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Background: Rhabdomyosarcoma (RMS) is the most common pediatric soft-
tissue malignancy, characterized by high clinicalopathological and molecular
heterogeneity. Preclinical in vivo models are essential for advancing our
understanding of RMS oncobiology and developing novel treatment strategies.
However, the diversity of scholarly data on preclinical RMS studies may challenge
scientists and clinicians. Hence, we performed a systematic literature survey of
contemporary RMS mouse models to characterize their phenotypes and assess
their translational relevance.

Methods: We identified papers published between 01/07/2018 and 01/07/2023
by searching PubMed and Web of Science databases.

Results: Out of 713 records screened, 118 studies (26.9%) were included in the
qualitative synthesis. Cell line-derived xenografts (CDX) were the most
commonly utilized (n = 75, 63.6%), followed by patient-derived xenografts
(PDX) and syngeneic models, each accounting for 11.9% (n = 14), and
genetically engineered mouse models (GEMM) (n = 7, 5.9%). Combinations of
different model categories were reported in 5.9% (n = 7) of studies. One study
employed a virus-induced RMS model. Overall, 40.0% (n = 30) of the studies
utilizing CDX models established alveolar RMS (aRMS), while 38.7% (n = 29) were
embryonal phenotypes (eRMS). There were 20.0% (n = 15) of studies that involved
a combination of both aRMS and eRMS subtypes. In one study (1.3%), the RMS
phenotype was spindle cell/sclerosing. Subcutaneous xenografts (n = 66, 55.9%)
were more frequently used compared to orthotopic models (n = 29, 24.6%).
Notably, none of the employed cell lines were derived from primary untreated
tumors. Only a minority of studies investigated disseminated RMS phenotypes
(n =16, 13.6%). The utilization areas of RMS models included testing drugs (n =
64, 54.2%), studying tumorigenesis (n = 56, 47.5%), tumor modeling (n = 19,
16.1%), imaging (n = 9, 7.6%), radiotherapy (n = 6, 5.1%), long-term effects related
to radiotherapy (n = 3, 2.5%), and investigating biomarkers (n = 1, 0.8%). Notably,
no preclinical studies focused on surgery.
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Conclusions: This up-to-date review highlights the need for mouse models with
dissemination phenotypes and cell lines from primary untreated tumors.
Furthermore, efforts should be directed towards underexplored areas such as
surgery, radiotherapy, and biomarkers.
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Introduction

Rhabdomyosarcoma (RMS) is a highly aggressive soft tissue
sarcoma that develops from primitive mesenchymal cells and
exhibits features of skeletal muscle. RMS primarily affects
children, comprising approximately 3-4% of all childhood cancers
(1). Due to its mesenchymal origin, RMS can develop in various
locations throughout the body. Based on the data of the Children’s
Oncology Group (COG) and the European Pediatric Soft Tissue
Sarcoma Study Group (EPSSG), the most common anatomic
locations in pediatric rhabdomyosarcoma are paratesticular
(20%), parameningeal (20%), retroperitoneum/peritoneum/trunk
(16%), extremities (14%), head/neck (9%), and bladder/prostate
(7-8%) (2). In metastatic RMS, which accounts for 15-20% of cases,
the most commonly affected sites, including multiple-site
metastases, are the lungs (66.2%), bone marrow (63.7%), and
bones (50.0%) (3). Historically, RMS is characterized by four
distinct histologic subtypes: embryonal (eRMS), alveolar (aRMS),
pleomorphic (pIRMS), and spindle cell/sclerosing (ssRMS). eRMS
and aRMS represent the two main subgroups, comprising 38.8%
and 22.3% of all cases, respectively (4).

Currently, the only genomic marker incorporated in risk
stratification is the PAX-FOXOL1 fusion status (2). In general,
fusion-positive (FP-RMS) tumors are more aggressive, with a
higher potential for dissemination and disease recurrence
compared to fusion-negative RMS (FN-RMS) (5). However, the
genetic profiles within FP-RMS and FN-RMS also difter. FP-RMS is
mostly associated with CDK4 (13%), MYCN (10%), BCOR (6%),
NFI (4%), and TP53 (4%) mutations, whereas in FN-RMS,
mutations in RAS pathway members are the most common,
affecting up to 32% of patients, including NRAS (17%), KRAS
(9%), and HRAS (8%). Among FP-RMS, MYCN overexpression
and TP53 alteration are associated with more aggressive disease. In
FN-RMS, MYODI and TP53 serve as indicators for a poor
prognosis (2). It has also been shown that tumor biology and
clinical behavior of FN-aRMS closely resemble eRMS, whereas
they significantly differ from PF-aRMS (6). This indicates that the
molecular status rather than the histological subtype is of
prognostic significance (2, 7).

The management of RMS is multimodal, including
chemotherapy, surgical resection, and/or radiation therapy (8).
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Treatment intensity depends on risk stratification (9, 10).
Children with low-risk RMS, treated with frontline multi-modal
therapy, attain a 90% relapse-free survival rate, whereas those with
high-risk phenotypes (aRMS/FP-RMS), metastatic or relapsed
RMS, experience a poor overall cure rate, usually below 30%
(11, 12).

Preclinical in vivo models play a crucial role in advancing the
understanding of RMS biology and testing novel diagnostic
methods and therapies (13). The ideal RMS model should
accurately recapitulate the biological and molecular features of
human RMS, and exhibit similar tumor growth dynamics and
metastatic behavior. Since meeting all these requirements is not
possible in the ‘real’ world, it is crucial to select the most appropriate
model based on specific inquiries and to critically interpret the data
in the context of the inherent limitations of the models.

This systematic survey aimed to critically assess the
contemporary literature on preclinical mouse models for RMS,
enabling the characterization of tumor phenotypes (bedside-to-
bench modeling) and providing an overview of model utilization
areas (bedside-to-bench).

Methods

We did an electronic search of PubMed and Web of Science from
01/07/2018 to 15/07/2023. The following terms were used: “animal”
OR “animal model” OR “preclinical studies” OR “preclinical study”
OR “experimental animals” OR “experimental animal” OR
“laboratory animal” OR “laboratory animals” OR “rodents” OR
“murine” OR “animal disease model” OR “mice” OR “mouse”
AND “rhabdomyosarcoma”. Published studies on mouse models
for RMS, regardless of the intended purpose of model utilization,
were included. Case studies, cross-over studies, review articles,
editorials, commentaries, and letters were excluded. Additionally,
other murine (e.g., rats) and non-murine models (e.g., zebrafish) as
well as exclusively in vitro, ex vivo, or in ovo studies were excluded.
Studies included in the qualitative synthesis were accessed for the
following parameters: first author, year of publication, country
(according to first author), study category (basic/translational
research), aim of the study (tumorigenesis, disease modeling, drug
testing/treatment, imaging, radiation, long-term effects, biomarker),
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mouse model (syngeneic allograft, cell line-derived xenograft (CDX),
patient-derived xenografts (PDX), genetically engineered mouse
models (GEMM), number of animals (overall number per study
and number per treatment group), histological RMS subtype (aRMS/
FP-RMS, eRMS/EN RMS), mouse background, cell lines (human/
murine, aRMS, eRMS, pIRMS, ssRMS), engraftment site [ectopic,
orthotopic, intravenous (i.v.), intraperitoneal (i.p.)], metastases (yes/
no), and metastases type (spontaneous, experimental via intravenous
or intraperitoneal cell application)). Ectopic mouse models were
defined as those in which the transplantation or introduction of
cells or tissues occurred at a location outside their natural site within
the organism, specifically into the subcutaneous tissue of the mouse.
Orthotopic model systems were defined as those in which cells or
tissues were transplanted or introduced into the musculature, thus
imitating the clinical phenotype of extremity RMS. We used the
SYRCLE Risk of Bias - assessment tool for animal studies to estimate
the risk of bias (RoB) (14). A ‘yes’ score indicates a low risk of bias; a
‘no’ score indicates a high risk of bias; and an ‘unclear’ score indicates
an unknown risk of bias. We judged the quality of the included
papers using the following items: 1) sequence generation (selection
bias), 2) baseline characteristics (selection bias), 3) allocation
concealment (selection bias), 4) random housing (performance
bias), 5) blinding (performance bias), 6) random outcome
assessment (detection bias), 7) blinding for outcome (detection
bias). The statement of conflicts of interest was not considered in
the study quality assessment. We developed a semi-quantitative
scoring system to assess the grade of tumor reproducibility
(bedside-to-bench-score) and the potential translationality (bench-
to-bedside-score), which were based on core experimental variables,
including animal system category, applied cell lines, and engraftment
sites. The detailed characteristics of the scoring systems are
summarized in Tables 1, 2. For bedside-to-bench-scoring, studies

TABLE 1 “Bedside-to-bench” scoring system.

Model
category

Engraftment
site

Reason

best mimicking of human

carcinogenesis with

Very subcutaneous/

PDX

inter-patient and intra-
high orthotopic P

tumor heterogeneity
(reference mouse model)

orthotopic tumor growth

CDX orthotopic from human cell lines in
the physiologic milieu

High

immunocompetent host

with temporal and spatial

GEMM not needed

tumor control

immunodeficient host with
limited genetic
Moderate CDX subcutaneous heterogeneity and non
physiologic murine

peritumoral milieu

fully murine system with
subcutaneous/ poor representation of

Low syngeneic
T8 orthotopic

human disease and lack of
tumor heterogeneity
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TABLE 2 “Bench-to-bedside” scoring system.

Questions —
Score (Q1-Q5) Definition

Examples

A deep learning MRI-based
method predicts intratumoral
hypoxia before and during

h in a PDX
highly therapy in a sarcoma

V
ey clinical

high

mouse model, allowing the
ot o
monitoring of therapy
relevance .
response and enabling the

adjustment of schedules to
prevent the emergence of
resistance (15)

Plasma circulating tumor
DNA ia a promising
minimally invasive biomarker
direct for monitoring disease

High +++ translational burden and treatment

impact response in RMS patients, as
evidenced by its detection in
both RMS mouse models and

human patients (16)

Thermal drug applications

. via magnetic resonance-
distant

translation
possible

guided high-intensity focused

Moderate ++ X
ultrasound in an

immunocompetent, syngeneic

RMS mouse model (17)

Gut microbiota in RMS-
bearing adiponectin knockout
no mice exhibits specific

translational changes, such as decreased

Low +

impact abundance of Bacteroides and

expectable an increased abundance of
Prevotella and

Helicobacter (18)

QI: How applicable are the study findings to real-world clinical scenarios?

Q2: Does the study directly address clinical questions or problems?

Q3: How likely are the study findings to be translated into clinical applications?

Q4: Does the study offer practical solutions or tools for clinicians?

Q5: How likely are the findings to be incorporated into clinical practice?

"+" indicates poor; "++" indicates average; "+++" indicates good; "++++" indicates excellent.

focused on basic research were excluded, as their a priori goals may
not have immediate practical applications. Briefly, Bedside-to-bench-
score: low (syngeneic models), moderate (ectopic CDX models), high
(orthotopic CDX or GEMM), and very high (ectopic or orthotopic
PDX models). Bench-to-bedside scoring: low (no translational
impact, e.g., new drug testing on ectopic CDX), moderate (distant
translation possible, e.g., establishment of PDX tumor bank), high
(direct translational impact, e.g., MRI/histology-correlation studies,
studies on long-term effects after radiotherapy), very high (immediate
translational impact by using complex mouse systems, e.g., Single
Mouse Trials). The category assignment for the ‘bench-to-bedside’
score was determined using five questions, each scored from “+” to “+
+++7: Ql: “How applicable are the study findings to real-world
clinical scenarios?”, Q2: “Does the study directly address clinical
questions or problems?”, Q3: “How likely are the study findings to be
translated into clinical applications?”, Q4: “Does the study offer
practical solutions or tools for clinicians?”, Q5: “How likely are the
findings to be incorporated into clinical practice?”. These resulted in
four bench-to-bedside score categories: low (no translational impact,
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e.g., new drug testing on ectopic CDX), moderate (distant translation
possible, e.g., establishment of PDX tumor bank), high (direct
translational impact, e.g., MRI/histology-correlation studies, studies
on long-term effects after radiotherapy), very high (immediate
translational impact by using complex mouse systems, e.g., Single
Mouse Trials). All descriptive statistics were done using Jamovi
(Version 2.3.16) and GraphPad Prism (Version 10.0.3) software.
The choropleth map was created using Datawrapper
(https://www.datawrapper.de).

Results

The search conducted in PubMed and Web of Science yielded a
total of 713 unique papers after removing 47 duplicates. After title
and abstract screening, 275 papers were excluded, leaving 438
articles (Figure 1). Among these, 118 articles (26.9%) met the
eligibility criteria and were considered for qualitative synthesis.
Supplementary Table 1. contains the comprehensive list of included
studies. Supplementary Figure 1. illustrates the geographical
coverage of the data, encompassing 19 countries across 4

760 records identified via
electronic database research

713 abstracts screened

j—.

438 full-text articles
assessed for eligibility

\4

118 studies included in
systematic review

FIGURE 1
Study selection
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continents. The results of the risk of bias within the included
studies are reported in Figure 2. Besides providing information on
ethical statements, the majority of studies offered insufficient
information regarding selection bias (sequence generation,
baseline characteristics, and allocation concealment) and
performance bias (random housing and investigator blinding).
The mean sample size of animals per study was 65.1 + 107.8,
with a range from 3 to 499 (data available for n = 21 studies, 17.8%),
and the mean sample size per treatment group was 7.9 + 2.6, with a
range from 4 to 12 (data available for n = 26 studies, 22.1%). Among
different RMS mouse systems utilized in our study sample (n = 118),
cell line-derived xenografts (CDX) emerged as the most commonly
used (n = 75, 63.6%), followed by patient-derived xenografts (PDX)
and syngeneic models, each accounting for 11.9% (n = 14). A
smaller subset of studies utilized exclusively genetically engineered
mouse models (GEMM) (n = 7, 5.9%). There were also
combinations of different model categories, such as PDX/CDX or
GEMM/syngeneic, accounting for 5.9% (n = 7). Additionally, one
study employed a virus-induced RMS model, representing 0.8% of
the total studies. The summary of various existing mouse model
systems utilized in RMS research is presented in Figure 3.

47 duplicates removed

275 records excluded

320 studies excluded

30 review articles
26 case reports
75 in vitro studies
4 in ovo studies
1 ex vivo study
1 in silico study
16 rat models
12 zebrafish models
4 canine models
1 cat model
1 drosophila model
88 not RMS sarcoma/ other
tumors studies
42 clinical trials
19 virus studies
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Ethical statement

Sequence generation

Baseline characteritsics

Allocation concealment

Random housing

Performance blinding

Random outcome assessment

Detection bias

I T T T T 1
0% 20% 40% 60% 80% 100%

= Yes No 3 Unclear
FIGURE 2

Risk of bias. The figure illustrates the risk of bias assessment for each included study using the modified SYRCLE tool. A 'yes’ score indicates a low
risk of bias; a 'no’ score indicates a high risk of bias; and a ‘unclear’ score indicates an unknown risk of bias.

[ Molecural phenotype ] [Clinical phenotypes] [ Modeling systems ] [ Molecular phenotype ]
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FIGURE 3

Overview of mouse model systems utilized in RMS research. Summary of preclinical RMS mouse models. The molecular tumor phenotype, in the
context of the clinicopathological RMS characteristics, determines the unique features of these tumors, which can be recapitulated in both PDX and
CDX models. PDX models offer the advantage of precisely mimicking the molecular, genetic, and histopathological features of the tumors while
maintaining inter-patient and intra-tumor heterogeneity. CDX models, although relatively straightforward to establish and monitor, are hindered by
the limited genetic diversity of human RMS cell lines within murine peritumoral microenvironments. GEMM and syngeneic models represent pure
murine tumor systems with murine tumors that do not occur in humans.
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Different histological CDX subtypes were established by using
different human cell lines. Among these, 40.0% (n = 30) of articles
represented aRMS or FP subtypes, including RH30, RH10, RH5,
and SJCHR30 cell lines. Furthermore, 29 (38.7%) studies
represented embryonal rhabdomyosarcoma (eRMS) or fusion-
negative (FN) subtypes, such as RD, NSTS-11, and RH36 cell
lines. Fifteen (20.0%) studies involved a combination of both
aRMS and eRMS subtypes. In one study (1.3%) the RMS
phenotype was spindle cell/sclerosing. Among studies utilizing
syngeneic mouse models, nine (64.3%) used the M3-9-M cell
lines, which represents the eRMS phenotype.

Among all CDX, PDX, and syngeneic models, 28.8% (n = 34)
represented aRMS/FP phenotypes and 38.1% (n = 45) were eRMS/
FN phenotypes. Furthermore, 22.0% (n = 26) used a combination of
aRMS and eRMS phenotypes. Lastly, 11.0% (n = 13) were attributed
to various non-aRMS/non-eRMS phenotypes, including ssRMS, or
cases that were not classified or had undefined phenotypes.

The most common anatomical site for cell inoculation in CDX
models or tumor tissue transplantation in PDX models was the
subcutaneous tissue (ectopic model) (n = 66, 55.9%) followed by
muscle tissue (orthotopic model) (n = 29, 24.6%). In a subset of studies
(n =7, 5.9%), the combination of different engraftment sites, such as
ectopic/orthotopic or orthotopic/intravenous, was described. In 8.5%
(n = 10) of the studies, no allo- or xenotransplantation was performed.

The majority of studies focused on assessing the efficacy of
novel therapeutic agents or drug combinations (n = 64, 54.2%).
Tumorigenesis emerged as another prominent area of interest (n =
56, 47.5%). A subset of the studies (n = 19, 16.1%) was devoted to
tumor modeling. Further, RMS models were used for testing
imaging techniques, as observed in 7.6% (n = 9) of the studies.

10.3389/fonc.2024.1333129

Six studies (5.1%) delved into investigating radiotherapy. Lastly, a
limited number of studies (n = 3, 2.5%) examined the long-term
effects related to radiochemotherapy and the development and
validation of biomarkers (n = 1, 0.8%). Notably, no studies in our
5-year cohort sample assessed radiation techniques or evaluated
surgery-related outcomes, such as the assessment of surgical
resection or testing of intraoperative imaging techniques. The
association between mouse model categories and their utilization
areas is presented in Figure 4.

Studies investigating local tumor growth were more prevalent (n =
102, 86.4%) compared to studies modeling metastatic outgrowth (n =
16, 13.6%). Among studies of tumor dissemination, 68.7% (n = 11)
were experimentally induced, either by intravenous cell application (tail
model, n = 8, 68.7%) or by intraperitoneal injection (n = 3, 31.3%). The
remaining five studies (31.3%) represented spontaneous metastatic
models (GEMM, CDX, and syngeneic models).

Next, we assigned scores to the mouse models according to their
capacity to reproduce human tumors. A significant portion of the
preclinical models (n = 54, 45.8%) received a ‘moderate’ score.
Orthotopic CDX models and GEMM which scored highly
accounted for 24.6% (n = 29). Two GEMM models were down-
classified to the low’ category, with one study reporting the
accidental development of RMS in an ovarian cancer mouse
model due to non-specific genetic manipulation (19), and the
other study reporting IGF-2 overexpressing pelvic RMS with
concomitant salivary carcinoma (20). Ectopic or orthotopic PDX
models accounted for 15.3% (n = 18) of trials. The minority of the
studies (n = 17, 14.4%) were scored as ‘low’.

To access the translational relevance, we excluded studies on
basic oncological research (n = 46, 39.0%), as they would be a priori

CDX=
PDX—
Syngeneic=-
B Biomarker
GEMM= @l Long-term effects
@ Radiotherapy
Combinations = CJ Imaging
E Drug testing
Virus model = 3 Tumor modeling
1 Tumorigenesis
|| 1 1 I 1

0% 20%

FIGURE 4

40%

60% 80% 100%

Association between mouse models and utilization areas. The distribution of various mouse RMS models across different utilization areas.
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scored as “low”. Among the remaining 72 studies (61.0%), 45.8%
(n=33) were scored as “low”, 26.4% (n = 19) as “moderate”, 16.7%
(n = 12) as “high”, and 11.1% (n=8) as “very high”. Studies with
“very high” translational impact used Single Mouse Testing
protocols, which enabled an evaluation of the sensitivity of RMS
xenografts to chemotherapy treatment (21). Another PDX model
that scored “very high” developed a multi-OMICS pipeline to
analyze PDXs by integrating patient treatment history involving
molecular data (22). It is important to note that preclinical models,

»

which were scored as “high” or “very high” in terms of tumor
mimicking did not necessarily correspond with “high” or “very
high” translational scores. Similarly, preclinical mouse systems with
low translational impact were not always graded to a “low”
phenotypisation level, as demonstrated by the Sankey

plot (Figure 5).

Discussion
Mouse model systems for RMS

Overall, five core mouse model systems are commonly employed
in preclinical cancer research: syngeneic, CDX, GEMM, PDX, and
environmental models. Notably, all of these models, except for
environmental models, have found application in recent RMS
studies. The distribution of RMS mouse models (CDX: 63.6%; PDX:
11.9%; syngeneic: 11.9%; GEMM: 5.9%; combination models: 5.9%)
observed in our study differed from the distribution reported in a

Bedside-to-bench score

FIGURE 5

Sankey plot linking the distribution of different "bedside-to-bench” and "bench-to-bedside” scores within RMS mouse models. The Sankey plot
visualizes the relationship between Bedside-to-Bench and Bench-to-Bedside scores. The width of the flowing paths represents the relative
frequency of models falling within specific score ranges. The Bedside-to-Bench Score gauges the fidelity of tumor recapitulation in mouse models,
while the Bench-to-Bedside Score evaluates the translational relevance of these models.

N
)
a,

m/A

10.3389/fonc.2024.1333129

systematic survey of the literature that explored the utilization of mouse
models in various solid tumors (CDX: 82%, GEMM: 24%, PDX: 7%,
environmentally induced models: 6%) (23). Specifically, GEMM and
environmentally induced models were underrepresented in our study,
while PDX models were more prevalent.

Syngeneic models are created by implanting tumor cells from a
genetically identical mouse into recipient mice of the same strain.
Due to the shared genetic background between the tumor and the
immune system, syngeneic models mirror the murine tumor
microenvironment, enabling the exploration of immune
interactions, tumor immunity, and responses to immunotherapy.
One of the examples within the literature we reviewed is the study
on the M3-9-M syngeneic orthotopic tumor model, which
spontaneously metastasizes to the lungs, allowing a detailed
evaluation of the (pre)metastatic niche (24). The M3-9-M cell line
is derived from an RMS occurring in C57BL/6 mice transgenic for
HGF with p53 mutation (25, 26). Similarly, Nakahata et al.
developed a GEMM for RMS through MyoD-Cre-mediated
introduction of mutant K-RasGI2D with perturbations in p53.
The resulting tumor cell lines were orthotopically implanted in
immunocompetent mice (GEM-Derived allograft), exhibiting
histological features comparable to the primary tumors (27).
However, it is crucial to consider that these RMSs remain
exclusively murine tumors that do not naturally occur in humans,
which significantly hamper the clinical translationality of
these models.

RMS modeling by xenotransplantation of human tumor cells
into immunocompromised mice accounted for 63.6% of the cases in

moderate

—
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our survey. Despite limitations of CDX models, including the lack
of immune interactions, low intra-tumor heterogeneity, and the
lack the complex tumor microenvironment, the frequent utilization
of such models can be attributed to their widespread availability,
ease of cell culturing, high throughput capabilities, cost-
effectiveness, and time efficiency. Among analyzed studies, the
most commonly used tumor cell lines were RH30, RH10, RH5,
and SJCHR30, representing aRMS/FP-RMS phenotypes, and RD,
NSTS-11, and RH36 cell lines, representing eRMS/FN-RMS.

Of interest, the RH30 cell line is derived from the bone
marrow metastasis of a 16-year-old male of untreated aRMS
(28). In our sample, this cell line was used to establish different
RMS phenotypes including peritoneal sarcomatosis (29),
orthotopicCDX (30), ectopicCDX (31), or metastatic CDX
model by intravenous cell injection (32). The question arises as
to whether cell cultures derived from metastatic origins can
accurately represent the behavior of the primary tumor in a
mouse model. Metastatic cells undergo a series of changes that
enable them to detach from the primary tumor, invade
surrounding tissues, and enter the bloodstream or lymphatic
system (33). Consequently, the microenvironment and genetic
characteristics of metastatic cells differ from those of the primary
tumor. The RH10 cell line is derived from a perineal relapse of a
15-year-old female who had previously undergone extensive
treatment of the primary tumor with vincristine,
cyclophosphamide, dactinomycin, and doxorubicin (34). Recent
preclinical studies within our analyzed cohort utilized the RH10
cell line in ectopic CDX models to evaluate the efficacy of
chemotherapeutics (35, 36). Importantly, relapsed tumors
significantly differ from primary tumors due to the acquisition
of new genetic mutations, changes in tumor microenvironment,
treatment resistance mechanisms, and adaptation to different
growth conditions (37-39). Another frequently used cell line
was RD, derived from a pelvic mass of a 7-year-old female who
had undergone previous treatment using cyclophosphamide and
radiation, established in 1969 (40). In our study, RD cells were
used to establish ectopic (41-43) and orthotopic (44) xenografts.
Importantly, previous chemotherapy and radiotherapy may lead
to multiple changes in tumor biology, which is different from the
biology of the primary tumor including genetic mutations and
alterations in the DNA and changes in tumor heterogeneity (45,
46). GEMM models of RMS were infrequently utilized (n = 10),
which may be attributed to their technical complexity, long
development times, and high cost. PDX models were the second
most commonly used tumor model system in our study (n = 14,
11.9%). Since PDX models retain the molecular, genetic, and
histological features of the human tumor, they are the only
preclinical systems mimicking inter-patient and intra-tumor
heterogeneity, albeit in immunocompromised organisms.

Both syngeneic, CDX, and PDX models can be established
through ectopic subcutaneous or orthotopic intramuscular cell/
tissue transplantation. Of note, the subcutaneous tissue lacks the
native microenvironment of the original tumor site, significantly
affecting tumor behavior and interactions with surrounding tissues,
making dissemination less likely. In contrast, orthotopic cell
injection or tumor tissue implantation enables tumor growth in a
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more similar microenvironment, facilitating studies on invasion,
metastasis, and interactions with surrounding tissues (47).
Although orthotopic models are considered superior to
subcutaneous models, the majority of studies analyzed in this
review utilized ectopic models (n = 66, 55.9%). This may be
attributed to the fact that subcutaneous tumors offer easier
accessibility for tumor monitoring and manipulation, involve
simplified surgical procedures, and result in quicker tumor
establishment compared to orthotopic models.

Although orthotopic PDX models have been recognized as the
closest mimicry of human RMS, there are some limitations within
this model system. One of these is the lack of a functional immune
system, which eliminates critical interactions between the tumor and
immune cells within the tumor microenvironment. As such, the
understanding of these interactions is crucial, given that the immune
checkpoint axis and peritumoral immune cells are regarded as
potent therapeutic targets (48). Consequently, children in
advanced stages of RMS, in whom conventional treatments are
ineffective, may benefit from immunotherapeutic treatment
modalities. Since conducting preclinical immunotherapeutic
studies on human RMS tumors using PDX models is not
achievable, the use of animals with a human-adapted immune
system becomes necessary. The first RMS xenograft model using
human-adapted mice was established by our group in 2010 (49). The
protocol included sublethal irradiation of NOD/LtSz-scid IL2ry™*-
mice, transplantation of human CD34+-cells, and subcutaneous
xenotransplantation of human alveolar and embryonal RMS cell
lines. This model provides the opportunity to explore novel
immunotherapeutic approaches in RMS. Surprisingly, when
tracking citations since the first description of the humanized
RMS mouse model over the past 10 years, no subsequent studies
have been utilized in RMS research. When exploring the utilization
of comparable humanized mouse models in other pediatric solid
tumors, there is also a paucity of preclinical studies applying this
animal model system, with some rare examples in neuroblastoma
(50) or Ewing sarcoma (51). This might be caused by the fact that
such models are technically extremely challenging and therefore
reproducible experiments are difficult to achieve.

Another drawback of PDX models is that during serial tumor
transplantation, there is a probability of tumor changes with each
subsequent passage, which affects the predictive value of the model.
Thus, critical interpretation of data generated by PDX models is
pivotal, as it has been shown that therapeutic studies are most
predictive in low-passage models, due to the better preservation of
human stromal components in the initial passages (52, 53). Table 3
summarizes different mouse models utilized for RMS, along with
their strengths, limitations, and application areas.

From bedside to bench

Outcomes of patients with eRMS significantly differ from those
with FP-aRMS. While the eRMS subtype displays favorable
histology with 5-year survival rates of 70-80% in the absence of
disseminated disease (54), the FP-RMS subtype with frequently
occurred chromosomal translocations is associated with a poor
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TABLE 3 Mouse models in RMS research: benefits, built-in limitations, and utilization areas.

Mouse 3 o Purposive
Benefits Built-in limitations rpos
category utilization areas
« fully murine system with o testing
« immunocompetent host poor representation of human immunotherapeutic
. low cost disease approaches
Syngeneic . . . . -
ease of implementation « lack of heterogeneity « investigation of tumor-
o preserved stroma—cancer cell interactivity « rapid non- microenvironment
autochthonous growth interactions
« ease of implementation « immunodeficient host L X
. . . . « preliminary evaluation
« easy access to follow tumor growth and monitor response to treatment « limited genetic heterogeneity i R
R i - of potential therapeutic
(subcutaneous xenografts) « murine peritumoral milieu
CDX . . . . . agents
« commercially available « surgical skills (orthotopic . .
. « biomarker discovery
o high-throughput models) . .
e . ¢ tumorigenesis
« reproducibility o lack of heterogeneity
" 1 and tial trol « time consuming ) . .
emporal and spatial control « tumorigenesis
GEMM e P . cost rmons .
« immunocompetent host . « immune therapies
« fully murine system
« immunodeficient host
o murine peritumoral milieu
(human stroma is only initially e tumorigenesis
« best mimicking of human carcinogenesis (molecular, genetic, and present) « exploring the
PDX histopathological features of the originating tumors are preserved over limited « genetic and phenotypic pharmacokinetics and
passages of in vivo expansion) alteration of transplant in host pharmacodynamics
« inter-patient and intra-tumor heterogeneity « surgical skills (orthotopic o drug

prognosis resulting in a 3-year overall survival rate of 34% (55). In
our systematic literature survey, we found that the majority of
preclinical RMS studies accurately reported the histological RMS
phenotype, even in the pure murine RMS tumors (syngeneic,
GEMM, based on the histological tumor appearance), with 38.1%
of the studies reproducing eRMS/FN-RMS phenotypes, 28.8%
representing aRMS/FP-RMS, 22% depicting a combination of
aRMS/eRMS phenotypes, and 11% utilizing non-aRMS/non-
eRMS phenotypes. Although mixed aRMS/eRMS patient
phenotypes are clinically possible (56, 57), preclinical studies in
our sample used aRMS and eRMS separately. Ghilu et al. assessed
drug sensitivity and resistance in different aRMS and eRMS CDX
and PDX models using Single Mouse Testing protocol (58).
Another example is the study conducted by Stewart et al,
utilizing the orthotopic PDX model of both aRMS and eRMS to
test therapeutic targets for RMS through genomic, epigenomic, and
proteomic analyses (59).

Primary anatomic tumor sites have different locoregional lymph
node involvement and therefore might impact the prognosis, with
reported survival at 5 years of ~90% for genitourinary (excluding
bladder/prostate) RMS (60), ~85% for localized bladder/prostate (61),
~80% for head/neck (non-parameningeal) RMS (60), ~ 70% for
parameningeal (62) and ~65% for RMS affecting extremity (63). In
analyzed preclinical trials, orthotopic mouse models (syngeneic, CDX,
PDX) mimicked most likely extremity RMS phenotypes. No PDX or
syngeneic models mimicked genitourinary or head/neck RMS
phenotypes. Moreover, ectopic mouse models did not recapitulate
any of the human anatomical tumor sites, thus having very limited
translational value. While orthotopic mouse models recapitulated the
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models) resistance mechanisms

« low implantation rate
(especially in eRMS phenotypes)

limb RMS phenotype, a variety of additional tumor locations were
observed merely in GEMM systems within our study cohort, including
the abdomen, back, head/neck, rib cage, pelvis, body wall, and tongue
(19, 20, 27, 64-70).

While patients with nonmetastatic localized RMS tumors have
good to excellent prognoses depending on tumor site/size, age, and
FOXOL1 fusion status, children with disseminated disease have a poor
prognosis with OS ~ 30% (55). Metastatic disease modeling was
carried out in a minority of the included studies (13.6%). Among
them, 37.5% of studies were able to induce metastasis spontaneously
using GEMM (20, 27), orthotopic CDX (71, 72) or even ectopic
xenografts (73), all of which disseminated to the lungs. Another
approach to inducing metastases was through the injection of tumor
cells, either intravenously (tail vein murine models), resulting in lung
(24, 74-78), bone marrow (32), and liver/spleen (79) metastasis, or
intraperitoneally, resulting in peritoneal sarcomatosis (xenograft
models with intraperitoneal dissemination) (29, 80-82).

Patient s age

There are three prognostically relevant age groups, including
children younger than 1 year with the 5-year failure-free survival
(FES) and OS of 57%/76%, children older than 1 year and younger than
10 years with FFS/OS of 80%/87%, and children older than 10 years
with FES/OS of 70%/76% (83, 84). Importantly, the poor prognosis for
infants may not only be determined by intrinsic tumor factors but also
by treatment modifications including lower chemotherapy doses due to
higher rates of chemotherapy-related toxicity (85). In our study sample,
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there was only one investigation addressing mouse age on tumor
development. Ragab el. showed that induction of the oncNRAS
mutation in 2-week-old Ptch+/-NRasfl/+ mice (GEMM) accelerates
eRMS formation compared to 4-week-old mice (68). The other studies
utilized mice of different ages, including 3-week-old mice (86), mice
between 4 to 8 weeks (87, 88), 6 to 8 weeks (41, 89), or 8 to 12 weeks
(90, 91), irrespective of the mouse model subtype. It would be
reasonable to correlate patient age groups (<1 year, 1-9 years, and >
10 years) with mouse ages to accurately mimic age-related clinical
phenotypes. Taking into account the disparate lifespans of laboratory
mice (~24 months) and humans (~80 years), Dutta et al. described the
relationship between mice and humans at all stages of growth and
formulated mathematical formulas for the calculation of mice/human
ages (92). Hence, replicating infant RMS would be most suitable using
0 to 3 or 4 weeks-old mice during the sucking period. Given that mice
typically reach puberty around 6-10 weeks of age (while humans reach
puberty at about 11.5 years), the optimal age range for simulating
patients aged 1-9 years would be between 4 and 6 weeks during the
juvenile period of the mouse. As mice reach adulthood at 8-12 weeks
(humans generally reach adulthood at the age of 20 years), the time
frame between 6-8 week-old mice would represent children > 10 years
old. The adolescent RMS phenotype would be most accurately
replicated in mice that are older than 10 weeks.

From bench to bedside

Generally, preclinical RMS research focuses on two main
aspects, involving critical biological and clinical inquiries (93).
Open biological questions include elucidating the mechanisms
facilitating invasion and metastasis in fusion positive and
negative RMSs, defining the role of immune cells in the tumor
microenvironment, and identifying the most predictive
preclinical models for RMS. Clinically relevant questions are
the exploration of immunotherapeutic treatment possibilities,
the determination of combinations of targeted agents, and the
improvement of local control in regions like the abdomen and
pelvis. Studies included in our review addressed both biological
questions, such as tumorigenesis, and clinically relevant
questions, such as testing new drugs, investigating novel
imaging techniques, discovering biomarkers, and reducing side
effects and long-term effects.

Tumorigenesis

In our study sample, 47.5% of all studies focused on
tumorigenesis, including both FP-RMS and FN-RMS phenotypes.
Among them, a minority of studies investigated mechanisms
associated with tumor dissemination. So, Skrzypek et al.
investigated the role of the SNAIL-dependent miRNAs miR-28-3p
and miR-193a-5p in RMS development and metastasiogenesis in
both RH30-ectopic xenografts and intravenous injection model (32).
Another study conducted by Almacellas-Rabaiget et al. examined the
role of lysyl oxidase-like 2 (LOXL2), a regulator of tumor progression
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and metastasis, in orthotopic xenograft aRMS models that developed
spontaneous lung metastasis attributed to LOXL2 overexpression
(72). In one further study in which an experimental tail vein
metastasis RMS mouse model was used, Navarro et al. showed that
Integrin alpha9 was essential for tumor dissemination, with reduction
of metastatic formation by applying a synthetic peptide, RA08 (94). A
preclinical study focusing on tumor microenvironment was
conducted by Miyagaki et al,, investigating the antitumor effects by
suppressing lipid metabolism in an orthotopic xenograft mouse
model (95). The question concerning the most predictive
preclinical models for RMS remains unanswered, given that no
single model can universally meet all experimental requirements.
Probably, the most predictive preclinical RMS model is the most
suitable for the specific research question. Overall, among all the
mouse models analyzed in our study, orthotopic PDX models appear
to be the most accurate in predicting clinical outcomes.

Therapeutic agents

More than 50% of analyzed studies investigated a novel
therapeutic agent or their combinations. The explanation for the
high prevalence of therapeutic studies is that patients with
dissemination or tumor relapse face a dismal prognosis, given the
limited effectiveness of standard therapies. These novel
chemotherapeutic agents are subsequently translated into clinical
phase 1 and phase 2 trials (96-98). However, the therapy for RMS is
multimodal, encompassing not only chemotherapy but also local
tumor control through surgery and/or radiotherapy. Surprisingly,
no preclinical studies focused on surgery. Moreover, in addition to
the literature investigated during the 5-year timeline, there are a few
preclinical studies on surgery in RMS. These include a study
investigating tumor visualization using fluorescence laparoscopy
(ICG) (99) and another study investigating the effect of CpG
oligodeoxynucleotides as a potent immunomodulator after
surgical resection of murine tumor (100).

Radiotherapy

All of the preclinical investigations within our study sample that
focused on the topic “radiotherapy” explored a range of
radiosensitizing agents, including SNAI2 (101), MS-275 (102),
romidepsin (103), CLR1404 (104), PXD-101 (105), and CLR127
(31). Such radiosensitizers enhance the effectiveness of radiotherapy
by increasing the induction of DNA damage (106). This can be
particularly crucial in cases of radioresistant RMS, where standard
radiation therapy alone is not sufficient.

Imaging
Imaging plays a central role in the diagnostic workup, therapy

planning, follow-up process, and detection of relapses in RMS
patients. In the examined literature cohort, there were 6 studies
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investigating imaging techniques in murine RMS tumors.
Interestingly, the majority of studies have focused on correlation
investigations between diffusion-weighted imaging (DWI)/
intravoxel incoherent motion (IVIM) and histopathologic features
of murine tumors (43, 107-109).

Long-term effects

Only a limited number of studies (n = 3) addressed long-term
effects related to the treatment of RMS. So, Collao et al. investigated the
impact of resistance and endurance exercise training on muscle mass
composition after chemotherapy with radiation in a murine RMS
mouse model (88). Kallenbach et al. analyzed the late effects associated
with radiotherapy on skeletal muscles, including sarcopenia,
musculoskeletal frailty, and radiation-induced fobrosis (86). A
similar study by Paris et al. showed that chemoradiation impairs
myofiber hypertrophic growth in RMS mouse model (110). However,
the limited number of studies addressing the long-term effects of
radiotherapy or chemotherapy can be attributed to the challenges in
justifying animal use according to the principles of the 3Rs in animal
experimentation. This is particularly challenging when well-established
standard radiotherapy/chemotherapy protocols are already in place in
patient care.

Biomarker

Only one study assessed the feasibility of plasma circulating
tumor DNA to predict disease burden and treatment response using
blood samples from RMS mouse models and patients (16). This
shows that this field is understudied in preclinical research.

Selection of an appropriate mouse model
to study RMS

The first step in planning preclinical experiments is selecting the
most suitable model, guided by the study’s clinical and/or biological
objectives. An ‘ideal’ translational model should be multifaceted,
accurately reproducing the clinical situation by considering various
clinicopathological and molecular-biological variables of the patient.
The biological or clinical question should determine the choice of a
mouse model and not the reverse. Table 3 summarizes the strengths
and limitations of core mouse models used in RMS research. Among
RMS mouse models, two fundamental categories should be
considered: 1) autologous (GEMM) vs. non-autologous (CDX,
PDX, syngeneic) tumor models (111). The rational choice for
autologous models (GEMM) includes the investigation of cancer
development from de novo initiation stages to progression with
metastatic disease within a natural immune-proficient tumor
microenvironment (112). Non-autologous transplantable tumor
models (CDX or PDX) are considered for both tumorigenesis
research and drug screening/validation research, as these models
more precisely recapitulate human tumors (113-115). Syngeneic
models are very reductionist due to the absence of human targets
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and should therefore only be considered for preclinical
immunological and immunotherapeutic studies or as synergistic
partners in combination with other more complex models such as
GEMM or CDX/PDX models (116). Another fundamental
categorization of RMS models includes: 1) immunocompetent
(GEMM, syngeneic) and 2) immunocompromised (CDX,
PDX) hosts. The rationale for selecting pure murine, yet
immunocompetent hosts, is to study immunological processes
within the primary tumor, tumor metastasis, and the tumor
microenvironment or for immunotherapeutic drug discovery (117).
Is important to consider that curing murine tumors does not
guarantee clinical success in humans even if applying more
complex mouse models (118, 119). Among mouse models using
immunodeficient hosts (CDX and PDX), further gradations should
be made, as different mouse strains have varying levels of
immunodeficiency. While athymic nude mice lack a thymus and
thus have impaired T-cell-mediated immune responses (moderate
level of immunodeficiency), SCID mice lack functional T- and B-
cells, resulting in severe immune deficiency (120, 121). Additionally,
NOD SCID mice, which are double mutants with SCID and NOD
mutations, exhibit reduced natural killer (NK) cell activity (122). NSG
(NOD SCID Gamma) mice are triple-mutant with SCID, NOD, and
IL2rg null mutations, and they are devoid of T-, B-, and NK cells
(123, 124). The success rate of establishing CDX or PDX models
depends on the degree of immunodeficiency of the mouse host. SCID
mice demonstrate higher engraftment efficiency compared to
athymic nude mice. However, transplantation efficiencies may be
lower for cells from less malignant tumors due to residual NK cells in
SCID models. In contrast, NSG mice exhibit multiple deficiencies in
both innate and adaptive immunity, thus making them more suitable
recipients for different human solid tumor transplantation (125).
When considering non-autologous CDX models, careful selection of
cell application routes is essential: 1) heterotopic subcutaneous
models are most suitable for initial novel drug screening studies
(126), 2) orthotopic models with cell injection into gastrocnemius
muscle representing a clinical phenotype of ‘extremity RMS’, and 3)
metastatic models [iv., particularly for lung metastasis or i.p. for
peritoneal sarcomatosis (127, 128)]. Although certainly technically
challenging to establish, both heterotopic and orthotopic PDX
models should be regarded as reference mouse RMS models due to
their potential to maintain human tumor architecture, intratumoral
and interpatient heterogeneity, and tumor microenvironment
components, enabling their multipurpose use across various
application areas (113, 129-132). Figure 6 illustrates the process of
selecting the preclinical mouse model based on specific
utilization areas.

In conclusion, this up-to-date review underscores the critical
importance of a discerning approach in the selection and
interpretation of preclinical mouse models for RMS research. The
use of ectopic CDX models, even though they constitute nearly two-
thirds of the research, reveals their limitations in accurately
recapitulating human RMS phenotypes. Orthotopic PDX models
emerge as the closest mimics of human RMS, offering high
translational value. However, the absence of a functional human
immune system in both CDX and PDX models hinders the
exploration of critical cell interactions within the tumor
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Appropriate mouse model systems

PDX (for gene expression and sub-clonal profiles; genetic mutations)

Syngeneic (for studying tumor immunity and metastasis model)

GEMM (for studying multistep tumorigenesis with characterization of function of genes
involved in the different steps of tumorigenesis)

Heterotopic/ectopic CDX (for higher throughput)

PDX (for preservation of the original human tumor diversity)

Syngeneic (for immunocompetent host)

Humanized mice (for partial immunocompetent host)

PDX (for preservation of the original human tumors diversity)

GEMM (for studying multistep tumorigenesis)

PDX (for retain the tumor's original characteristics and genetic diversity of mature tumor)

CDX (for modeling peritoneal sarcomatosis (i.p. injection) or metastasis (i.v. injection))

Syngeneic (for tumor/metastasis microenvironment and immune interactions)

PDX (for recapitulation of human tumor growth and microenvironment )

GEMM (for response to radiation in an immunocompetent environment)

Syngeneic (for tumor microenvironment and immune responses to radiotherapy)

CDX (for visualization of tumor growth and response to radiation)

GEMM (for studying biomarkers that are linked to genetic mutations or alterations)

Syngeneic (biomarker expression within an intact immune system and tumor
microenvironment; biomarkers expression correlation to immune response)

PDX or CDX (to explore biomarker expression patterns and their correlation with tumor
growth and response to therapies)

RMS mouse model selection. Summary of relevant research areas and sub-areas within preclinical RMS research, along with corresponding

suggestions for mouse models.

microenvironment. Therefore, our paper highlights the need for
further humanized mouse models that address the shortcomings of
existing ones. Moving forward, research efforts should be directed
towards unexplored avenues such as surgery, radiotherapy,
and biomarkers.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Frontiers in Oncology

Author contributions

IM: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Software, Visualization, Writing -
original draft, Writing - review & editing. LD: Investigation,
Resources, Writing — review & editing. BW: Validation, Visualization,
Writing - review & editing. PH: Investigation, Methodology, Resources,
Writing - review & editing. MV: Conceptualization, Supervision,
Validation, Writing — review & editing. GS: Conceptualization, Data
curation, Methodology, Project administration, Resources, Supervision,
Validation, Writing — review & editing.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1333129
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Martynov et al.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Open Access
funding provided by the Open Acess Publishing Fund of Philipps-
Universitdt Marburg.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Hawkins DS, Spunt SL, Skapek SX. Children's Oncology Group's 2013 blueprint
for research: Soft tissue sarcomas. Pediatr Blood Cancer (2013) 60(6):1001-8.

2. Shern JF, Selfe ], Izquierdo E, Patidar R, Chou HC, Song YK, et al. Genomic
Classification and Clinical Outcome in Rhabdomyosarcoma: A Report From an
International Consortium. J Clin Oncol Off ] Am Soc Clin Oncol (2021) 39
(26):2859-71.

3. Ferrari A, Bergamaschi L, Chiaravalli S, Livellara V, Sironi G, Nigro O, et al.
Metastatic rhabdomyosarcoma: Evidence of the impact of radiotherapy on survival. A
retrospective single-center experience. Pediatr Blood Cancer (2022) 69(11):29853.

4. Gartrell ], Pappo A. Recent advances in understanding and managing pediatric
rhabdomyosarcoma. F1000Research (2020) 9.

5. Fan R, Parham DM, Wang LL. An Integrative Morphologic and Molecular
Approach for Diagnosis and Subclassification of Rhabdomyosarcoma. Arch Pathol
Lab Med (2022) 146(8):953-9.

6. Williamson D, Missiaglia E, de Reyniés A, Pierron G, Thuille B, Palenzuela G,
et al. Fusion gene-negative alveolar rhabdomyosarcoma is clinically and molecularly
indistinguishable from embryonal rhabdomyosarcoma. J Clin Oncol Off ] Am Soc Clin
Oncol (2010) 28(13):2151-8.

7. Rudzinski ER, Kelsey A, Vokuhl C, Linardic CM, Shipley J, Hettmer S, et al.
Pathology of childhood rhabdomyosarcoma: A consensus opinion document from the
Children's Oncology Group, European Paediatric Soft Tissue Sarcoma Study Group,
and the Cooperative Weichteilsarkom Studiengruppe. Pediatr Blood Cancer (2021) 68
(3):e28798.

8. Zarrabi A, Perrin D, Kavoosi M, Sommer M, Sezen S, Mehrbod P, et al.
Rhabdomyosarcoma: Current Therapy, Challenges, and Future Approaches to
Treatment Strategies. Cancers (2023) 15(21).

9. Haduong JH, Heske CM, Allen-Rhoades W, Xue W, Teot LA, Rodeberg DA, et al.
An update on rhabdomyosarcoma risk stratification and the rationale for current and
future Children's Oncology Group clinical trials. Pediatr Blood Cancer (2022) 69(4):
€29511.

10. Hettmer S, Linardic CM, Kelsey A, Rudzinski ER, Vokuhl C, Selfe J, et al.
Molecular testing of rhabdomyosarcoma in clinical trials to improve risk stratification
and outcome: A consensus view from European paediatric Soft tissue sarcoma Study
Group, Children's Oncology Group and Cooperative Weichteilsarkom-Studiengruppe.
Eur J Cancer (Oxford Engl 1990) (2022) 172:367-86.

11. Breitfeld PP, Lyden E, Raney RB, Teot LA, Wharam M, Lobe T, et al. Ifosfamide
and etoposide are superior to vincristine and melphalan for pediatric metastatic
rhabdomyosarcoma when administered with irradiation and combination
chemotherapy: a report from the Intergroup Rhabdomyosarcoma Study Group. J
Pediatr Hematology/oncology (2001) 23(4):225-33.

12. Sandler E, Lyden E, Ruymann F, Maurer H, Wharam M, Parham D, et al.
Efficacy of ifosfamide and doxorubicin given as a phase II "window" in children with
newly diagnosed metastatic rhabdomyosarcoma: a report from the Intergroup
Rhabdomyosarcoma Study Group. Med Pediatr Oncol (2001) 37(5):442-8.

Frontiers in Oncology

13

10.3389/fonc.2024.1333129

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1333129/
full#supplementary-material

SUPPLEMENTARY FIGURE 1

A choropleth map displays the distribution of preclinical RMS publications
across 19 countries spanning four continents. The size of each circle on the
map corresponds to the number of publications. The country with the highest
publication count was the USA (n=57), followed by China (n=12), ltaly (n=9),
Spain (n=7), Japan (n=6), Switzerland (n=5), Germany (n=4), Canada (n=3),
Singapore (n=3), Czech Republic (n=2), the UK (n=2), Belgium (n=1), Israel
(n=1), Lebanon (n=1), Norway (n=1), Poland (n=1), Russia (n=1), South Africa
(n=1), and Sweden (n=1).

13. Dehner CA, Armstrong AE, Yohe M, Shern JF, Hirbe AC. Genetic
Characterization, Current Model Systems and Prognostic Stratification in PAX
Fusion-Negative vs. PAX Fusion-Positive Rhabdomyosarcoma. Genes (2021) 12(10).

14. Hooijmans CR, Rovers MM, de Vries RBM, Leenaars M, Ritskes-Hoitinga M,
Langendam MW. SYRCLE’s risk of bias tool for animal studies. BMC Med Res
Methodology (2014) 14(1):43.

15. Jardim-Perassi BV, Mu W, Huang S, Tomaszewski MR, Poleszczuk J, Abdalah
MA, et al. Deep-learning and MR images to target hypoxic habitats with evofosfamide
in preclinical models of sarcoma. Theranostics (2021) 11(11):5313-29.

16. Ruhen O, Lak NSM, Stutterheim ], Danielli SG, Chicard M, Iddir Y, et al.
Molecular Characterization of Circulating Tumor DNA in Pediatric
Rhabdomyosarcoma: A Feasibility Study. JCO Precis Oncol (2022) 6:¢2100534.

17. Wunker C, Piorkowska K, Keunen B, Babichev Y, Wong SM, Regenold M, et al.
Magnetic Resonance-Guided High Intensity Focused Ultrasound Generated
Hyperthermia: A Feasible Treatment Method in a Murine Rhabdomyosarcoma
Model. J Visualized Experiments JoVE (2023) 191).

18. Peng J, Wang JY, Huang HF, Zheng TT, Li J, Wang LJ, et al. Adiponectin
Deficiency Suppresses Rhabdomyosarcoma Associated with Gut Microbiota
Regulation. BioMed Res Int (2021) 2021:8010694.

19. Lai H, Guo Y, He W, Sun T, Ouyang L, Tian L, et al. Non-target genetic
manipulation induces rhabdomyosarcoma in KrasPten-driven mouse model of ovarian
Cancer. Trans Cancer Res (2020) 9(12):7458-68.

20. De Giovanni C, Nanni P, Landuzzi L, Ianzano ML, Nicoletti G, Croci S, et al.
Immune targeting of autocrine IGF2 hampers rhabdomyosarcoma growth and
metastasis. BMC Cancer (2019) 19(1):126.

21. Ghilu S, Li Q, Fontaine SD, Santi DV, Kurmasheva RT, Zheng S, et al.
Prospective use of the single-mouse experimental design for the evaluation of
PLX038A. Cancer Chemotherapy Pharmacol (2020) 85(2):251-63.

22. Pandya PH, Jannu AJ, Bijangi-Vishehsaraei K, Dobrota E, Bailey BJ, Barghi F,
et al. Integrative Multi-OMICs Identifies Therapeutic Response Biomarkers and
Confirms Fidelity of Clinically Annotated, Serially Passaged Patient-Derived
Xenografts Established from Primary and Metastatic Pediatric and AYA Solid
Tumors. Cancers (2022) 15(1).

23. Gengenbacher N, Singhal M, Augustin HG. Preclinical mouse solid tumour
models: status quo, challenges and perspectives. Nat Rev Cancer (2017) 17(12):751-65.

24. Kaczanowska S, Beury DW, Gopalan V, Tycko AK, Qin H, Clements ME, et al.
Genetically engineered myeloid cells rebalance the core immune suppression program
in metastasis. Cell (2021) 184(8):2033-52.e21.

25. Zanola A, Rossi S, Faggi F, Monti E, Fanzani A. Rhabdomyosarcomas: an
overview on the experimental animal models. J Cell Mol Med (2012) 16(7):1377-91.

26. Takayama H, LaRochelle WJ, Sharp R, Otsuka T, Kriebel P, Anver M, et al. Diverse

tumorigenesis associated with aberrant development in mice overexpressing hepatocyte
growth factor/scatter factor. Proc Natl Acad Sci USA (1997) 94(2):701-6.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2024.1333129/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1333129/full#supplementary-material
https://doi.org/10.3389/fonc.2024.1333129
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Martynov et al.

27. Nakahata K, Simons BW, Pozzo E, Shuck R, Kurenbekova L, Prudowsky Z, et al.
K-Ras and p53 mouse model with molecular characteristics of human
rhabdomyosarcoma and translational applications. Dis Models Mech (2022) 15(2).

28. Hinson AR, Jones R, Crose LE, Belyea BC, Barr FG, Linardic CM. Human
rhabdomyosarcoma cell lines for rhabdomyosarcoma research: utility and pitfalls.
Front Oncol (2013) 3:183.

29. Wagner BR, Adamus AL, Hempfling L, Vahdad R, Haap-Hoff A, Heinrich B,
et al. Increasing the efficiency of hyperthermic intraperitoneal chemotherapy (HIPEC)
by combination with a photosensitive drug in pediatric rhabdomyosarcoma in an
animal model. Pediatr Blood Cancer (2022) 69(11):e29864.

30. Slemmons KK, Yeung C, Baumgart JT, Juarez JOM, McCalla A, Helman LJ.
Targeting Hippo-Dependent and Hippo-Independent YAP1 Signaling for the
Treatment of Childhood Rhabdomyosarcoma. Cancer Res (2020) 80(14):3046-56.

31. Elsaid MY, Shahi A, Wang AR, Baiu DC, Li C, Werner LR, et al. Enhanced
Radiosensitivity in Solid Tumors using a Tumor-selective Alkyl Phospholipid Ether
Analog. Mol Cancer Ther (2018) 17(11):2320-8.

32. Skrzypek K, Nieszporek A, Badyra B, Lasota M, Majka M. Enhancement of
myogenic differentiation and inhibition of rhabdomyosarcoma progression by miR-28-
3p and miR-193a-5p regulated by SNAIL. Mol Ther Nucleic Acids (2021) 24:888-904.

33. Stoecklein NH, Klein CA. Genetic disparity between primary tumours,
disseminated tumour cells, and manifest metastasis. Int ] Cancer (2010) 126(3):589-98.

34. Hazelton BJ, Houghton JA, Parham DM, Douglass EC, Torrance PM, Holt H,
et al. Characterization of cell lines derived from xenografts of childhood
rhabdomyosarcoma. Cancer Res (1987) 47(16):4501-7.

35. Robles AJ, Kurmasheva RT, Bandyopadhyay A, Phelps DA, Erickson SW, Lai
Z, et al. Evaluation of Eribulin Combined with Irinotecan for Treatment of Pediatric
Cancer Xenografts. Clin Cancer Res an Off ] Am Assoc Cancer Res (2020) 26
(12):3012-23.

36. Kurmasheva RT, Bandyopadhyay A, Favours E, Del Pozo V, Ghilu S, Phelps DA,
et al. Evaluation of entinostat alone and in combination with standard-of-care cytotoxic
agents against rhabdomyosarcoma xenograft models. Pediatr Blood Cancer (2019) 66
(8):27820.

37. Fontana F, Anselmi M, Limonta P. Molecular Mechanisms of Cancer Drug
Resistance: Emerging Biomarkers and Promising Targets to Overcome Tumor
Progression. Cancers (2022) 14(7).

38. Heske CM, Mascarenhas L. Relapsed Rhabdomyosarcoma. J Clin Med (2021)
10(4).

39. Heinz AT, Ebinger M, Schénstein A, Fuchs J, Timmermann B, Seitz G, et al.
Second-line treatment of pediatric patients with relapsed rhabdomyosarcoma adapted

to initial risk stratification: Data of the European Soft Tissue Sarcoma Registry
(SoTiSaR). Pediatr Blood Cancer (2023) 70(7):e30363.

40. McAllister RM, Melnyk J, Finkelstein JZ, Adams ECJr., Gardner MB. Cultivation
in vitro of cells derived from a human rhabdomyosarcoma. Cancer (1969) 24(3):520-6.

41. Shah AM, Guo L, Morales MG, Jaichander P, Chen K, Huang H, et al. TWIST2-
mediated chromatin remodeling promotes fusion-negative rhabdomyosarcoma. Sci
Adv 20239(17):eade8184.

42. Rossi F, Beltran M, Damizia M, Grelloni C, Colantoni A, Setti A, et al. Circular
RNA ZNF609/CKAP5 mRNA interaction regulates microtubule dynamics and
tumorigenicity. Mol Cell (2022) 82(1):75-89.e9.

43. YuanY, Zeng D, Liu Y, Tao ], Zhang Y, Yang J, et al. DWI and IVIM are predictors
of Ki67 proliferation index: direct comparison of MRI images and pathological slices in a
murine model of rhabdomyosarcoma. Eur Radiology (2020) 30(3):1334-41.

44. Nakagawa N, Kikuchi K, Yagyu S, Miyachi M, Iehara T, Tajiri T, et al. Mutations
in the RAS pathway as potential precision medicine targets in treatment of
rhabdomyosarcoma. Biochem Biophys Res Commun (2019) 512(3):524-30.

45. Carlos-Reyes A, Muiiiz-Lino MA, Romero-Garcia S, Lopez-Camarillo C,
Hernandez-de la Cruz ON. Biological Adaptations of Tumor Cells to Radiation
Therapy. Front Oncol (2021) 11:718636.

46. Zhao Y, Lu T, Song Y, Wen Y, Deng Z, Fan J, et al. Cancer Cells Enter an
Adaptive Persistence to Survive Radiotherapy and Repopulate Tumor. Advanced Sci
(Weinheim Baden-Wurttemberg Germany) (2023) 10(8):e2204177.

47. Ireson CR, Alavijeh MS, Palmer AM, Fowler ER, Jones HJ. The role of mouse
tumour models in the discovery and development of antiCancer drugs. Br J Cancer
(2019) 121(2):101-8.

48. Miwa S, Yamamoto N, Hayashi K, Takeuchi A, Igarashi K, Tsuchiya H. Recent
Advances and Challenges in the Treatment of Rhabdomyosarcoma. Cancers (2020) 12(7).

49. Seitz G, Pfeiffer M, Fuchs J, Warmann SW, Leuschner I, Vokuhl C, et al.
Establishment of a rhabdomyosarcoma xenograft model in human-adapted mice.
Oncol Rep (2010) 24(4):1067-72.

50. Nguyen R, Patel AG, Griffiths LM, Dapper ], Stewart EA, Houston J, et al. Next-
generation humanized patient-derived xenograft mouse model for pre-clinical
antibody studies in neuroblastoma. Cancer Immunology Immunotherapy CII (2021)
70(3):721-32.

51. Luo W, Hoang H, Liao Y, Pan J, Ayello J, Cairo MS. A humanized orthotopic
mouse model for preclinical evaluation of immunotherapy in Ewing sarcoma. Front
Immunol (2023) 14:1277987.

Frontiers in Oncology

14

10.3389/fonc.2024.1333129

52. Ben-David U, Ha G, Tseng YY, Greenwald NF, Oh C, Shih J, et al. Patient-
derived xenografts undergo mouse-specific tumor evolution. Nat Genet (2017) 49
(11):1567-75.

53. Rosfjord E, Lucas ], Li G, Gerber HP. Advances in patient-derived tumor

xenografts: from target identification to predicting clinical response rates in
oncology. Biochem Pharmacol (2014) 91(2):135-43.

54. Ramadan F, Fahs A, Ghayad SE, Saab R. Signaling pathways in
Rhabdomyosarcoma invasion and metastasis. Cancer Metastasis Rev (2020) 39
(1):287-301.

55. Oberlin O, Rey A, Lyden E, Bisogno G, Stevens MC, Meyer WH, et al. Prognostic
factors in metastatic rhabdomyosarcomas: results of a pooled analysis from United
States and European cooperative groups. J Clin Oncol Off ] Am Soc Clin Oncol (2008) 26
(14):2384-9.

56. Davicioni E, Anderson MJ, Finckenstein FG, Lynch JC, Qualman SJ, Shimada H,
et al. Molecular classification of rhabdomyosarcoma-genotypic and phenotypic

determinants of diagnosis: a report from the Children's Oncology Group. Am |
Pathology (2009) 174(2):550-64.

57. Parham DM. Pathologic Classification of Rhabdomyosarcomas and Correlations
with Molecular Studies. Modern Pathology (2001) 14(5):506-14.

58. Ghilu S, Morton CL, Vaseva AV, Zheng S, Kurmasheva RT, Houghton PJ.
Approaches to identifying drug resistance mechanisms to clinically relevant treatments
in childhood rhabdomyosarcoma. Cancer Drug resistance (Alhambra Calif) (2022) 5
(1):80-9.

59. Stewart E, McEvoy J, Wang H, Chen X, Honnell V, Ocarz M, et al. Identification

of Therapeutic Targets in Rhabdomyosarcoma through Integrated Genomic,
Epigenomic, and Proteomic Analyses. Cancer Cell (2018) 34(3):411-26.e19.

60. Pappo AS, Meza JL, Donaldson SS, Wharam MD, Wiener ES, Qualman S, et al.
Treatment of localized nonorbital, nonparameningeal head and neck
rhabdomyosarcoma: lessons learned from intergroup rhabdomyosarcoma studies IIT
and IV. J Clin Oncol Off ] Am Soc Clin Oncol (2003) 21(4):638-45.

61. Rodeberg DA, Anderson JR, Arndt CA, Ferrer FA, Raney RB, Jenney ME, et al.
Comparison of outcomes based on treatment algorithms for rhabdomyosarcoma of the
bladder/prostate: combined results from the Children's Oncology Group, German
Cooperative Soft Tissue Sarcoma Study, Italian Cooperative Group, and International
Society of Pediatric Oncology Malignant Mesenchymal Tumors Committee. Int |
Cancer (2011) 128(5):1232-9.

62. Merks JH, De Salvo GL, Bergeron C, Bisogno G, De Paoli A, Ferrari A, et al.
Parameningeal rhabdomyosarcoma in pediatric age: results of a pooled analysis from
North American and European cooperative groups. Ann Oncol Off ] Eur Soc Med Oncol
(2014) 25(1):231-6.

63. Oberlin O, Rey A, Brown KL, Bisogno G, Koscielniak E, Stevens MC, et al.
Prognostic Factors for Outcome in Localized Extremity Rhabdomyosarcoma. Pooled
Anal Four Int Cooperative Groups. Pediatr Blood Cancer (2015) 62(12):2125-31.

64. Gutierrez WR, Rytlewski JD, Scherer A, Roughton GA, Carnevale NC, Vyas KY,
et al. Loss of Nfl and Ink4a/Arf Are Associated with Sex-Dependent Growth
Differences in a Mouse Model of Embryonal Rhabdomyosarcoma. Curr Issues Mol
Biol (2023) 45(2):1218-32.

65. Machado ER, van de Vlekkert D, Sheppard HS, Perry S, Downing SM, Laxton J,
et al. Haploinsufficiency of the lysosomal sialidase NEUI results in a model of
pleomorphic rhabdomyosarcoma in mice. Commun Biol (2022) 5(1):992.

66. Petrilli LL, Riccio F, Giuliani G, Palma A, Gargioli C, Vumbaca S, et al. Skeletal
Muscle Subpopulation Rearrangements upon Rhabdomyosarcoma Development
through Single-Cell Mass Cytometry. ] Clin Med (2021) 10(4).

67. Langdon CG, Gadek KE, Garcia MR, Evans MK, Reed KB, Bush M, et al.
Synthetic essentiality between PTEN and core dependency factor PAX7 dictates
rhabdomyosarcoma identity. Nat Commun (2021) 12(1):5520.

68. Ragab N, Bauer J, Botermann DS, Uhmann A, Hahn H. Oncogenic NRAS
Accelerates Rhabdomyosarcoma Formation When Occurring within a Specific Time
Frame during Tumor Development in Mice. Int ] Mol Sci (2021) 22(24).

69. Oristian KM, Crose LES, Kuprasertkul N, Bentley RC, Lin YT, Williams N, et al.
Loss of MST/Hippo Signaling in a Genetically Engineered Mouse Model of Fusion-
Positive Rhabdomyosarcoma Accelerates Tumorigenesis. Cancer Res (2018) 78
(19):5513-20.

70. Harwood FC, Klein Geltink RI, O'Hara BP, Cardone M, Janke L, Finkelstein D,
et al. ETV7 is an essential component of a rapamycin-insensitive mTOR complex in
Cancer. Sci Adv 20184(9):eaar3938.

71. Cleary MM, Bharathy N, Abraham J, Kim JA, Rudzinski ER, Michalek JE, et al.
Interleukin-4 Receptor Inhibition Targeting Metastasis Independent of Macrophages.
Mol Cancer Ther (2021) 20(5):906-14.

72. Almacellas-Rabaiget O, Monaco P, Huertas-Martinez J, Garcia-Moncluas S,
Chicon-Bosch M, Maqueda-Marcos S, et al. LOXL2 promotes oncogenic progression
in alveolar rhabdomyosarcoma independently of its catalytic activity. Cancer Letters
(2020) 474:1-14.

73. Liu C, Zhang L, Cui W, Du J, Li Z, Pang Y, et al. Epigenetically upregulated
GEFT-derived invasion and metastasis of rhabdomyosarcoma via epithelial
mesenchymal transition promoted by the Racl/Cdc42-PAK signalling pathway.
EBioMedicine (2019) 50:122-34.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1333129
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Martynov et al.

74. Dasgupta A, Sierra L, Tsang SV, Kurenbekova L, Patel T, Rajapakse K, et al.
Targeting PAK4 Inhibits Ras-Mediated Signaling and Multiple Oncogenic Pathways in
High-Risk Rhabdomyosarcoma. Cancer Res (2021) 81(1):199-212.

75. Giralt I, Gallo-Oller G, Navarro N, Zarzosa P, Pons G, Magdaleno A, et al.
Dickkopf-1 Inhibition Reactivates Wnt/B-Catenin Signaling in Rhabdomyosarcoma,
Induces Myogenic Markers In Vitro and Impairs Tumor Cell Survival In Vivo.l
Internationa] Mol Sci (2021) 22(23).

76. Molist C, Navarro N, Giralt I, Zarzosa P, Gallo-Oller G, Pons G, et al. miRNA-7
and miRNA-324-5p regulate alpha9-Integrin expression and exert anti-oncogenic
effects in rhabdomyosarcoma. Cancer Letters (2020) 477:49-59.

77. Vela M, Bueno D, Gonzalez-Navarro P, Brito A, Fernandez L, Escudero A, et al.
Anti-CXCR4 Antibody Combined With Activated and Expanded Natural Killer Cells
for Sarcoma Immunotherapy. Front Immunol (2019) 10:1814.

78. Codenotti S, Faggi F, Ronca R, Chiodelli P, Grillo E, Guescini M, et al. Caveolin-1
enhances metastasis formation in a human model of embryonal rhabdomyosarcoma
through Erk signaling cooperation. Cancer Letters (2019) 449:135-44.

79. Merker M, Wagner J, Kreyenberg H, Heim C, Moser LM, Wels WS, et al.
ERBB2-CAR-Engineered Cytokine-Induced Killer Cells Exhibit Both CAR-Mediated
and Innate Immunity Against High-Risk Rhabdomyosarcoma. Front Immunol (2020)
11:581468.

80. Wagner BR, Adamus AL, Sonnecken D, Vahdad R, Jank P, Denkert C, et al.
Establishment of a new valid animal model for the evaluation of hyperthermic
intraperitoneal chemotherapy (HIPEC) in pediatric rhabdomyosarcoma. Pediatr
Blood Cancer (2021) 68(11):€29202.

81. Toyomoto M, Inoue A, Iida K, Denawa M, Kii I, Ngako Kadji FM, et al. SIPR3-G
(12)-biased agonist ALESIA targets Cancer metabolism and promotes glucose
starvation. Cell Chem Biol (2021) 28(8):1132-44.€9.

82. Armeanu-Ebinger S, Griessinger CM, Herrmann D, Fuchs ], Kneilling M,
Pichler BJ, et al. PET/MR imaging and optical imaging of metastatic
rhabdomyosarcoma in mice. ] Nucl Med Off publication Soc Nucl Med (2014) 55
(9):1545-51.

83. Casey DL, Chi YY, Donaldson SS, Hawkins DS, Tian J, Arndt CA, et al. Increased
local failure for patients with intermediate-risk rhabdomyosarcoma on ARST0531: A
report from the Children's Oncology Group. Cancer (2019) 125(18):3242-8.

84. Joshi D, Anderson JR, Paidas C, Breneman ], Parham DM, Crist W. Age is an
independent prognostic factor in rhabdomyosarcoma: a report from the Soft Tissue
Sarcoma Committee of the Children's Oncology Group. Pediatr Blood Cancer (2004) 42
(1):64-73.

85. Malempati S, Rodeberg DA, Donaldson SS, Lyden ER, Anderson JR, Hawkins
DS, et al. Rhabdomyosarcoma in infants younger than 1 year: a report from the
Children's Oncology Group. Cancer (2011) 117(15):3493-501.

86. Kallenbach JG, Bachman JF, Paris ND, Blanc RS, O'Connor T, Furati E, et al.
Muscle-specific functional deficits and lifelong fibrosis in response to paediatric
radiotherapy and tumour elimination. J Cachexia Sarcopenia Muscle (2022) 13
(1):296-310.

87. Hebron KE, Wan X, Roth JS, Liewehr DJ, Sealover NE, Frye WJE, et al. The
Combination of Trametinib and Ganitumab is Effective in RAS-Mutated PAX-Fusion
Negative Rhabdomyosarcoma Models. Clin Cancer Res an Off ] Am Assoc Cancer Res
(2023) 29(2):472-87.

88. Collao N, Sanders O, Caminiti T, Messeiller L, De Lisio M. Resistance and
endurance exercise training improves muscle mass and the inflammatory/fibrotic
transcriptome in a rhabdomyosarcoma model. J Cachexia Sarcopenia Muscle (2023)
14(2):781-93.

89. Hsu JY, Danis EP, Nance S, O'Brien JH, Gustafson AL, Wessells VM, et al. SIX1
reprograms myogenic transcription factors to maintain the rhabdomyosarcoma
undifferentiated state. Cell Rep (2022) 38(5):110323.

90. Donovan J, Deng Z, Bian F, Shukla S, Gomez-Arroyo J, Shi D, et al. Improving
anti-tumor efficacy of low-dose Vincristine in rhabdomyosarcoma via the combination
therapy with FOXM1 inhibitor RCM1. Front Oncol (2023) 13:1112859.

91. Sullivan PM, Kumar R, Li W, Hoglund V, Wang L, Zhang Y, et al. FGFR4-
Targeted Chimeric Antigen Receptors Combined with Anti-Myeloid Polypharmacy
Effectively Treat Orthotopic Rhabdomyosarcoma. Mol Cancer Ther (2022) 21
(10):1608-21.

92. Dutta S, Sengupta P. Men and mice: Relating their ages. Life Sci (2016) 152:244-8.

93. Yohe ME, Heske CM, Stewart E, Adamson PC, Ahmed N, Antonescu CR, et al.
Insights into pediatric rhabdomyosarcoma research: Challenges and goals. Pediatr
Blood Cancer (2019) 66(10):¢27869.

94. Navarro N, Molist C, Sansa-Girona J, Zarzosa P, Gallo-Oller G, Pons G, et al.
Integrin alpha9 emerges as a key therapeutic target to reduce metastasis in
rhabdomyosarcoma and neuroblastoma. Cell Mol Life Sci CMLS (2022) 79(11):546.

95. Miyagaki S, Kikuchi K, Mori J, Lopaschuk GD, Iehara T, Hosoi H. Inhibition of
lipid metabolism exerts antitumor effects on rhabdomyosarcoma. Cancer Med (2021)
10(18):6442-55.

96. Davis KL, Fox E, Merchant MS, Reid JM, Kudgus RA, Liu X, et al. Nivolumab in
children and young adults with relapsed or refractory solid tumours or lymphoma
(ADVL1412): a multicentre, open-label, single-arm, phase 1-2 trial. Lancet Oncol
(2020) 21(4):541-50.

Frontiers in Oncology

15

10.3389/fonc.2024.1333129

97. Lager JJ, Lyden ER, Anderson JR, Pappo AS, Meyer WH, Breitfeld PP. Pooled
analysis of phase IT window studies in children with contemporary high-risk metastatic
rhabdomyosarcoma: a report from the Soft Tissue Sarcoma Committee of the
Children's Oncology Group. J Clin Oncol Off ] Am Soc Clin Oncol (2006) 24
(21):3415-22.

98. Pappo AS, Lyden E, Breitfeld P, Donaldson SS, Wiener E, Parham D, et al. Two
consecutive phase II window trials of irinotecan alone or in combination with
vincristine for the treatment of metastatic rhabdomyosarcoma: the Children's
Oncology Group. J Clin Oncol Off ] Am Soc Clin Oncol (2007) 25(4):362-9.

99. Urla C, Armeanu-Ebinger S, Fuchs J, Seitz G. Successful in vivo tumor
visualization using fluorescence laparoscopy in a mouse model of disseminated
alveolar rhabdomyosarcoma. Surg Endoscopy (2015) 29(5):1105-14.

100. Weigel BJ, Rodeberg DA, Krieg AM, Blazar BR. CpG oligodeoxynucleotides
potentiate the antitumor effects of chemotherapy or tumor resection in an orthotopic
murine model of rhabdomyosarcoma. Clin Cancer Res an Off ] Am Assoc Cancer Res
(2003) 9(8):3105-14.

101. Wang L, Hensch NR, Bondra K, Sreenivas P, Zhao XR, Chen J, et al. SNAI2-
Mediated Repression of BIM Protects Rhabdomyosarcoma from Ionizing Radiation.
Cancer Res (2021) 81(21):5451-63.

102. Cassandri M, Pomella S, Rossetti A, Petragnano F, Milazzo L, Vulcano F, et al.
MS-275 (Entinostat) Promotes Radio-Sensitivity in PAX3-FOXO1
Rhabdomyosarcoma Cells. Int ] Mol Sci (2021) 22(19).

103. Rossetti A, Petragnano F, Milazzo L, Vulcano F, Macioce G, Codenotti S, et al.
Romidepsin (FK228) fails in counteracting the transformed phenotype of
rhabdomyosarcoma cells but efficiently radiosensitizes, in vitro and in vivo, the
alveolar phenotype subtype. Int ] Radiat Biol (2021) 97(7):943-57.

104. Marsh IR, Grudzinski J, Baiu DC, Besemer A, Hernandez R, Jeffery JJ, et al.
Preclinical Pharmacokinetics and Dosimetry Studies of (124)1/(131)I-CLR1404 for
Treatment of Pediatric Solid Tumors in Murine Xenograft Models. ] Nucl Med Off
publication Soc Nucl Med (2019) 60(10):1414-20.

105. Marampon F, Di Nisio V, Pietrantoni I, Petragnano F, Fasciani I, Scicchitano
BM, et al. Pro-differentiating and radiosensitizing effects of inhibiting HDACs by PXD-
101 (Belinostat) in in vitro and in vivo models of human rhabdomyosarcoma cell lines.
Cancer letters (2019) 461:90-101.

106. Pomella S, Porrazzo A, Cassandri M, Camero S, Codenotti S, Milazzo L, et al.
Translational Implications for Radiosensitizing Strategies in Rhabdomyosarcoma. Int |
Mol Sci (2022) 23(21).

107. Fang$, Yang Y, Chen B, Yin Z, Liu Y, Tao J, et al. DWI and IVIM Imaging in a
Murine Model of Rhabdomyosarcoma: Correlations with Quantitative Histopathologic
Features. ] magnetic resonance Imaging JMRI (2022) 55(1):225-33.

108. Yin Z, Li X, Zhang Y, Tao ], Yang Y, Fang S, et al. IVIM, and HIF- 1o expression
based on MRI and pathology in a murine model of rhabdomyosarcoma. Magnetic
Resonance Med (2022) 88(2):871-9.

109. Yuan Y, Zeng D, Zhang Y, Tao J, Liu Y, Lkhagvadorj T, et al. Intravoxel
incoherent motion diffusion-weighted imaging assessment of microvascular
characteristics in the murine embryonal rhabdomyosarcoma model. Acta radiologica
(Stockholm Sweden 1987) (2020) 61(2):260-6.

110. Paris ND, Kallenbach JG, Bachman JF, Blanc RS, Johnston CJ, Hernady E, et al.
Chemoradiation impairs myofiber hypertrophic growth in a pediatric tumor model. Sci
Rep (2020) 10(1):19501.

111. Seitz G, Armeanu-Ebinger S, Warmann S, Fuchs J. Animal models of
extracranial pediatric solid tumors. Oncol Letters (2012) 4(5):859-64.

112. Kersten K, de Visser KE, van Miltenburg MH, Jonkers J. Genetically engineered
mouse models in oncology research and Cancer medicine. EMBO Mol Med (2017) 9
(2):137-53.

113. Koga Y, Ochiai A. Systematic Review of Patient-Derived Xenograft Models for
Preclinical Studies of Anti-Cancer Drugs in Solid Tumors. Cells (2019) 8(5).

114. Abdolahi S, Ghazvinian Z, Muhammadnejad S, Saleh M, Asadzadeh Aghdaei
H, Baghaei K. Patient-derived xenograft (PDX) models, applications and challenges in
Cancer research. | Trans Med (2022) 20(1):206.

115. Lu W, Chao T, Ruigi C, Juan S, Zhihong L. Patient-derived xenograft models in
musculoskeletal malignancies. J Trans Med (2018) 16(1):107.

116. Mosely SI, Prime JE, Sainson RC, Koopmann JO, Wang DY, Greenawalt DM,
et al. Rational Selection of Syngeneic Preclinical Tumor Models for Immunotherapeutic
Drug Discovery. Cancer Immunol Res (2017) 5(1):29-41.

117. Zeng Z, Wong CJ, Yang L, Ouardaoui N, Li D, Zhang W, et al. TISMO:
syngeneic mouse tumor database to model tumor immunity and immunotherapy
response. Nucleic Acids Res (2022) 50(D1):D1391-d7.

118. Mak IW, Evaniew N, Ghert M. Lost in translation: animal models and clinical
trials in Cancer treatment. Am | Trans Res (2014) 6(2):114-8.

119. Perrin S. Preclinical research: Make mouse studies work. Nature (2014) 507
(7493):423-5.

120. Szadvari I, Krizanova O, Babula P. Athymic nude mice as an experimental
model for Cancer treatment. Physiol Res (2016) 65(Suppl 4):5441-s53.

121. Mueller BM, Reisfeld RA. Potential of the scid mouse as a host for human
tumors. Cancer Metastasis Rev (1991) 10(3):193-200.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1333129
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Martynov et al.

122. Liu YC, Chen Q, Yang XL, Tang QS, Yao KT, Xu Y. [Generation of a new strain
of NOD/SCID/IL2RY(-/-) mice with targeted disruption of Prkdc and IL2Ry genes
using CRISPR/Cas9 system]. Nan fang yi ke da xue xue bao = ] South Med University
(2018) 38(6):639-46.

123. Tillman H, Janke L], Funk A, Vogel P, Rehg JE. Morphologic and
Immunohistochemical Characterization of Spontaneous Lymphoma/Leukemia in
NSG Mice. Veterinary Pathology (2020) 57(1):160-71.

124. Maletzki C, Bock S, Fruh P, Macius K, Witt A, Prall F, et al. NSG mice as hosts
for oncological precision medicine. Lab Invest (2020) 100(1):27-37.

125. Okada S, Vaeteewoottacharn K, Kariya R. Application of Highly
Immunocompromised Mice for the Establishment of Patient-Derived Xenograft
(PDX) Models. Cells (2019) 8(8).

126. Geier B, Kurmashev D, Kurmasheva RT, Houghton PJ. Preclinical Childhood Sarcoma
Models: Drug Efficacy Biomarker Identification and Validation. Front Oncol (2015) 5:193.

127. Daniel L, Durbec P, Gautherot E, Rouvier E, Rougon G, Figarella-Branger D. A
nude mice model of human rhabdomyosarcoma lung metastases for evaluating the role
of polysialic acids in the metastatic process. Oncogene (2001) 20(8):997-1004.

Frontiers in Oncology

16

10.3389/fonc.2024.1333129

128 Bella A, Di Trani CA, Fernandez-Sendin M, Arrizabalaga L, Cirella A, Teijeira
A, et al. Mouse Models of Peritoneal Carcinomatosis to Develop Clinical Applications.
Cancers (2021) 13(5).

129. Manzella G, Schreck LD, Breunis WB, Molenaar J, Merks H, Barr FG, et al.
Phenotypic profiling with a living biobank of primary rhabdomyosarcoma
unravels disease heterogeneity and AKT sensitivity. Nat Commun (2020) 11
(1):4629.

130. Hooper JE, Cantor EL, Ehlen MS, Banerjee A, Malempati S, Stenzel P, et al. A

Patient-Derived Xenograft Model of Parameningeal Embryonal Rhabdomyosarcoma
for Preclinical Studies. Sarcoma (2015) 2015:826124.

131. Castillo-Ecija H, Pascual-Pasto G, Perez-Jaume S, Resa-Pares C, Vila-Ubach M,
Monterrubio C, et al. Prognostic value of patient-derived xenograft engraftment in
pediatric sarcomas. J Pathol Clin Res (2021) 7(4):338-49.

132. Monsma DJ, Cherba DM, Richardson PJ, Vance S, Rangarajan S, Dylewski D,
et al. Using a rhabdomyosarcoma patient-derived xenograft to examine precision

medicine approaches and model acquired resistance. Pediatr Blood Cancer (2014) 61
(9):1570-7.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1333129
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Contemporary preclinical mouse models for pediatric rhabdomyosarcoma: from bedside to bench to bedside
	Introduction
	Methods
	Results
	Discussion
	Mouse model systems for RMS
	From bedside to bench
	Patient&acute;s age
	From bench to bedside
	Tumorigenesis
	Therapeutic agents
	Radiotherapy
	Imaging
	Long-term effects
	Biomarker
	Selection of an appropriate mouse model to study RMS

	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


