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W N e

Abstract: Visceral sarcomas are a rare malignant subgroup of soft tissue sarcomas (STSs). STSs,
accounting for 1% of all adult tumors, are derived from mesenchymal tissues and exhibit a wide
heterogeneity. Their rarity and the high number of histotypes hinder the understanding of tumor
development mechanisms and negatively influence clinical outcomes and treatment approaches.
Although some STSs (~20%) have identifiable genetic markers, as specific mutations or translocations,
most are characterized by complex genomic profiles. Thus, identification of new therapeutic targets
and development of personalized therapies are urgent clinical needs. Although cell lines are useful
for preclinical investigations, more reliable preclinical models are required to develop and test new
potential therapies. Here, we provide an overview of the available in vitro and in vivo models
of visceral sarcomas, whose gene signatures are still not well characterized, to highlight current
challenges and provide insights for future studies.

Keywords: soft tissue sarcomas; preclinical models; cancer-derived cells; patient-derived xenografts;
genome-engineered mouse models

1. Introduction

Visceral sarcomas are rare malignancies belonging to soft tissue sarcomas (STSs). STSs
are aggressive tumors which arise from the malignant transformation of mesenchymal
cells and comprise very heterogeneous entities, accounting for ~1% of all adult human
malignancies [1-3]. Visceral sarcomas mainly occur in adults and include several histotypes,
including liposarcoma (LPS) and angiosarcoma (AS), as well as some leiomyosarcomas
(LMSs) and undifferentiated pleomorphic sarcomas (UPSs). The most common type of
visceral sarcoma is the gastrointestinal stromal tumor (GIST), which arises from the muscle
wall of the digestive tract [4—6]. All these neoplasms are believed to derive from the
transformation of a common multipotent cell of origin, which can differentiate into specific
lineages [7,8]. The precise mechanisms associated with sarcoma development remain to be
clarified because of the rarity of the disease and the large number of subtypes [9,10]. Indeed,
STSs comprise over 70 different histotypes, each characterized by a distinct morphology and
molecular aberrations, which usually correspond to a specific clinical course and to specific
therapeutic approaches [11,12]. Only a small percentage of tumors (~20%) displays distinct
diagnostic markers: recurrent genetic alterations, such as specific mutations (e.g., KIT
activating mutation in gastrointestinal stromal tumors) and chromosomal translocations
(observed in approximately 20% of STSs), or complex genomic profiles and mutated tumor
suppressor genes, including TP53 and retinoblastoma 1 (RB1) [9,13,14]. However, the
majority of STSs have nonspecific genetic alteration with a complex karyotype [15].

Despite their heterogeneity, the first-line treatment for most sarcoma subtypes is
still limited to traditional surgery, with or without adjuvant or neoadjuvant radiotherapy,
and represents the most common treatment for localized sarcomas. Unfortunately, most
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patients develop metastasis, which is treated with chemotherapy, principally doxorubicin
and ifosfamide, two main active agents reaching a response rate higher than 20% in
advanced STSs [16,17]. Nonetheless, the high degree of heterogeneity combined with the
poor knowledge of tumor molecular drivers limits treatment efficacy, especially in the
case of unresectable, recurrent, or metastatic disease. Moreover, due to the prevalence
of many molecular aberrations within specific sarcomas, few STSs are therapeutically
targeted [7,9] with a 5-year survival rate of ~50% and <10% for localized and metastatic
STSs, respectively [16,18].

Thus, the identification of new genomic and molecular therapeutic targets and preclin-
ical testing of personalized therapies remain urgent unmet medical needs, especially for
visceral sarcomas. However, this requires the development of reliable and predictive tumor
models to test only the most promising therapies in clinical trials. To date, the most used
preclinical models in the field include genetically engineered or transgenic mice, xenografts,
and PDXs (patient-derived xenografts) [19]. However, these models present significant
limitations, including high management costs, lengthy experimental processes, and the
variable adherence of the animal model to human pathology. In this regard, given the
rarity of visceral sarcomas, several studies focus on the most common STSs, mainly skeletal
sarcomas. Thus, in this review, we aim to provide an overview of the current in vitro and
in vivo models developed for visceral sarcomas, to highlight related challenges and offer
insights for forthcoming research.

2. Advances in In Vitro Models
2.1. Established Cancer-Derived Cell Lines

Historically, cell models have been the primary research tool for the study of STSs,
providing valuable insights into sarcoma biology, such as tumor progression and metastasis.
Nonetheless, cancer cell lines present several limitations. For instance, prolonged cell
culture can determine the onset of secondary genetic changes, including copy number
variations and transcriptomic drifts, or specific clone selection, leading to biased results.
Additionally, the research findings suggest that tumor cell lines are more similar to one
other than to the original clinical samples, which explains their limited utility. In fact, the
in vitro and in vivo drug response of certain cell lines was not frequently recapitulated in
numerous clinical trials [20-22].

Many sarcoma cell lines have been established over the years. However, several
histological subtypes are largely underrepresented and only a few well-characterized cell
lines are publicly available; moreover, many of them are not fully representative of the
corresponding tumor tissue [1,8].

Hattori and colleagues investigated the current status of the reported sarcoma cell lines,
observing that only 139 out of 819 sarcoma cell lines, named according to the WHO classi-
fication, have been deposited into public cell banks. They also observed that among the
189 histotypes listed in the WHO classification, only 45 have corresponding cell lines [23].
Thus, an increased number of cell lines representing numerous sarcoma histological sub-
types is necessary to effectively understand the complexity of the disease and enhance the
utility of tumor cell cultures in cancer research.

Table 1 shows some examples of the available human cell lines derived from different
sarcomas.

Table 1. Examples of available visceral sarcoma cell lines.

Tumor Type Cell Line Reference
FU-DDLS-1 [24-26]
SW872 [24-28], ATCC HTB 92
T778 [24-26,28]
T449 [24-26,28]
Liposarcoma (LPS) T1000 [25,26]
LPS141 [3,25,26,29-34]
LP6 [25,35,36]
GOT3 [25,26,37]

LISA-2 [25,26,28,38]
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Table 1. Cont.

Tumor Type Cell Line Reference
SK-LMS-1 [3], ATCC HTB 88
Leiomyosarcoma (LMS) SK-UT-1B [3]
SK-UT-1 [3], ATCC HTB 114
GIST-T1 [29,39-44]
GIST882 [29,39,40,45,46]
Gastrointestinal stromal tumor (GIST) GIST48 [29,40,43,45]
GIST430 [40,43-46]
GIST62 [29]

ATCC, American Type Culture Collection

In vitro studies with these cell lines have been fundamental in sarcoma research,
mainly for drug screening, but also for a better comprehension of the mechanisms behind
tumor progression and metastasis [8]. An excellent example of successful translational
research is represented by the human GIST cell lines widely employed to predict the role of
¢-KIT signaling and to evaluate the efficiency of imatinib (IM) as a new targeted therapy.
Different KIT mutations affect the apoptotic signal transduction caused by imatinib in
GISTs, as observed by Noma and colleagues in the GIST-T1 and the GISTS882 lines, car-
rying activating mutant KIT. However, development of imatinib resistance is frequent,
and understanding the underlying mechanisms of this event is crucial to establish new
treatment strategies [45]. Thus, alternative approaches have been proposed, such as the
inhibition of KIT-dependent signaling pathways or their indirect inhibition by using HSP90
inhibitors (HSP90i). Preclinical studies on tumor cell lines have extensively investigated
small-molecule HSP90i, which appears to be a promising strategy to overcome imatinib
resistance [46]. Some inhibitors are currently undergoing phase II/1III clinical trials in cancer
patients, either as standalone treatments or in combination with traditional chemother-
apy [47]. The effects of new classes of anti-cancer agents involved in epigenetic and
non-epigenetic regulation, alone or in combination with other anti-cancer therapies, are
widely investigated in tumor cell lines [48]. In this regard, Miihlenberg’s group observed
that the histone deacetylase (HDAC) inhibitors (HDACi) SAHA and panobinostat (LBH589)
hinder cell growth in KIT-positive (GIST-T1, GIST822, and GIST48) but not in KIT-negative
cells (GIST62, GIST48B, and GIST522). This proves that HDACi primarily act by targeting
the oncogenic KIT and exert their strong antiproliferative and proapoptotic effects in both
IM-sensitive and IM-resistant GISTs. The authors also provided preclinical evidence of
the disease-specific impact of HDACi on KIT-positive GISTs, which has the potential to be
translated into therapeutic activity [29]. To overcome IM resistance in GIST patients, other
drugs have been tested over the years, such as sorafenib, which displays clinical activity
against TKI-resistant GISTs. Heinrich and colleagues tested this compound in a panel of
KIT- and PDGFRA-mutant kinases expressed by the transient transfection of the reference
cell lines (GIST-T1/829 and IM-resistant GIST-T1). Sorafenib showed a good ICs potency
against all IM-resistant mutations, except those involving KIT codon 816 and PDGFRA
codon 842 [43].

Among the available liposarcoma cell lines, LPS141 cells are valid candidates to test
new anti-cancer drugs, while T449 and T778 are more suitable to study tumor progression
and recurrence, as demonstrated by Stratford’s team. A correlation between high prolif-
eration rate and in vivo tumor-forming ability was also observed [26]. Simultaneously,
cell lines derived from dedifferentiated liposarcomas carrying 12q13-15 region amplifica-
tion (including MDM?2 and CDK4 genes) represent an excellent preclinical model for the
study of well-differentiated (WDLPS) and dedifferentiated (DDLPS) liposarcoma devel-
opment and proliferation. The p53 significance in both cancer development and therapy
response has aroused interest in terms of the p53-MDM?2 interaction as a possible target
for small-molecule therapy over the years [24]. MDM?2 inhibition results in antitumor
activity and increased apoptosis, as demonstrated by Miiller and colleagues in an in vitro
study conducted on WDLPS (T449 and T778) and DDLPS (FU-DDLS-1) TP53 wild-type
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and MDM?2 amplified cell lines, indicating a potential link between treatment response and
the mutational status of these genes [24].

Unfortunately, for some visceral sarcoma subtypes, very few cellular models are
available, as in the case of AS [1]. Krump-Konvalinkova and Bittinger were able to establish
the human endothelial AS-M cell line from a cutaneous angiosarcoma. These cells displayed
endothelial characteristics, as CD31 expression, and might be considered a suitable model
to investigate human endothelial cells [49].

Several studies have also been conducted to develop three-dimensional culture sys-
tems for sarcomas, with the aim of better resembling the surrounding extracellular matrix
and overcoming the disadvantages of two-dimensional cell cultures. Maintaining cells
in a 2D culture results in morphological changes, leading to altered gene and protein
expression and different cell behavior compared to the original tissue. 3D cellular models
can overcome these limitations since the architecture of the original tissue and the native
cell-cell and cell-extracellular matrix interactions are preserved [7]. 3D cultures are also
valuable tools for studying the microenvironment’s influence on cells within a tumor and
their response to drug treatment [50]. However, inducing sarcoma cell proliferation in
a 3D culture system is more challenging than in a 2D culture. This can be explained by
the impact of the microenvironment on sarcoma cell proliferation, including angiogenic
capability, and by the presence of distinct cell-matrix adhesion molecules in 3D and 2D
models [7,51,52]. As previously discussed, cells of a specific sarcoma subtype can differenti-
ate into multiple lineages in vitro in the presence of certain inducing factors. Thus, it is clear
that not only the cell of origin but also the tumor microenvironment plays a crucial role in
determining the final tumor phenotype [7]. The molecular biology of sarcomas is poorly
understood, especially the interplay among signaling pathways, as well as the epigenetic
modifications and regulatory RNA sequences. Patient-derived 3D sarcoma models could
be useful to recapitulate the three-dimensional structure of these neoplasms, clarifying the
complex crosstalk between tumor cells and their microenvironment, and contributing to
personalized medicine development [7,53].

Despite most of the available three-dimensional spheroid cultures and organoids
being relevant to the study of skeletal sarcomas, 3D models have also been developed for
visceral sarcomas. In this regard, Escudero and colleagues assessed the effect of eribulin
(an antitumor agent approved for advanced liposarcoma treatment) on inhibiting the
proliferation, migration, and invasion of LPSs and LMSs in 3D spheroid cell cultures. For
the first time, they explored erilubin’s action under 3D conditions in LMSs and LPSs,
demonstrating an increase in the Glsy (growth inhibitory concentration by 50%) values to a
nanomolar range compared to in a 2D cellular context [54].

Roohani and colleagues conducted a pilot study on a STS 3D model developed from
patient-derived cell cultures (PD3D) of an untreated localized UPS. They assessed a decrease
in tumor cell viability at different time points (four and eight days after treatment) using
increasing doses of photon and proton radiation. PD3D therefore could be a valuable tool
to facilitate translational studies toward individualized subtype-specific radiotherapy in
STS patients [55].

Nonetheless, it is still unclear how three-dimensional models will allow better pre-
dictability for treatments that target the microenvironment or involve radiation. Fur-
thermore, the available cell lines inadequately represent sarcoma diversity, and primar-
ily encompass the most common groups like osteosarcomas, rhabdomyosarcomas, and
leiomyosarcomas while lacking representation of rarer subtypes [7]. Therefore, new cell
lines are urgently needed in the field of sarcoma research [1].

2.2. Stem Cell-Based Cancer Models

Cancer stem cells (CSCs) in soft tissue sarcomas can be reprogrammed toward a
pluripotent state, using similar methods to those applied to normal cells (e.g., induced
pluripotent stem cell (iPSC) technology) [14,56,57]. Recently, iPSCs have emerged as a
valuable tool for disease modeling, already applied in the field of genetic and oncological
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disease. This is due to the possibility of replicating a cancer phenotype within the appropri-
ate cell lineage. By generating genome-edited isogenic iPSC lines in correspondence to the
oncogenic drivers within a specific tissue, it would be possible to faithfully reproduce the
neoplasm in vitro. This could facilitate the study of the targeted treatment susceptibility of
various tumor histotypes [58,59].

While targeting CSCs is crucial for all cancer types, in STSs, it is more challenging since
these neoplasms are less common and exhibit high cellular and molecular heterogeneity.
However, STSs” unique characteristics offer opportunities for further exploration, such as
the identification of common CSC signatures across all STSs, which can be therapeutically
targeted [60]. By combining CRISPR-Cas9 technologies with HDR (homology-directed
repair) in human embryonic stem cells (hES), Vanoli and colleagues developed an innova-
tive approach to investigating the cell of origin in human cancers without a clear line of
differentiation, including sarcomas with chromosomal translocations. They also demon-
strated that chromosomal translocations are involved in hES differentiation in human
embryonic-stem-derived mesenchymal progenitor cells (hES-MP), clarifying the role of
gene fusion in sarcomagenesis under conditional expression [61].

While several stem cell-based models of synovial sarcoma [62] and skeletal sarco-
mas have been developed, especially for the study of osteosarcoma [63-65] and Ewing’s
sarcoma [66], visceral sarcomas need to be further explored.

3. Advances in Animal Models
3.1. Cell-Derived and Patient-Derived Xenograft Models of Soft Tissue Sarcomas

Among the available animal models in cancer research, human tumor xenografts are
the most widely used. They consist of the implantation of tumor cells into immunocompro-
mised mice, either under the skin or into the same organ type of origin (Figure 1A). Athymic
nude mice, severe combined immunodeficient (SCID) mice, or other immunocompromised
mice can readily accept xenografts [67].

Several studies have been conducted on cell-derived xenograft (CDX) models to assess
both the target therapy effectiveness and oncogenic activity in STSs. An example is the
xenograft model investigated by Floris and colleagues, obtained from the IM-sensitive
GIST882 cell line. For the first time, they used this nude xenograft model to evaluate the
effects of the HDACi panobinostat on human GISTs with different oncogenic KIT mutations.
Panobinostat reduced proliferation and increased apoptosis in all xenografts, proving
its anti-tumor activity [68]. Another STS xenograft model, applied to leiomyosarcomas,
is the one established by Zhang’s group by injecting SCID mice with SK-LMS-1 cells
previously transfected with VEGFj¢5 [69]. Approximately 21-25% of patients affected
by STSs display VEGF overexpression, which correlates with a more advanced tumor
grade and a worse prognosis [70,71]. Based on the established role of VEGF and its
receptor VEGEFR in angiogenesis, the authors tried to better clarify the role of VEGF45
in STS growth, metastasis, and chemoresistance. The obtained VEGRg5-overexpressing
xenograft model revealed the significant impact of VEGF expression on STSs” ability to grow
and metastasize, and the anti-VEGFR2 monoclonal antibody’s effects on enhancing the
doxorubicin response [69]. CDX models provide the advantage of replicating human tumor
biology, despite the possibility of clone selection, which might not accurately represent the
human disease [1].

An alternative to cell line xenografts is the transplantation of small pieces of human-
derived tumor samples into mice, obtaining so-called patient-derived xenograft (PDX)
models (Figure 1B). In this case, the advantage is represented by the close resemblance of the
model to the primary tumor sample [72]. For instance, copy number alterations observed in
STS PDXs are also detected in sarcoma patients, suggesting that these alterations correlate
with actual tumor progression rather than experimental model alterations [73]. Several
models have been successfully established, achieving an overall engraftment success rate
of 32% to 69% and efficiently reproducing the genetic and phenotypic characteristics of the
original tumor [19,74].
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Figure 1. STS models. (A). Scheme of cell line-derived xenograft model generation: tumor cells are
transplanted into immunocompromised mice to study tumor biology and behavior. (B). Scheme of
PDX model generation: patient-derived tumor cells are transplanted into immunocompromised mice
to study tumor biology and behavior. (C). Genome-engineered mouse model: GEMMs drive tumor
development via mutation (a), overexpression (b), or deletion (c) of one or several oncogenes.

PDXs can be considered superior to classical cell-line-derived xenografts in accurately
predicting patient response to therapy [75,76]. In this regard, Gebreyohannes and col-
leagues proved the anti-tumor efficacy of cabozantinib, a novel tyrosine kinase inhibitor, by
reducing tumor growth, proliferation, and angiogenesis in IM-sensitive and IM-resistant
PDX models of GISTs [77]. Similarly, Van Looy’s team demonstrated the effectiveness of
three PI3K inhibitors combined with imatinib in reducing tumor volumes and enhanc-
ing apoptosis in GIST PDXs [78]. Analogous research has been conducted on sarcoma
xenograft models to explore the antitumor effects of target therapies. This is the case for
Li and colleagues, who established two PDX models of DDLPS by implanting pieces of
patient-derived sarcomas inro athymic nude NMRI mice. Significantly decreased prolifer-
ation and angiogenesis inhibition characterized all the xenografts treated with the TKRi
pazopanib [79]. Zuco’s group conducted a direct comparison between the first-in-class
XPO1 inhibitor selinexor and doxorubicin, the standard front-line therapy for sarcomas,
in three DDLPS PDXs. They demonstrated selinexor’s potential as a therapeutic agent for
DDLPS, given its superiority in terms of the umor response in all PDXs when compared to
doxorubicin, regardless of the MDM?2 amplification and histological differentiations [80].

The few preclinical models of leiomyosarcoma and the lack of fidelity of the established
LMS cell lines to their mesenchymal neoplasm of origin limit the translational understand-
ing of the disease. In this regard, Hemming and colleagues characterized LMS PDX models
assessing that, across multiple xenograft passages, the parental tumor histological appear-
ance, copy number variation, and transcriptional program were maintained. Additionally,
LMS PDXs were susceptible to cyclin-dependent kinase (CDK) inhibition, which alters the
oncogenic transcriptional program driven by E2F and hinders tumor growth. Thus, CDK
inhibitors can be a valuable therapeutic strategy for patients with LMS [81].
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As previously discussed, PDXs are useful to assess the effects of combined therapies.
This was further supported by Perez’s team, who demonstrated the potential therapeutic
strategies of doxorubicin and olaparib against sarcomas in UPS PDXs. The combined
treatment efficacy in tumors with high levels of pH2AX and MAP17 suggested that both
biomarkers could potentially identify patients who would benefit more from the ther-
apy [82]. Similarly, Stacchioti’s group investigated the preclinical antitumor activity of
EPZ-011989, an EZH?2 inhibitor, in INI1-deficient proximal-type epithelial sarcoma (ES)
PDXs. EPZ-011989, gemcitabine, and a doxorubicin-ifosfamide combination exhibited
comparable antitumor activity in treated mice, supporting their clinical use as effective
therapies. Moreover, EZH2 was confirmed as a viable therapeutic target in ESs, suggesting
autophagy as a possible protective mechanism against EZH2 inhibition [83].

Interestingly, an established patient-derived orthotopic nude mouse xenograft of a
retroperitoneal STS was developed by Hiroshima and colleagues. This model recapitulated
the histology of the original tumor better than the same subcutaneous ectopic model [84].
Hence, PDXs are largely used for the assessment of human tumor biology and have a broad
range of applications in preclinical drug testing, in therapeutic target identification, and
for the establishment of stable xenograft cell lines [1,85]. Furthermore, these models could
represent an option for personalized medicine strategies, allowing for direct testing of
potential drug treatments on a model matching the patient [1]. However, recent advances in
immunotherapy highlighted the importance of immune response in cancer progression and
treatment, and thus the need to develop new PDX models to investigate human cancer and
immune system interactions [85]. Wang’s team established an in vivo humanized mouse
xenograft model by transplanting human CD34+ hematopoietic progenitor and stem cells
into NGS mice, originating humanized NGS (HuNGS) mice with human hematopoietic
and immune systems. Then, they implanted PDXs of various cancers (sarcoma, non-small
cell lung cancer, bladder, triple-negative breast cancer) into HuNGSs. Treatment with PD-1
checkpoint inhibitor pemrolizumab significantly inhibited the tumor growth of PDX tumors
in HuNGS mice, assessing the potential utility of the model for preclinical immunotherapy
research [86].

Patient-derived models (PDMs) are widely applied in cancer research, drug devel-
opment, and clinical applications. Since PDMs are directly derived from patients, they
can predict treatment response and could help to identify the best personalized treatment
strategy [75,87]. Research findings support that sarcoma patient-derived cells predict STS
patient response to therapy since these models preserve the genetic characteristics of the
original tumor and the association between drug sensitivity and patient response [88].
Nonetheless, there are still challenges and limitations to overcome, such as costs and time,
as well as tumor heterogeneity, which might not be represented by PDMs, potentially
affecting the accuracy of drug testing [75,87].

3.2. Genome-Engineered Mouse Models of Soft Tissue Sarcomas

Among other animal models used in sarcoma research, it is worthwhile to mention
the genome-engineered mouse model (GEMM), in which mice display an altered genetic
profile by mutating, deleting, or overexpressing one or several oncogenes (Figure 1C).
GEMMs allow us to monitor the effects of induced genetic alterations over time and to
evaluate tumor response to treatment in vivo [89]. Conditional transgenic mice expressing
oncogenic human fusion genes, as well as immunodeficient mice that enable the growth of
human tumor cells or tumor fragments cultured in vitro, have allowed the implementation
of the available preclinical models for translational research [90].

An example of an in vivo visceral sarcoma model is represented by the MMTV-CR-1
transgenic mice generated by Strizzi and colleagues, in which CR-1 transgene expression is
regulated by the MMTYV (the mouse mammary tumor virus) long terminal repeat promoter
and leads to uterine leiomyosarcoma development. CR-1 plays a role in uterine tumor
onset via the direct activation of c-src and Akt or via crosstalk with the canonical Wnt
signaling pathway [91].
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Many transgenic mouse models have also been generated to study gastrointestinal
stromal tumors. For instance, Sommer’s group created a knock-in mouse with an exon 11
KIT-activating mutation (KITV558 deletion), previously found in the case of human familial
GIST syndrome. Through this model, they reproduced gastrointestinal pathology in mice
with remarkable penetrance, demonstrating that the constitutive activation of KIT signaling
is pivotal and sufficient to cause neoplastic growth in mice [92]. Likewise, Rubin’s team
developed a homozygous knock-in mouse model harboring a KIT-activating mutation
K641E, resulting in GIST development with 100% penetrance. They also showed the model
effectiveness for the study of KIT pathway activation, GIST pathogenesis, and preclinical
validation of GIST therapies and drug response [93].

Regarding the study of undifferentiated pleomorphic sarcoma, for the first time,
Buchakjian and colleagues generated a viral Cre-mediated TRP53/PTEN mouse model,
by injecting adenoviral Cre recombinase into TRP53flox/flox/PTENflox/flox lox-stop—
lox luciferase mice. All the injected mice developed STSs, identified for 93% as invasive
pleomorphic sarcomas characterized by lymphocytic infiltrate (64%) and PD-L1 expression
(71%). The model could represent a valuable tool for liposarcoma preclinical studies since
the homozygous loss of TRP53 and PTEN in mouse adipose tissue also characterizes this
sarcoma histotype [94].

Within the realm of liposarcoma research, Perez-Mancera’s group generated CHOP
and FUS £ CHOP transgenic mice, by introducing CHOP or the FUS-CHOP transgene
into mouse genomes. Interestingly, only the latter mouse group developed LPSs. This
demonstrated the critical role of the FUS domain in the liposarcoma pathogenesis and
pioneeringly proved the in vivo correlation between gene fusions and solid tumor on-
set [95]. A few years later, the same group generated double-transgenic FUS-CHOP mice
to investigate the significance of the FUS-CHOP interaction. As a result, FUS expression
in CHOP transgenic mice restored liposarcoma development, indicating that the FUS and
CHOP domains cooperate in mutual liposarcoma restoration [96].

As previously mentioned, unfortunately, angiosarcomas lack valid clinical models
that allow new therapy development. However, Salter’s team generated an autochthonous
AS mouse model driven by p53 deregulation in VE-cadherin-expressing endothelial cells,
using Cdh5-Cre mice. AS arose in mice with a penetrance of 100% upon homozygous
deletion of TRP53. The re-implantation of AS fragments from Cdh5-Cre, Trp531/fl mice
yielded a reliable and rapid angiosarcoma model. Moreover, transferring tumor fragments
within mice allowed them to establish a novel AS model suitable for preclinical studies and
for new therapy development [97].

4. Discussion

In this review, we summarize the most used in vitro and in vivo models adopted for
the study of visceral sarcomas (Figure 2). However, all of them present both advantages and
limitations. Sarcoma cell lines have a central role in cancer research, as they can be easily
employed to develop new potential drugs, allowing rapid identification of compounds
with anti-cancer activity. Moreover, cell lines can be genetically manipulated to study
the effects of specific mutations on tumor growth and invasiveness, and to investigate
the molecular mechanisms of visceral sarcomas. Nonetheless, not all the therapeutic
approaches can be tested in vitro. Additionally, cell lines might not accurately represent
tumors’ microenvironment complexity and their interactions with stromal and immune
cells. Thus, the immune system and the effects of drugs targeting the microenvironment
cannot be evaluated in cultured cell lines [1,72]. Furthermore, in vitro studies cannot
fully recapitulate the genetic and epigenetic landscape of primary tumors. Finally, when
maintained in cultures, cells display gene expression and cellular behavior changes over
time, which might lead to biased results.
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Figure 2. Preclinical models of visceral sarcomas. Schematic representation of the preclinical models
of visceral sarcomas discussed in this review. (LPS: liposarcoma; UPS: undifferentiated pleomorphic
sarcoma; GIST: gastrointestinal stromal tumor; LMS: leiomyosarcoma; AS: angiosarcoma) [54,55,68,
69,77,79-81,83,91-95,97].

Therefore, in vivo models can compensate for in vitro weaknesses. In particular,
xenografts, such as mice injected with subcutaneous cell lines or PDXs, are commonly
employed for STS studies. For this purpose, immunocompromised mice are the most
used models, although they might select for clones that do not fully represent the human
neoplasm. Xenografts have the advantage of allowing rapid compound efficacy screening
and precise in vitro cell manipulation (e.g., gene overexpression or knock-down). They can
also produce a large number of tumors which can be isolated and analyzed. Nonetheless,
the most relevant drawback of xenografts is the lack of a reliable model of human tumor
cell and mouse stroma interactions. Another major issue is the fact that the animals are
immunocompromised, hindering the immune system'’s role in tumor growth, progression,
metastasis, and response to therapy [1,8]. On the contrary, in a genetically engineered
mouse, tumors arise in an authentic cancer microenvironment and, more importantly,
the animal’s immune system remains intact [98]. Thus, compared to xenografts, GEMMs
allow for a better replication of the interactions between tumor cells and the host microen-
vironment, allowing us to test mutation effects in a physiological context. However, to
generate and maintain GEM mice is expensive which, added to the complexity of results
interpretation, leads to critical limitations [89].

In the field of sarcoma research, non-murine models, such as genetically modified
zebrafish, have also been developed, but they primarily concern rhabdomyosarcomas,
Ewing’s sarcoma, malignant peripheral nerve sheath tumors, chordomas [8,99], and, to the
best of our knowledge, only one liposarcoma case [100].

Visceral sarcomas are generally investigated after the completion of the transformation
process. Hence, there is a compelling need to establish robust preclinical models that
can faithfully replicate sarcomagenesis in vitro and in vivo. Simultaneously, the need to
discover new potential targets for personalized therapies is increasingly relevant. This
requires the establishment of reliable and predictive sarcoma models of patient response,
to test only the most promising therapeutic approaches in clinical trials. Future research
should define the specific phenotype of cancer cells at the origin of different sarcoma
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histotypes and elucidate the mechanisms driving their transformation. In this regard, a
valuable research tool is represented by induced pluripotent stem cells. This model has
already been effectively applied in the field of genetic and oncological diseases, thanks to its
capability to reproduce disease phenotypes within the appropriate cellular lineage [57]. The
ability to derive tissue-specific isogenic iPSC lines, modified via genome editing at the level
of driver oncogenes, would allow us to mimic different sarcoma subtypes in vitro. iPSCs,
along with three-dimensional cellular systems, might overcome the issues associated with
the use of animal models and the limitations of the 2D cultures discussed in this review.

Author Contributions: Writing—original draft preparation, A.C. and L.G.; writing—review and
editing, A.C,, L.G., A.A,, M.N,, M.A.P. and G.P;; supervision, A.A., G.P. and M.A.P. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by Fondazione S. Orsola, a research project on sarcoma.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hamacher, R.; Bauer, S. Preclinical models for translational sarcoma research. Curr. Opin. Oncol. 2017, 29, 275-285. [CrossRef]

2. Tanriverdi, O.; Yildiz, A. Current molecular and therapeutic advances in liposarcoma, rhabdomyosarcoma, leiomyosarcoma,
synovial sarcoma, and angiosarcoma. J. Oncol. Pharm. Pract. 2022, 28, 635-645. [CrossRef]

3.  Teicher, B.A; Polley, E.; Kunkel, M.; Evans, D.; Silvers, T.; Delosh, R.; Laudeman, J.; Ogle, C.; Reinhart, R.; Selby, M.; et al.
Sarcoma Cell Line Screen of Oncology Drugs and Investigational Agents Identifies Patterns Associated with Gene and microRNA
Expression. Mol. Cancer Ther. 2015, 14, 2452-2462. [CrossRef] [PubMed]

4.  Blay, J.Y. A decade of tyrosine kinase inhibitor therapy: Historical and current perspectives on targeted therapy for GIST. Cancer
Treat. Rev. 2011, 37, 373-384. [CrossRef]

5. Miettinen, M.; Lasota, J. Gastrointestinal Stromal Tumors. Gastroenterol. Clin. N. Am. 2013, 42, 399-415. [CrossRef] [PubMed]

6. Casali, P.G,; Blay, ].Y.; Abecassis, N.; Bajpai, J.; Bauer, S.; Biagini, R.; Bielack, S.; Bonvalot, S.; Boukovinas, I.; Bovee, JVM.G;
et al. Gastrointestinal stromal tumours: ESMO-EURACAN-GENTURIS Clinical Practice Guidelines for diagnosis, treatment and
follow-up. Ann. Oncol. 2022, 33, 20-33. [CrossRef] [PubMed]

7. Gaebler, M,; Silvestri, A.; Haybaeck, J.; Reichardt, P.; Lowery, C.D.; Stancato, L.F.; Zybarth, G.; Regenbrecht, C.R.A. Three-
dimensional patient-derived in vitro sarcoma models: Promising tools for improving clinical tumor management. Front. Oncol.
2017, 7, 203. [CrossRef] [PubMed]

8. Dodd, R.D.; Mito, J].K,; Kirsch, D.G. Animal models of soft-tissue sarcoma. DMM Dis. Model. Mech. 2010, 3, 557-566. [CrossRef]

9. Hoang, N.T.; Acevedo, L.A.; Mann, M.].; Tolani, B. A review of soft-tissue sarcomas: Translation of biological advances into
treatment measures. Cancer Manag. Res. 2018, 10, 1089-1114. [CrossRef]

10. Lawrence, W.; Donegan, W.L.; Natarajan, N.; Mettlin, C.; Beart, R.; Winchester, D. Adult soft tissue sarcomas: A pattern of care
survey of the American College of Surgeons. Ann. Surg. 1987, 205, 349-359. [CrossRef]

11. Sbaraglia, M.; Bellan, E.; Dei Tos, A.P. The 2020 WHO Classification of Soft Tissue Tumours: News and perspectives. Pathologica
2021, 113, 70-84. [CrossRef]

12.  Gronchi, A.; Miah, A.B.; Dei Tos, A.P,; Abecassis, N.; Bajpai, ].; Bauer, S.; Biagini, R.; Bielack, S.; Blay, ].Y.; Bolle, S.; et al. Soft tissue
and visceral sarcomas: ESMO-EURACAN-GENTURIS Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann.
Oncol. 2021, 32, 1348-1365. [CrossRef]

13. Salawu, A.; Fernando, M.; Hughes, D.; Reed, M.W.R.; Woll, P; Greaves, C.; Day, C.; Alhajimohammed, M.; Sisley, K. Establishment
and molecular characterisation of seven novel soft-tissue sarcoma cell lines. Br. J. Cancer 2016, 115, 1058-1068. [CrossRef]

14. Choi, J.; Curtis, S.J.; Roy, D.M.; Flesken-Nikitin, A.; Nikitin, A.Y. Local mesenchymal stem/progenitor cells are a preferential
target for initiation of adult soft tissue sarcomas associated with p53 and Rb deficiency. Am. J. Pathol. 2010, 177, 2645-2658.
[CrossRef]

15. Le Loarer, F; Cleven, A.-H.G.; Bouvier, C.; Castex, M.P; Romagosa, C.; Moreau, A.; Salas, S.; Bonhomme, B.; Gomez-Brouchet, A.;
Laurent, C.; et al. A subset of epithelioid and spindle cell rhabdomyosarcomas is associated with TFCP2 fusions and common
ALK upregulation. Mod. Pathol. 2020, 33, 404-419. [CrossRef] [PubMed]

16. Bleloch, ]J.S.; Ballim, R.D.; Kimani, S.; Parkes, J.; Panieri, E.; Willmer, T.; Prince, S. Managing sarcoma: Where have we come from
and where are we going? Ther. Adv. Med. Oncol. 2019, 9, 637-659. [CrossRef]

17.  Thornton, K. Chemotherapeutic Management of Soft Tissue Sarcoma. Surg. Clin. N. Am. 2008, 88, 647-660. [CrossRef] [PubMed]

18. Meyer, M.; Seetharam, M. First-Line Therapy for Metastatic Soft Tissue Sarcoma. Curr. Treat. Options Oncol. 2019, 20, 6. [CrossRef]


https://doi.org/10.1097/CCO.0000000000000373
https://doi.org/10.1177/10781552211073139
https://doi.org/10.1158/1535-7163.MCT-15-0074
https://www.ncbi.nlm.nih.gov/pubmed/26351324
https://doi.org/10.1016/j.ctrv.2010.11.003
https://doi.org/10.1016/j.gtc.2013.01.001
https://www.ncbi.nlm.nih.gov/pubmed/23639648
https://doi.org/10.1016/j.annonc.2021.09.005
https://www.ncbi.nlm.nih.gov/pubmed/34560242
https://doi.org/10.3389/fonc.2017.00203
https://www.ncbi.nlm.nih.gov/pubmed/28955656
https://doi.org/10.1242/dmm.005223
https://doi.org/10.2147/CMAR.S159641
https://doi.org/10.1097/00000658-198704000-00003
https://doi.org/10.32074/1591-951X-213
https://doi.org/10.1016/j.annonc.2021.07.006
https://doi.org/10.1038/bjc.2016.259
https://doi.org/10.2353/ajpath.2010.100306
https://doi.org/10.1038/s41379-019-0323-8
https://www.ncbi.nlm.nih.gov/pubmed/31383960
https://doi.org/10.1177/1758834017728927
https://doi.org/10.1016/j.suc.2008.03.004
https://www.ncbi.nlm.nih.gov/pubmed/18514704
https://doi.org/10.1007/s11864-019-0606-9

Biomolecules 2023, 13, 1624 11 of 14

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cornillie, J.; Wozniak, A.; Li, H.; Wang, Y.; Boeckx, B.; Gebreyohannes, Y.K.; Wellens, ].; Vanleeuw, U.; Hompes, D.; Stas, M.; et al.
Establishment and Characterization of Histologically and Molecularly Stable Soft-tissue Sarcoma Xenograft Models for Biological
Studies and Preclinical Drug Testing. Mol. Cancer Ther. 2019, 18, 1168-1178. [CrossRef] [PubMed]

Gillet, J.; Maria, A.; Varma, S.; Marino, M.; Green, L.J.; Vora, M.I. Rede fi ning the relevance of established cancer cell lines to the
study of mechanisms of clinical anti-cancer drug resistance. Proc. Natl. Acad. Sci. USA 2011, 108, 18708-18713. [CrossRef]
Gillet, J.; Varma, S.; Gottesman, M.M. The Clinical Relevance of Cancer Cell Lines. [NCI J. Natl. Cancer Inst. 2013, 105, 452-458.
[CrossRef] [PubMed]

Idrisova, K.E,; Simon, H.U.; Gomzikova, M.O. Role of Patient-Derived Models of Cancer in Translational Oncology. Cancers 2023,
15, 139. [CrossRef] [PubMed]

Hattori, E.; Oyama, R.; Kondo, T. Systematic review of the current status of human sarcoma cell lines. Cells 2019, 8, 157. [CrossRef]
[PubMed]

Miiller, C.R.; Paulsen, E.B.; Noordhuis, P.; Pedeutour, E; Seeter, G.; Myklebost, O. Potential for treatment of liposarcomas with the
MDM2 antagonist Nutlin-3A. Int. J. Cancer 2007, 121, 199-205. [CrossRef]

Kanojia, D.; Nagata, Y.; Garg, M.; Lee, D.H.; Sato, A.; Yoshida, K.; Sato, Y.; Sanada, M.; Mayakonda, A.; Bartenhagen, C.; et al.
Genomic landscape of liposarcoma. Oncotarget 2015, 6, 42429-42444. [CrossRef]

Stratford, E.W.; Castro, R.; Daffinrud, J.; Skdrn, M.; Lauvrak, S.; Munthe, E.; Myklebost, O. Characterization of liposarcoma cell
lines for preclinical and biological studies. Sarcoma 2012, 2012, 148614. [CrossRef]

Moneo, V,; Serelde, B.G.; Fominaya, ].; Leal, ].EM.; Blanco-Aparicio, C.; Romero, L.; Sdnchez-Beato, M.; Cigudosa, J.C.; Tercero,
J.C.; Piris, M.A_; et al. Extreme sensitivity to Yondelis®(Trabectedin, ET-743) in low passaged sarcoma cell lines correlates with
mutated p53. J. Cell. Biochem. 2007, 100, 339-348. [CrossRef]

Koelsche, C.; Renner, M.; Hartmann, W.; Brandt, R.; Lehner, B.; Waldburger, N.; Alldinger, I.; Schmitt, T.; Egerer, G.; Penzel, R;;
et al. TERT promoter hotspot mutations are recurrent in myxoid liposarcomas but rare in other soft tissue sarcoma entities. J. Exp.
Clin. Cancer Res. 2014, 33, 33. [CrossRef]

Miihlenberg, T.; Zhang, Y.; Wagner, A.J.; Grabellus, F; Bradner, J.; Taeger, G.; Lang, H.; Taguchi, T.; Schuler, M.; Fletcher, ].A.; et al.
Inhibitors of deacetylases suppress oncogenic KIT signaling, acetylate HSP90, and induce apoptosis in gastrointestinal stromal
tumors. Cancer Res. 2009, 69, 6941-6950. [CrossRef]

Brill, E.; Gobble, R.; Angeles, C.; Lagos-Quintana, M.; Crago, A.; Laxa, B.; DeCarolis, P.; Zhang, L.; Antonescu, C.; Socci, N.D.;
et al. ZIC1 Overexpression Is Oncogenic in Liposarcoma. Cancer Res. 2010, 70, 6891-6901. [CrossRef]

Gobble, RM.; Qin, L.X; Brill, E.R.; Angeles, C.V.; Ugras, S.; O’Connor, R.B.; Moraco, N.H.; DeCarolis, P.L.; Antonescu, C.; Singer,
S. Expression profiling of liposarcoma yields a multigene predictor of patient outcome and identifies genes that contribute to
liposarcomagenesis. Cancer Res. 2011, 71, 2697-2705. [CrossRef] [PubMed]

Ugras, S.; Brill, E.; Jacobsen, A.; Hafner, M.; Socci, N.D.; DeCarolis, P.L.; Khanin, R.; O’Connor, R.; Mihailovic, A.; Taylor, B.S.; et al.
Small RNA sequencing and functional characterization reveals microrna-143 tumor suppressor activity in liposarcoma. Cancer
Res. 2011, 71, 5659-5669. [CrossRef] [PubMed]

Taylor, B.S.; Decarolis, PL.; Angeles, C.V,; Brenet, F; Schultz, N.; Antonescu, C.R.; Scandura, ].M.; Sander, C.; Viale, J.; Socci, N.D.;
et al. Frequent alterations and epigenetic silencing of differentiation pathway genes in structurally rearranged liposarcomas.
Cancer Discov. 2011, 1, 587-597. [CrossRef] [PubMed]

Wu, Y.V.; Okada, T.; Decarolis, P.; Socci, N.; O’Connor, R.; Geha, R.C.; Joy Somberg, C.; Antonescu, C.; Singer, S. Restoration
of C/EBPw in dedifferentiated liposarcoma induces G2/M cell cycle arrest and apoptosis. Genes. Chromosom. Cancer 2012, 51,
313-327. [CrossRef] [PubMed]

Braas, D.; Ahler, E.; Tam, B.; Nathanson, D.; Riedinger, M.; Benz, M.R.; Smith, K.B.; Eilber, F.C.; Witte, O.N.; Tap, W.D,;
et al. Metabolomics strategy reveals subpopulation of liposarcomas sensitive to gemcitabine treatment. Cancer Discov. 2012, 2,
1109-1117. [CrossRef]

Smith, K.B.; Tran, L.M.; Tam, B.M.; Shurell, EM.; Li, Y.; Braas, D.; Tap, W.D.; Christofk, H.R.; Dry, S.M.; Eilber, E.C.; et al. Novel
dedifferentiated liposarcoma xenograft models reveal PTEN down-regulation as a malignant signature and response to PI3K
pathway inhibition. Am. J. Pathol. 2013, 182, 1400-1411. [CrossRef]

Persson, F.; Olofsson, A.; Sjogren, H.; Chebbo, N.; Nilsson, B.; Stenman, G.; Aman, P. Characterization of the 12q amplicons by
high-resolution, oligonucleotide array CGH and expression analyses of a novel liposarcoma cell line. Carncer Lett. 2008, 260, 37-47.
[CrossRef]

Wabitsch, M.; Briiderlein, S.; Melzner, I.; Braun, M.; Mechtersheimer, G.; Moller, P. LiSa-2, a novel human liposarcoma cell line
with a high capacity for terminal adipose differentiation. Int. J. Cancer 2000, 88, 889-894. [CrossRef]

Noma, K.; Naomoto, Y.; Gunduz, M.; Matsuoka, J.; Yamatsuji, T.; Shirakawa, Y.; Nobuhisa, T.; Okawa, T.; Takaoka, M.; Tomono,
Y.; et al. Effects of imatinib vary with the types of KIT-mutation in gastrointestinal stromal tumor cell lines. Oncol. Rep. 2005, 14,
645-650. [CrossRef]

Hemming, M.L.; Lawlor, M.A.; Zeid, R; Lesluyes, T.; Fletcher, ].A.; Raut, C.P; Sicinska, E.T.; Chibon, F.; Armstrong, S.A.; Demetri,
G.D,; et al. Gastrointestinal stromal tumor enhancers support a transcription factor network predictive of clinical outcome. Proc.
Natl. Acad. Sci. USA 2018, 115, E5746-E5755. [CrossRef]


https://doi.org/10.1158/1535-7163.MCT-18-1045
https://www.ncbi.nlm.nih.gov/pubmed/30962320
https://doi.org/10.1073/pnas.1111840108
https://doi.org/10.1093/jnci/djt007
https://www.ncbi.nlm.nih.gov/pubmed/23434901
https://doi.org/10.3390/cancers15010139
https://www.ncbi.nlm.nih.gov/pubmed/36612135
https://doi.org/10.3390/cells8020157
https://www.ncbi.nlm.nih.gov/pubmed/30781855
https://doi.org/10.1002/ijc.22643
https://doi.org/10.18632/oncotarget.6464
https://doi.org/10.1155/2012/148614
https://doi.org/10.1002/jcb.21073
https://doi.org/10.1186/1756-9966-33-33
https://doi.org/10.1158/0008-5472.CAN-08-4004
https://doi.org/10.1158/0008-5472.CAN-10-0745
https://doi.org/10.1158/0008-5472.CAN-10-3588
https://www.ncbi.nlm.nih.gov/pubmed/21335544
https://doi.org/10.1158/0008-5472.CAN-11-0890
https://www.ncbi.nlm.nih.gov/pubmed/21693658
https://doi.org/10.1158/2159-8290.CD-11-0181
https://www.ncbi.nlm.nih.gov/pubmed/22328974
https://doi.org/10.1002/gcc.21917
https://www.ncbi.nlm.nih.gov/pubmed/22170698
https://doi.org/10.1158/2159-8290.CD-12-0197
https://doi.org/10.1016/j.ajpath.2013.01.002
https://doi.org/10.1016/j.canlet.2007.10.032
https://doi.org/10.1002/1097-0215(20001215)88:6%3C889::AID-IJC8%3E3.0.CO;2-N
https://doi.org/10.3892/or.14.3.645
https://doi.org/10.1073/pnas.1802079115

Biomolecules 2023, 13, 1624 12 of 14

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Cho, W.C.; Shin, Y.K.; Na, Y.S.; Ryu, M.H.; Ku, J.L.; Kang, Y.K. The role of novel fusion genes in human GIST cell lines derived
from imatinib-resistant GIST patients: A therapeutic potential of fusion gene. Biochem. Biophys. Res. Commun. 2020, 529, 699-706.
[CrossRef]

Shima, T.; Taniguchi, K.; Tokumaru, Y.; Inomata, Y.; Arima, J.; Lee, S.W.; Takabe, K.; Yoshida, K.; Uchiyama, K. Glucose
transporter-1 inhibition overcomes imatinib resistance in gastrointestinal stromal tumor cells. Oncol. Rep. 2022, 47, 7. [CrossRef]
Heinrich, M.C.; Marino-Enriquez, A.; Presnell, A.; Donsky, R.S.; Griffith, D.J.; McKinley, A.; Patterson, ]J.; Taguchi, T.; Liang, C.-W.,;
Fletcher, J.A. Sorafenib Inhibits Many Kinase Mutations Associated with Drug- Resistant Gastrointestinal Stromal Tumors. Mol.
Cancer Ther. 2012, 11, 1770-1780. [CrossRef]

Garner, A.P; Gozgit, ] M.; Anjuma, R.; Vodalaa, S.; Schrocka, A.; Zhoua, T.; Serranob, C.; Eilersb, G.; Zhub, M.; Ketzerc, J.;
et al. Ponatinib inhibits polyclonal drug-resistant KIT oncoproteins and shows therapeutic potential in heavily pretreated
gastrointestinal stromal tumor (GIST) patients Andrew. Clinial Cancer Res. 2014, 20, 5745-5755. [CrossRef] [PubMed]

Tu, Y,; Zuo, R.; Ni, N.; Eilers, G.; Wu, D.; Pei, Y.; Nie, Z.; Wu, Y.; Wu, Y.; Ou, W. Bin Activated tyrosine kinases in gastrointestinal
stromal tumor with loss of KIT oncoprotein expression. Cell Cycle 2018, 17, 2577-2592. [CrossRef] [PubMed]

Bauer, S.; Yu, L.K.; Demetri, G.D.; Fletcher, ].A. Heat shock protein 90 inhibition in imatinib-resistant gastrointestinal stromal
tumor. Cancer Res. 2006, 66, 9153-9161. [CrossRef]

Lombardi, R.; Sonego, M.; Pucci, B.; Addi, L.; Iannelli, F; Capone, F.; Alfano, L.; Roca, M.S.; Milone, M.R.; Moccia, T.; et al. HSP90
identified by a proteomic approach as druggable target to reverse platinum resistance in ovarian cancer. Mol. Oncol. 2021, 15,
1005-1023. [CrossRef]

Kim, H.; Bae, S. Histone deacetylase inhibitors: Molecular mechanisms of action and clinical trials as anti-cancer drugs. Am. J.
Transl. Res. 2011, 3, 166-179.

Krump-Konvalinkova, V.; Bittinger, F.; Olert, J.; Brauninger, W.; Brunner, J.; Kirkpatrick, C.J. Establishment and characterization
of an angiosarcoma-derived cell line, AS-M. Endothelium 2003, 10, 319-328. [CrossRef]

Nii, T.; Makino, K,; Tabata, Y. Three-dimensional culture system of cancer cells combined with biomaterials for drug screening.
Cancers 2020, 12, 2754. [CrossRef] [PubMed]

Gao, S.; Shen, J.; Hornicek, F; Duan, Z. Three-dimensional (3D) culture in sarcoma research and the clinical significance.
Biofabrication 2017, 9, 032003. [CrossRef]

Khetan, S.; Burdick, J.A. Patterning network structure to spatially control cellular remodeling and stem cell fate within 3-
dimensional hydrogels. Biomaterials 2010, 31, 8228-8234. [CrossRef] [PubMed]

Zitter, R.; Chugh, R.M.; Saha, S. Patient Derived Ex-Vivo Cancer Models in Drug Development, Personalized Medicine, and
Radiotherapy. Cancers 2022, 14, 3006. [CrossRef] [PubMed]

Escudero, J.; Heredia-Soto, V.; Wang, Y.; Ruiz, P.; Hu, Y.; Gallego, A.; Pozo-Kreilinger, ]J.J.; Martinez-Marin, V.; Berjon, A,;
Ortiz-Cruz, E.; et al. Eribulin activity in soft tissue sarcoma monolayer and three-dimensional cell line models: Could the
combination with other drugs improve its antitumoral effect? Cancer Cell Int. 2021, 21, 646. [CrossRef]

Roohani, S.; Loskutov, ].; Heufelder, J.; Ehret, E; Wedeken, L.; Regenbrecht, M.; Sauer, R.; Zips, D.; Denker, A.; Joussen, A.M.; et al.
Photon and Proton irradiation in Patient-derived, Three-Dimensional Soft Tissue Sarcoma Models. BMC Cancer 2023, 23, 577.
[CrossRef] [PubMed]

Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by
Defined Factors. Cell 2006, 126, 663—-676. [CrossRef]

Papapetrou, E.P. Patient-derived induced pluripotent stem cells in cancer research and precision oncology. Nat. Med. 2016, 22,
1392-1401. [CrossRef]

Smith, R.C.; Tabar, V. Constructing and deconstructing cancers using human pluripotent stem cells and organoids. Physiol. Behav.
2019, 24, 12-24. [CrossRef]

Lee, D.-F; Su, J.; Kim, H.S.; Chang, B.; Papatsenko, D.; Yuan, Y.; Gingold, J.; Xia, W.; Darr, H.; Mirzayans, R.; et al. Modeling
Familial Cancer with Induced Pluripotent Stem Cells. Cell 2015, 161, 240-254. [CrossRef]

Genadry, K.C.; Pietrobono, S.; Rota, R.; Linardic, C.M. Soft tissue sarcoma cancer stem cells: An overview. Front. Oncol. 2018, 8,
475. [CrossRef]

Vanoli, F.; Meskauskaite, B.; Herviou, L.; Mallen, W.; Sung, Y.S.; Fujisawa, Y.; Zhang, L.; Simon, S.; Huangfu, D.; Jasin, M.; et al.
Generation of human embryonic stem cell models to exploit the EWSR1-CREB fusion promiscuity as a common pathway of
transformation in human tumors. Oncogene 2021, 40, 5095-5104. [CrossRef]

Tamaki, S.; Fukuta, M.; Sekiguchi, K.; Jin, Y.; Nagata, S.; Hayakawa, K.; Hineno, S.; Okamoto, T.; Watanabe, M.; Woltjen, K; et al.
5518-SSX, the oncogenic fusion protein in synovial sarcoma, is a cellular context-dependent epigenetic modifier. PLoS ONE 2015,
10, €0142991. [CrossRef] [PubMed]

Jewell, B.E.;; Xu, A.; Zhu, D.; Huang, M.F;; Ly, L.; Liu, M.; Underwood, E.L.; Park, J.H.; Fan, H.; Gingold, ].A.; et al. Patient-derived
iPSCs link elevated mitochondrial respiratory complex I function to osteosarcoma in Rothmund-Thomson syndrome. PLoS Genet.
2021, 17, €1009971. [CrossRef] [PubMed]

Mukae, K.; Takenobu, H.; Endo, Y.; Haruta, M.; Shi, T.; Satoh, S.; Ohira, M.; Funato, M.; Toguchida, J.; Osafune, K.; et al.
Development of an osteosarcoma model with MYCN amplification and TP53 mutation in hiPS cell-derived neural crest cells.
Cancer Sci. 2023, 114, 1898-1911. [CrossRef] [PubMed]


https://doi.org/10.1016/j.bbrc.2020.05.174
https://doi.org/10.3892/or.2021.8218
https://doi.org/10.1158/1535-7163.MCT-12-0223
https://doi.org/10.1158/1078-0432.CCR-14-1397
https://www.ncbi.nlm.nih.gov/pubmed/25239608
https://doi.org/10.1080/15384101.2018.1553335
https://www.ncbi.nlm.nih.gov/pubmed/30488756
https://doi.org/10.1158/0008-5472.CAN-06-0165
https://doi.org/10.1002/1878-0261.12883
https://doi.org/10.1080/10623320390272316
https://doi.org/10.3390/cancers12102754
https://www.ncbi.nlm.nih.gov/pubmed/32987868
https://doi.org/10.1088/1758-5090/aa7fdb
https://doi.org/10.1016/j.biomaterials.2010.07.035
https://www.ncbi.nlm.nih.gov/pubmed/20674004
https://doi.org/10.3390/cancers14123006
https://www.ncbi.nlm.nih.gov/pubmed/35740672
https://doi.org/10.1186/s12935-021-02337-5
https://doi.org/10.1186/s12885-023-11013-y
https://www.ncbi.nlm.nih.gov/pubmed/37349697
https://doi.org/10.1016/j.cell.2006.07.024
https://doi.org/10.1038/nm.4238
https://doi.org/10.1016/j.stem.2018.11.012
https://doi.org/10.1016/j.cell.2015.02.045
https://doi.org/10.3389/fonc.2018.00475
https://doi.org/10.1038/s41388-021-01843-0
https://doi.org/10.1371/journal.pone.0142991
https://www.ncbi.nlm.nih.gov/pubmed/26571495
https://doi.org/10.1371/journal.pgen.1009971
https://www.ncbi.nlm.nih.gov/pubmed/34965247
https://doi.org/10.1111/cas.15730
https://www.ncbi.nlm.nih.gov/pubmed/36661413

Biomolecules 2023, 13, 1624 13 of 14

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

Komura, S.; Semi, K.; Itakura, F; Shibata, H.; Ohno, T.; Hotta, A.; Woltjen, K.; Yamamoto, T.; Akiyama, H.; Yamada, Y. An
EWS-FLI1-Induced Osteosarcoma Model Unveiled a Crucial Role of Impaired Osteogenic Differentiation on Osteosarcoma
Development. Stem Cell Rep. 2016, 6, 592-606. [CrossRef]

Lamhamedi-Cherradi, S.E.; Santoro, M.; Ramammoorthy, V.; Menegaz, B.A.; Bartholomeusz, G.; Iles, L.R.; Amin, H.M.; Livingston,
J.A.; Mikos, A.G.; Ludwig, J.A. 3D tissue-engineered model of Ewing’s sarcoma. Adv. Drug Deliv. Rev. 2014, 79-80, 155-171.
[CrossRef]

Morton, C.L.; Houghton, PJ. Establishment of human tumor xenografts in immunodeficient mice. Nat. Protoc. 2007, 2, 247-250.
[CrossRef]

Floris, G.; Debiec-Rychter, M.; Sciot, R.; Stefan, C.; Fieuws, S.; Machiels, K.; Atadja, P.; Wozniak, A.; Faa, G.; Schoffski, P. High
efficacy of panobinostat towards human gastrointestinal stromal tumors in a xenograft mouse model. Clin. Cancer Res. 2009, 15,
4066—4076. [CrossRef]

Zhang, L.; Hannay, ].A.F,; Liu, ].; Das, P.; Zhan, M.; Nguyen, T.; Hicklin, D.J.; Yu, D.; Pollock, R.E.; Lev, D. Vascular endothelial
growth factor overexpression by soft tissue sarcoma cells: Implications for tumor growth, metastasis, and chemoresistance. Cancer
Res. 2006, 66, 8770-8778. [CrossRef]

Potti, A.; Moazzam, N.; Langness, E.; Sholes, K.; Tendulkar, K.; Koch, M.; Kargas, S. Inmunohistochemical determination of
HER-2/neu, c-Kit (CD117), and vascular endothelial growth factor (VEGF) overexpression in malignant melanoma. J. Cancer Res.
Clin. Oncol. 2004, 130, 80-86. [CrossRef]

Potti, A.; Ganti, A.K.; Tendulkar, K.; Sholes, K.; Chitajallu, S.; Koch, M.; Kargas, S. Determination of vascular endothelial growth
factor (VEGF) overexpression in soft tissue sarcomas and the role of overexpression in leiomyosarcoma. J. Cancer Res. Clin. Oncol.
2004, 130, 52-56. [CrossRef]

Tentler, J.J.; Tan, A.C.; Weekes, C.D.; Jimeno, A.; Leong, S.; Pitts, M.; Arcaroli, J.J.; Messersmith, W.A.; Eckhardt, S.G. Patient-
derived tumour xenografts as models for oncology drug development. Nat. Rev. Clin. Oncol. 2012, 9, 338-350. [CrossRef]
Kresse, S.H.; Meza-Zepeda, L.A.; Machado, I.; Llombart-Bosch, A.; Myklebost, O. Preclinical xenograft models of human sarcoma
show nonrandom loss of aberrations. Cancer 2012, 118, 558-570. [CrossRef] [PubMed]

Stewart, E.; Federico, S.M.; Chen, X.; Shelat, A.A.; Bradley, C.; Gordon, B.; Karlstrom, A.; Twarog, N.R; Clay, M.R.; Bahrami, A;
et al. Orthotopic Patient-Derived Xenografts of Pediatric Solid Tumors. Nature 2017, 549, 96-100. [CrossRef] [PubMed]
Pompili, L.; Porru, M.; Caruso, C.; Biroccio, A.; Leonetti, C. Patient-derived xenografts: A relevant preclinical model for drug
development. J. Exp. Clin. Cancer Res. 2016, 35, 189. [CrossRef]

Imle, R.; Kommoss, EK.F,; Banito, A. Preclinical in vivo modeling of pediatric sarcoma—Promises and limitations. J. Clin. Med.
2021, 10, 1578. [CrossRef]

Gebreyohannes, Y.K.; Schoffski, P.; Van Looy, T.; Wellens, J.; Vreys, L.; Cornillie, J.; Vanleeuw, U.; Aftab, D.T.; Debiec-Rychter, M.;
Sciot, R.; et al. Cabozantinib is active against human gastrointestinal stromal tumor xenografts carrying different KIT mutations.
Mol. Cancer Ther. 2016, 15, 2845-2852. [CrossRef]

Van Looy, T.; Wozniak, A.; Floris, G.; Sciot, R.; Li, H.; Wellens, J.; Vanleeuw, U.; Fletcher, J.A.; Manley, P.W.; Debiec-Rychter,
M.; et al. Phosphoinositide 3-kinase inhibitors combined with imatinib in patient-derived xenograft models of gastrointestinal
stromal tumors: Rationale and efficacy. Clin. Cancer Res. 2014, 20, 6071-6082. [CrossRef]

Li, H.; Wozniak, A.; Sciot, R.; Cornillie, J.; Wellens, J.; Van Looy, T.; Vanleeuw, U.; Stas, M.; Hompes, D.; Debiec-Rychter, M.; et al.
Pazopanib, a receptor tyrosine kinase inhibitor, suppresses tumor growth through angiogenesis in dedifferentiated liposarcoma
xenograft models. Transl. Oncol. 2014, 7, 665-671. [CrossRef] [PubMed]

Zuco, V.; Pasquali, S.; Tortoreto, M.; Brich, S.; Percio, S.; Dagrada, G.P.; Colombo, C.; Sanfilippo, R.; Lauricella, C.; Gounder, M;
et al. Selinexor versus doxorubicin in dedifferentiated liposarcoma PDXs: Evidence of greater activity and apoptotic response
dependent on p53 nuclear accumulation and survivin down-regulation. J. Exp. Clin. Cancer Res. 2021, 40, 83. [CrossRef]
Hemming, M.L.; Bhola, P.; Loycano, M.A.; Anderson, J.A.; Taddei, M.L.; Doyle, L.A_; Lavrova, E.; Andersen, J.L.; Klega, K.S,;
Benson, M.R; et al. Preclinical Modeling of Leiomyosarcoma Identifies Susceptibility to Transcriptional CDK Inhibitors through
Antagonism of E2F-Driven Oncogenic Gene Expression. Clin. Cancer Res. 2022, 28, 2397-2408. [CrossRef] [PubMed]

Perez, M.; Garcia-Heredia, ].M.; Felipe-Abrio, B.; Mufioz-Galvan, S.; Martin-Broto, J.; Carnero, A. Sarcoma stratification by
combined pH2AX and MAP17 (PDZK1IP1) levels for a better outcome on doxorubicin plus olaparib treatment. Signal Transduct.
Target. Ther. 2020, 5, 195. [CrossRef]

Stacchiotti, S.; Zuco, V.; Tortoreto, M.; Cominetti, D.; Frezza, A.M.; Percio, S.; Indio, V.; Barisella, M.; Monti, V.; Brich, S.; et al.
Cancers Comparative Assessment of Antitumor Effects and Autophagy Induction as a Resistance Mechanism by Epithelioid
Sarcoma Patient-Derived Xenograft. Cancers 2019, 11, 1015. [CrossRef] [PubMed]

Hiroshima, Y.; Zhang, Y.; Zhang, N.; Uehara, F.; Maawy, A.; Murakami, T.; Mii, S.; Yamamoto, M.; Miwa, S.; Yano, S.; et al.
Patient-derived orthotopic xenograft (PDOX) nude mouse model of soft-tissue sarcoma more closely mimics the patient behavior
in contrast to the subcutaneous ectopic model. Anticancer. Res. 2015, 35, 697-701.

Tratar, U.L.; Horvat, S.; Cemazar, M. Transgenic mouse models in cancer research. Front. Oncol. 2018, 8, 268. [CrossRef]

Wang, M.; Yao, L.C.; Cheng, M.; Cai, D.; Martinek, ]J.; Pan, C.X,; Shi, W.; Ma, A.H.; De Vere White, RW.; Airhart, S.; et al.
Humanized mice in studying efficacy and mechanisms of PD-1-targeted cancer immunotherapy. FASEB J. 2018, 32, 1537-1549.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.stemcr.2016.02.009
https://doi.org/10.1016/j.addr.2014.07.012
https://doi.org/10.1038/nprot.2007.25
https://doi.org/10.1158/1078-0432.CCR-08-2588
https://doi.org/10.1158/0008-5472.CAN-06-1217
https://doi.org/10.1007/s00432-003-0509-8
https://doi.org/10.1007/s00432-003-0504-0
https://doi.org/10.1038/nrclinonc.2012.61
https://doi.org/10.1002/cncr.26276
https://www.ncbi.nlm.nih.gov/pubmed/21713766
https://doi.org/10.1038/nature23647
https://www.ncbi.nlm.nih.gov/pubmed/28854174
https://doi.org/10.1186/s13046-016-0462-4
https://doi.org/10.3390/jcm10081578
https://doi.org/10.1158/1535-7163.MCT-16-0224
https://doi.org/10.1158/1078-0432.CCR-14-1823
https://doi.org/10.1016/j.tranon.2014.09.007
https://www.ncbi.nlm.nih.gov/pubmed/25500074
https://doi.org/10.1186/s13046-021-01886-x
https://doi.org/10.1158/1078-0432.CCR-21-3523
https://www.ncbi.nlm.nih.gov/pubmed/35325095
https://doi.org/10.1038/s41392-020-00246-z
https://doi.org/10.3390/cancers11071015
https://www.ncbi.nlm.nih.gov/pubmed/31331120
https://doi.org/10.3389/fonc.2018.00268
https://doi.org/10.1096/fj.201700740R
https://www.ncbi.nlm.nih.gov/pubmed/29146734

Biomolecules 2023, 13, 1624 14 of 14

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Sabaawy, H.E.; Broggini, M.; Gupta, S.K. Editorial: Patient-derived tumor models for drug development. Front. Oncol. 2023, 13,
1243534. [CrossRef]

Brodin, B.A.; Wennerberg, K.; Lidbrink, E.; Brosjo, O.; Potdar, S.; Wilson, ].N.; Ma, L.; Moens, L.N.; Hesla, A.; Porovic, E.; et al.
Drug sensitivity testing on patient-derived sarcoma cells predicts patient response to treatment and identi fi es c-Sarc inhibitors
as active drugs for translocation sarcomas. Br. |. Cancer 2019, 120, 435-443. [CrossRef]

Richmond, A ; Yingjun, S. Mouse xenograft models vs GEM models for human cancer therapeutics. DMM Dis. Model. Mech. 2008,
1,78-82. [CrossRef]

Landuzzi, L.; Ruzzi, F,; Lollini, PL.; Scotlandi, K. Synovial Sarcoma Preclinical Modeling: Integrating Transgenic Mouse Models
and Patient-Derived Models for Translational Research. Cancers 2023, 15, 588. [CrossRef] [PubMed]

Strizzi, L.; Bianco, C.; Hirota, M.; Watanabe, K.; Mancino, M.; Hamada, S.; Raafat, A.; Lawson, S.; Ebert, A.D.; D’ Antonio, A.; et al.
Development of leiomyosarcoma of the uterus in MMTV-CR-1 transgenic mice. J. Pathol. 2007, 211, 36—44. [CrossRef]

Sommer, G.; Agosti, V.; Ehlers, I.; Rossi, F.; Corbacioglu, S.; Farkas, J.; Moore, M.; Manova, K.; Antonescu, C.R.; Besmer, P.
Gastrointestinal stromal tumors in a mouse model by targeted mutation of the Kit receptor tyrosine kinase. Proc. Natl. Acad. Sci.
USA 2003, 100, 6706—-6711. [CrossRef]

Rubin, B.P,; Antonescu, C.R.; Scott-Browne, ].P.; Comstock, M.L.; Gu, Y.; Tanas, M.R.; Ware, C.B.; Woodell, J. A knock-in mouse
model of gastrointestinal stromal tumor harboring Kit K641E. Cancer Res. 2005, 65, 6631-6639. [CrossRef]

Buchakjian, M.R.; Merritt, N.M.; Moose, D.L.; Dupuy, A.J.; Tanas, M.R.; Henry, M.D. A Trp53fl/flPtenfl/fl mouse model of
undifferentiated pleomorphic sarcoma mediated by adeno-Cre injection and in vivo bioluminescence imaging. PLoS ONE 2017,
12, €0183469. [CrossRef] [PubMed]

Pérez-Losada, ].; Pintado, B.; Gutiérrez-Adan, A.; Flores, T.; Bafiares-Gonzalez, B.; Del Campo, J.C.; Martin-Martin, J.F,; Battaner,
E.; Sanchez-Garcia, I. The chimeric FUS/TLS-CHOP fusion protein specifically induces liposarcomas in transgenic mice. Oncogene
2000, 19, 2413-2422. [CrossRef] [PubMed]

Pérez-Mancera, P.A.; Pérez-Losada, J.; Sanchez-Martin, M.; Rodriguez-Garcia, M.A.; Flores, T.; Battaner, E.; Gutiérrez-Adan,
A.; Pintado, B.; Sanchez-Garcia, I. Expression of the FUS domain restores liposarcoma development in CHOP transgenic mice.
Oncogene 2002, 21, 1679-1684. [CrossRef]

Salter, D.M.; Griffin, M.; Muir, M.; Teo, K.; Culley, J.; Smith, ].R.; Gomez-Cuadrado, L.; Matchett, K.; Sims, A.H.; Hayward, L.; et al.
Development of mouse models of angiosarcoma driven by p53. Dis. Model. Mech. 2019, 12, dmm038612. [CrossRef] [PubMed]
Nishijo, K.; Chen, Q.R.; Zhang, L.; McCleish, A.T.; Rodriguez, A.; Cho, M.].; Prajapati, S.I.; Gelfond, J.A.L.; Chisholm, G.B,;
Michalek, J.E.; et al. Credentialing a preclinical mouse model of alveolar rhabdomyosarcoma. Cancer Res. 2009, 69, 2902-2911.
[CrossRef]

Hayes, M.N.; Langenau, D.M. Discovering novel oncogenic pathways and new therapies using zebrafish models of sarcoma.
Methods Cell Biol. 2017, 138, 525-561. [CrossRef]

Brown, HK.; Schiavone, K.; Tazzyman, S.; Heymann, D.; Chico, T.].A. Zebrafish xenograft models of cancer and metastasis for
drug discovery. Expert. Opin. Drug Discov. 2017, 12, 379-389. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3389/fonc.2023.1243534
https://doi.org/10.1038/s41416-018-0359-4
https://doi.org/10.1242/dmm.000976
https://doi.org/10.3390/cancers15030588
https://www.ncbi.nlm.nih.gov/pubmed/36765545
https://doi.org/10.1002/path.2083
https://doi.org/10.1073/pnas.1037763100
https://doi.org/10.1158/0008-5472.CAN-05-0891
https://doi.org/10.1371/journal.pone.0183469
https://www.ncbi.nlm.nih.gov/pubmed/28841687
https://doi.org/10.1038/sj.onc.1203572
https://www.ncbi.nlm.nih.gov/pubmed/10828883
https://doi.org/10.1038/sj.onc.1205220
https://doi.org/10.1242/dmm.038612
https://www.ncbi.nlm.nih.gov/pubmed/31221668
https://doi.org/10.1158/0008-5472.CAN-08-3723
https://doi.org/10.1016/bs.mcb.2016.11.011
https://doi.org/10.1080/17460441.2017.1297416

	Introduction 
	Advances in In Vitro Models 
	Established Cancer-Derived Cell Lines 
	Stem Cell-Based Cancer Models 

	Advances in Animal Models 
	Cell-Derived and Patient-Derived Xenograft Models of Soft Tissue Sarcomas 
	Genome-Engineered Mouse Models of Soft Tissue Sarcomas 

	Discussion 
	References

