects, particularly in reducing cell viability and inhibiting
proliferation. Moreover, additional promising combinations, such as siremadlin
with irinotecan and siremadlin with venetoclax, were identified in the initial
screening, warranting further investigation as potential therapeutic strategies for

p53 WT RMS.

124



4.3. Cell painting analysis was able to capture the phenotypic
changes triggered by the combination of sitremadlin with
olaparib

Building on the observed synergistic effects of combining siremadlin and olaparib
on cell viability and proliferation, this study aimed to elucidate the underlying
mechanisms driving these effects, particularly heir impacts on cellular
morphology and function. To achieve this, cell painting, a high-content image-
based assay for morphological profiling, was conducted in collaboration with the
Pharmaceutical Bioinformatics Research Group at the University of Uppsala (co-
led by Dr. Jordi Carreras-Puigvert).

In this technique, cells are seeded in multiwell plates, treated with compounds,
fixed, and then imaged using a high-throughput microscope. Approximately 2000
morphological features—including size, shape, texture, and intensity of cellular
compartments and organelles—are quantified in single cells using automated
image analysis software. The resulting morphological profiling allows for the
detection of subtle phenotypic changes and identification of treatment-specific
signatures, facilitating comparisons across different treatments. Thus, cell
painting provided a comprehensive evaluation of the impacts of siremadlin and
olaparib, both individually and in combination, on cellular morphology and
function, offering a detailed understanding of their potential synergistic effects.

4.3.1. Phenotype profiling revealed dose-dependent morphologic
changes induced by siremadlin and olaparib

The phenotypic effects of siremadlin and olaparib on cellular and organelle
morphology were initially assessed by comparing them with those induced by
compounds with known mechanism of action (MoA). For this purpose, RH36
cells were treated with siremadlin and olaparib, and their effects were compared
with those triggered by four reference compounds: tetrandrine, metoclopramide,
fenbendazole, and etoposide. Cells treated with D-sorbitol (negative control) and
DMSO (vehicle) served as the baseline phenotypic state. To visualize the effects
of these treatments, a two-dimensional plot derived from t-distributed stochastic
neighbour embedding (t-SNE) was generated. This method reduces high-
dimensional data into a two-dimensional space, revealing distinct clustering
patterns for different treatments (Figure 19a).
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Figure 19. Phenotype profiling revealed dose-dependent morphologic changes induced by siremadlin
and olaparib in RH36 cells. (a) Two-dimensional plot, derived from t-SNE analysis, representing the
morphological changes triggered by siremadlin and olaparib in comparison to other compounds in
RH36 cells. Dot colours represent different treatments, and dot sizes indicate the doses of the
compound tested, with larger dots corresponding to higher doses. (b) Heatmap showing the
hierarchical clustering of ~2000 morphologic features analysed by cell painting after treating RH36
cells with increasing doses of siremadlin and olaparib. The colour in the heatmap (Z-score) represents
the deviation of each morphological feature from the mean value of the DMSO-treated control cells.
(c) On the left, radial plots show both positive and negative differences, while on the right results are
categorized in positive and negative differences. Concentric marks indicate Z-scores. All
morphological features analysed are grouped into eight main groups: endoplasmic reticulum (ER),
nucleus, nucleoli, Golgi + cytoskeleton, mitochondria, cellular area and shape, characteristics of the
neighbour cells, and correlates between nucleus and cytoplasm regions. At the same time, these
features are further categorized into the following subgroups: RD (radial distribution), L (location and
spatial distribution), G (granularity), | (integrated intensity), C (cell measurements), N (nuclear
measurements), and Cy (cytoplasm measurements).
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Notably, olaparib and etoposide formed closely related clusters, suggesting
similar phenotypic changes and indicating a convergence in their effects on RH36
cells. In fact, both compounds are known to target DNA damage pathways—
olaparib as a PARP inhibitor and etoposide as a topoisomerase 1I inhibitor—
leading to DNA damage accumulation and subsequent cellular responses. In
contrast, siremadlin exhibited a distinct cluster profile, underscoring its unique
phenotypic effects compared to the other compounds. Subsequently, hierarchical
clustering of approximately 2000 morphological features was used to assess the
dose-dependent effects of olaparib and siremadlin. This analysis resulted in the
generation of a heatmap, which illustrated the clustering of molecular profiles at
increasing doses of both drugs (Figure 19b). The hierarchical cluster analysis
revealed both distinct and overlapping phenotypic alterations induced by
siremadlin and olaparib. Furthermore, the differences in phenotypic features
increased with dose levels, indicating that the morphological changes induced by
siremadlin and olaparib are dose-dependent. These results were then visualized
in radial plots to illustrate both positive and negative phenotypic effects of

increasing doses of siremadlin and olaparib on specific cellular components
(Figure 19c¢).

Radial plots showed changes in morphological features associated with various
cellular structures, including the endoplasmic reticulum (ER), nucleus, nucleoli,
Golgi, cytoskeleton, and mitochondria, as well as features related to cell shape,
cell area, neighbouring cells, and comparisons between cytoplasmic and nuclear
regions. Concentric marks on the plots represented the average deviation of
morphological features from the mean value of the control (DMSO-treated cells),
facilitating the observation of dose-dependent changes in cellular morphology,
function, and interactions across multiple cellular components following
treatment exposure. The morphologic profiles revealed a marked dose-dependent
increase in granularity of organelles such as the ER, Golgi, nucleoli, and
mitochondria, following siremadlin treatment. This increase may reflect
disruptions in organelle function, potentially affecting processes like protein
synthesis, trafficking, and metabolic activity. Additionally, changes in nuclear and
cytoplasmatic area and shape were observed. For olaparib, the increased ER
intensity and nucleus granularity, along with changes in nuclear and cytoplasmic
area and shape, suggested significant alterations in cellular morphology and
function, including impacts on protein synthesis, cell cycle regulation, and DNA

repair processes.
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4.3.2. The combination of siremadlin and olaparib synergistically
induced morphological changes in the ER, Golgi, cytoskeleton,
and nucleus

After analysing the individual effects of siremadlin and olaparib on cellular
morphology, the study investigated the combined impact of these drugs on RH36
cells. For this putrpose, the phenotypic effects induced by the combination of
siremadlin and olaparib were compared to those observed with each drug alone.
t-SNE analysis of the morphological profiles revealed a distinct cluster of cells
treated with the combination of 0.04 and 0.08 uM siremadlin and 3.2 uM olaparib
(Figure 20a). The formation of this separate cluster indicated that the
combination treatment induced a unique morphological phenotype, supporting a
synergistic interaction between the two drugs.

Hierarchical clustering of morphological profiles showed that the changes
induced by the combination treatment were more similar to those caused by
siremadlin alone than to those caused by olaparib alone (Figure 20b). Indeed,
olaparib appeared to synergistically potentiate a substantial proportion of the mild
phenotypic changes triggered by siremadlin. Radial plots demonstrated a marked
increase in morphological features associated with ER and nuclear intensity, as
well as granularity in the Golgi apparatus and cytoskeleton, indicating significant
morphological changes that reflect alterations in cellular function (Figure 20c).
Additionally, changes were observed in the nucleus and cytoplasm regions of
neighbouring cells.

The increased intensity of the ER suggested not only changes in its morphology
but also alterations in its function, such as modifications in protein synthesis rates,
and potential ER stress. Similarly, the elevated granularity observed in the Golgi
apparatus and cytoskeleton indicated significant changes in their composition or
organization, potentially disrupting essential processes such as protein trafficking
and cellular structure maintenance. The increased nuclear intensity suggested
increased nuclear activity, potentially reflecting enhanced transcriptional activity,
DNA replication, or DNA repair processes. These changes indicated a strong
cellular response to the combination treatment that could impact overall cell
function.
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Figure 20. Combination of siremadlin and olaparib synergistically induced morphological changes in
the ER, Golgi, cytoskeleton and nucleus. (a) Two-dimensional plot, derived from t-SNE analysis,
showing the distinct morphological cluster formed by the combination of siremadlin (S) and olaparib
(O) compared to individual treatments and control in RH36 cells. Scores on both axes represent the
relative distance between clusters. (b) Heatmaps displaying the hierarchical clustering of ~2000
morphological features analysed by cell painting after treating RH36 cells with 0.04 or 0.08 uM
siremadlin (S), 3.2 uM olaparib (O), and their combination (S+0O). The colour in the heatmap (Z-score)
represents the deviation of each morphological feature from the mean value of the DMSO-treated
control cells. (c) Radial plots showing the findings from panel (b) for RH36 cells treated with 0.08 uM
siremadlin (S), 3.2 uM olaparib (O), and their combination (S+O). On the left, radial plots show both
positive and negative differences, while on the right results are categorized in positive and negative
differences. Concentric marks represent Z-scores. All morphological features analysed are grouped
into eight main groups: endoplasmic reticulum (ER), nucleus, nucleoli, Golgi + cytoskeleton,
mitochondria, cellular area and shape, characteristics of the neighbour cells, and correlates between
nucleus and cytoplasm regions. At the same time, these features are further categorized into the
following subgroups: RD (radial distribution), L (location and spatial distribution), G (granularity), |

(integrated intensity), C (cell measurements), N (nuclear measurements), and Cy (cytoplasm
measurements).
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4.4. Olaparib induced DNA damage in p53 WT RMS cells in
vitro

PARP inhibitors (PARPI), such as olaparib, have emerged as a promising strategy
for tumours with defects in HR genes, including those harbouring mutations in
BRCAT and/or BRCA2. Beyond their established efficacy in HR-deficient cells,
PARPI are being investigated in combination with other therapeutic agents to
enhance their efficacy through synergistic interactions and to potentially sensitize
tumours that are inherently resistant to PARPi. In RMS, where HR deficiencies
are relatively uncommon, PARP1 have been evaluated as radiosensitizers and in
combination with agents targeting alternative DNA damage repair pathways,
such as the newly developed ATR inhibitors. However, while the ability of PARP
inhibitors to induce DNA DSBs has been demonstrated in p53 MUT RMS cells,
their effects on p53 WT RMS cell lines have been less explored.

4.4.1. Olaparib elicited a dose-dependent accumulation of YH2AX
in p53 WT RMS nuclei in vitro

To assess the induction of DSBs by olaparib in p53 WT RMS cells, cells were
treated with increasing doses of olaparib (1, 2, 4, and 8 pM) for 24, 48, and 72
hours, and the number of nuclei positive for yH2AX foci was quantified using
fluorescence microscopy. Etoposide (2.5 uM) was used as a positive control due
to its established ability to bind TOP2, inhibit the religation of DNA breaks, and
induce DSBs.

Microscopy analysis revealed a dose-dependent increase in yH2AX foci in p53
WT RMS cells treated with olaparib for 24, 48, and 72 hours (Figure 21a-b).
Notably, in CW9019 cells, DNA damage induced by olaparib was detectable only
at concentrations of 4 uM or greater, indicating that these cells require higher
doses of olaparib to achieve similar levels of DNA damage compared to other
cell lines. Moreover, the number of yH2AX-positive nuclei was lower in olaparib-
treated cells compared to etoposide-treated cells, suggesting that while olaparib
is effective in inducing DNA damage, it is less potent compared to etoposide at
the tested doses. These findings demonstrated the ability of olaparib to induce
DSBs in p53 WT RMS cells, albeit with lower efficiency compared to etoposide.
Furthermore, the results suggested potential differences in cellular sensitivity and
resistance to olaparib-induced DNA damage among different RMS cell lines.
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Figure 21. Olaparib elicited a dose-dependent accumulation of yH2AX in p53 WT RMS cell nuclei in
vitro. (a) Microscope fluorescence images showing pH2AX / DAPI double staining of p53 WT RMS cells
treated with vehicle (control), 2.5 uM etoposide (positive-control) and 1, 2, 4, and 8 uM olaparib at 24
and 48 hours post treatment. Pink-doted nuclei indicate the presence of pH2AX foci in the nucleus.
(b) Bar plots representing the % of pH2AX-positive nuclei in cells treated with vehicle (control), 2.5 uM
etoposide, 1, 2, 4, and 8 uM olaparib for 24, 48, and 72 hours. Bars represent the mean + SEM of three
replicates for each condition (n=3). Statistical significance was assessed using two-way ANOVA
followed by Dunnett's post-hoc test.
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4.4.2. The combination of siremadlin and olaparib did not
enhance DNA damage beyond olaparib alone in p53 WT RMS

cells

Given the previously observed synergistic effects of combining siremadlin and
olaparib on cell survival and proliferation, the next objective was to determine
whether this combination also led to a greater accumulation of DNA DSBs
compared to the individual treatments. To address this, p53 WT RMS cells were
treated with 0.08 pM siremadlin and 8 pM olaparib for 24, 48, and 72 hours.
Subsequently, the number of yH2AX-positive nuclei was quantified and
compared with those from the individual treatments and control (Figure 22a).
The results indicated that the combination of siremadlin and olaparib did not
result in a significantly higher accumulation of yYH2AX foci compared to olaparib

alone at any of the time points examined (24, 48, or 72 hours).
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Figure 22. Evaluation of DNA damage in p53 WT RMS cells treated with siremadlin, olaparib, and their
combination. (a) Fluorescence microscope images showing pH2AX / DAPI double staining in p53 WT
RMS cells treated with vehicle (control), 2.5 uM etoposide (positive-control), 0.08 uM siremadlin, 8 uM
olaparib, and their combination (combo) for 48 hours. Pink-stained nuclei indicate the presence of
pH2AX foci, which are markers of DNA DSBs. (b) Bar plots showing the % of pH2AX positive nuclei in
cells treated with vehicle (control), 2.5 uM etoposide (positive-control), 0.08 uM siremadlin (S), 8 uM
olaparib (O), and their combination (S+O) for 24, 48, and 72 hours. Data are presented as the mean
+ SEM of three replicates (n=3) for each condition. Statistical significance was assessed using two-way
ANOVA followed by Dunnett’s post-hoc test.

The variability in the response observed among the different RMS cell lines
suggested that the effectiveness of the combination treatment may be influenced
by both the duration of the treatment and intrinsic molecular features of each cell
line. Overall, these findings indicated that combining siremadlin with olaparib did
not consistently increase DNA damage levels compared to olaparib alone,
suggesting that the observed synergistic effects on cell survival and proliferation
were not due to an increased induction of DNA damage and may instead be
related to other mechanisms or pathways.

4.5. The combination of siremadlin and olaparib
synergistically enhanced the induction of apoptosis in vitro

Effective cancer therapies often involve the combination of agents that
synergistically enhance cytotoxicity. In this study, the combination of siremadlin
and olaparib demonstrated a synergistic reduction in p53 WT RMS cell survival
and proliferation. However, the mechanisms driving these enhanced cytotoxic
effects were not fully understood. To address this, we comprehensively examined
the combined effects of siremadlin and olaparib on cell death, apoptosis, and cell
cycle progression using a set of complementary techniques.

Hoechst/PI double staining, which differentiates between viable and dead or
dying cells (e.g. apoptotic and necrotic cells), was initially used to assess cell death.
The results revealed a significant increase in cell death rates in all p53 WT RMS
cell lines treated with the combination for 72 hours, confirming enhanced
cytotoxicity compared to individual treatments (Figure 23a). This enhanced cell
death was further cotroborated by apoptosis analysis using Annexin V/Sytox
staining followed by flow cytometry, which demonstrated a marked increase in
apoptotic cells following treatment with the combination (Figure 23b). These
results suggested that the combination of siremadlin and olaparib enhanced
apoptotic cell death in p53 WT RMS, potentially through the activation of p53-
mediated apoptotic pathways.
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Moreover, asynchronous cell cycle analysis using DAPI staining and flow
cytometry revealed impaired cell cycle progression in p53 WT RMS cells treated
with either olaparib alone or the combination of siremadlin and olaparib (Figure
23c¢). To further elucidate the molecular mechanisms underlying these effects,
WB was used to quantify the expression levels of phosphorylated retinoblastoma
protein (pRb, Ser807/811) and Cyclin B1, key regulators of G1/S and G2/M cell
cycle transitions. Notably, a substantial reduction in both pRb and Cyclin B1
levels was observed in p53 WT RMS cells treated with the combination for 72
hours (Figure 23d). The reduction of these markers suggested that the
combination therapy interfered with both G1/S and G2/M checkpoints, thereby
contributing to the previously observed antiproliferative effects. These findings
highlighted the pharmacological effects of siremadlin and olaparib in
combination therapy, demonstrating strong antiproliferative effects, increased
apoptosis, and disrupted cell cycle progression in p53 WT RMS cells.
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Figure 23. The combination of siremadlin and olaparib synergistically induced apoptosis and cell death
in p53 WT RMS cells. (a) On the upper section, images of Hoechst / Pl double staining showing the
effects on cell death/apoptosis induction in p53 WT RMS cells treated with 80 nM siremadlin (S), 4 uM
olaparib (O), or their combination (S+O) for 72 hours. Viable cells are stained in blue while
dead/apoptotic cells are stained in pink. On the lower section, bar plots representing the % of viable
or dead/apoptotic cells for each cell line and treatment. Data are expressed as the mean + SEM of
three replicates (n=3). (b) On the upper section, flow cytometry plots of Annexin V / Sytox double
staining revealing the effects on apoptosis in p53 WT RMS cells treated with 80 nM siremadlin (S), 4
pM olaparib (O), or their combination (S+O) for 72 hours. On the lower section, bar plots representing
the % of viable (Annexin V -/ Sytox -), apoptotic (Annexin V +), or dead cells (Annexin V - / Sytox +)
for each cell line and treatment condition. Bars represent the mean + SEM of three replicates (n=3).
(c) Representative plots of DNA content from flow cytometry analysis of p53 WT RMS cells treated
with 80 nM siremadlin (S), 4 uM olaparib (O), or their combination (S+O) for 72 hours. The area under
each peak represents the number of cells in G1 (red), S (orange), or G2/M (blue) phases according to
the intensity of DAPI staining. (d) On the upper section, WB showing the expression of p-Rb or Cyclin
B in p53 WT RMS cells treated with 80 nM siremadlin (S), 4 uM olaparib (O), or their combination
(S+0) for 72 hours. Molecular weight (MW) markers are indicated by dashes on the left side of the
membrane. On the lower section, bar plots showing the quantification of p-Rb (left) or Cyclin B (right).
Protein expression was normalized to 3-actin and is expressed as fold-change (FC) relative to vehicle-
treated cells. Data are presented as the mean + SEM of three p53 WT RMS cells (n=3). Statistical
significance was assessed using two-way ANOVA followed by Dunnett's post-hoc test for all
experiments.

4.6. Combination of sitemadlin and olaparib led to an
increased MDM2 cleavage and p53 transcriptional activity in
p53 WT RMS

To explore the molecular effects of simultaneous treatment with siremadlin and
olaparib, the expression levels of their respective target proteins, MDM2 and
PARP, were quantified. Additionally, the impact on p53 was examined by
assessing both total p53 expression and acetylated p53 (ac-p53, K382). Measuring
acetylated p53 was of particular importance due to its critical role in modulating
transcriptional activity, stability, and interactions with key regulatory proteins.
Moreover, the expression of two p53 transcriptional targets, p21 and BAX, was
evaluated alongside the aforementioned MDM2 to provide a comprehensive

understanding of the molecular changes induced by the combination therapy.

In RH18 cells, treatment with siremadlin alone or in combination with olaparib
led to a reduction in PARP expression, while olaparib alone led to a slight increase
in both cleaved and total PARP at 72 hours (Figure 24a). Conversely, no
significant differences were observed in PARP expression or its cleaved form in

RH36 and CW9019 cells (Figures 24b-c).
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Figure 24. Combination of siremadlin and olaparib induces MDM2 cleavage and p53 accumulation
surpassing the effects of both drugs individually. (a - c) Western blot showing the expression of PARP,
full length MDM2 (MDM2), cleaved MDM?2 (c-MDM2), total p53, acetylated p53 on K382 (ac-p53), p21
and BAX in p53 WT RMS cells treated with 80 nM siremadlin (S), 4 uM olaparib (O), or their
combination (S+0) for 72 and 120 h. Molecular weight (MW) markers are indicated by dashes on the
left side of the membrane. (d-f) Bar plot showing the quantification of (d) full length and cleaved
MDM?2 (c-MDM2), (e) total and acetylated p53, and (f) p21in p53 WT RMS cells treated with 80 nM
siremadlin (S), 4 uM olaparib (O), or their combination (S+0O) for 72 and 120 h. Protein expression was
normalized to B-actin and is expressed in fold-change (FC) relative to vehicle-treated cells (C). Data
values are expressed as the mean + SEM of three p53 WT RMS cells (n=3). Statistical significance was
assessed using two-way ANOVA with Dunnett's post-hoc test.

Remarkably, the combination of siremadlin and olaparib led to a significant
increase in MDM?2 cleavage across all cell lines, indicating increased caspase
activity towards MDM2 (Figures 24a; 24d). Simultaneously, the combination of
both drugs also elicited the accumulation of p53 in all p53 WT RMS cells at 72
hours (Figures 24a-c; 24¢). The observed correlation between MDM?2 cleavage
and p53 accumulation suggested that MDM2 cleavage may contribute to p53
stabilization and accumulation. Moreover, increased levels of acetylated p53 were
also detected, indicating an enhanced transcriptional activity of p53 (Figures 24a-
¢; 24e). Notably, p53 levels returned to baseline after 120 hours of treatment with
the combination in CW9019 cells, whereas p53 levels remained elevated in RH18
and RH36 cells, suggesting sustained p53 activity in these cell lines.
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Regarding p53 targets, an increase in p21 expression was observed in all cell lines
treated with the combination for 72 hours, supporting the obtained cell cycle
results (Figures 24a-c; 24f). However, no significant differences were observed in
BAX' expression, suggesting that other proapoptotic proteins or molecular
processes, such as the transcription-independent activation of BAX by p53, may
contribute to the apoptotic process triggered by the combination of siremadlin
and olaparib (Figures 24a-c).

To further assess the enhanced p53 transcriptional activity prompted by the
combination, gene expression of established p53 target genes (MDM2,
CDKNT1A, FBXW7, MDMX) was quantified in p53 WT RMS cells using RT-
qPCR at 24-, 48-, and 72-hours post-treatment. A strong increase in MDM?2
expression was observed in p53 WT RMS cells treated with the combination
compared to control (12- to 30-fold), siremadlin (4- to 5-fold), and olaparib alone
(8- to 25-fold), with levels peaking at 48 hours (Figure 25a). Similar increases were
observed for other downstream p53 targets, including CDKN7.4, FBXIW7, and
MDMX, following the treatment with the combination (Figures 25b-d). These
results demonstrated the synergistic effect of combining siremadlin and olaparib
in activating p53-mediated pathways, evidenced by the cleavage of MDM2,
accumulation of p53, and the increased expression of its transcriptional targets,
particularly MDM?2 and p21, at bot h protein and gene level.
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Figure 25. Combination of siremadlin and olaparib induces the expression of p53 transcriptional
targets. Dot plots showing the gene expression of (a) MDMZ2, (b) CDKNTA, (c) FBXW7, and (d) MDMX
in p53 WT RMS cell lines treated with 80 nM siremadlin (S), 4 uM olaparib (O), or their combination
(S+0) for 24, 48, or 72 h. The housekeeping gene TBP was used as an endogenous control. Gene
expression fold-change (FC) is relative to the expression of each gene in vehicle-treated cells (C). Data
values represent the mean + SEM of three p53 WT RMS cells (n=3). Statistical significance was assessed
using two-way ANOVA followed by Dunnett's post-hoc test.

4.7. Combination of siremadlin and olaparib impaired
tumour growth and extended mice overall survival in vivo

To evaluate the iz vivo efficacy of combining siremadlin and olaparib, CDOX were
established by injecting RH36 cells into the gastrocnemius muscle of SCID mice.
Initially, a pilot study was conducted to identify effective dosing regimens that
would reduce tumour growth while minimizing toxicity. Thus, RH36 CDOX
were treated with 50 mg/kg siremadlin, 100 mg/kg olaparib, and their
combination at different concentrations (1X, 0.5X, and 0.25X) twice weekly via
oral gavage. Results demonstrated that all combination regimens reduced tumour
growth compared to single-drug treatments and control, suggesting a potential
synergistic effect 7z vivo (Figure 26a). Among these regimens, the combination of
50 mg/kg siremadlin and 100 mg/kg olaparib achieved the most favourable
tumour reduction outcomes. However, the use of 50 mg/kg siremadlin resulted
in a notable reduction in body weight after 30 days of treatment, indicating
potential systemic toxicity associated with this dosing regimen (Figure 26b).

138



In a subsequent 7z wivo study, RH36 CDOX were treated with 25 mg/kg
sitemadlin and/or 50 mg/kg olaparib, with the sample size increased to six mice
per group. Consistently, a significant reduction in tumour growth and extended
overall survival was observed in mice treated with the combination (Figure 26c¢-
d). Notably, no reduction in mice weight was observed throughout the treatments
(Figure 26¢). These results underscored the enhanced therapeutic efficacy of the
combination regimen without causing apparent side effects at the tested doses.
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Figure 26. Combination of siremadlin and olaparib reduced tumour growth and extended mice overall
survival. (@) Dot plot showing tumour volume increase over time for RH36-derived tumours treated
with 50 mg/kg siremadlin (S), 100 mg/kg olaparib (O), or their combination at various doses: full (S+O
1X), half (S+0O 0.5X), and quarter (S+O 0.25X). Each dot represents the mean + SEM of two replicates
(n=2). (b) Dot plot displaying the changes in mice weight over time for the same treatments as in
panel (a). Each dot represents the mean + SEM of two replicates (n=2). (c) Dot plot showing the
increase in tumour volume over time of RH36-derived tumours treated with 25 mg/kg siremadlin (S),
50 mg/kg olaparib (O) or their combination (S+0O). Each dot represents the mean + SEM of six tumours
(n=6). Two-way ANOVA with Dunnett's post-hoc test was used to determine statistical significance.
(d) Kaplan-Meier curves showing overall survival (in %) of mice treated with 25 mg/kg siremadlin (S),
50 mg/kg olaparib (O) or their combination (S+0O). Statistical significance was assessed using log-rank
test (n=6). (e) Dot plot showing changes in mice weight over time for the same treatments as in panels
(c) and (d). Statistical significance was determined using two-way ANOVA followed by Dunnett's post-
hoc test.
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Simultaneously, to evaluate the molecular effects of various cumulative doses, a
separate cohort of RH36 CDOX received 1, 3, and 5 doses of 25 mg/kg
sitemadlin and/or 50 mg/kg olaparib. Tumour samples wete collected 24 hours
after the last administration. Protein expression analysis revealed increased levels
of total and acetylated p53, as well as elevated expression of its downstream
targets, p21 and MDM2, in RH36-derived tumours treated with 3 and 5 doses of
the combination (Figure 27a). These results suggested that the combination of
siremadlin and olaparib significantly enhanced p53 activity after 3 and 5 doses.
Additionally, gene expression analysis by RT-qPCR revealed increased mRNA
levels of MDM?2 and CDKN7.A following 3 and 5 doses of the combination
(Figure 27b). However, by the study endpoint, MDM2 and CDKN7.4 mRNA
levels had reverted to baseline levels similar to those in control and single-drug
treatments, indicating an adaptive response of RH36 cells to the treatment likely
occurring between the administration of 5 doses and the endpoint of the study.
Altogether, these results demonstrate the 7z vivo efficacy of combining siremadlin
and olaparib, highlighting its effectiveness in reducing tumour growth and
extending overall survival while enhancing p53 activity. Molecular findings
further suggest that an adaptive response developed over time, underscoring the
need for further investigation into the mechanisms driving this adaptation.
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Figure 27. Protein and gene expression analysis of RH36 xenografts treated with the combination of
siremadlin and olaparib. (a) Western blot showing the expression levels of MDM2, total p53, acetylated
p53 on K382 (ac-p53), and p21 in RH36-derived tumours treated with 1, 3, or 5 doses of 25 mg/kg
siremadlin (S), 50 mg/kg olaparib (O), or their combination (S+0O). B-actin was used as loading control.
Molecular weight (MW) markers are indicated by dashes on the left side of the membrane. (b) Bar
plots showing the gene expression levels of MDMZ (left) and CDKNTA (right) in RH36-derived tumours.
Tumours were treated with 25 mg/kg siremadlin (S), 50 mg/kg olaparib (O) or their combination (S+0O)
for 1, 3, 5 doses, or until the study endpoint. The housekeeping gene TBP was used as an endogenous
control. Gene expression fold-change (mean FC + SEM) is relative to the basal expression of each
gene in vehicle-treated tumours. Statistical significance was determined using restricted maximum
likelihood followed by Dunnett's post-hoc test, accounting for the differing number of replicates across
groups (n=2 for tumours treated with 1, 3, or 5 doses, and n=6 for tumours treated until the endpoint).
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4.8. Combining siremadlin and olaparib with selected
chemotherapies further enhanced their therapeutic effects

While the combination of siremadlin and olaparib showed potential in reducing
tumour growth, it did not achieve complete tumour eradication as a standalone
treatment. Thus, integrating siremadlin and olaparib with currently approved
chemotherapy regimens for RMS was explored as a strategy to optimize clinical
efficacy, minimize toxicity, and overcome treatment resistance. To assess the
efficacy of combining these agents with conventional chemotherapy regimens,
two distinct experimental approaches were followed (Figure 28a).

In the first approach, p53 WT RMS cells were pre-treated with actinomycin,
vincristine, or phosphoramide mustard (an active metabolite of
cyclophosphamide) for 2 days (48 hours). Subsequently, siremadlin and olaparib
were added to the pre-treated cells for an additional 3 days. The results
demonstrated that the addition of siremadlin and olaparib, both individually and
in combination, led to enhanced suppression of cell survival compared to
chemotherapy alone, indicating that both drugs retained their antitumoral efficacy
when administered after conventional chemotherapies (Figure 28b). In the
second approach, p53 WT RMS cells were treated simultaneously with siremadlin
and/or olaparib along with first-line chemotherapeutics over a petiod of 7 days.
Similar to the first approach, the triple combination significantly inhibited cell
survival at 3 days. However, the synergistic effect diminished over time, and no
statistically significant differences were observed at 5 and 7 days (Figure 28c).
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Figure 28. The combination of siremadlin and olaparib retained their antitumoral efficacy following
conventional chemotherapy treatments (a) Schematic representation of the two distinct approaches
used to evaluate the efficacy of incorporating both siremadlin and olaparib into conventional
chemotherapy regimens. (b) Bar plots showing the effects siremadlin (S) and olaparib (O) on cell
survival of p53 WT RMS cells previously treated with actinomycin-D (A), vincristine (V), or
phosphoramide mustard (P) for 2 days (48 hours). Cell survival (in %) is relative to the pre-treated cells.
Data represent the mean + SEM from three replicates (n=3). Statistical significance was assessed using
one-way ANOVA followed by Dunnett's post-hoc test. (c) Dot plots showing the effect on cell
proliferation of combining siremadlin (S) and olaparib (O) with first-line chemotherapeutics. Cell
proliferation is expressed as log. fold-change (logzFC) relative to cells treated with chemotherapy
alone. Dots represent the mean + SEM from three replicates (n=3). Statistical significance was
determined using two-way ANOVA followed by Dunnett’s post-hoc test.

Given the variable efficacy observed with the combination of siremadlin and
olaparib with first-line chemotherapies, their combination with second-line
chemotherapies was also explored. This investigation was prompted by the need
to develop alternative therapeutic strategies for patients who either do not
respond to first-line treatments or experience disease progression following initial
therapy. By integrating siremadlin and olaparib with second-line
chemotherapeutics, we aimed to enhance treatment outcomes and provide
additional therapeutic options for RMS patients.
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Figure 29. The combination of siremadlin and olaparib showed synergistic effects with irinotecan, TMZ,
and doxorubicin. (a-d) Dot plots showing the effects on cell proliferation in p53 WT RMS cells treated
simultaneously with siremadlin (S) and olaparib (O) in combination with (a) irinotecan, (b) TMZ, or (c)
doxorubicin. Panel (d) shows the mean results for these combinations across all p53 WT RMS cells. (e)
Heatmap displaying the mean synergy Bliss-scores for the combination shown in panels (a-d). (f-h)
Dot plots showing the effects on cell proliferation in p53 WT RMS cells treated simultaneously with
siremadlin (S) and olaparib (O) in combination with (f) cisplatin or (g) etoposide. Panel (h) presents the
mean results for these combinations across all p53 WT RMS cell lines. In all cases, cell proliferation is
expressed as log2 fold-change (logzFC) relative to cells treated with chemotherapy alone. Data
represent the mean + SEM from three replicates (n=3). Statistical significance was assessed using two-
way ANOVA followed by Dunnett’s post-hoc test.
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To evaluate this approach, p53 WT RMS cells were treated with siremadlin
and/or olaparib in combination with second-line chemotherapeutic agents,
including irinotecan, TMZ, doxorubicin, cisplatin, and etoposide. Notably, the
combination of siremadlin and olaparib consistently demonstrated synergistic
effects with irinotecan, TMZ, and doxorubicin across all p53 WT RMS cell lines
(Figures 29a-c). Although the synergistic effects observed at 3 days tended to
become additive at 5 and 7 days (Figure 29d), these combinations continued to
exert potent cytotoxic effects, significantly reducing cell proliferation compared
to chemotherapy alone or dual combinations. In contrast, as observed with
actinomycin, vincristine, and phosphoramide mustard, the combination of
siremadlin and olaparib with cisplatin or etoposide yielded inconsistent results
(Figure 29f-h). This variability suggests that while the initial synergistic responses
to the triple combinations of siremadlin, olaparib, and first-line
chemotherapeutics or etoposide were promising, these effects were not
consistently sustained over the long term.

Conversely, the consistent and robust results obtained with the combination of
siremadlin and olaparib with irinotecan, TMZ, and doxorubicin underscored their
potential for sustained therapeutic benefit. Integrating siremadlin and olaparib
with these specific second-line chemotherapeutics may offer more durable
responses compared to its combination with first-line treatments. Future research
should focus on optimizing these combination strategies and elucidating the
underlying mechanisms that sustain their synergistic effects. The encouraging
results from combining siremadlin and olaparib with irinotecan, TMZ, and
doxorubicin present an exciting opportunity for advancing treatment protocols
and improving patient care in RMS. Continued exploration in preclinical and
clinical settings is warranted to validate these results and develop new, more
effective therapeutic approaches.






5. DISCUSSION







RMS is the most common soft-tissue sarcoma in children and adolescents,
characterized by aggressive neoplasms containing tumour cells that resemble
skeletal myoblasts!2?. Unlike many adult tumours, p53 loss-of-function mutations
are rare in RMS, occurring in only about 5-10% of cases!34. However, the tumour
suppressive functions of p53 can still be compromised in RMS through
alternative genetic alterations, such as those affecting the RAS-MAPK or PI3K-
AKT-mTOR pathways, MDM2 amplifications, or CDK2NA deletions, leading
to persistent MDM2 activation321-524, Several studies have reported MDM?2
overexpression in RMS, linking high MDM2 levels to multidrug resistance,
particularly in response to chemotherapy, in both RMS and other malignancies>?>-
529, As a result, MDM2 inhibition has emerged as a potential therapeutic
vulnerability in p53 WT RMS, particularly when combined with standard
chemotherapies.

Preclinical studies have supported this strategy, showing promising results when
MDM?2 inhibitors are combined with specific treatments for p53 WT RMS. For
instance, nutlin-3a, a first-generation MDM2 inhibitor, enhanced the antitumor
activity of vincristine and actinomycin D in p53 WT RMS cells%¢. Similarly,
idasanutlin enhanced the efficacy of ionizing radiation in MDM2-amplified RH18
cells and xenografts3>’. However, these studies primarily focused on specific
combinations, potentially overlooking other synergistic interactions with newly
developed or currently tested compounds for R/R RMS.

In this study, we evaluated the efficacy of four promising MDM2 inhibitors
(siremadlin, idasanutlin, navtemadlin, and MI-773), along with four experimental
MDM2/X inhibitors, as single agents. Additionally, we conducted a drug
combination screening, pairing siremadlin with selected targeted therapies and
standard chemotherapies commonly used in paediatric cancer treatment. Our
findings underscore the therapeutic potential of combining siremadlin with
specific compounds, notably olaparib, for the treatment of p53 WT RMS.
Through comprehensive investigations of the impact of this combination both 7
vitro and in vivo, and its integration with currently approved treatments, our study
provides valuable insights into novel multidrug therapeutic strategies. These
findings hold promise for advancing effective therapies not only for p53 WT
RMS but also for other solid tumours exhibiting similar molecular features.
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5.1. Exploiting the MDM2-p53 axis: the therapeutic
vulnerability of p53 WT cells to MDMZ2 inhibitors

Targeting the MDM2-p53 interaction with small-molecule inhibitors represents
a promising therapeutic strategy for treating p53 WT tumours. MDM2 inhibitors
have shown efficacy in inhibiting the proliferation of p53 WT cells both 7 vitro
and 2 vivo by preventing p53 degradation, and potentially restoring its tumour-
suppressive activities304319.508, Currently, several MDM?2 inhibitors with distinct
chemical scaffolds, including idasanutlin (RG7388), siremadlin (HDM201),
navtemadlin (AMG-232), MI-773, CGMO097, alrizomadlin (APG-115), and
brigimadlin (BI-907828), are being evaluated in clinical trials320:354, However,
despite their potential, their efficacy, specificity, and antitumoral effects in RMS
remain pootly understood. Thus, the primary aim of this thesis was to evaluate
the differential effects of these MDM?2 inhibitors on p53 WT versus p53 MUT
RMS cells. By assessing how these inhibitors impacted cells with distinct p53
statuses, this study aimed to identify the most effective and selective compounds
for further investigation. In addition to influencing sensitivity to MDM2
inhibitors, extensive research has highlighted the pivotal role of p53 status in
modulating responses to a variety of therapeutic agents across different
cancers0-533, Interestingly, while mutations in p53 are often linked to increased
resistance to therapies, the presence of functional p53 WT can, paradoxically,
reduce therapeutic efficacy in certain tumors>3+-537. Despite these findings, there
is a significant gap in the literature regarding how p53 status influences drug
sensitivity specifically in RMS. This thesis aims to address this gap by
systematically evaluating the differential responses of p53 WT and p53 MUT
RMS cells to a variety of targeted therapies and standard chemotherapeutics.

5.1.1. Enhanced sensitivity of p53 WT RMS cells to siremadlin

To address these questions, RMS cells classified by p53 status were treated with
four MDM2 inhibitors (siremadlin, idasanutlin, navtemadlin, and MI-773) along
with twenty-two additional drugs, including standard chemotherapeutics and
targeted therapies commonly used in paediatric oncology. Cell survival analysis
demonstrated that p53 WT RMS cells were significantly more sensitive to several
MDM?2 inhibitors compared to p53 MUT RMS cells, highlighting the potential
of these compounds for selectively targeting p53 WT RMS cells (Figure 15a-b).
This finding is consistent with previous research indicating that first- and second-
generation MDM2 inhibitors are particularly effective against p53 WT tumours
by preventing MDM2-mediated degradation of p53356.538,539,
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Conversely, no significant differences were observed in the sensitivity of p53 WT
or p53 MUT RMS cells to chemotherapeutics and other targeted therapies,
suggesting that p53 status may not substantially influence the response to these
drugs (Figure 15a-b). To further elucidate this aspect, future investigations
employing p53 knockout models could provide valuable insights by comparing
drug responses in isogenic cell lines. Additionally, conducting time-course and
dose-response experiments could help uncover subtle differences in drug
sensitivity related to p53 status, thereby refining our understanding of how p53
status impacts therapeutic efficacy in RMS.

Regarding MDM2 inhibitors, the comparative analysis of its dose-responses
indicated lower ICs values for siremadlin and idasanutlin in p53 WT RMS cells,
suggesting a higher potency of these compounds in activating the p53 pathway
compared to navtemadlin and MI-773 (Figure 15c). Remarkably, siremadlin
exhibited a greater difference in loglCso values between p53 WT and p53 MUT
cells compared to other inhibitors, indicating its superior specificity and
selectivity in targeting MDM2-p53 interaction (Figure 15c). Based on these
findings, siremadlin was selected for further studies to explore and validate its
efficacy and therapeutic potential alone and in combination with other drugs.

5.1.2. Expression levels of p53, p21, and MDM2 as predictive
biomarkers of response to MDM2 inhibitors in RMS cell lines

The tumour suppressor p53, together with its downstream effectors p21 and
MDM?2, play pivotal functions in cell cycle regulation, apoptosis, and genomic
stability310311, Increased transcriptional activity of p53 typically results in
increased expression of its target genes, reflecting the functional activity of either
p53 WT or p53 mutant MUT cells. While p53 WT cells are generally more
responsive to MDM2 inhibitors, incorporating the expression levels of specific
p53 targets can enhance predictive models. This approach can identify p53 MUT
cells that retain partial p53 activity and might respond to MDM2 inhibitors, as
well as p53 WT cells that have lost p53 activity and are less likely to benefit from
the treatment>40-541,

Prior to this work, the potential predictive value of p53 and its downstream
targets for MDM2 inhibitors in RMS had not been thoroughly investigated.
Therefore, we first evaluated the expression levels of p53, p21, and MDM2 in six
RMS cell lines and correlated these levels with the ICsp values of MDM2
inhibitors in these cells (Figures 16a-d).
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Our analysis revealed that the expression levels of p53, p21, and MDM2 did not
significantly differ between p53 WT and p53 MUT cells, likely due to substantial
variability among p53 WT cells (Figure 16a-c). This variability may be attributed
to molecular heterogeneity, such as MDM2 amplification in RH18 cells and
CDKN2A loss in CW9019 cells 40525542 which may influence the basal expression
levels of these p53 targets.

Despite this variability, gene and protein expression levels of MDM2 and p21
correlated with the 1Cso values of MDM2 inhibitors (Figure 16d). Notably, the
strongest correlation was observed between p53 status and ICsg values, suggesting
that p53 status serves as a more robust predictor of response to MDM2 inhibitors
than the expression levels of individual p53 targets. Furthermore, the strong
correlation between gene and protein expression levels for MDM2 and p21
supports the interchangeability of these measurements in predictive models.
Overall, these findings highlight the potential of p53 status as a key factor in
predicting therapeutic response and underscore the importance of considering
molecular heterogeneity in future studies. Expanding the study to include
additional RMS cell lines could further elucidate the diversity in responses to
MDM?2 inhibitors and enhance the development of more accurate predictive

models.

5.1.3. Time-dependent activation of the p53 pathway by
siremadlin

To investigate the molecular effects of siremadlin on p53 activity, the temporal
changes in gene and protein expression levels of p53 and its downstream targets,
MDM?2 and p21, were analysed in RMS cells. Treatment with siremadlin resulted
in a progressive accumulation of p53 and its downstream targets, MDM2 and
p21, in p53 WT RMS cells at 8,16, and 24 hours post-treatment (Figures 16e-f).
Gene expression analyses further supported these observations, revealing
increased levels of MDM?2 and CDKNT.A in p53 WT RMS cells treated with
siremadlin, indicating effective activation of p53 transcriptional activity (Figure
16g). These results are consistent with previous studies demonstrating a p53
accumulation followed by elevated p21 expression in p53 WT RMS cells treated
with other MDM?2 inhibitors336:538, In addition, the induction of p21 had also
been observed in MDM2-amplified OS cells treated with siremadlin®3.
Collectively, these findings underscore the potential of siremadlin to effectively
activate the p53 pathway in p53 WT RMS cells and emphasize the importance of
quantifying MDM2 and p21 expression to evaluate p53 pathway activation.
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5.2. Evaluating the efficacy and specificity of novel dual
MDM2 /X inhibitors

The rationale for developing MDM2/X dual inhibitors stems from the intricate
regulatory roles that MDM2 and MDMX (also known as MDM4) play in the p53
pathway. MDMX is a paralog of MDM2 that also acts as critical negative regulator
of p53 through both redundant and complementary roles>*. Unlike MDM2,
MDMX does not directly promote p53 ubiquitination and degradation nor its
transport from the nucleus to the cytoplasm, as it lacks E3 ubiquitin ligase
activity>®. However, similar to MDM2, MDMX binds to p53 the TAD1 and
TAD2 regions, thereby inhibiting its transactivation activity. By binding to p53,
both MDM2 and MDMX can interfere with p300/CBP-mediated acetylation of
p53, thereby reducing its transcriptional activity>#6->47. Moreover, MDMX is often
amplified and highly expressed in p53 WT human cancers>8->50, The redundant
and complementary roles of MDM2 and MDMX suggest that inhibiting only
MDM?2 may not be sufficient to fully reactivate p53, as MDMX can compensate
for MDM2 inhibition, resulting in incomplete p53 activation320.551,552,
Additionally, tumours can develop resistance to MDM2 inhibitors potentially
through upregulation or stabilization of MDMX, suggesting that dual inhibition
could be beneficial in addressing potential resistance mechanisms320:346,551-553, By
targeting both MDM2 and MDMX, these dual inhibitors could be effective across
a wider range of cancer types and genetic backgrounds, while also addressing
tumour heterogeneity by affecting all tumour cells, regardless of their MDM2/X
expression levels.

The collaborative research with the Medicinal Organic Chemistry group at the
University of Lisbon aimed to evaluate the efficacy of new experimental
compounds as dual inhibitors of MDM2/X. This study included compounds
from two different chemical classes: spiropyrazoline oxindole derivatives
(ME240, ME242, ME258) and a tryptophanol-derived oxazoloisoindolinone
derivative (MEG2). Previous studies had indicated that these compounds had
limited selectivity for targeting p53 WT (p53+/*) compared to p53 MUT (p53-/)
HCT166 colorectal carcinoma cells>>4%. However, co-immunoprecipitation
experiments had demonstrated that ME-62 effectively binds to and inhibits both
MDM2-p53 and p53-MDMX interactions. Furthermore, ME-62 had shown
enhanced selectivity 7z vivo in p53 WT HCT166 xenografts compared to its p53
MUT counterparts, highlighting ME-62 as a promising anticancer drug
candidate>,
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In this study, p53 WT and p53 MUT RMS cells were treated with escalating doses
of ME240, ME242, ME258, and MEG2 (also known as DIMP53-1) for a 72 hours
to establish dose-response curves. The experimental compounds exhibited
significantly higher ICso values in p53 WT RMS compared to established MDM2
inhibitors (siremadlin, idasanutlin, navtemadlin, and MI-773), indicating lower
potency (Figure 17a). Additionally, unlike the results observed with MDM?2
inhibitors, loglCso values did not differ between p53 WT and p53 MUT RMS
cells, indicating a lack of selectivity for p53 WT RMS cells.

Given that p53 status is a major determinant of the response to MDM2/X
inhibitors325,346,398,556 and based on the results obtained with established MDM2
inhibitors in RMS cells, these findings suggested that the experimental
compounds lacked specificity in targeting MDM2/X-p53 interactions.
Consequently, these compounds were excluded from further consideration in the
project, and the focus shifted to continuing the project with the MDM2 inhibitor
siremadlin. However, it is important to note that subsequent studies with these
compounds have proposed ME-62 derivatives (SLM53-1/2) as a p53-activating
agents rather than MDM2/X inhibitors, with the ability to interact with and
activate both p53 wild-type and multiple hotspot p53 mutants>7->%, Similarly, a
new set of spiropyrazoline oxindole derivatives has been developed with the aim
of inhibiting both MDM2-p53/X protein-protein interactions3>.

5.3. Enhancing siremadlin efficacy with olaparib in p53 WT
RMS: morphological changes, DNA damage induction, cell
cycle arrest and apoptosis

The initial rationale for using MDM2 inhibitors stemmed from their ability to
activate the p53 pathway in p53 WT cells, theoretically inducing strong apoptotic
responses. However, accumulating evidence indicates that the apoptotic response
elicited by p53 activation in response to MDM?2 inhibitors is often limited due to
the complex and context-dependent patterns of p53  activity319.347.348,
Furthermore, incorporating MDM2 inhibitors into cancer therapy has faced
significant hurdles, particularly in early-phase clinical trials where monotherapy
with these agents has demonstrated limited efficacy32035435, These observations
have prompted the exploration of combination therapies to enhance their
antitumoral effects.
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Given that MDM2 inhibitors activate p53 WT without inducing significant
genotoxic effects, these compounds are considered promising candidates for
improving the efficacy of chemotherapy and radiotherapy, while also minimizing
the likelihood of resistance associated with single-agent treatments304319,
Furthermore, combining MDM?2 inhibitors with other targeted therapies has
emerged as a promising strategy to enhance the often-modest therapeutic effects
observed with these drugs alone. For example, co-treatment of p53 WT cells with
MDM2 inhibitors and apoptotic inducers, such as venetoclax (a BCL-2 inhibitor),
has demonstrated efficacy in preclinical studies, and this combination is currently
under investigation in clinical trials>0-563, Additionally, MDM2 inhibitors are
being tested in combination with tyrosine kinase inhibitors, as well as inhibitors
targeting the RAS-MAPK and PI3K-AKT-mTOR pathways, due to the
interconnected nature of these frequently dysregulated pathways in cancer#4564-
569, Ongoing clinical trials are also investigating various combinations of MDM?2
antagonists with monoclonal antibodies targeting the PD-1/PD-L1 interaction
or B-lymphocyte antigen CD20, while alternative combination regimens
involving CDK4/6 or proteasome inhibitors are being explored to further
enhance the antiproliferative effects of p53 activation70-576, Owverall, the
exploration of diverse combination regimens involving MDM?2 inhibitors
represents a dynamic and promising approach in cancer treatment. However,
while advancements are being made in understanding and implementing
combination strategies in adult cancers, the need for parallel research in paediatric
oncology remains a critical frontier3>.

5.3.1. A comprehensive drug combination screening identifies the
synergistic effect of combining siremadlin with olaparib in
reducing survival of p53 WT RMS cells

To address the limitations observed with MDM2 inhibitors as monotherapies,
our study employed a comprehensive drug combination screening approach to
identify synergistic combinations that could enhance therapeutic efficacy in p53
WT RMS. This screening involved the combination of siremadlin with selected
targeted therapies and standard chemotherapies commonly used in paediatric
cancer treatment (Figure 30). Notably, among the tested combinations, the
pairing of siremadlin with olaparib emerged as the most promising,
demonstrating the highest excess over Bliss score and a notable reduction in
cellular viability compared to either drug alone (Figures 18a-b).
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Figure 30. Combination strategies tested for enhancing the efficacy of MDM2-p53 inhibitors in p53
WT RMS. A comprehensive drug combination screening was employed to identify synergistic
combinations that could enhance therapeutic efficacy in p53 WT RMS. This screening evaluated
siremadlin (HDM-201) in combination with various targeted therapies such as linsitinib (IGF1R inhibitor),
omipalisib and buparlisib (PI3K inhibitors), MK-2206 (AKT inhibitor), everolimus (mTOR inhibitor),
trametinib and selumetinib (MEK inhibitors), venetoclax (BCL-2 inhibitor), bortezomib (proteasome
inhibitor), palbociclib (CDK4/6 inhibitor), vorinostat (HDAC inhibitor), PTC-028 (BMI-1 inhibitor),
adavosertib (Weel inhibitor), and olaparib (PARP inhibitor). Additionally, siremadlin was tested in
combination with standard chemotherapies commonly used in paediatric cancer treatment, including
DNA-damaging agents such as phosphoramide mustard, temozolomide, cisplatin, irinotecan,
doxorubicin, and etoposide, as well as microtubule inhibitors like Vincristine and the transcription
inhibitor actinomycin D (Act D).

These results were further validated through a 5 X 5 dose-matrix approach, which
confirmed the synergistic effects of siremadlin and olaparib across multiple
synergy scoring models (Figure 18c-d). Additionally, the combination of these
compounds resulted in sustained inhibition of cell proliferation over a 7-day
period, exceeding the effects observed with either drug administered individually
(Figure 18e). These findings are consistent with a previous study that
demonstrated synergistic effects when combining idasanutlin with rucaparib (a
PARP inhibitor) in both PARP-sensitive and PARP-resistant ovarian cancer cell
lines, suggesting that MDM2-p53 inhibition may resensitize cells to PARP
inhibition*.
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In addition to the promising combination of siremadlin and olaparib, our
screening identified other potentially effective therapeutic combinations, such as
siremadlin with irinotecan (TOP1 inhibitor) or venetoclax (BCL-2 inhibitor),
which warrant further investigation (Figures 18a-b). While previous studies have
demonstrated synergistic effects when combining MDM?2 inhibitors with either
topoisomerase 1/I1 (TOP1/2) or BCL-2 inhibitors across vatious tumours*!5577-

581 this is the first study to reveal such synergistic interactions specifically in RMS.

Interestingly, both irinotecan and olaparib, which demonstrated the highest
synergy scores in our screening, target DNA damage pathways. Irinotecan
inhibits TOP1, thereby preventing the religation of SSBs during DNA replication,
which results in the formation of DSBs%82. Similarly, olaparib inhibits PARP
enzymes, leading to the accumulation of SSBs that are eventually converted into
DSBs during DNA replication, particularly in HRD tumours*37:438, Additionally,
both TOP1 and PARP inhibitors are known TOP1 and PARP inhibitors are
known to impede DNA replication and induce replication stress, thereby
amplifying their cytotoxic effects®3. Our findings underscore the potential of
combining MDM?2 inhibitors with certain drugs, particularly with agents that
induce DNA damage and replication stress, such as olaparib and irinotecan, to
significantly inhibit cell proliferation and reduce cellular viability in p53 WT RMS.

5.3.2. Individual effects of olaparib and siremadlin: morphological
changes, DNA damage, and cell cycle arrest

Olaparib and other PARP inhibitors have been extensively studied in HRD
tumours, particularly those with BRCA1/2 mutations*2*-#3!. These tumours are
unable to repair SSBs via HR, resulting in the accumulation of DSBs upon PARP
inhibition, leading to genomic instability and ultimately cell death*3#+-436. However,
tumours such as EWS, and certain types of prostate and small cell lung cancer,
show increased sensitivity to PARP inhibitors despite having an ostensibly intact
HR pathway (HR-intact)43440, In these HR-intact tumours, the efficacy of PARP
inhibitors may be attributed to alternative mechanisms, likely related to high levels
of replication stress*3?. Moreover, recent preclinical studies have identified new
targets that can induce a “‘chemical HRD” state and potentially overcome PARP
inhibitor resistance#39441-444, In RMS, HRD are uncommon, and the phenotypic
and molecular effects of PARP inhibitors in p53 WT cells have not been
extensively studied.
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In this thesis, cell painting®? was employed to explore the phenotypic effects
induced by olaparib, siremadlin, and their combination. To complement the cell
painting results and provide a more comprehensive understanding of the effects
exerted by these compounds, additional techniques were utilized, including
quantification of DNA damage, apoptosis and cell death assays, and analysis of
cell cycle distribution.

On the one hand, cell painting analysis revealed a notable clustering similarity
between olaparib and etoposide, a TOP2 inhibitor5+5%5, demonstrating the
induction of analogous phenotypic changes in RH36 cells (Figure 19a). This
clustering was further supported by the widespread accumulation of YH2AX, a
well-established marker for DSBs6.587 observed in all p53 WT RMS cells
following treatment with these agents (Figures 21a-b). These results indicate that
both olaparib and etoposide induce similar DNA damage responses in HR-intact
p53 WT RMS cells. Additionally, olaparib induced significant changes in the
intensity of the ER and the granularity of the nucleus, along with alterations in
the size and shape of both the nucleus and cytoplasm (Figure 19c). These
morphological changes are likely associated with the observed G2/M cell cycle
arrest and a mild increase in apoptosis-related cell death induced by olaparib in
p53 WT RMS cells, likely due to the induced DNA damage (Figures 23a-c). These
findings are consistent with previous studies demonstrating similar effects,
including G2/M cell cycle arrest and apoptosis-related cell death, in p53 MUT
RMS and other tumour types>8-5%. Collectively, these results underscore the
dose-dependent induction of double-strand breaks (DSBs) and their phenotypic
consequences, emphasizing the G2/M cell cycle arrest induced by olaparib in
HR-intact p53 WT RMS cells.

On the other hand, cell painting analysis revealed a distinct clustering profile for
siremadlin, highlighting its unique phenotypic effects compared to other
compounds (Figure 19a). The morphological profiles indicated a marked dose-
dependent increase in features related to the granularity of multiple organelles,
including the ER, Golgi apparatus, nucleoli, and mitochondria, following
siremadlin treatment (Figure 19b). Additionally, alterations in the size and shape
of both nucleus and cytoplasm were observed. The increased granularity likely
reflects changes in the density, distribution, or organization of cellular
components within these organelles, suggesting significant disruptions in
organelle functions such as protein synthesis, trafficking, and metabolic activity.
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Similar to olaparib, siremadlin induced mild apoptosis-related cell death in p53
WT RMS cells at 72 hours (Figure 23a-b). However, unlike olaparib, siremadlin
did not cause significant alterations in the cell cycle distribution of these cells,
despite notable decreases in pRb and Cyclin Bl levels at the same time point
(Figures 23c-d). This finding contrasts with the otherwise consistent results
suggesting cell cycle arrest, such as the accumulation of p53 and p21 following
MDM2-p53 inhibition (Figures 16e-f). Indeed, previous research has consistently
demonstrated that MDM2 inhibitors induce cell cycle arrest in RMS and other
tumour types, primarily through p53 activation356:591.592, Specifically, p53-induced
cell-cycle arrest is predominantly driven by the transcriptional upregulation of
p21593-595 which in turn, inhibits the CDK4/cyclin D and CDK2/cyclin E
complexes, leading to Gi phase arrest, as well as CDK2/cyclin B complexes,
resulting in Ga2/M phase arrest®S. Despite this discrepancy in cell cycle
distribution, the overall findings provide valuable insights into the distinct and
shared mechanisms of olaparib and siremadlin. These results shed light on how
these compounds modulate various aspects of cellular function in RMS,
contributing to a deeper understanding of their mechanisms of action.

5.3.3. Unveiling the synergistic interaction between siremadlin
and olaparib: phenotypic and molecular insights

Regarding the combination of siremadlin and olaparib, cell painting analysis
revealed a distinct clustering of cells treated with both drugs, indicating unique
phenotypic effects compared to individual treatments (Figure 20a). This distinct
clustering strongly supports the hypothesis of a potential synergistic interaction
between the compounds, significantly influencing multiple cellular processes and
resulting in a novel cellular phenotype. Notably, olaparib appears to
synergistically potentiate many of the subtle phenotypic changes induced by
siremadlin, as observed in the hierarchical clustering analysis (Figure 20b). Radial
plots further revealed alterations in morphological features associated with ER
and nuclear intensity, along with increased granularity of cellular organelles
compared to individual treatments (Figure 20c). These observed phenotypic
changes suggested that apoptosis was induced in cells exposed to the
combination of siremadlin and olaparib. To further validate this hypothesis,
apoptosis and cell death assays were conducted in p53 WT RMS cell lines.
Notably, the results confirmed a strong increase in both overall cell death and
apoptosis with the combination treatment, surpassing the effects of each drug
alone (Figures 23a-b).

158



Moreover, the combination treatment resulted in DNA damage and disrupted
cell cycle progression, similar to the effects observed with olaparib alone (Figures
22a-b; Figure 23c). This disruption was accompanied by strong decrease in
phosphorylated Rb and Cyclin B1 levels in p53 WT RMS cells treated with the
combination, suggesting cell cycle atrest in both G1 and G2/M phases (Figure
23d). These findings underscore the potent synergistic cytotoxicity effect of
siremadlin and olaparib when used in combination, resulting in a marked
induction of apoptosis and demonstrating a significantly greater efficacy
compared to each drug used independently. Furthermore, this enhanced
effectiveness suggests that the combination treatment may induce p53-dependent
apoptosis by shifting p53 dynamics from a pulsatile to a sustained activation state.

Both MDM2 and PARP inhibitors are known to induce p53 activation and p21-
mediated cell cycle arrest>7459059, However, the individual efficacy of these
compounds partly constrained by the challenge of transitioning from pulsatile to
sustained p53 activation348:449.543, Pulsatile p53 activation involves the induction
of proteins that mediate cell cycle arrest, such as p21, and proteins that maintain
negative feedback loops crucial for generating p53 activation pulses, like
MDM?2449:597-5%_ In contrast, sustained p53 activity can drive intrinsic apoptosis
through various mechanisms in cells unable to repair DNA damage or
overexposed to excessive stress signals348,597.,599.600,

To elucidate the molecular mechanisms underlying the enhanced cytotoxicity
observed in p53 WT RMS cell lines treated with the combination of siremadlin
and olaparib, this thesis investigated their effects on p53 dynamics and quantified
the expression levels of its downstream targets. Remarkably, the combination of
siremadlin and olaparib significantly increased MDM2 cleavage in all p53 WT
RMS cells (Figures 24a-d). This finding is of great relevance because the ~60 kDa
MDM2 species (MDM2-p60), produced by caspase-2-PIDDosome and/or
caspase-3 cleavage, stabilize p53 and shifts its dynamics from pulsatile to
sustained mode, thereby promoting apoptosis in extensively damaged
cells348.:001.602, Indeed, concomitant with the observed MDM2 cleavage, our results
revealed a strong increase in both total and acetylated p53 (ac-p53) levels (Figures
24a-c; Figure 24e). Notably, the acetylation of p53 at lysine 382 is particularly
significant, as this modification enhances the transcriptional activity of p53603.604,
Consistent with the elevated levels of p53 expression and acetylation, a strong
transcriptional upregulation of p53 target genes in response to the combination
therapy, significantly exceeding the induction levels seen with the individual
treatments (Figures 25a-d).
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The increased induction of p21 expression compared to individual treatments is
particularly significant, as p21 is a pivotal mediator of p53-induced cell cycle
arrest. This result substantiates the previously observed alterations in cell cycle
progression, underscoring the molecular mechanisms by which the combination
therapy exerts its cytotoxic effects.

Overall, these findings suggest that combining siremadlin and olaparib
significantly enhances the efficacy of PARP inhibitors by disrupting the MDM2-
p53 negative feedback loop following initial p53 activation, leading to sustained
p53 activation. Additionally, the transition from pulsatile to sustained p53
activation appears to be further supported by MDM?2 cleavage induced by the
combination treatment. The resulting increase in p53 stabilization and sustained
activation likely contributes to the pronounced apoptotic response observed.
These findings highlight the potential of combining siremadlin and olaparib as a
potent therapeutic strategy, overcoming the limitations of each drug when used
individually and offering a more effective approach to cancer treatment.

5.4. Unveiling the synergistic power of siremadlin and
olaparib combination in vivo

The zn vivo evaluation of combining siremadlin and olaparib in RH36 xenografts
provided valuable insights into both the therapeutic potential and the underlying
molecular mechanisms of this treatment. The dosing regimen for siremadlin was
informed by prior research, which demonstrated that pulsed high-doses of
siremadlin induce a stronger proapoptotic response in p53 WT cancer cells
compared to sustained low-doses>®3. For olaparib, dosing regimen was based on
established efficacy from previous studies, which identified effective oral doses
of 50 or 100 mg/kg daily in xenograft modelsé?5>-607. Interestingly, olaparib
demonstrated high bioavailability and low clearance when administered orally in
rats and dogs. In mice, plasma concentrations of 1 pM are achieved within 60
minutes following an oral dose of a 10 mg/kg60>.

In this study, the administration intervals for olaparib were adjusted to a biweekly
schedule to align with the biweekly dosing regimen of siremadlin. Initially, a pilot
study was performed to establish a dosing regimen that balanced efficacy with
minimal toxicity. The treatment regimens tested included 50 mg/kg siremadlin,
100 mg/kg olaparib, and various combinations at concentrations of 1X, 0.5X,
and 0.25X.
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Results from the pilot study indicated that all combination regimens effectively
reduced tumour growth (Figure 26a). However, the administration of 50 mg/kg
sitemadlin, either alone or in combination with 100 mg/kg olaparib, resulted in a
significant reduction in body weight after 30 days, suggesting potential toxicity
associated with this dosing regimen (Figure 26b). Consequently, a reduced dosing
regimen of 25 mg/kg siremadlin and/or 50 mg/kg olaparib was evaluated in a
subsequent 7z vivo study with a cohort of six mice per group. Remarkably, this
combination regimen significantly reduced tumour growth and extended overall
survival in mice compared to individual treatments and control groups,
demonstrating synergistic therapeutic efficacy with minimal side effects (Figures
26c-¢).

To elucidate the molecular mechanisms underlying the observed therapeutic
effects, additional cohorts of RH36 CDOX were treated with 1, 3, and 5 doses
of 25 mg/kg siremadlin and/or 50 mg/kg olaparib. Results demonstrated
increased expression of both total and acetylated p53, along with elevated levels
of its downstream targets, p21 and MDM?2, after 3 and 5 doses of the
combination treatment (Figure 27a). Further gene expression analysis revealed
increased mRNA levels of MDM?2 and CDKIN7.4 following 3 and 5 doses of the
combination treatment (Figure 27b), providing evidence that the combination
therapy significantly enhanced the transcriptional activity of p53 iz vivo compared
to individual treatments and control. However, by the study endpoint, mRNA
levels of both MDM2 and CDKN1A had returned to baseline, suggesting an
adaptive response by RH36 cells to prolonged combination therapy.

Overall, this thesis presents the first compelling evidence demonstrating the
enhanced therapeutic efficacy of combining siremadlin and olaparib in the
treatment of p53 WT RMS /# vive. The substantial reduction in tumour growth
and extended survival, along with molecular evidence of p53 pathway activation,
underscores the strong potential of this combination therapy and supports its

consideration for clinical trials.

5.5. Siremadlin and olaparib can be combined with selected
chemotherapies to enhance its antitumoral effects

The sutrvival rate for relapsed/refractory RMS is notably poor, presenting a
significant therapeutic challenge®8.6%, Approximately one-third of patients with

localized RMS and over two-thirds of those with metastatic RMS experience

disease recurrence after their initial treatment609-611,
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Despite advancements in understanding the RMS biology and the urgent need
for new treatments, there have been limited successful efforts to translate these
discoveries into RMS-specific clinical trials for patients. Contributing factors
include insufficient preclinical data to support human trials, regulatory hurdles,
and difficulties in accessing new agents for paediatric research®2. As a result,
patients experiencing their first relapse are often not enrolled in clinical trials and
instead receive salvage chemotherapy®!3. patients experiencing their first relapse
often receive salvage chemotherapy rather than participating in clinical trials, with
therapy choices typically based on previously administered drugs, anticipated side
effects, and patient and family preferences00%-014,

In light of these challenges, the present study aimed to evaluate the potential
benefits of combining siremadlin and olaparib with various chemotherapy
regimens to identify new therapeutic strategies for p53 WT RMS patients. By
integrating these novel agents with established chemotherapy treatments, we
sought to enhance their therapeutic efficacy, mitigate associated toxicities, and
address the problem of treatment resistance. The outcomes of this investigation
are intended to provide critical data supporting the inclusion of siremadlin and
olaparib in clinical trials, whether used in conjunction with first-line or second-
line therapies.

Initial experiments demonstrated that administering siremadlin and olaparib after
pre-treatment with actinomycin, vincristine, or phosphoramide mustard resulted
in significantly enhanced cell survival suppression compared to chemotherapy
alone (Figure 28b). This finding suggests that the combination of siremadlin and
olaparib maintains their antitumor efficacy even following conventional
chemotherapy, supporting their potential use as effective adjuvants. In contrast,
simultaneous treatment of RMS cells with siremadlin and olaparib alongside first-
line chemotherapeutics for 7 days showed initial synergistic effects, which were
not sustained over longer periods (Figure 28c). The reduction in efficacy at 5 and
7 days underscores the necessity of optimizing treatment schedules to sustain the
therapeutic benefits of these combinations. The observed variability underscores
that while initial responses may be promising, prolonged efficacy may require
more nuanced dosing and scheduling strategies.

Further investigation into combining siremadlin and olaparib with second-line
chemotherapies, including irinotecan, TMZ, doxorubicin, cisplatin, and
etoposide, revealed that these combinations could offer alternative therapeutic
options, particularly for cases resistant to first-line treatments or disease
progression.
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Notably, the combination of siremadlin and olaparib with irinotecan, TMZ, and
doxorubicin consistently exhibited synergistic effects across all tested p53 wild-
type (WT) RMS cells (Figures 20a-¢). This suggests that these agents may be
particularly effective when used in conjunction with second-line therapies,
offering a robust strategy for managing resistant or progressive disease. However,
while sustained synergistic effects were observed with these chemotherapies, the
shift from synergy to additive effects over time indicates that the initial
advantages of these combinations may be influenced by treatment duration.

The consistent and robust synergistic effects observed with irinotecan, TMZ, and
doxorubicin provide a strong rationale for further exploration of these
combinations in preclinical and clinical settings. The potential for sustained
therapeutic benefits with these second-line chemotherapeutics presents an
opportunity to refine treatment protocols for RMS and improve patient
outcomes. Future research should focus on elucidating the underlying
mechanisms that contribute to the duration and consistency of synergistic effects.
Investigating the factors that influence the shift from synergistic to additive
effects over time could inform strategies to overcome resistance and optimize
treatment regimens.
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6. CONCLUSIONS







First: p53 WT RMS cells show an increased sensitivity to MDM2 inhibitors,
particularly to siremadlin (HDM201), with significant low ICso values
compared to p53 MUT RMS cells.

Second: Siremadlin induces a time-dependent activation of the p53 pathway
in p53 WT RMS cells, evidenced by the accumulation of p53, MDM2, and p21
post-treatment.

Third: The newly synthesized MDM2/X inhibitors (ME240, ME242, ME258,
MEG62) demonstrated limited efficacy and specificity in RMS cell lines, as
indicated by their high 1Cso values and lack of differential response between
p53 WT and p53 MUT cells.

Fourth: A comprehensive drug combination screening identifies the
combination of siremadlin with olaparib as the most promising strategy tested
in reducing cell viability of p53 WT RMS cells.

Fifth: The combination of siremadlin and olaparib notably disrupts cell cycle
progression by significantly reducing phosphorylated Rb and Cyclin B1 levels,
while strongly promoting apoptotic cell death in p53 WT RMS cells.

Sixth: The combination of siremadlin and olaparib synergistically induces
profound morphological changes across key cellular structures including the
ER, Golgi, cytoskeleton, and nucleus.

Seventh: The combination of siremadlin and olaparib induces MDM2
cleavage, enhances p53 accumulation, and promotes the expression of its
transcriptional targets, demonstrating robust activation of p53-mediated
pathways in p53 WT RMS cells compared to individual treatments.

Eighth: The combination of siremadlin and olaparib demonstrates potent
anti-tumour efficacy, significantly reducing tumour growth, extending mice

overall survival, and enhancing p53-mediated transcriptional activity iz vivo.

Ninth: The combination of siremadlin and olaparib with irinotecan, TMZ,
and doxorubicin, demonstrates additional sustained therapeutic efficacy in p53
WT RMS cells, highlighting potential enhanced treatment options following
first-line chemotherapy.
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