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Simple Summary: Soft-tissue sarcomas encompass heterogeneous histotypes with variable clinical
behavior. The cornerstone of treatment is represented by surgery when the disease is diagnosed at an
early stage. However, in recurrent and metastatic stages, conventional available therapeutic options
yield disappointing results. In the era of precision medicine characterized by exciting advancements
in several malignancies, soft-tissue sarcoma treatment still represents an unmet need.

Abstract: Soft-tissue sarcomas are rare tumors characterized by pathogenetic, morphological, and
clinical intrinsic variability. Median survival of patients with advanced tumors are usually chemo-
and radio-resistant, and standard treatments yield low response rates and poor survival results. The
identification of defined genomic alterations in sarcoma could represent the premise for targeted
treatments. Summarizing, soft-tissue sarcomas can be differentiated into histotypes with reciprocal
chromosomal translocations, with defined oncogenic mutations and complex karyotypes. If the
latter are improbably approached with targeted treatments, many suggest that innovative therapies
interfering with the identified fusion oncoproteins and altered pathways could be potentially resolu-
tive. In most cases, the characteristic genetic signature is discouragingly defined as “undruggable”,
which poses a challenge for the development of novel pharmacological approaches. In this review, a
summary of genomic alterations recognized in most common soft-tissue sarcoma is reported together
with current and future therapeutic opportunities.

Keywords: sarcoma; precision medicine; personalized medicine; translocation; genome

1. Introduction

Soft-tissue sarcomas (STS) are rare tumors representing around 1% of all adult ma-
lignancies. They include more than 50 heterogeneous subtypes of tumors deriving from
mesenchymal cells. Despite the diverse behavior shown by the different subtypes, most
tumors are aggressive and have a high rate of local recurrence and distant metastases.
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Median survival of patients with advanced STS reaches approximately 20 months, with
poor response to standard treatments [1].

Radical surgery is the mainstay of treatment in localized disease. Locally advanced or
metastatic disease is usually treated with chemotherapy and/or radiotherapy, although the
prognosis is poor because of primary or secondary chemo- and radio-resistance. Radiother-
apy plays a definite role in several settings of STS. In adjuvant settings, radiotherapy may
reduce the recurrence risk especially when there are close or infiltrated margins. In the
neoadjuvant setting, the combined use of radio- and chemo-therapy produced better results
in terms of overall survival in high-risk STS of the extremities [2]. Stereotactic body radio-
therapy compares well to surgery in case of lung metastases [3]. In an advanced/palliative
setting, radiotherapy may represent a compelling choice.

The backbone of chemotherapy is represented by regimens including anthracyclines.
Single-agent doxorubicin is associated with a 10–30% overall response rate and a median
overall survival of 8–17 months [4]. Anthracycline-based combination regimens have
yielded increased response rates and progression-free survival (PFS) without overall sur-
vival (OS) improvements and at the expense of increased toxicity [5]. Other active drugs
used in STS are ifosfamide, dacarbazine, gemcitabine, and docetaxel.

Trabectedin and pazopanib represent two significant advancements in the drug arsenal
of sarcomas. Trabectedin (ET743, Yondelis®) derives from the marine ascidian, Ecteinascidia
turbinate, and is now manufactured synthetically. It binds to the minor groove of DNA,
disrupting cell-cycle progression and inhibiting cell proliferation. Approval was based on
the results of a pivotal Phase III trial with a 2:1 randomization of 518 patients with advanced
liposarcoma (LPS) and leiomyosarcoma (LMS) in which a significant improvement in PFS
was reported in the trabectedin group vs. the dacarbazine group after the failure of
prior chemotherapy [6]. Initial information coming from a compassionate-use program of
trabectedin documented activity in advanced pretreated myxoid LPS (MLPS) [7]. Since
trabectedin approval in Europe in 2007, an expanding amount of data has been supporting
its efficacy in real-world settings [8]. Recent data confirm the efficacy of trabectedin in
patients with LPS and LMS with higher PFS in MLPS [9].

In 2012, results of the Palette study opened the avenue to targeted therapies in STS.
Pazopanib was compared to placebo in metastatic STS, progressing after previous standard
chemotherapy. Pazopanib is a multitargeted tyrosine kinase inhibitor (TKI) with preferen-
tial activity on vascular endothelial growth factor (VEGF) receptor 1,2,3, platelet-derived
growth factor (PDGF) receptor α and β, c-Kit, and, at a minor level, fibroblast growth
factor (FGF) receptor 1 and 3. A significant improvement in PFS was documented in
pazopanib-treated patients [10].

On January 28, 2016, the FDA approved eribulin (Halaven; Eisai Inc., Tokyo, Japan)
for the treatment of patients with unresectable or metastatic LPS who have received a
prior anthracycline-containing regimen. This approval was mainly based on a two-month
advantage in OS shown by a randomized study comparing eribulin to dacarbazine in
advanced or metastatic pretreated STS [11]. It must be noted that in all reported studies,
dacarbazine was chosen as a comparative arm based on an overall response rate (ORR) as
a single agent of 16–20% and a median PFS of 2 months [12,13].

In summary, one of the cited studies showed a limited benefit in OS, while the others
presented significant improvements in median PFS only, which highlights the compelling
and unmet need for active and effective novel treatments in STS.

The sunrise of precision medicine in 2000 fed hopes that advancements reported
in tumors, such as lung cancer, could be accomplished in other malignancies, as well.
Olaratumab, a monoclonal antibody against the PDGFRα, may represent a new, rationale-
based, perspective in STS, given its antiangiogenic properties useful in tumors with marked
angiogenesis. It received accelerated approval by the FDA in 2016 based on preliminary
results of a phase 1b, randomized, phase 2 study [14]. However, the phase III trial did not
confirm any advantage over doxorubicin alone [15], which smothered the initial clamors.
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In other cases, such as gastrointestinal stromal tumors (GIST), the identification of
driver mutations in KIT and PDGFRα have effectively realized tailored therapies which
radically changed tumor history.

From a simplistic perspective, STS might be classified into three subclasses: with re-
ciprocal chromosomal translocations, with defined oncogenic mutations and with complex
karyotypes. Detection of translocations and fusion proteins suggests a role for interferences
with the related pathways. However, in most instances, this logical mindset does not reflect
in the identification of molecules showing promising results in preliminary studies. Most
drugs selected through intensive preclinical screening do not successfully pass through
phases I and II due to toxicity or poor activity, and only a few phase III studies are available
for STS, also because of difficulties in accrual.

In many cases, a wide range of genomic aberrations was found, and no druggable
mutations were identified. STS can be compared to a matryoshka: as the number of
studies on some genetic events increases, other nondriver, stochastic aberrations are found,
together with mutations in coding regions, epigenetic changes, and secondary mutations.

Taking into account these premises, we review here the actual knowledge concerning
the basic background of most common adult STS with a view on clinical impact. After that,
we summarize clinical ongoing studies and paint possible future landscapes, realizing that
the present remains a partial outlook of a complex framework.

2. Liposarcoma (LPS)

LPS is the most common STS, representing 15–25% of all STS [16,17].
LPS is derived from adipocytic cells and is classified according to 2020 WHO Clas-

sification [18] into four types: well-differentiated (WDLPS), dedifferentiated (DDLPS),
myxoid (MLPS), and pleomorphic LPS (PLPS) (Table 1). They usually arise in the limbs or
retroperitoneum, with DDLPS being more frequent in the retroperitoneum and PLPS in the
limbs. The most frequent types of LPS are WDLPS and DDLPS. From a morphological point
of view, WDLPS resembles the normal counterpart, DDLPS is characterized by high-grade
representative cells, and MLPS has a predominantly myxoid stroma.

2.1. Genomic Alterations in LPS

LPS has extensive studies of the genomic alterations and represents a good example
of the heterogeneous and complex aberrations found in the different subtypes.

2.2. WDLPS and DDLPS

Chromosome 12 is the hallmark of WDLPS and DDLPS ( Figure 1 A).
WDLPS and DDLPS show 12q13-15 amplification (http://atlasgeneticsoncology.org/

Genes/GC_CPM.html, accessed on 28 February 2021) (Figure 2, Table 2). This feature
appears cytogenetically with supernumerary ring or giant rod chromosomes [16,18]. The
amplified DNA stretch corresponds to various cancer-related genes, the most studied
being MDM2 (or HDM2 in humans) and CDK4, but also HMG2A, TSPAN31, YEATS4, and
CPM [16,17,19].

http://atlasgeneticsoncology.org/Genes/GC_CPM.html
http://atlasgeneticsoncology.org/Genes/GC_CPM.html
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Table 1. Most common malignant soft-tissue tumors.

Malignant adipocytic tumors
(15–25%)

• Well-differentiated LPS
• Dedifferentiated LPS
• Myxoid LPS
• Pleomorphic LPS
• Myxoid pleomorphic LPS

LMS (5–10%)

RMS (<3%)
• Alveolar RMS
• Embryonal RMS
• Pleomorphic RMS

Fibroblastic/myofibroblastic tumors • Myxofibrosarcoma
• Malignant solitary fibrous tumor

TGCT

Vascular tumors • Angiosarcoma (1–2%)
• Epithelioid hemangioendothelioma

MPNST

Tumors of uncertain differentiation
• NTRK-rearranged spindle cell neoplasm
• SS (8–10%)
• ES (<1%)

Undifferentiated small round-cell sarcoma

• Ewing sarcoma
• Round-cell sarcoma with

EWSR1-non-ETS fusions
• CIC-rearranged sarcomas
• BCOR-rearranged sarcomas

Legend: LPS: liposarcoma, LMS: leiomyosarcoma, RMS: rhabdomyosarcoma, TGCT: tenosynovial giant cell
tumor, MPNST: malignant peripheral nerve sheath tumors, SS: synovial sarcoma, and ES: epithelioid sarcoma.
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Figure 2. A schematic view of genetic alterations in LPS.

Mdm2 is an oncoprotein that blocks p53 tumor-suppressor-mediated transcriptional
transactivation, guides p53 from the cell nucleus to the cytoplasm, and polyubiquitylates
p53 (Figure 1B). Mdm2 is an important negative regulator of the p53 tumor suppressor
and is amplified in approximately 100% of WDLPS and DDLPS. The presence of mdm2 is
roughly equivalent to functional p53 inactivation. The amplification of MDM2 balances the
lack of p53 mutations, which are found only in 10–20% as compared to 60% of PLPS. MDM2
presence and p53 mutation translate into proliferation and tumor aggressiveness [16].
Selective pressure induced by MDM antagonists induces emerging p53 mutations that
determine resistance to treatment [20].

CDK4 is a key regulator of the G1/S cell-cycle checkpoint. Together MDM2 and CDK4
are amplified in over 90% of patients.

HMG2A, also known as HMGA2, is a protein that belongs to the nonhistone chro-
mosomal high-mobility group (HMG) protein family that is involved in the regulation of
transcription, replication, recombination, and DNA repair [21]. HMG2A has a diagnostic
and prognostic value. In fact, amplification of HMGA2 was associated with the atypical
lipomatous tumor/well-differentiated liposarcoma histological type and a good prognosis,
whereas CDK4 and JUN amplifications were associated with DDLPS histology and a bad
prognosis [22]. Indeed, MDM2/HMGA2 amplification or gain ratio was found to have a
significant prognostic value [23].
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Table 2. Translocations and most common mutations in STS.

Tumor Type Translocations/Fusion Protein
(Reported Incidence) Genetic Aberration Receptor Overexpression Pathways

Malignant adipocytic tumors p53 (10–20%) Notch signaling

- Well-differentiated LPS
amplification 12q13-15

amplification of MDM2, CDK4, HMG2A,
TSPAN31, YEATS4, CPM

MET, IGFR, AXL, EGFR

- Dedifferentiated LPS
amplification 12q13-15

amplification of MDM2, CDK4, HMG2A,
TSPAN31, YEATS4, CPM

aurora kinase

MET, IGFR, AXL, EGFR

- Myxoid LPS t(12;16)(q13;p11) FUS-DDIT3 (90%)
t(12;22)(q13;q12) EWSR1-DDIT3 (5%) PI3K/Akt (26%)

- Pleomorphic LPS p53 (60%)

LMS
ULMS

P53
Rb1

ATRX loss
BRCA

RMS P53
MDM2

IGF/RAS/MEK/ERK
PI3K/AKT/mTOR

MET, FGFR, PDGFR

- ARMS T(2;13)(q35;q14), t(1;13)(p36;q14)
PAX-FKHR fusion protein

- ERMS Hedgehog signaling

- PRMS

Fibroblastic/myofibroblastic tumors

- Myxofibrosarcoma P53 (>40%)
Amplification of 5q region

- Solitary fibrous tumor inv12(q13q13)
NAB2-STAT6 fusion protein

P53
TERT promoter

Malignant tenosynovial giant cell tumor 1p13 (CSF)
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Table 2. Cont.

Tumor Type Translocations/Fusion Protein
(Reported Incidence) Genetic Aberration Receptor Overexpression Pathways

Vascular tumor

- Angiosarcoma
P53 (50%)

MDM2 (>60%)
Amplification 8q24
Amplification 5q35

MYC
FLT

MAPK (RAS, BRAF, MAPK1, NF1)

- EHE
t(1;3)(p36.3;q25)

WWTR1-CAMPTA1 fusion protein
YAP-TFE3

PI3KCa/Akt/mTOR

MPNST Loss of SMARCB1/INI1
Mutations EED/SUZ12

Sonic Hedgehog pathway
Wnt/β-catenin pathway

Tumors of uncertain differentiation

- SS t(X;18) (p 11.2; q11.2)→ SS18:SSX fusion
proteins Wnt/β-catenin pathway

- ES Loss of SMARCB1/INI1

Undifferentiated small round-cell
sarcoma

- Ewing sarcoma t(11;22)(q24;q12)→ EWS-FLI1 fusion
protein

- Round-cell sarcomas with
EWSR-non-ETS fusions

- CIC-rearranged sarcomas t(4;19) or t(10;19) translocation→
CIC-DUX4 fusion protein

- BCOR-rearranged sarcomas

Legend: LPS: liposarcoma, WDLPS: well-differentiated LPS, DDLPS: dedifferentiated LPS, MLPS: myxoid LPS, PLPS: pleomorphic LPS, LMS: leiomyosarcoma, ULMS: uterine leiomyosarcoma, RMS: rhab-
domyosarcoma, ARMS: alveolar RMS, ERMS: embryonal RMS, PRMS: pleomorphic RMS, TGCT: tenosynovial giant cell tumor, MPNST: malignant peripheral nerve sheath tumors, EHE: epithelioid
hemangioendothelioma, SS: synovial sarcoma, and ES: epithelioid sarcoma.
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TSPAN31 is a member of the transmembrane 4 superfamily, also known as the
tetraspanin family. Most of these members are cell-surface proteins characterized by the
presence of four hydrophobic domains. These proteins mediate signal transduction events
that play a role in the regulation of cell development, activation, growth, and motility.

YEATS4, also known as GAS41, is a nuclear protein encoded by the GAS41 (glioma-
amplified sequence) [24] gene that was identified in a glioblastoma cell line. It is a member
of the YEATS family of proteins and is implicated in chromatin remodeling and transcrip-
tional regulation [25].

CPM is an enzyme able to perform cleavage of C-terminal arginine or lysine residues
from polypeptides, thus inducing activation of growth factors [26]. Interestingly, the CPM
gene is located downstream from MDM2. CPM amplification differentiates WDLPS from
benign variants [26].

FGF receptor (FGFR) substrate 2 (FRS2) is located on chromosome 12q13-15, which is
frequently amplified in liposarcomas as previously outlined [27]. FGRFR pathway seems
to be relevant in DDLPS, and this role could have therapeutic implications.

2.3. Aurora Kinases in LPS

Aurora kinases are serine/threonine kinases essential for cell proliferation and distri-
bution of genetic materials to its daughter cells. AURKA is significantly upregulated in
DDLPS, compared with WDLPS [28]. These premises suggest a role for Aurora kinases as
a therapeutic target.

2.4. MLPS

In MLPS, other genetic features involving chromosome 12 are found (Figure 2, Table 2).
In about 95% of cases the translocation t(12;16)(q13;p11) (Figure 1C) producing FUS (fused
in sarcoma) -DDIT3 (DNA damage-inducible transcript) (otherwise FUS-CHOP) fusion
protein is found [19]. In the remaining 5% of cases, the translocation t(12;22)(q13;q12)
producing EWSR1 (Ewing sarcoma breakpoint region 1)-DDIT3 fusion protein is recog-
nized [19].

FUS and EWSR1 belong to the FET group of fusion oncogenes, found primarily
in sarcomas and leukemias. The FET gene fragments are juxtaposed to one of several
alternative transcription factor (TF)-encoding genes. The fusion gene products invariably
consist of an N-terminal domain (NTD) derived from one of the FET proteins fused with the
DNA binding domain from the TF partner. FET family members can bind RNA displaying
regulatory functions and are involved in genomic integrity.

The location of the FUS gene has been identified at 16p11 by the site of the breakpoint
in the translocation. The FUS protein contains an RNA-recognition motif and is a com-
ponent of nuclear riboprotein complexes. Lack of FUS in mice causes lethality within the
neonatal period, influences lymphocyte development and proliferative responses of B cells
to specific mitogenic stimuli. FUS is important in genome maintenance. The DDIT3 gene is
located on chromosome 12 (12q13.1-q13.2). The related protein CHOP (C/EBP-homologous
protein) is a nuclear protein, with a key role in stress response.

The FUS-DDIT3 fusion protein is considered an abnormal TF.
Transformation of primary cells by FUS-DDIT3 has been demonstrated in mouse

mesenchymal progenitor cells (MPCs) that form MLPS-like tumors when introduced in
SCID mice [29]. The causal role of FUS-DDIT3 in MLS development has been further
demonstrated in transgenic mice [30].

FUS-DDIT3 induced aberrant IGF-IR/PI3K/Akt pathway activity, dependent on
transcriptional induction of the IGF2 gene [31].

In a case series, 26.8% of MLPS cases displayed activating alterations in PI3K/Akt
signaling components, predominantly PIK3CA gain-of-function mutations [32].

Mesenchymal progenitor cells carrying FUS-CHOP fusion protein show induction
of growth factors such as PDGFA, HGF, cytokines (IL-6), MET receptor, and cell-cycle
regulators (CDK4, MDM2) [16].
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2.5. PLPS

PLPS is the rarest LPS. It has complex karyotypes and a high frequency of p53 muta-
tions (60%).

2.6. microRNAs in LPS

A booming field in sarcoma is represented by microRNAs (miRNAs or miRs), non-
coding RNAs regulating target gene expression and thus influencing many cell functions,
including proliferation, apoptosis, differentiation, oncogenesis, and drug resistance in
malignant cells. The dysregulation of miRs is involved in the initiation and progression
of human cancers, including LPS [33]. As an example, miR-193b was significantly under-
expressed in DDPLS compared to normal adipose tissues. miRNA may define different
liposarcoma subtypes [34]. Reintroduction of miR-193b induced apoptosis in liposarcoma
cells and promoted adipogenesis in human adipose-derived stem cells [35]. miR-143,
miR-145, and miR-451 act as tumor suppressors in adipose tissue, and re-expression of
these miRNAs may represent a promising therapeutic strategy for liposarcomas [34,36].

2.7. Notch Pathway in LPS

Notch is included among the pathways that are considered crucial for the regulation
of cell fate [37]. Canonical Notch signaling controls both embryonic and adult stem cell
self-renewal, stem cell quiescence, cell fate and differentiation, cell survival, apoptosis, and
tumorigenesis. The Notch receptor is classified as a large single-pass type 1 transmembrane
glycoprotein. It is expressed as a heterodimer at the cell membrane. Preclinical studies
showed a role for the Notch pathway in LPS pathogenesis [37]. There are different strate-
gies in targeting the Notch signaling pathway, including the development of monoclonal
antibodies against the Notch transmembrane receptors or gamma-secretase complex pro-
teolytic activity (c-secretase) inhibitors that prevent the release of the Notch intracellular
domain and thus its translocation to the nucleus where it mediates its main activity [38].

2.8. Innovative Therapeutic Approaches in LPS

Table 3 reports the most relevant clinical completed and ongoing studies.
The previously described amplification of genes located in chromosome 12 as well as

the pathognomonic translocation found in MLPS, which both appear determinant in LPS
pathogenesis, has not yet translated into significant clinical progress.
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Table 3. Summary of most relevant clinical studies grouped by histotypes [39].

Trial Identifier STS Histotype Drugs Phase Study Hallmarks Treatment Arms Estimated
Enrollment Status

NCT01636479 LPS SAR405838 I Completed

NCT01463696 MK 8242 I Completed

NCT01209598 Palbociclib II Completed

NCT03114527 LPS-LMS Ribociclib
everolimus II Active

NCT04438824 LPS Palbociclib
Anti-PD-1 II

NCT02606461
(SEAL) LPS Selixenor II/III

a. Selixenor
b. placebo 342 Active not

recruiting

NCT02978859 LPS Sitravanib II Active

NCT03761095 LMS PTC596
Dacarbazine I Active

NCT04242238 STS Avelumab
DCC-3014 I Active

NCT03526679
(LEADER)

LMS
LPS

Adult STS
Advanced cancer

Lenvatinib
Eribulin I/II Active

NCT03123276
(GEMMK)

LMS
UPS

Pembrolizumab
Gemcitabine I/II

NCT04624178 LMS Rucaparib
Nivolumab II Active
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Table 3. Cont.

Trial Identifier STS Histotype Drugs Phase Study Hallmarks Treatment Arms Estimated
Enrollment Status

NCT03536780
(EAGLES) LMS Avelumab

Gemcitabine II Active

NCT03810976 LMS Eribulin
Gemcitabine II Active

NCT04200443 LMS Cabozantinib
Temozolamide II Active

NCT02203760
(PazoDoble) ULMS Pazopanib

Gemcitabine II randomized
a. Pazopanib
b.

Pazopanib+Gemcitabine
107 Active

NCT03114527 DDLPS
LMS

Ribociclib
Everolimus II Pretreated Active

NCT03851614
(DAPPER)

LMS
MMRp-CRC

PA

Durvalumab
Olaparib
Cediranib

II
randomized Basket study

a. Durvalumab+Olaparib
b.

Durvalumab+Cediranib
90 Active

NCT03718091
LMS

Osteosarcoma
Solid tumors

MSS20 II 223 Active not
recruiting

NCT03899805
LMS
LPS
UPS

Eribulin
Pembrolizumab II Active

NCT02406781
(PEMBROSARC)

LMS
STS

Metronomic CP
Pembrolizumab II Active
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Table 3. Cont.

Trial Identifier STS Histotype Drugs Phase Study Hallmarks Treatment Arms Estimated
Enrollment Status

NCT03016819
(APROMISS)

LMS
SS

ASPS

AL3818
Dacarbazine (DTIC) III Pretreated LMS/SS

a. ASPS AL3818
b. LMS/SS AL3818 vs.

DTIC
c. LMS AL3818 vs.

placebo

325 Active

NCT04480502
(ENVASARC)

UPS
Myxofibrosarcoma

Envafolimab
Ipilimumab II randomized

a. Envafolimab
b.

Envafolimab+Ipilimumab
160 Active

NCT03512834
(ASAP) Angiosarcoma Paclitaxel

Avelumab II Active

NCT04607200 Angiosarcoma AGEN2034
AGEN1884 II Active

NCT03277924
(ImmunoSarc)

STS
Bone tumors I/II 270 Active

NCT02834013 Rare tumors II

NCT02601950
INI-1 negative

tumors
SS

Tazemetostat II 250 Active

NCT02584647 Sarcoma
MPNST PLX3397 Sirolimus I/II Active

NCT03433183
(SARC031) MPNST

Selumetinib
(AZD6244)
Sirolimus

II Active
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Table 3. Cont.

Trial Identifier STS Histotype Drugs Phase Study Hallmarks Treatment Arms Estimated
Enrollment Status

NCT03872427
(BeGIN)

NF1 Aberrations,
NF1 Mutant MPNST,
KEAP1/NRF2, and

LKB1 Aberrant
Tumors

Telaglenastat
Hydrochloride II basket 108 Active

NCT04204941 STS
ES

Tazemetostat
Doxorubicin Ib/III

a. Tazemetostat +
Doxorubicin

b. Doxorubicin +
Placebo

164 Active

NCT04416568 INI1-negative tumors Nivolumab
Ipilimumab II Active

Legend: LPS: liposarcoma, LMS: leiomyosarcoma, DDLPS: dedifferentiated LPS, MMRp-CRC: mismatch repair proficient colorectal cancer, PA: pancreatic cancer, UPS: undifferentiated pleomorphic sarcoma,
ULMS: uterine leiomyosarcoma, RMS: rhabdomyosarcoma, ARMS: alveolar RMS, ERMS: embryonal RMS, PRMS: pleomorphic RMS, TGCT: tenosynovial giant cell tumor, MPNST: malignant peripheral nerve
sheath tumors, EHE: epithelioid hemangioendothelioma, SS: synovial sarcoma, ES: epithelioid sarcoma, and ASPS: alveolar soft-part sarcoma.



Cancers 2021, 13, 2359 14 of 32

Starting with a rationale-based interpretation, MDM2 antagonists may represent
active drugs in LPS. Early-phase clinical trials of MDM2 antagonists showed evidence of
antitumor activity in patients with leukemia and liposarcoma [40].

The pan-FGFR inhibitor erdafitinib reduced cell viability and induced apoptosis by
strongly inhibiting the ERK1/2 pathway. The combination of erdafitinib with the MDM2
antagonist RG7388 exerted a synergistic effect [41].

Nutlins inhibit the interaction between MDM2 and tumor suppressor p53 [42]. Nutlins
fill the p53 binding pocket of MDM2 and effectively disrupt the p53–MDM2 interaction
that leads to activation of the p53 pathway in p53 wild-type cells. Nutlin-3 is the compound
most used in anticancer studies. RG7112, a derivative of nutlin-3, was preliminarily tested
in a study enrolling patients with unresected lesions to derive pathological and clinical
information. In biopsies from treated patients, p53 and p21 expression increased by three-
fold. One partial response and stable disease in 14 out of 20 patients have been reported,
with neutropenia and thrombocytopenia being the most reported adverse events [43].

In a phase I study testing SAR405838, another MDM2 inhibitor, the best response
was stable disease in 56%, and the progression-free rate at 3 months was 32% [44]. Patient
selection (p53 wild-type) and p53 mutation as a mechanism of resistance appear to be
critical and presumably influence low response rates.

MK-8242 is another small MDM2 inhibitor that has shown partial response and
prolonged progression-free survival in a phase I study [45]. However, to the best of our
knowledge, no further investigation of this drug is ongoing [39].

Attempts to overcome resistance are also addressed by combination strategies, for
example, the combination of MDM2 antagonists and MEK inhibitors [46].

Given the previously described role for CDK4, another class of drugs potentially useful
in LPS is represented by CDK4 inhibitors. In patients with advanced WDLPS/DDDLS,
treatment with palbociclib was associated with a favorable PFS and occasional tumor
response [47]. The potential role for palbociclib is now being investigated in the second-line
setting in the PalboSarc phase II trial (NCT03242382), which enrolls advanced sarcomas
with overexpression of CDK4 but excludes LPS.

Single-agent ribociclib does not seem to achieve significant results [48]. A combination
of ribociclib and everolimus has been tested in a phase II ongoing study (NCT03114527)
enrolling advanced DDPLS and LMS.

Combo strategies hold the promise to be more successful and have been tested. CDK4
inhibitors can act as potentiators of MDM2 antagonists in DDLPS at least in xenograft
models [49]. A phase II study of CDK4/6 inhibition with palbociclib combined with
programmed cell death protein 1 (PD-1) blockade (INCMGA00012) (NCT04438824) in
patients with advanced WDLPS and/or DDLPS is underway.

Selinexor, a selective inhibitor of nuclear export (SINE), seems to arrest the cell cycle
and leads to apoptosis. In December 2020, it was approved by the FDA in combination
with bortezomib and dexamethasone for the treatment of adult patients with pretreated
multiple myeloma. A phase 2–3, multicenter, randomized, double-blind study of selinexor
(KPT-330) vs. placebo in patients with advanced unresectable DDLPS (NCT02606461)
has been performed, confirming the disease stabilization shown in the preliminary inves-
tigations [50]. Recruiting trials with selinexor are now investigating combination with
gemcitabine in selected advanced STS and osteosarcoma (NCT04595994) and with imatinib
in GIST (NCT04138381).

Among the ongoing studies enrolling LPS, there is also a phase II study with sitrava-
tinib (MGCD516), which is a small-molecule inhibitor of multiple tyrosine kinases.

3. Leiomyosarcoma (LMS)

LMS derives from smooth-muscle connective tissues and represents 5–10% of soft-
tissue sarcomas [51]. Given the wide presence of smooth muscle throughout the body,
LMS can arise anywhere, but most commonly, it occurs in the uterus (ULMS). Unlike other
sarcomas, LMS does not show a single key alteration that is determinant in pathogenesis;
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hence, it has been also defined as “nontranslocation-related sarcoma”, together with
undifferentiated pleomorphic sarcoma and myxofibrosarcoma. p53 and RB1 are the two
main pathways altered in LMS (Figure 2, Table 2) [16]. Nuclear α-thalassemia/mental
retardation X-linked (ATRX) loss was reported in around 15% and as high as 30% in
ULMS [52]. ATRX is encoded by a gene located on the X chromosome. It belongs to the
SWI/SNF (switch/sucrose nonfermentable) family of chromatin remodeling proteins and
correlates with defined molecular changes such as the alternative lengthening of telomeres
(ALT) phenotype, PDGFRα amplification, and tp53 mutation. Although ATRX is not
commonly a driver mutation, it can induce genomic instability leading to further genetic
rearrangements and/or mutations. The ALT phenotype is associated with aggressive
histologic features, loss of ATRX expression, and poor clinical outcome in LMS [53]. A
better understanding of the ALT pathway may help to develop novel therapeutic strategies
based on ALT as a target. ULMS also shows BRCA mutation [54].

PTC596 is a first-in-class, oral investigational drug that reduces the levels of BMI1
(B cell-specific Moloney murine leukemia virus integration site 1), required for cancer
stem cell survival. BMI-1 is connected to several signaling pathways, including Wnt, Akt,
Notch, Hedgehog, and receptor tyrosine kinase pathways. PTC596 acts by binding to
tubulin causing a G2/M cell-cycle arrest [55]. A phase I study is investigating PTC596 with
dacarbazine in LMS (NCT03761095) [39].

Immunotherapy is being investigated in ongoing trials (Table 3) [39]. A phase II open-
label study is evaluating the combination of rucaparib and anti-PD1 antibody nivolumab
(NCT04624178). DNA-damaging agents can synergize with immunotherapy by promoting
neoantigen release, increasing tumor mutational burden, and enhancing PD-L1 expres-
sion [56,57]. Therefore, this combination seems promising in several malignancies.

A phase II study is evaluating the monoclonal anti-PD-L1 antibody avelumab with
gemcitabine in a second-line setting (EAGLES NCT03536780).

Several phase II studies are underway in LMS to investigate chemotherapeutic combi-
nations such as eribulin with gemcitabine (phase II, NCT03810976), mixed combinations
with a multitarget TKI such as cabozantinib plus temozolomide (phase II, NCT04200443),
pazopanib vs. pazopanib plus gemcitabine in ULMS (phase II randomized, PazoDoble
trial NCT02203760), or chemotherapy-free combinations such as ribociclib and everolimus
(phase II, NCT03114527) [39].

AL3818 (anlotinib) hydrochloride is a multitargeted receptor tyrosine kinase inhibitor
with potential FGFR inhibitory activity and antiangiogenesis activity along with a favorable
safety profile in a broad range of malignancies. Preliminary data showed promising results,
with an interesting progression-free rate at 12 weeks in several STS [58].

This result opened the avenue to the investigation of combination therapy of anlotinib
with apatinib. Apatinib is a tyrosine kinase inhibitor that potently and highly selectively
inhibits the tyrosine kinase activity of VEGFR2 in vitro and inhibits the activities of VEGFR1,
Kit, c-SRC, and RET tyrosine kinases [59]. In a retrospective study, this combination
achieved an ORR of 34% with a disease control rate of 69% and a median PFS time of about
8 months [60].

In a phase III trial APROMISS trial (NCT03016819), conducted in LMS, advanced
alveolar soft-part sarcoma, and synovial sarcoma, anlotinib was tested as a single agent vs.
dacarbazine and placebo in two arms.

Ataxia-telangiectasia and Rad3-related protein (ATR) is an essential DNA damage re-
sponse regulator and is required for the survival of proliferating cells. ATR repairs damaged
DNA. A potent and selective small-molecule ATR inhibitor, which is known as berzosertib
(VX-970 or M6620), is under investigation in selected solid tumors including LMS (phase II,
NCT03718091) [39]. Interestingly, the study design includes a translational lead-in phase
which, differentiates tumors based on mutational status, by next-generation sequencing.

Other studies are currently enrolling various STS subtypes including LMS. A phase
I/II study is evaluating the multiple kinase inhibitor lenvatinib with eribulin (LEADER
trial, NCT03526679) [39].
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Some studies involve immune checkpoint inhibitors plus a chemotherapeutic agent.
Given the objective response rate of 8–19% of gemcitabine in LMS, a phase I/II study
is investigating its association with pembrolizumab (phase I/II GEMMK NCT03123276).
Pembrolizumab is also being investigated in combination with eribulin in a phase II study
NCT03899805 and with metronomic cyclophosphamide in a phase II Pembrosarc study
(NCT02406781), both including various STS [39].

A basket combination study of inhibitors of DNA damage response, angiogenesis
and programmed death ligand 1 (Durvalumab) in patients with advanced solid tumors
(phase II, DAPPER trial NCT03851614) is ongoing. In this study, only LMS were enrolled
among STS. The primary endpoint was the evaluation of changes in genomic and immune
biomarkers.

DCC 3014 is a colony-stimulating factor-1 receptor (CSF1R/c-FMS) inhibitor, which
has been evaluated in combination with avelumab in various STS (phase I NCT04242238).

4. Rhabdomyosarcoma (RMS)

RMS shows skeletal muscle differentiation and represents less than 3% of adult STS,
whilst being the most frequent STS subtype under age 10. Different subtypes can be recog-
nized: alveolar RMS (ARMS), embryonal RMS (ERMS), and pleomorphic RMS (PRMS) [18].
The first two subtypes are more frequent in children, while the latter is common in adults.
The outcome is different in pediatric vs. adult patients. The remission rate in children
with localized RMS reaches 70%, whereas the prognosis of adults remains poor. There is a
known established link between RMS and cancer predisposition syndromes, such as the
Li-Fraumeni and neurofibromatosis [61].

Chromosome translocation is typical only of ARMS which in most cases express PAX-
FKHR fusion protein (Figure 2, Table 2). This protein represents the transcriptional result
of the translocation of a PAX family member (PAX3, PAX7) ordinarily coding for tissue-
specific TFs to the FKHR gene, which codes for Forkhead box protein O1 (FOXO1). FOXO1
is a TF that plays an important role in the regulation of gluconeogenesis and glycogenolysis.
The PAX3-FOXO1 and PAX7-FOXO1 fusions are products of the characteristic translo-
cations t(2;13)(q35;q14) or t(1;13)(p36;q14), respectively. The fusion protein in ARMS
maintains the myogenic lineage but inhibits terminal differentiation [62]. PRMS has a
complex karyotype, while ERMS shows chromosomal abnormalities including aneuploidy
and polyploidy [16]. Hedgehog signaling, which plays a relevant role in differentiation,
has been linked to the development of ERMS [63]. Despite the lack of fusion proteins,
ERMS and PRMS overexpress PAX3 and FOXO1. Other alterations found in RMS are p53
mutations, occurring in 0.02–15% of patients, and MDM2 amplification was described
in less than 10% of cases [16]. In ERMS, these percentages are higher [16]. Signaling
pathways such as IGF/RAS/MEK/ERK, PI3K/AKT/mTOR, MET, FGFR4, and PDGFR
play a role in fusion-positive RMS as well as fusion-negative RMS. Deregulation of the
RAS/MEK/ERK/CDK4/6 and G2/M-mitotic spindle checkpoint pathways have also been
reported [63].

Although a promising therapeutic strategy against ARMS may be represented by
direct inhibition of the mentioned fusion proteins [64], pharmacological agents against
these potential targets are lacking. A different approach may be based on influencing
fusion protein transcriptional activity through phosphorylation or inhibiting coactivators.
Inhibitors of signaling pathways triggered by PAX-FOXO may also be applicable. The
main pathways are related to PDGFR, IGFR1, FGFR4, MET, and ALK.

Efforts have been made to develop cancer vaccines that specifically target PAX3-
FOXO1 [65]. Otherwise, some of the PAX3-FOXO1 targets, such as FGFR4, CXCR4, and
IGF1R, are cell surface antigens and might be blocked by antibodies [65].

A phase II study is exploring erdafitinib, a small-molecule inhibitor of FGFR (NCT03210714)
in RMS [39]. Ganitumab is an insulin-like growth factor 1 receptor (IGF-1R) antibody and is
under evaluation in a phase 1–2 study (NCT03041701). A phase I trial NCT04299113 is currently
investigated mocetinostat with vinorelbine in young patients with RMS [39]. Mocetinostat is a
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small molecule that inhibits class 1 Histone deacetylases (HDAC), specifically HDAC 1, 2, and
3, resulting in epigenetic changes in tumors.

5. Fibroblastic/Myofibroblastic Tumors: Myxofibrosarcoma, Malignant Solitary
Fibrous Tumor

Fibroblastic/myofibroblastic tumors present limited specific information with poten-
tial clinical drawbacks. Myxofibrosarcoma is characterized by tp53 mutations in more than
40% of the cases [66,67].

A high level of genomic complexity with a recurrent amplification of the chromosome
5p region was also reported (Figure 2, Table 2) [68]. A role for integrin-α10 was found in
cell models and may have prognostic relevance in myxofibrosarcoma [69].

Gene amplification on chromosome 5p produces overexpression of TRIO and RICTOR
which in turn are also the target of integrin-alpha10. TRIO is a large protein that functions
as a GDP to GTP exchange factor and promotes the reorganization of the actin cytoskele-
ton, thereby playing a role in cell migration and growth. Current ongoing clinical trials
investigate immune checkpoint inhibition in this tumor. A phase II study (ENVASARC
trial, NCT04480502) with a novel, single-domain PD-L1 antibody that is administered by
subcutaneous injection named envafolimab (KN035) alone or combined with ipilimumab,
is ongoing [39].

The solitary fibrous tumor has a distinctive translocation which produces a NAB2-
STAT6 fusion [70]. This protein consists of the truncated repressor domain of NGFI-
A-binding protein 2 (NAB2) and the intact activation domain of STAT6. Recently, cell
proliferation through EGR-1 transcriptional expression and IGF2 was found to be induced
by the fusion [71]. TERT promoter and p53 mutations have been also found to be associated
with malignant transformation of solitary fibrous tumor [70].

6. Malignant Tenosynovial Giant Cell Tumor (TGCT)

TGCT is a rare, locally aggressive tumor that arises in the synovium, deserving the
name of true synovial sarcoma. The hallmark of TGCT is the aberrant expression of
colony stimulating factor (CSF)1 due to the genomic alterations at the CSF1 gene locus on
chromosome 1p13 (Table 2) [72]. CSF1 produced by a minority of cells behaves as recruiting
factor for other cells which are predominant in this cancer.

Although surgery represents the mainstay of treatment, recurrence is frequent and
difficult to be managed with repeated surgical interventions, which highlights the need for
active systemic treatment. The landscape is changed with the introduction of pexidartinib
(PLX3397). Pexidartinib is a novel, orally administered TKI with strong selective activity
against the CSF1 receptor (CSF1R) [73]. This drug shows activity with better results at
an increasing duration of treatment. DCC-3014 is an investigational orally administered,
potent, and highly selective inhibitor of CSF1R. A multicenter phase 1/2, open-label study
of DCC-3014 is ongoing and recruiting patients [39].

7. Vascular Tumors: Angiosarcoma and Epithelioid Hemangioendothelioma

Angiosarcoma is a tumor arising from endothelial cells and represents 1–2% of all soft-
tissue sarcomas [74]. Secondary angiosarcomas are related to lymphoedema or radiation.
Cytogenetically, angiosarcoma is characterized by upregulation of vascular-specific receptor
tyrosine kinases. Among angiogenesis genes, MYC plays a role especially in secondary
angiosarcoma characterized by the frequent amplification of the region at chromosome
8q24 where MYC is located. MYC gene amplification was related to exposure to ultraviolet
and sunlight and was found in more than 80% of radiation-induced angiosarcoma cases.
The FLT4 gene, which maps to chromosome on 5q35 and encodes for VEGFR3, is reported
in approximately 25% of secondary angiosarcomas.

Murali et al. [75] reported that 50% of angiosarcomas show genetic alterations related
to the MAPK pathway, including mutations in RAS, BRAF, MAPK1, and NF1 [16]. Tp53
was altered until 50% of such tumors, while MDM2 is upregulated in more than 60% of
cases [16].
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TKI targeting angiogenesis-related pathways such as pazopanib and sorafenib have
the potential to be more active in angiosarcoma as compared to other STS, although this
assumption was not completely confirmed [76].

Carotuximab (TRC105) is a monoclonal antibody to endoglin, an essential angiogenic
target highly expressed on proliferating endothelium and both tumor vessels and tumor
cells in angiosarcoma. TRC105 used in combination with pazopanib showed promising
activity in a phase 1-2 study [77]. Therefore, a phase III ongoing study started to evaluate
this combination [78].

Paclitaxel is considered to serve not only as a chemotherapeutic agent but also as an
antiangiogenic drug when used on a weekly schedule. Therefore, it is a standard treatment
in vascular tumors.

Paclitaxel activity may be improved by its combined use or by the use of derivatives.
Oraxol consists of paclitaxel and HM30181A, a P-glycoprotein inhibitor, combined

to increase the oral bioavailability of paclitaxel [79]. This drug is being investigated in a
phase I study (NCT03544567) [39].

A retrospective analysis of patients with locally advanced or metastatic angiosarcoma
has recently highlighted the activity of checkpoint inhibitors in this histotype [80].

Several immune checkpoint inhibitors are studied in angiosarcoma. A phase II combi-
nation of paclitaxel-avelumab (ASAP trial, NCT03512834) is ongoing.

The combination of immunotherapeutics is particularly appealing in angiosarcoma.
Several phase II studies including novel antibodies are ongoing. As an example, the combi-
nation of AGEN 2034 (Balstilimab) and AGEN 1884 (Zalifrelimab), which are, respectively,
a fully human immunoglobulin (IgG)-4 monoclonal antibody antagonist targeting PD-1
and a human IgG1 anti-cytotoxic T lymphocyte antigen-4 antibody, has been tested in
NCT04607200 [39,81]. Another novel combination includes oleclumab and durvalumab
(DOSa phase 2 NCT04668300) in various recurrent, refractory, or metastatic sarcoma. Ole-
clumab is a human monoclonal antibody that binds to CD73 and inhibits the production of
immunosuppressive adenosine [82].

Nivolumab plus ipilimumab (phase II NCT02834013) and nivolumab plus sunitinib
(phase 1

2 NCT03277924) are also recruiting active trials [39]. Results of the latter study
showed a 6-month PFS of 48% [83].

Epithelioid hemangioendothelioma (EHE) is a low-grade malignant vascular tumor
with an intermediate clinical behavior between benign hemangiomas and high-grade
angiosarcomas [84]. In most cases, the WWTR1-CAMTA1 fusion protein is identified
(Figure 2, Table 2). WWTR1 is also named TAZ and is a transcriptional coactivator and end
effector of the Hippo tumor suppressor pathway. CAMTA1 is a putative tumor-suppressive
TF [85]. A second fusion event producing a fusion between the YAP and TF E3 (TFE3)
genes (YAP-TFE3) occurs in around 10% of all EHEs [86]. Strategies to target the fusion
protein represent an exciting promise in EHE as in another STS with known translocation.
MEK/MAPK inhibitors can actively reduce both YAP and TAZ levels. This is the rationale
behind using trametinib in a phase 2 ongoing study (NCT03148275).

Some studies suggested a role for PI3KCa/Akt/mTOR pathway, especially in heman-
gioendothelioma.

Rapamycin and its derivatives are promising therapeutic agents with both immuno-
suppressant and antitumor properties. These rapamycin actions are mediated through the
specific inhibition of the mTOR protein kinase. Rapamycin displayed activity in heman-
gioendothelioma [87].

8. Malignant Peripheral Nerve Sheath Tumors (MPNSTs)

MPNSTs are aggressive, frequently metastatic sarcomas that are associated with
neurofibromatosis type 1 (NF1), a prominent inherited genetic disease in humans [88].

Half of all MPNSTs develop in individuals with NF1, with a 5-year survival of about
20–50% [89]. NF1 is located on chromosome 17 and codes for neurofibromin, a GTPase-
activating protein with negative regulatory activity on RAS/MAPK pathway activity.
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Somatic changes in NF1, CDKN2A/B, and PRC2 are found in most MPNSTs, but they
are genomically complex (Table 2) [90].

Two multiprotein complexes, the polycomb repressive complex 2 (PRC2) and the
switch/sucrose nonfermentable (SWI/SNF) chromatin remodeler act in the control of
chromatin status during development and homeostasis [91].

Immunohistochemical loss of SMARCB1 (BAF47)/INI1 expression was found in 70%
of cases [92]. The switch/sucrose nonfermentable (SWI/SNF) complex is a highly con-
served multi-subunit complex of proteins encoded by numerous genes mapped to different
chromosomal regions. The gene is a strong tumor suppressor, and the protein is part
of the ATP-dependent SWI/SNF chromatin remodeling complex allowing the transcrip-
tional machinery to access its targets more effectively (Figure 3). SMARCB1 loss activates
the Sonic Hedgehog and the wnt/β-Catenin pathway involved in differentiation and
proliferation [93]. Epigenetic dysregulation has been extensively correlated with cancer
development, progression, and resistance to therapy [94]. Recently, aberrant expression of
SMARCB1/INI1 has been found in various tumors such as epithelioid sarcomas, schwan-
nomatosis, synovial sarcomas, and so on [95]. INI1 counteracts the enzymatic function
of inherited SWI/SNF-deficiency and has been linked to several benign syndromic tu-
mors including a subset of familial schwannomatosis (linked to SMARCB1) and multiple
meningiomas [96].
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such as the histone acetyltransferase inducing a chromatin open-frame mediated by the acetylation of lysine 27 on histone 3
(H3K27Ac) and consequential target genes expression. The PRC2 complex acts as antagonist inducing a gene silencing by
an increase in the methylation status of H3K27me3. This defined equilibrium is modified by the selective EZH2 inhibitor
tazemetostat which inhibiting the enzyme activity, blocks the PRC2 complex silencing effect.

When INI1 is absent, EZH2 (enhancer of zeste homolog 2) activity is deregulated.
EZH2 is the catalytic subunit of PRC2.

Preclinical studies demonstrated that loss of SMARCB1 led to an EZH2 oncogenic
dependency [97].

A significant proportion of MPNSTs exhibit recurrent mutations in EED or SUZ12, key
components of the PRC2. SUZ12 is located near NF1 at chromosome 17. NF1 and SUZ12
alterations are crucial events in MPNST pathogenesis. Tumors harboring these genetic
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lesions lose the marker of transcriptional repression, trimethylation of lysine 27 on histone
H3, and have dysregulated oncogenic signaling [98].

As SWI/SNF-deficient cells survive through the compensative PRC2 activity, EZH2
inhibitors have the potential to significantly interfere with cell survival. MPNSTs with
PRC loss are sensitive to DNA methyltransferase and histone deacetylase (HDAC) in-
hibitors [99].

Tazemetostat is an orally available, small-molecule selective inhibitor of EZH2 (Figure 3).
A phase II multicenter study (NCT02601950) has been performed enrolling INI1-negative
tumors or relapsed/refractory synovial sarcoma (Table 3). Despite several attempts to identify
novel targeted drugs, a recent study confirms that the “old” multitargeted tyrosine kinase
inhibitor pazopanib is still more efficient than new molecules with a clinical benefit rate at
12 weeks of 50.0%, a median PFS of 5.4 months, and a median OS of 10.6 months [100].

New therapies for NF1-related MPNSTs involve Ras/MAPK pathway inhibitors.
Pexidartinib (PLX3397) previously reported in the chapter related to TGCT is investi-

gated together with the mTOR inhibitor sirolimus (phase II NCT02584647, Table 3) [39].
In phase II, SARC 031 sirolimus is combined with MEK inhibitor selumetinib (AZD6244)
(NCT03433183, Table 3) [39].

Sarcoma cells showed glutamine dependence. STS subtypes expressing elevated
glutaminase (GLS) levels are extremely sensitive to glutamine starvation [101]. The glu-
taminase inhibitor telaglenastat hydrochloride (CB-839 HCl) is under study in the BeGIN
Study (phase II NCT03872427, Table 3), enrolling patients with tumors harboring defined
genetic mutations such as NF1 mutation for MPNST [101].

9. Tumors of Uncertain Differentiation
9.1. NTRK-Rearranged Spindle Cell Neoplasm, Synovial Sarcoma, Epithelioid Sarcoma,
Undifferentiated Round-Cell Sarcoma
9.1.1. NTRK-Rearranged Spindle Cell Neoplasm

Neurotrophic tyrosine receptor kinase (NTRK)-rearranged spindle cell neoplasm is
a recently described soft-tissue tumor entity that occurs predominantly in children and
young adults. The three genes named NTRK1 (chromosome 1q23.1), NTRK2 (chromosome
9q21.33), and NTRK3 (chromosome 15q25.3) code for the tropomyosin receptor kinase
(TRK) proteins which are typically involved in normal neuronal development. NTRK gene
fusion is considered a primary oncogenic driver and can be targeted with TRK inhibitors.
In 2020, a panel of experts reached a consensus for NTRK testing, which is recommended
in locally advanced/metastatic infantile fibrosarcoma and inflammatory myofibroblastic
tumors because of their known high rate of NTRK fusions [102].

9.1.2. Synovial Sarcoma (SS)

SS represents 8–10% of all STS cases. SS is a tumor with a strong driver transloca-
tion t(X;18) (p 11.2; q11.2) which produces different SS18:SSX fusion proteins (Figure 2).
SS18-SSX participates in chromatin remodeling complexes (Figure 4). During normal
transcriptional regulation in mesenchymal cells, the SMARCB1/INI1 or BAF complex
coordinates gene expression patterns from both enhancers and promoters, whereas PRC2
activity suppresses the expression of inappropriate gene products (Figure 3). The SS18-SSX
fusions competitively replace the wild-type SS18 in the BAF complex and form an altered
complex lacking the tumor suppressor BAF47 (hSNF5) (Figure 4). The altered complex
binds the Sox2 locus and reverses polycomb-mediated repression, resulting in Sox2 acti-
vation [103]. SOX genes encode a family of transcription factors that bind to the minor
groove in DNA.
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Figure 4. SS 18 SSX fusion oncoproteins in SS. The common translocation in SS, t(X;18)(p 11.2; q11.2), leads to the expression
of SS 18 SSX fusion proteins. In normal mesenchymal cells, BAF(mSWI /complex induces a cell quiescence by an increase in
“repressive” epimarks (H3K27me3) and Sox 2 inhibition. In SS, the SS 18 SSX fusion proteins replace the wild type SS 18 in
the BAF complex and form an altered complex lacking the tumor suppressor BAF 47 (hSNF 5). The altered complex binds
Sox 2 causing its activation and cell proliferation.

A loss of SMARCB1/INI1 protein is shown in almost all epithelioid sarcoma (ES) and
50% of MPNSTs. A reduced SMARCB1/INI1 protein was shown in 70% of SS in a case
series [104].

Aberrant activation of the Wnt/β-catenin pathway is present in most synovial sarco-
mas [105].

When INI1 is absent, EZH2 activity is deregulated. EZH2 is the catalytic subunit
of PRC2. SS has been shown to have high levels of EZH2 expression. Therefore, EZH2
inhibitors such as tazemetostat have been tested in SS. The phase II multicenter-multicohort
study (NCT02601950) has been evaluated INI1-negative tumors or relapsed/refractory
synovial sarcoma (Table 3). Enrollment is now closed [39].

Anlotinib (AL3818) is an oral small-molecule inhibitor of multiple receptor tyrosine
kinases, with a broad spectrum of inhibitory effects on tumor angiogenesis and growth.
Anlotinib has shown antitumor activity on STS in preclinical and phase I studies. In a
series of STS patients progressing after anthracycline-based chemotherapy, which included
SS, promising activity was shown [59]. In a phase III active trial, anlotinib is compared to
dacarbazine in advanced alveolar soft-part sarcoma, LMS, and SS (Table 3) (APROMISS
trial, NCT03016819) [39].

Most cases of SS have a low tumor mutational burden (TMB), but occasionally a high
TMB may be present, explaining the 10% response rate to checkpoint immunotherapy
observed in clinical trials in patients with SS [106].

SS is considered a cold tumor. Cancer-testis antigens (CTAs) represent a class of
tumor-associated proteins defined based on their tissue-restricted expression to the testis
or ovary germline cells and frequent ectopic expression in tumor tissue. CTAs such as
NY-ESO-1, PRAME, MAGEA4, and MAGEA1 are expressed at high percentages in SS [107].
Adoptive cell therapies targeting the cancer-testis antigen New York esophageal squamous
cell carcinoma-1 (NY-ESO-1) have shown encouraging results [108].
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LV305 is a modified, third-generation, nonreplicating, integration-deficient lentivirus-
based vector designed to selectively transduce dendritic cells in vivo. LV305 induces
expression of the NY-ESO-1 cancer-testis antigen in dendritic cells, promoting immune
responses against NY-ESO-1-expressing tumors. A favorable safety profile and clinical
activity were evidenced in patients with advanced cancer [109].

9.1.3. Epithelioid Sarcoma

ES is a rare (less than 1% of STS), aggressive soft-tissue neoplasm of uncertain differen-
tiation. It has been characterized by multifocal disease at presentation, local recurrence, and
regional metastasis. The hallmark of ES is the loss of SMARCB1/INI1 protein expression
which is found in over 80% of cases (Figure 3) [110]. As highlighted in the paragraph of MP-
NST, the gene is a strong tumor suppressor, and the protein is part of the ATP-dependent
SWI/SNF chromatin remodeling complex. Preclinical in vitro and in vivo models show
that loss or dysfunction of INI1 can lead to aberrant EZH2 activity or expression. EZH2
contributes to histone methylation inducing a gene transcriptional repressive status of
various genes [111,112].

The most relevant results in ES derive from a phase 2 multicenter basket study with
tazemetostat which enrolled different INI1-negative solid tumors or synovial sarcoma.
Among 62 patients with ES, an ORR of 15% was reported, median PFS reached 5.5 months,
and median OS was 19.0 months [113]. These data led to the approval by the FDA of
tazemetostat in metastatic or advanced unresectable ES in 2020.

Advancements of these results will derive from a phase Ib/III trial of tazemetostat
in combination with doxorubicin as frontline therapy (NCT04204941) (Table 3) [39]. A
case report of response at the progression of tazemetostat was reported with ipilimumab
and nivolumab [114]. A phase II study with this combination (NCT04416568) is currently
recruiting INI1-negative tumors and among them ES (Table 3) [39].

9.1.4. Undifferentiated Small Round-Cell Sarcoma

According to the 2020 WHO Classification, undifferentiated small round-cell sarco-
mas include: Ewing sarcoma, round-cell sarcomas with EWSR1-non-ETS fusions, CIC-
rearranged sarcomas, and BCOR-rearranged sarcomas.

Ewing sarcoma is the second most common pediatric bone tumor. Patients with
metastatic Ewing sarcoma have a 5-year survival between 18% and 30%. A specific translo-
cation involving EWS on chromosome 22 with one of the E26 transformation-specific
transcription factory family genes characterized this cancer. The EWS-FLI1 fusion gene,
t(11;22)(q24;q12) is found in ∼85% of Ewing sarcoma [115]. Fusion protein act as a TF and
potent oncogene. EWS-FLI1 increases the expression of many downstream targets involved
in tumor survival and growth, for example, IGF1, GLI1, Myc, and ID2, and decreases
expression of cell-cycle regulators and proapoptotic genes [115].

Some approaches targeting downstream signaling are in preclinical phases and involve
IGF and several RTKs. CD99 antigen is frequently expressed in Ewing sarcoma; therefore,
it represents a diagnostic and appealing therapeutic target. These premises label EWS-FLI1
as a key potential target. Recently, TK216, a first-in-class small molecule, has been proposed
for Ewing sarcoma. This molecule inhibits the binding between fusion protein and RNA
helicase A, thus, inducing cell apoptosis. It is currently investigated in a phase I study
(NCT02657005) [39].

Undifferentiated round-cell sarcomas lacking these rearrangements, known as ‘Ewing-
like’ sarcomas, usually show atypical clinical presentation and focal CD99 positivity. This
group of tumors can be subdivided into capicua transcriptional repressor (CIC)-rearranged
sarcomas, Bcl6 corepressor (BCOR)-rearranged sarcomas, sarcomas with EWSR1 fusion to
non-ETS family members, and unclassified round-cell sarcomas [116].

CIC-DUX4 fusion sarcoma shows a more aggressive clinical course than the classical
Ewing sarcoma. CIC rearranged sarcomas arise in old age and affect preferentially soft
tissues [117].
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CIC is a tissue-specific transcriptional repressor. It is highly conserved during evolu-
tion. CIC regulates several physiological and developmental processes. CIC-DUX4 gene
fusion results from either a t(4;19) or t(10;19) translocation [118]. The CIC-DUX4 fusion
retains most of the wild-type CIC and might act as an aberrant TF [119].

10. Immunotherapy

In the previous paragraphs, a list of clinical studies with immunotherapy was reported
for each STS subtype. Here, a comprehensive view of the role of immunotherapy is outlined
focusing on potentially more responsive histotypes and promising clinical trials.

Immune responsive tumors are generally characterized by immune infiltration, strong
PD-L1 expression, and high TMB. Nearly all STS subtypes showed PD-L1 expression,
albeit with a broad range of positivity [120]. Other studies reported PD-L1 expression by
immunohistochemistry (≥1%) in some histotypes and not in others. High PDL-1 expression
(30%) was shown in undifferentiated pleomorphic sarcomas, lower expression (10%) in
DDLPS, and absent expression in WDLPS, MLPS, PLPS, synovial sarcomas, and Ewing
sarcomas [121].

High PD-L1 expression was associated with poorer OS in two meta-analyses including
bone and STS [122,123].

A general rule is that increased genomic aberrations correlate with increased expres-
sion of tumor antigens, which may be potential targets for immunotherapy. Tumor types
with higher mutational burden have higher response rates with PD-1/PD-L1 blockade.
TMB showed a good correlation to response rate [124].

In a wide study including clinical and genomic data of 1662 advanced cancer patients,
higher somatic TMB (highest 20% in each histology) was associated with better OS. For most
cancer histology, an association between higher TMB and improved survival was observed.
The TMB cut points associated with improved survival varied markedly between cancer
types. The authors concluded that there is not a universal definition of high TMB [125].

Immunotherapy may have low chances to succeed in unselected STS, although a
subset may benefit from immunotherapy. In fact, hypermutation was detected in tumor
types not previously associated with high mutation burden [126].

Furthermore, mismatch repair-deficient sarcomas represent a low rate of all STS
(1%) but showed a significantly elevated tumor mutation burden relative to mismatch
repair-proficient sarcomas (median 16 vs. 4.6, p < 0.001) [127].

In a study on a series of undifferentiated sarcomas, 15% had a high mutational burden
that correlated with an immune signature and good prognosis [128].

Attempts to define potentially responsive patients have generated models separating
high- from low-risk patients. Low-risk patients showed an immune-infiltrating profile
with increased immune cell infiltration (e.g., CD8 T cell and activated natural killer cells),
higher expression of immune-stimulating molecules, higher stimulating cytokines and cor-
responding receptors, higher innate immunity molecules, and stronger antigen-presenting
capacity. These features translate into better overall survival time [129]. DNA methylation
analysis indicated that relative high methylation was associated with better OS. A recent
study based on the composition of the tumor microenvironment identifies an immune-
high subtype enriched with B-cells that is particularly responsive to anti-PD1 and showed
increased survival [130].

The anti-PD1 pembrolizumab was studied in a multicenter, single-arm, open-label,
phase 2 trial which enrolled 86 patients with an ORR of 18%. The activity was documented
in undifferentiated pleomorphic sarcoma or DDLPS [131]. An immune signature was found
to correlate with better outcomes [132]. Confirmatory results have come from the phase II,
nonrandomized, multicenter AcSé Pembrolizumab study which enrolled 80 patients. The
ORR was around 16% (partial response) without correlation to histotypes [133].

The activity of anti-PD1 either pembrolizumab or nivolumab and of the combination
of anti-PD1 plus anti-CTLA4 (nivolumab plus ipilimumab) was reported [134], with minor
enthusiasm for nivolumab alone and better results for the combination [135].
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Various studies investigated the combination of anti-PD1 with other agents, such as
axitinib in another phase 2 study [136], and showed activity, especially in alveolar soft-part
sarcoma. These data relative to a distinct subtype were further confirmed recently [137].

The actual role for immunotherapy in STS is probably better defined for some subtypes
such as alveolar soft-part sarcoma and angiosarcoma which need further trials regardless.

Checkpoint inhibitors can activate the endogenous response in some immune re-
sponsive STS, but cold tumors are refractory to these therapeutic strategies because of the
absence/reduced expression of neoantigens, defective antigen presentation, and microen-
vironment interferences. For these tumors, cellular immunotherapy represents a powerful
tool to be investigated.

Chimeric antigen receptors (CARs) are receptors that have been engineered to give
T cells the new ability to target a specific protein. CAR T cells are T cells that have been
genetically engineered with CARs to target and destroy tumor cells expressing a particular
antigen more effectively. Several sarcoma-associated antigens amenable to CAR-T cell treat-
ment have recently emerged with encouraging results. These include cancer-testis antigens,
HER2, GD2, IL-11RA, FAP, B7-H3, CD44v6, IGF-1R, and ROR1 [138]. As in hematological
malignancies, a favorable cytokine profile induced by lymphodepletion appears to be
necessary for CAR-T therapy probably because lymphodepleting conditioning eliminates
regulatory T cells [139]. ADP-A2M4 (MAGE-A4) SPEAR T-cell therapy was investigated in
a phase II study (NCT04044768) in synovial and myxoid liposarcoma patients who had
received prior chemotherapy and whose tumors express the MAGE-A4 tumor antigen [39].
Similarly, NY-ESO-1 T cells are in a phase II study in advanced myxoid/round-cell LPS
(NCT02992743) [39].

11. Conclusions

STS represents a challenge and an opportunity for geneticists and medical oncologists.
Precision medicine has already come into the complex and heterogeneous field of sarcoma.
In a study of 584 patients with STS in the American Association for Cancer Research (AACR)
Project Genomics Evidence Neoplasia Information Exchange (GENIE) database, a genetic
alteration with the potential to influence therapy was identified in 41% of cases [140]. In
a large database of 5635 adult and pediatric, bone, and STS, 107 patients with matching
clinical data were found. Among these, 57% had actionable mutations and 30% were
enrolled in clinical trials [141].

In this scenario, there are ongoing observational studies to collect potentially relevant
pathological and clinical data. Among these, the Sarcoma Biology and Outcome Project
(SarcBOP- NCT04758325) is a prospective registry study on biological disease profile,
intervention type, and clinical outcome with an estimated enrollment of 3000 patients by
December 31, 2032, the planned study completion date [39]. The length of this study gives
a prospect of the efforts required for STS.

Clinical studies are increasingly enriched with the evaluation of genomic and immune
changes performed at baseline and during treatment to dynamically assess the tumor
under selective pressure induced by treatment.

Biological advancements are showing the way to overcome the present undefined
middle-ground and shape-tailored strategies in the near future.
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Abbreviations

ALT Alternative Lengthening of Telomeres
ARMS alveolar RMS
BCOR Bcl6 corepressor
BMI1 B cell-specific Moloney murine leukemia virus integration site 1
CAMTA1 calmodulin-binding transcription activator 1
CAR Chimeric antigen receptors
CIC capicua transcriptional repressor
CPM Carboxypeptidase M
CSF1R colony stimulating factor-1 receptor
CTA Cancer-testis antigens
DDLPS dedifferentiated liposarcoma
EHE Epithelioid Hemangioendothelioma
ERMS embryonal RMS
ES epithelioid sarcoma
EZH2 Enhancer of zeste homolog 2
EWS Ewing sarcoma gene
FAP fibroblast activation protein
FGF Fibroblast Growth Factor
FKHR forkhead in rhabdomyosarcoma
FLI1 Friend Leukemia Integration 1 transcription factor
GD2 disialoganglioside
GIST Gastrointestinal Stromal Tumors
GLI1 Glioma-Associated Oncogene Homolog 1
HER2 human epidermal growth factor receptor 2
HMG2A (High-mobility group AT-hook 2)
IGF-1R insulin-like growth factor 1 receptor
IL-11RA interleukin 11 Receptor Subunit Alpha
LMS leiomyosarcoma
LPS liposarcoma
MDM2 Mouse Double Minute 2
MLPS myxoid liposarcoma
MPNST malignant peripheral nerve sheath tumor
NF1 neurofibromatosis type 1
NY-ESO-1 New York Esophageal Squamous Cell Carcinoma-1
ORR Overall response Rate
OS Overall Survival
PAX Paired box
PDGF Platelet Derived Growth Factor
PDGFR Platelet Derived Growth Factor Receptor
PFS Progression Free Survival
PLPS pleomorphic liposarcoma
PRC2 polycomb repressive complex 2
PRMS pleomorphic RMS
ROR1 tyrosine kinase orphan-like receptor 1
SMARCB1 (BAF47)/INI1 SWI/SNF-related matrix-associated actin-dependent regulator

of chromatin subfamily B member 1
SPEAR Specific Peptide Enhanced Affinity Receptor
SWI/SNF SWItch/Sucrose Nonfermentable
TGCT tenosynovial giant cell tumor
TAZ transcriptional coactivator with PDZ binding motif
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TF Transcription Factor
TKI Tyrosine Kinase Inhibitor
TMB Tumor Mutational Burden
TSPAN31 Tetraspanin-31
ULMS uterine leiomyosarcoma
VEGF Vascular Endothelial Growth Factor
WDLPS well-differentiated liposarcoma
WWTR1 WW Domain-containing Transcription Regulator Protein 1 gene
YAP Yes-associated Protein
YEATS4 GAS41 Glioma Amplified Sequence 41

References
1. Harris, S.J.; Maruzzo, M.; Thway, K.; Al-Muderis, O.; Jones, R.L.; Benson, A.M.C.; Judson, R.I. Metastatic soft tissue sarcoma, an

analysis of systemic therapy and impact on survival. J. Clin. Oncol. 2015, 33, 10545. [CrossRef]
2. Chowdhary, M.; Chowdhary, A.; Sen, N.; Zaorsky, N.G.; Patel, K.R.; Wang, D. Does the addition of chemotherapy to neoadjuvant

radiotherapy impact survival in high-risk extremity/trunk soft-tissue sarcoma? Cancer 2019, 125, 3801–3809. [CrossRef]
3. Tetta, C.; Londero, F.; Micali, L.R.; Parise, G.; Algargoush, A.T.; Algargoosh, M.; Albisinni, U.; Maessen, J.G.; Gelsomino, S.

Stereotactic Body Radiotherapy versus Metastasectomy in patients with pulmonary metastases from soft tissue sarcoma. Clin.
Oncol. 2020, 32, 303–315. [CrossRef] [PubMed]

4. Besiroglu, M.; Dane, F.; Ciltas, A.; Benekli, M. Systemic chemotherapy of advanced soft tissue sarcomas. J. Oncol. Sci. 2017, 3,
66–70. [CrossRef]

5. Judson, J.; Verweij, I.; Gelderblom, H.; Hartmann, J.T.; Schöffski, P.; Blay, J.-Y.; Kerst, J.M.; Sufliarsky, J.; Whelan, J.; Hohenberger,
P.; et al. Doxorubicin alone versus intensified doxorubicin plus ifosfamide for first-line treatment of advanced or metastatic
soft-tissue sarcoma: A randomised controlled phase 3 trial. Lancet Oncol. 2014, 15, 415–442. [CrossRef]

6. Demetri, G.D.; von Mehren, M.; Jones, R.L.; Hensley, M.L.; Schuetze, S.M.; Staddon, A.; Milhem, M.; Elias, A.; Ganjoo, K.; Tawbi,
H.; et al. Efficacy and Safety of Trabectedin or Dacarbazine for Metastatic Liposarcoma or Leiomyosarcoma After Failure of
Conventional Chemotherapy: Results of a Phase III Randomized Multicenter Clinical Trial. J. Clin. Oncol. 2016, 34, 786–793.
[CrossRef] [PubMed]

7. Grosso, F.; Jones, R.L.; Demetri, G.D.; Judson, I.R.; Blay, J.Y.; Le Cesne, A.; Sanfilippo, R.; Casieri, P.; Collini, P.; Dileo, P.; et al.
Efficacy of trabectedin (ecteinascidin-743) in advanced pretreated myxoid liposarcomas: A retrospective study. Lancet Oncol.
2007, 8, 595–602. [CrossRef]

8. de Sande González, L.M.; Martin-Broto, J.; Kasper, B.; Blay, J.Y.; Le Cesne, A. Real-world evidence of the efficacy and tolerability
of trabectedin in patients with advanced soft-tissue sarcoma. Expert Rev. Anticancer Ther. 2020, 20, 957–963. [CrossRef]

9. Kobayashi, H.; Iwata, S.; Wakamatsu, T.; Hayakawa, K.; Yonemoto, T.; Wasa, J.; Oka, H.; Ueda, T.; Tanaka, S. Efficacy and safety
of trabectedin for patients with unresectable and relapsed soft-tissue sarcoma in Japan: A Japanese Musculoskeletal Oncology
Group study. Cancer 2020, 126, 1253–1263. [CrossRef]

10. van der Graaf, W.T.; Blay, J.Y.; Chawla, S.P.; Kim, D.W.; Bui-Nguyen, B.; Casali, P.G.; Schöffski, P.; Aglietta, M.; Staddon, A.P.;
Beppu, Y.; et al. Pazopanib for metastatic soft-tissue sarcoma (PALETTE): A randomised, double-blind, placebo-controlled phase
3 trial. Lancet 2012, 379, 1879–1886. [CrossRef]

11. Schöffski, P.; Chawla, S.; Maki, R.G.; Italiano, A.; Gelderblom, H.; Choy, E.; Grignani, G.; Camargo, V.; Bauer, S.; Rha, S.Y.;
et al. Eribulin versus dacarbazine in previously treated patients with advanced liposarcoma or leiomyosarcoma: A randomised,
open-label, multicentre, phase 3 trial. Lancet 2016, 387, 1629–1637. [CrossRef]

12. Antman, K.H. Chemotherapy of advanced sarcomas of bone and soft tissue. Semin. Oncol. 1992, 19 (Suppl. 12), 13–20. [PubMed]
13. Zucali, P.A.; Bertuzzi, A.; Parra, H.J.S.; Campagnoli, E.; Quagliuolo, V.; Santoro, A. The “old drug” dacarbazine as a second/third

line chemotherapy in advanced soft tissue sarcomas. Investig. New Drugs 2008, 26, 175–181. [CrossRef] [PubMed]
14. Tap, W.D.; Jones, R.L.; Van Tine, B.A.; Chmielowski, B.; Elias, A.D.; Adkins, D.; Agulnik, M.; Cooney, M.M.; Livingston, M.B.;

Pennock, G.; et al. Olaratumab and doxorubicin versus doxorubicin alone in soft tissue sarcoma. Lancet 2016, 388, 488–497.
[CrossRef]

15. Tap, W.D.; Wagner, A.J.; Schöffski, P.; Martin-Broto, J.; Krarup-Hansen, A.; Ganjoo, K.N.; Yen, C.C.; Abdul Razak, A.R.; Spira, A.;
Kawai, A.; et al. Effect of doxorubicin plus olaratumab vs doxorubicin plus placebo on survival in patients with advanced soft
tissue sarcomas: The ANNOUNCE Randomized Clinical Trial. JAMA 2020, 323, 1266–1276. [CrossRef]

16. Thoenen, E.; Curl, A.; Iwakuma, T. TP53 in bone and soft tissue sarcoma. Pharmacol. Ther. 2019, 202, 149–164. [CrossRef]
17. Lee, A.T.J.L.; Thway, K.; Huang, P.H.; Jones, R.L. Clinical and molecular spectrum of liposarcoma. J. Clin. Oncol. 2018, 36, 151–159.

[CrossRef]
18. Sbaraglia, M.; Bellan, E.; Dei Tos, A.P. The 2020 WHO Classification of Soft Tissue Tumours: News and perspectives. Patholog-

ica 2020. [CrossRef]
19. Yang, L.; Chen, S.; Luo, P.; Yan, W.; Wang, C. Liposarcoma: Advances in cellular and molecular genetics alterations and

corresponding clinical treatments. J. Cancer 2020, 11, 100–107. [CrossRef]

http://doi.org/10.1200/jco.2015.33.15_suppl.10545
http://doi.org/10.1002/cncr.32386
http://doi.org/10.1016/j.clon.2020.01.005
http://www.ncbi.nlm.nih.gov/pubmed/32024603
http://doi.org/10.1016/j.jons.2017.05.001
http://doi.org/10.1016/S1470-2045(14)70063-4
http://doi.org/10.1200/JCO.2015.62.4734
http://www.ncbi.nlm.nih.gov/pubmed/26371143
http://doi.org/10.1016/S1470-2045(07)70175-4
http://doi.org/10.1080/14737140.2020.1822744
http://doi.org/10.1002/cncr.32661
http://doi.org/10.1016/S0140-6736(12)60651-5
http://doi.org/10.1016/S0140-6736(15)01283-0
http://www.ncbi.nlm.nih.gov/pubmed/1485169
http://doi.org/10.1007/s10637-007-9086-z
http://www.ncbi.nlm.nih.gov/pubmed/17898927
http://doi.org/10.1016/S0140-6736(16)30587-6
http://doi.org/10.1001/jama.2020.1707
http://doi.org/10.1016/j.pharmthera.2019.06.010
http://doi.org/10.1200/JCO.2017.74.9598
http://doi.org/10.32074/1591-951X-213
http://doi.org/10.7150/jca.36380


Cancers 2021, 13, 2359 27 of 32

20. Jung, J.; Lee, J.S.; Dickson, M.A.; Schwartz, G.K.; Le Cesne, A.; Varga, A.; Bahleda, R.; Wagner, A.J.; Choy, E.; de Jonge, M.J.;
et al. TP53 mutations emerge with HDM2 inhibitor SAR405838 treatment in de-differentiated liposarcoma. Nat. Commun. 2016,
7, 12609. [CrossRef]

21. Zhang, S.; Mo, Q.; Wang, X. Oncological role of HMGA2. Int. J. Oncol. 2019, 55, 775–788. [CrossRef] [PubMed]
22. Saâda-Bouzid, E.; Burel-Vandenbos, F.; Ranchère-Vince, D.; Birtwisle-Peyrottes, I.; Chetaille, B.; Bouvier, C.; Château, M.-C.;

Peoc’h, M.; Battistella, M.; Bazin, A.; et al. Prognostic value of HMGA2, CDK4, and JUN amplification in well-differentiated and
dedifferentiated liposarcomas. Mod. Pathol. 2015, 28, 1404–1414. [CrossRef]

23. Yamashita, K.; Kohashi, K.; Yamada, Y.; Akatsuka, S.; Ikuta, K.; Nishida, Y.; Toyokuni, S.; Oda, Y. Prognostic significance of the
MDM2/HMGA2 ratio and histological tumor grade in dedifferentiated liposarcoma. Genes Chromosom. Cancer 2021, 60, 26–37.
[CrossRef] [PubMed]

24. Munnia, A.; Schütz, N.; Romeike, B.F.; Maldener, E.; Glass, B.; Maas, R.; Nastainczyk, W.; Feiden, W.; Fischer, U.; Meese, E.
Expression, cellular distribution and protein binding of the glioma amplified sequence (GAS41), a highly conserved putative
transcription factor. Oncogene 2001, 20, 4853–4863. [CrossRef] [PubMed]

25. Cho, H.J.; Li, H.; Linhares, B.M.; Kim, E.G.; Ndoj, J.; Miao, H.; Grembecka, J.; Cierpicki, T. GAS41 Recognizes Diacetylated
Histone H3 through a Bivalent Binding Mode. ACS Chem. Biol. 2018, 13, 2739–2746. [CrossRef] [PubMed]

26. Erickson-Johnson, M.R.; Seys, A.R.; Roth, C.W.; King, A.A.; Hulshizer, R.L.; Wang, X.; Asmann, Y.W.; Lloyd, R.V.; Jacob, E.K.;
Oliveira, A.M. Carboxypeptidase M: A biomarker for the discrimination of well-differentiated liposarcoma from lipoma. Mod.
Pathol. 2009, 22, 1541–1547. [CrossRef] [PubMed]

27. Perez-Losada, J.; Pintado, B.; Gutierrez-Adan, A.; Flores, T.; Bañares-Gonzalez, B.; Calabia del Campo, J.; 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]

28. Yen, C.-C.; Chen, S.-C.; Hung, G.-Y.; Wu, P.-K.; Chua, W.-Y.; Lin, Y.-C.; Yen, C.-H.; Chen, Y.-C.; Wang, J.-Y.; Yang, M.-H.; et al.
Expression profile-driven discovery of AURKA as a treatment target for liposarcoma. Int. J. Oncol. 2019, 55, 938–948. [CrossRef]

29. Zhang, K.; Chu, K.; Wu, X.; Gao, H.; Wang, J.; Yuan, Y.-C.; Loera, S.; Ho, K.; Wang, Y.; Chow, W.; et al. Amplification of FRS2 and
activation of FGFR/FRS2 signaling pathway in high-grade liposarcoma. Cancer Res. 2013, 73, 1298–1307. [CrossRef]

30. Riggi, N.; Cironi, L.; Provero, P.; Suvà, M.-L.; Stehle, J.-C.; Baumer, K.; Guillou, L.; Stamenkovicet, I. Expression of the FUS-CHOP
fusion protein in primary mesenchymal progenitor cells gives rise to a model of myxoid liposarcoma. Cancer Res. 2006, 66,
7016–7023. [CrossRef]

31. Trautmann, M.; Menzel, J.; Bertling, C.; Cyra, M.; Isfort, I.; Steinestel, K.; Elges, S.; Grünewald, I.; Altvater, B.; Rossig, C.; et al.
FUS-DDIT3 Fusion Protein-Driven IGF-IR Signaling is a Therapeutic Target in Myxoid Liposarcoma. Clin. Cancer Res. 2017, 23,
6227–6238. [CrossRef] [PubMed]

32. Trautmann, M.; Cyra, M.; Isfort, I.; Jeiler, B.; Krüger, A.; Grünewald, I.; Steinestel, K.; Altvater, B.; Rossig, C.; Hafner, S.; et al.
Phosphatidylinositol-3-kinase (PI3K)/Akt Signaling is Functionally Essential in Myxoid Liposarcoma. Mol. Cancer Ther. 2019, 18,
834–844. [CrossRef]

33. Sun, R.; Shen, J.K.; Choy, E.; Yu, Z.; Hornicek, F.J.; Duan, Z. The emerging roles and therapeutic potential of microRNAs (miRs) in
liposarcoma. Discov. Med. 2015, 20, 311–324. [PubMed]

34. Gits, C.M.M.; van Kuijk, P.F.; Jonkers, M.B.E.; Boersma, A.W.M.; Smid, M.; van Ijcken, W.F.; Coindre, J.-M.; Chibon, F.; Verhoef, C.;
Mathijssen, R.H.J.; et al. MicroRNA expression profiles distinguish liposarcoma subtypes and implicate miR-145 and miR-451 as
tumor suppressors. Int. J. Cancer 2014, 135, 348–361. [CrossRef] [PubMed]

35. Mazzu, Y.Z.; Hu, Y.; Soni, R.K.; Mojica, K.M.; Qin, L.-X.; Agius, P.; Waxman, Z.M.; Mihailovic, A.; Socci, N.D.; Hendrickson,
R.C.; et al. miR-193b-Regulated Signaling Networks Serve as Tumor Suppressors in Liposarcoma and Promote Adipogenesis in
Adipose-Derived Stem Cells. Cancer Res. 2017, 77, 5728–5740. [CrossRef] [PubMed]

36. 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]

37. Bi, P.; Yue, F.; Karki, A.; Castro, B.; Wirbisky, S.E.; Wang, C.; Durkes, A.; Elzey, B.D.; Andrisani, O.M.; Bidwell, C.A.; et al.
Notch activation drives adipocyte dedifferentiation and tumorigenic transformation in mice. J. Exp. Med. 2016, 213, 2019–2037.
[CrossRef]

38. Olsauskas-Kuprys, R.; Zlobin, A.; Osipo, C. Gamma secretase inhibitors of Notch signaling. Oncol. Targets Ther. 2013, 6, 943–955.
39. U.S. National Library of Medicine Clinicaltrials.Gov. Available online: clinicaltrials.gov (accessed on 17 January 2021).
40. Burgess, A.; Chia, K.M.; Haupt, S.; Thomas, D.; Haupt, Y.; Lim, E. Clinical overview of MDM2/X-targeted therapies. Front. Oncol.

2016, 6, 7. [CrossRef]
41. Dadone-Montaudié, B.; Laroche-Clary, A.; Mongis, A.; Chamorey, E.; Di Mauro, I.; Chaire, V.; Finetti, P.; Schiappa, R.; Le Loarer,

F.; Birtwisle-Peyrottes, I.; et al. Novel Therapeutic Insights in Dedifferentiated Liposarcoma: A Role for FGFR and MDM2 Dual
Targeting. Cancers 2020, 12, 3058. [CrossRef]

42. Vassilev, L.T.; Vu, B.T.; Graves, B.; Carvajal, D.; Podlaski, F.; Filipovic, Z.; Kong, N.; Kammlott, U.; Lukacs, C.; Klein, C.; et al.
In vivo activation of the p53 pathway by small-molecule antagonists of MDM2. Science 2004, 303, 844–848. [CrossRef]

http://doi.org/10.1038/ncomms12609
http://doi.org/10.3892/ijo.2019.4856
http://www.ncbi.nlm.nih.gov/pubmed/31432151
http://doi.org/10.1038/modpathol.2015.96
http://doi.org/10.1002/gcc.22899
http://www.ncbi.nlm.nih.gov/pubmed/33111425
http://doi.org/10.1038/sj.onc.1204650
http://www.ncbi.nlm.nih.gov/pubmed/11521196
http://doi.org/10.1021/acschembio.8b00674
http://www.ncbi.nlm.nih.gov/pubmed/30071723
http://doi.org/10.1038/modpathol.2009.149
http://www.ncbi.nlm.nih.gov/pubmed/19820690
http://doi.org/10.1038/sj.onc.1203572
http://doi.org/10.3892/ijo.2019.4861
http://doi.org/10.1158/0008-5472.CAN-12-2086
http://doi.org/10.1158/0008-5472.CAN-05-3979
http://doi.org/10.1158/1078-0432.CCR-17-0130
http://www.ncbi.nlm.nih.gov/pubmed/28637688
http://doi.org/10.1158/1535-7163.MCT-18-0763
http://www.ncbi.nlm.nih.gov/pubmed/26645903
http://doi.org/10.1002/ijc.28694
http://www.ncbi.nlm.nih.gov/pubmed/24375455
http://doi.org/10.1158/0008-5472.CAN-16-2253
http://www.ncbi.nlm.nih.gov/pubmed/28882999
http://doi.org/10.1158/0008-5472.CAN-11-0890
http://www.ncbi.nlm.nih.gov/pubmed/21693658
http://doi.org/10.1084/jem.20160157
clinicaltrials.gov
http://doi.org/10.3389/fonc.2016.00007
http://doi.org/10.3390/cancers12103058
http://doi.org/10.1126/science.1092472


Cancers 2021, 13, 2359 28 of 32

43. Ray-Coquard, I.; Blay, J.Y.; Italiano, A.; Le Cesne, A.; Penel, N.; Zhi, J.; Heil, F.; Rueger, R.; Graves, B.; Ding, M.; et al. Effect of
the MDM2 antagonist RG7112 on the P53 pathway in patients with MDM2-amplified, well-differentiated or dedifferentiated
liposarcoma: An exploratory proof-of-mechanism study. Lancet Oncol. 2012, 13, 1133–1140. [CrossRef]

44. de Jonge, M.; de Weger, V.A.; Dickson, M.A.; Langenberg, M.; Le Cesne, A.; Wagner, A.J.; Hsu, K.; Zheng, W.; Macé, S.; Tuffal, G.;
et al. A phase I study of SAR405838, a novel human double minute 2 (HDM2) antagonist, in patients with solid tumours. Eur. J.
Cancer 2017, 76, 144–151. [CrossRef] [PubMed]

45. Wagner, A.J.; Banerji, U.; Mahipal, A.; Somaiah, N.; Hirsch, H.; Fancourt, C.; Johnson-Levonas, A.O.; Lam, R.; Meister, A.K.;
Russo, G.; et al. Phase I Trial of the Human Double Minute 2 Inhibitor MK-8242 in Patients with advanced solid tumors. J. Clin.
Oncol. 2017, 35, 1304–1311. [CrossRef] [PubMed]

46. Roy, S.; Laroche-Clary, A.; Verbeke, S.; Derieppe, M.-A.; Italiano, A. MDM2 Antagonists Induce a Paradoxical Activation of
Erk1/2 through a P53-Dependent Mechanism in Dedifferentiated Liposarcomas: Implications for Combinatorial Strategies.
Cancers 2020, 12, 2253. [CrossRef] [PubMed]

47. Dickson, M.A.; Schwartz, G.K.; Keohan, M.L.; D’Angelo, S.P.; Gounder, M.M.; Chi, P.; Antonescu, C.R.; Landa, J.; Qin, L.-X.;
Crago, A.M.; et al. Progression-Free Survival among patients with Well-Differentiated or Dedifferentiated Liposarcoma treated
with CDK4 Inhibitor Palbociclib: A Phase 2 Clinical Trial. JAMA Oncol. 2016, 2, 937–940. [CrossRef] [PubMed]

48. Infante, J.R.; Cassier, P.A.; Gerecitano, J.F.; Witteveen, P.O.; Chugh, R.; Ribrag, V.; Chakraborty, A.; Matano, A.; Dobson, J.R.;
Crystal, A.S.; et al. A phase I study of the cyclin-dependent kinase 4/6 inhibitor ribociclib (LEE011) in patients with advanced
solid tumors and lymphomas. Clin. Cancer Res. 2016, 22, 5696–5705. [CrossRef] [PubMed]

49. Laroche-Clary, A.; Chaire, V.; Algeo, M.-P.; Derieppe, M.-A.; Loarer, F.L.; Italiano, A. Combined targeting of MDM2 and CDK4 is
synergistic in dedifferentiated liposarcomas. J. Hematol. Oncol. 2017, 10, 123. [CrossRef] [PubMed]

50. Gounder, M.; Razak, A.A.; Somaiah, N.; MartinBroto, J.; Schuetze, S.; Grignani, G.; Chawla, S.P.; Chmielowski, B.; Vincenzi, B.;
Silvia Stacchiotti, S.; et al. A phase 2/3, randomized, double blind, cross-over, study of selinexor versus placebo in advanced
unresectable dedifferentiated liposarcoma (DDLS). In Proceedings of the Oral presentation at CTOS 2020 Memorial Sloan
Kettering Cancer Center, New York, NY, USA, 20 November 2020.

51. Singh, Z. Leiomyosarcoma: A rare soft tissue cancer arising from multiple organs. J. Cancer Res. Pract. 2018, 1, 1–8. [CrossRef]
52. Koelsche, C.; Renner, M.; Johann, P.; Leiss, I.; Sahm, F.; Schimmack, S.; Wardelmann, E.; Renker, E.-K.; Schirmacher, P.; Korshunov,

A.; et al. Differential nuclear ATRX expression in sarcomas. Histopathology 2016, 68, 738–745. [CrossRef]
53. Liau, J.-Y.; Tsai, J.-H.; Jeng, Y.-M.; Lee, J.-C.; Hsu, H.-H.; Yang, C.-Y. Leiomyosarcoma with alternative lengthening of telomeres is

associated with aggressive histologic features, loss of ATRX expression, and poor clinical outcome. Am. J. Surg. Pathol. 2015, 39,
236–244. [CrossRef] [PubMed]

54. Seligson, N.D.; Kautto, E.A.; Passen, E.N.; Stets, C.; Toland, A.E.; Millis, S.Z.; Meyer, C.F.; Hays, J.L.; Chen, J.L. BRCA1/2
functional loss defines a targetable subset in leiomyosarcoma. Oncologist 2019, 24, 973–979. [CrossRef] [PubMed]

55. Weetall, M.; Branstrom, A.; Baird, J.; Cao, L.; Sheedy, J.; O’Keefe, K.; Ingham, M.; Schwartz, G.K.; Spiegel, R.; O’Mara, E.
Experimental and Molecular Therapeutics Abstract 292: PTC596 combination therapy for sarcoma. In Proceedings of the AACR
Annual Meeting 2019, Atlanta, GA, USA, 29 March–3 April 2019. [CrossRef]

56. Vikas, P.; Borcherding, N.; Chennamadhavuni, A.; Garje, R. Therapeutic Potential of Combining PARP Inhibitor and Immunother-
apy in Solid Tumors. Front. Oncol. 2020, 10, 570. [CrossRef] [PubMed]

57. Peyraud, F.; Italiano, A. Combined PARP Inhibition and Immune Checkpoint Therapy in Solid Tumors. Cancers 2020, 12, 1502.
[CrossRef]

58. Chi, Y.; Fang, Z.; Hong, X.; Yao, Y.; Sun, P.; Wang, G.; Du, F.; Sun, Y.; Wu, Q.; Qu, G.; et al. Safety and efficacy of Anlotinib,
a Multikinase Angiogenesis Inhibitor, in patients with refractory metastatic Soft-Tissue Sarcoma. Clin. Cancer Res. 2018, 24,
5233–5238. [CrossRef] [PubMed]

59. Tian, Z.; Liu, H.; Zhang, F.; Li, L.; Du, X.; Li, C.; Yang, J.; Wang, J. Retrospective review of the activity and safety of apatinib and
anlotinib in patients with advanced osteosarcoma and soft tissue sarcoma. Investig. New Drugs 2020, 38, 1559–1569. [CrossRef]

60. Wang, H.Y.; Chu, J.F.; Zhang, P.; Wang, J.Q.; Yan, Z.; Yao, S.N.; Yao, Z.H.; Liu, Y.Y. Safety and Efficacy of Chemotherapy Combined
with Anlotinib Plus Anlotinib Maintenance in Chinese Patients with Advanced/Metastatic Soft Tissue Sarcoma. Oncol. Targets
Ther. 2020, 13, 1561–1568. [CrossRef] [PubMed]

61. Shern, J.F.; Chen, L.; Chmielecki, J.; Wei, J.S.; Patidar, R.; Rosenberg, M.; Ambrogio, L.; Auclair, D.; Wang, J.; Song, Y.K.; et al.
Comprehensive genomic analysis of rhabdomyosarcoma reveals a landscape of alterations affecting a common genetic axis in
fusion-positive and fusion-negative tumors. Cancer Discov. 2014, 4, 216–231. [CrossRef]

62. Finckenstein, F.G.; Shahbazian, V.; Davicioni, E.; Ren, Y.-X.; Anderson, M.J. PAX-FKHR function as pangenes by simultaneously
inducing and inhibiting myogenesis. Oncogene 2008, 27, 2004–2014. [CrossRef]

63. Satheesha, S.; Manzella, G.; Bovay, A.; Casanova, E.A.; Bode, P.K.; Belle, R.; Feuchtgruber, S.; Jaaks, P.; Dogan, N.; Koscielniak,
E.; et al. Targeting hedgehog signaling reduces self-renewal in embryonal rhabdomyosarcoma. Oncogene 2016, 35, 2020–2030.
[CrossRef]

64. Stewart, E.; McEvoy, J.; Wang, H.; Chen, X.; Honnell, V.; Ocarz, M.; Gordon, B.; Dapper, J.; Blankenship, K.; Yang, Y.; et al. St. Jude
Children’s Research Hospital—Washington University Pediatric Cancer Genome Project. Identification of Therapeutic Targets
in Rhabdomyosarcoma through Integrated Genomic, Epigenomic, and Proteomic Analyses. Cancer Cell 2018, 34, 411–426.e19.
[CrossRef] [PubMed]

http://doi.org/10.1016/S1470-2045(12)70474-6
http://doi.org/10.1016/j.ejca.2017.02.005
http://www.ncbi.nlm.nih.gov/pubmed/28324749
http://doi.org/10.1200/JCO.2016.70.7117
http://www.ncbi.nlm.nih.gov/pubmed/28240971
http://doi.org/10.3390/cancers12082253
http://www.ncbi.nlm.nih.gov/pubmed/32806555
http://doi.org/10.1001/jamaoncol.2016.0264
http://www.ncbi.nlm.nih.gov/pubmed/27124835
http://doi.org/10.1158/1078-0432.CCR-16-1248
http://www.ncbi.nlm.nih.gov/pubmed/27542767
http://doi.org/10.1186/s13045-017-0482-3
http://www.ncbi.nlm.nih.gov/pubmed/28629371
http://doi.org/10.1016/j.jcrpr.2017.10.002
http://doi.org/10.1111/his.12812
http://doi.org/10.1097/PAS.0000000000000324
http://www.ncbi.nlm.nih.gov/pubmed/25229770
http://doi.org/10.1634/theoncologist.2018-0448
http://www.ncbi.nlm.nih.gov/pubmed/30541756
http://doi.org/10.1158/1538-7445.AM2019-292
http://doi.org/10.3389/fonc.2020.00570
http://www.ncbi.nlm.nih.gov/pubmed/32457830
http://doi.org/10.3390/cancers12061502
http://doi.org/10.1158/1078-0432.CCR-17-3766
http://www.ncbi.nlm.nih.gov/pubmed/29895706
http://doi.org/10.1007/s10637-020-00912-7
http://doi.org/10.2147/OTT.S235349
http://www.ncbi.nlm.nih.gov/pubmed/32110053
http://doi.org/10.1158/2159-8290.CD-13-0639
http://doi.org/10.1038/sj.onc.1210835
http://doi.org/10.1038/onc.2015.267
http://doi.org/10.1016/j.ccell.2018.07.012
http://www.ncbi.nlm.nih.gov/pubmed/30146332


Cancers 2021, 13, 2359 29 of 32

65. Nguyen, T.H.; Barr, F.G. Therapeutic Approaches Targeting PAX3-FOXO1 and Its Regulatory and Transcriptional Pathways in
Rhabdomyosarcoma. Molecules 2018, 23, 2798. [CrossRef]

66. Heitzer, E.; Sunitsch, S.; Gilg, M.M.; Lohberger, B.; Rinner, B.; Kashofer, K.; Stündl, N.; Ulz, P.; Szkandera, J.; Leithner, A.; et al.
Expanded molecular profiling of myxofibrosarcoma reveals potentially actionable targets. Mod. Pathol. 2017, 30, 1698–1709.
[CrossRef]

67. Ogura, K.; Hosoda, F.; Arai, Y.; Nakamura, H.; Hama, N.; Totoki, Y.; Yoshida, A.; Nagai, M.; Kato, M.; Arakawa, E.; et al.
Integrated genetic and epigenetic analysis of myxofibrosarcoma. Nat. Commun. 2018, 9, 2765. [CrossRef] [PubMed]

68. Idbaih, A.; Coindre, J.M.; Derre, J.; Mariani, O.; Terrier, P.; Ranchère, D.; Mairal, A.; Aurias, A. Myxoid malignant fibrous
histiocytoma and pleomorphic liposarcoma share very similar genomic imbalances. Lab. Investig. 2005, 85, 176–181. [CrossRef]

69. Okada, T.; Lee, A.Y.; Qin, L.X.; Agaram, N.; Mimae, T.; Shen, Y.; O’Connor, R.; López-Lago, M.A.; Craig, A.; Miller, M.L.; et al.
Integrin-alpha10 Dependency Identifies RAC and RICTOR as Therapeutic Targets in High-Grade Myxofibrosarcoma. Cancer
Discov. 2016, 6, 1148–1165. [CrossRef] [PubMed]

70. Park, H.K.; Yu, D.B.; Sung, M.; Oh, E.; Kim, M.; Song, J.-Y.; Lee, M.-S.; Jung, K.; Noh, K.-W.; An, S.; et al. Molecular changes in
solitary fibrous tumor progression. J. Mol. Med. 2019, 97, 1413–1425. [CrossRef]

71. Park, Y.S.; Kim, H.S.; Kim, J.H.; Choi, S.H.; Kim, D.S.; Ryoo, Z.Y.; Kim, J.Y.; Lee, S. NAB2-STAT6 fusion protein mediates cell
proliferation and oncogenic progression via EGR-1 regulation. Biochem. Biophys. Res. Commun. 2020, 526, 287–292. [CrossRef]

72. West, R.B.; Rubin, B.P.; Miller, M.A.; Subramanian, S.; Kaygusuz, G.; Montgomery, K.; Zhu, S.; Marinelli, R.J.; De Luca, A.;
Downs-Kelly, E.; et al. A landscape effect in tenosynovial giant-cell tumor from activation of CSF1 expression by a translocation
in a minority of tumor cells. Proc. Natl. Acad. Sci. USA 2006, 103, 690–695. [CrossRef]

73. Tap, W.D.; Gelderblom, H.; Palmerini, E.; Desai, J.; Bauer, S.; Blay, J.Y.; Alcindor, T.; Ganjoo, K.; Martín-Broto, J.; Ryan, C.W.; et al.
Pexidartinib for advanced tenosynovial giant cell tumor: Results of the randomized phase 3 ENLIVEN study. Lancet 2019, 394,
478–487. [CrossRef]

74. Cao, J.; Wang, J.; He, C.; Fang, M. Angiosarcoma: A review of diagnosis and current treatment. Am. J. Cancer Res. 2019, 9,
2303–2313.

75. Murali, R.; Chandramohan, R.; Möller, I.; Scholz, S.L.; Berger, M.; Huberman, K.; Viale, A.; Pirun, M.; Socci, N.D.; Bouvier, N.;
et al. Targeted massively parallel sequencing of angiosarcomas reveals frequent activation of the mitogen activated protein kinase
pathway. Oncotarget 2015, 6, 36041–36052. [CrossRef] [PubMed]

76. Kollár, A.; Jones, R.L.; Stacchiotti, S.; Gelderblom, H.; Guida, M.; Grignani, G.; Steeghs, N.; Safwat, A.; Katz, D.; Duffaud, F.; et al.
Pazopanib in advanced vascular sarcomas: An EORTC Soft Tissue and Bone Sarcoma Group (STBSG) retrospective analysis. Acta
Oncol. 2017, 56, 88–92. [CrossRef] [PubMed]

77. Ray-Coquard, I.; Italiano, A.; Bompas, E.; Le Cesne, A.; Robin, Y.M.; Chevreau, C.; Bay, J.O.; Bousquet, G.; Piperno-Neumann, S.;
French Sarcoma Group (GSF/GETO); et al. Sorafenib for patients with advanced angiosarcoma: A phase II Trial from the French
Sarcoma Group (GSF/GETO). Oncologist 2012, 17, 260–266. [CrossRef]

78. Lee, K.W.; Lee, K.H.; Zang, D.Y.; Park, Y.I.; Shin, D.B.; Kim, J.W.; Im, S.A.; Koh, S.A.; Yu, K.S.; Cho, J.Y.; et al. Phase I/II Study
of Weekly Oraxol for the Second-Line Treatment of Patients with Metastatic or Recurrent Gastric Cancer. Oncologist 2015, 20,
896–897. [CrossRef] [PubMed]

79. Mehta, C.R.; Liu, L.; Theuer, C. An adaptive population enrichment phase III trial of TRC105 and pazopanib versus pazopanib
alone in patients with advanced angiosarcoma (TAPPAS trial). Ann. Oncol. 2019, 30, 103–108. [CrossRef]

80. Florou, V.; Rosenberg, A.E.; Wieder, E.; Komanduri, K.V.; Kolonias, D.; Uduman, M.; Castle, J.C.; Buell, J.S.; Trent, J.C.; Wilky, B.A.
Angiosarcoma patients treated with immune checkpoint inhibitors: A case series of seven patients from a single institution. J.
Immunother. Cancer 2019, 7, 213. [CrossRef]

81. Kaplon, H.; Muralidharan, M.; Schneider, Z.; Reichert, J.M. Antibodies to watch in 2020. MAbs 2020, 12, 1703531. [CrossRef]
82. Hay, C.M.; Sult, E.; Huang, Q.; Mulgrew, K.; Fuhrmann, S.R.; McGlinchey, K.A.; Hammond, S.A.; Rothstein, R.; Rios-Doria, J.;

Poon, E.; et al. Targeting CD73 in the tumor microenvironment with MEDI9447. Oncoimmunology 2016, 5, e1208875. [CrossRef]
83. Martin-Broto, J.; Hindi, N.; Grignani, G.; Martinez-Trufero, J.; Redondo, A.; Valverde, C.; Stacchiotti, S.; Lopez-Pousa, A.;

D’Ambrosio, L.; Gutierrez, A.; et al. Nivolumab and sunitinib combination in advanced soft tissue sarcomas: A multicenter,
single-arm, phase Ib/II trial. J. Immunother. Cancer 2020, 8, e001561. [CrossRef]

84. Rosenbaum, E.; Jadeja, B.; Xu, B.; Zhang, L.; Agaram, N.P.; Travis, W.; Singer, S.; Tap, W.D.; Antonescu, C.R. Prognostic
stratification of clinical and molecular epithelioid hemangioendothelioma subsets. Mod. Pathol. 2020, 33, 591–602. [CrossRef]
[PubMed]

85. Tanas, M.R.; Ma, S.; Jadaan, F.O.; Ng, C.K.Y.; Weigelt, B.; Reis-Filho, J.S.; Rubin, B.P. Mechanism of action of a WWTR1(TAZ)-
CAMTA1 fusion oncoprotein. Oncogene 2016, 35, 929–938. [CrossRef] [PubMed]

86. Antonescu, C.R.; Le Loarer, F.; Mosquera, J.M.; Sboner, A.; Zhang, L.; Chen, C.L.; Chen, H.W.; Pathan, N.; Krausz, T.; Dickson,
B.C.; et al. Novel YAP1-TFE3 fusion defines a distinct subset of epithelioid hemangioendothelioma. Genes Chromosom. Cancer
2013, 52, 775–784. [CrossRef]

87. Stacchiotti, S.; Simeone, N.; Lo Vullo, S.; Baldi, G.G.; Brunello, A.; Vincenzi, B.; Palassini, E.; Dagrada, G.; Collini, P.; Morosi, C.;
et al. Activity of sirolimus in patients with progressive epithelioid hemangioendothelioma: A case-series analysis within the
Italian rare cancer network. Cancer 2021, 127, 569–576. [CrossRef]

http://doi.org/10.3390/molecules23112798
http://doi.org/10.1038/modpathol.2017.94
http://doi.org/10.1038/s41467-018-03891-9
http://www.ncbi.nlm.nih.gov/pubmed/30018380
http://doi.org/10.1038/labinvest.3700202
http://doi.org/10.1158/2159-8290.CD-15-1481
http://www.ncbi.nlm.nih.gov/pubmed/27577794
http://doi.org/10.1007/s00109-019-01815-8
http://doi.org/10.1016/j.bbrc.2020.03.090
http://doi.org/10.1073/pnas.0507321103
http://doi.org/10.1016/S0140-6736(19)30764-0
http://doi.org/10.18632/oncotarget.5936
http://www.ncbi.nlm.nih.gov/pubmed/26440310
http://doi.org/10.1080/0284186X.2016.1234068
http://www.ncbi.nlm.nih.gov/pubmed/27838944
http://doi.org/10.1634/theoncologist.2011-0237
http://doi.org/10.1634/theoncologist.2015-0202
http://www.ncbi.nlm.nih.gov/pubmed/26112004
http://doi.org/10.1093/annonc/mdy464
http://doi.org/10.1186/s40425-019-0689-7
http://doi.org/10.1080/19420862.2019.1703531
http://doi.org/10.1080/2162402X.2016.1208875
http://doi.org/10.1136/jitc-2020-001561
http://doi.org/10.1038/s41379-019-0368-8
http://www.ncbi.nlm.nih.gov/pubmed/31537895
http://doi.org/10.1038/onc.2015.148
http://www.ncbi.nlm.nih.gov/pubmed/25961935
http://doi.org/10.1002/gcc.22073
http://doi.org/10.1002/cncr.33247


Cancers 2021, 13, 2359 30 of 32

88. Ki, D.H.; He, S.; Rodig, S.; Look, A.T. Overexpression of PDGFRA cooperates with loss of NF1 and p53 to accelerate the molecular
pathogenesis of malignant peripheral nerve sheath tumors. Oncogene 2017, 36, 1058–1068. [CrossRef] [PubMed]

89. Kim, A.; Stewart, D.R.; Reilly, K.M.; Viskochil, D.; Miettinen, M.M.; Widemann, B.C. Malignant Peripheral Nerve Sheath Tumors
State of the Science: Leveraging Clinical and Biological Insights into Effective Therapies. Sarcoma 2017, 2017, 7429697. [CrossRef]

90. Schaefer, I.-M.; Dong, F.; Garcia, E.P.; Fletcher, C.D.M.; Jo, V.Y. Recurrent SMARCB1 Inactivation in Epithelioid Malignant
Peripheral Nerve Sheath Tumors. Am. J. Surg. Pathol. 2019, 43, 835–843. [CrossRef]

91. Kawano, S.; Grassian, A.R.; Tsuda, M.; Knutson, S.K.; Warholic, N.M.; Kuznetsov, G.; Xu, S.; Xiao, Y.; Pollock, R.M.; Smith, J.S.;
et al. Preclinical Evidence of Anti-Tumor Activity Induced by EZH2 Inhibition in Human Models of Synovial Sarcoma. PLoS
ONE 2016, 11, e0158888. [CrossRef]

92. Pemov, A.; Li, H.; Presley, W.; Wallace, M.R.; Miller, D.T. Genetics of human malignant peripheral nerve sheath tumors. Neurooncol.
Adv. 2020, 2 (Suppl. 1), i50–i61. [CrossRef]

93. Kim, K.H.; Roberts, C.W.M. Mechanisms by which SMARCB1 loss drives rhabdoid tumor growth. Cancer Genet. 2014, 207,
365–372. [CrossRef]

94. Morel, D.; Almouzni, G.; Soria, J.C.; Postel-Vinay, S. Targeting chromatin defects in selected solid tumors based on oncogene
addiction, synthetic lethality and epigenetic antagonism. Ann. Oncol. 2017, 28, 254–269. [CrossRef] [PubMed]

95. Kohashi, K.; Oda, Y. Oncogenic roles of SMARCB1/INI1 and its deficient tumors. Cancer Sci. 2017, 108, 547–552. [CrossRef]
[PubMed]

96. Agaimy, A.; Foulkes, W.D. Hereditary SWI/SNF complex deficiency syndromes. Semin. Diagn. Pathol. 2018, 35, 193–198.
[CrossRef] [PubMed]

97. Knutson, S.K.; Warholic, N.M.; Wigle, T.J.; Klaus, C.R.; Allain, C.J.; Raimondi, A.; Scott, M.P.; Chesworth, R.; Moyer, M.P.;
Copeland, R.A.; et al. Durable tumor regression in genetically altered malignant rhabdoid tumors by inhibition of methyltrans-
ferase EZH2. Proc. Natl. Acad. Sci. USA 2013, 110, 7922–7927. [CrossRef] [PubMed]

98. Zhang, X.; Murray, B.; Mo, G.; Shern, J.F. The Role of Polycomb Repressive Complex in Malignant Peripheral Nerve Sheath
Tumor. Genes 2020, 11, 287. [CrossRef]

99. Wojcik, J.B.; Marchione, D.M.; Sidoli, S.; Djedid, A.; Lisby, A.; Majewski, J.; Garcia, B.A. Epigenomic Reordering Induced by
Polycomb Loss Drives Oncogenesis but Leads to Therapeutic Vulnerabilities in Malignant Peripheral Nerve Sheath Tumors.
Cancer Res. 2019, 79, 3205–3219. [CrossRef]

100. Nishida, Y.; Urakawa, H.; Nakayama, R.; Kobayashi, E.; Ozaki, T.; Ae, K.; Matsumoto, Y.; Tsuchiya, H.; Goto, T.; Hiraga, H.; et al.
Phase II clinical trial of pazopanib for patients with unresectable or metastatic malignant peripheral nerve sheath tumors. Int. J.
Cancer 2021, 148, 140–149. [CrossRef]

101. Lee, P.; Malik, D.; Perkons, N.; Huangyang, P.; Khare, S.; Rhoades, S.; Gong, Y.Y.; Burrows, M.; Finan, J.M.; Nissim, I.; et al.
Targeting glutamine metabolism slows soft tissue sarcoma growth. Nat. Commun. 2020, 11, 498. [CrossRef]

102. Demetri, G.D.; Antonescu, C.R.; Bjerkehagen, B.; Bovée, J.V.M.G.; Boye, K.; Chacón, M.; Dei Tos, A.P.; Desai, J.; Fletcher, J.A.;
Gelderblom, H.; et al. Diagnosis and management of tropomyosin receptor kinase (TRK) fusion sarcomas: Expert recommenda-
tions from the World Sarcoma Network. Ann. Oncol. 2020, 31, 1506–1517. [CrossRef]

103. Kadoch, C.; Crabtree, G.R. Reversible Disruption of mSWI/SNF (BAF) Complexes by the SS18-SSX Oncogenic Fusion in Synovial
Sarcoma. Cell 2013, 153, 71–85. [CrossRef]

104. Kohashi, K.; Oda, Y.; Yamamoto, H.; Tamiya, S.; Matono, H.; Iwamoto, Y.; Taguchi, T.; Tsuneyoshi, M. Reduced expression of
SMARCB1/INI1 protein in synovial sarcoma. Mod. Pathol. 2010, 23, 981–990. [CrossRef]

105. Briski, L.M.; Thomas, D.G.; Patel, R.M.; Lawlor, E.R.; Chugh, R.; McHugh, J.B.; Lucas, D.R. Canonical Wnt/beta-catenin
signaling activation in soft-tissue sarcomas: A comparative study of synovial sarcoma and leiomyosarcoma. Rare Tumors 2018, 10,
2036361318813431. [CrossRef]

106. He, M.; Abro, B.; Kaushal, M.; Chen, L.; Chen, T.; Gondim, M.; Yan, W.; Neidich, J.; Dehner, L.P.; Pfeifer, J.D. Tumor mutation
burden and checkpoint immunotherapy markers in primary and metastatic synovial sarcoma. Hum. Pathol. 2020, 100, 15–23.
[CrossRef] [PubMed]

107. Iura, K.; Maekawa, A.; Kohashi, K.; Ishii, T.; Bekki, H.; Otsuka, H.; Yamada, Y.; Yamamoto, H.; Harimaya, K.; Iwamoto, Y.; et al.
Cancer-testis antigen expression in synovial sarcoma: NY-ESO-1, PRAME, MAGEA4, and MAGEA1. Hum. Pathol. 2017, 61,
130–139. [CrossRef] [PubMed]

108. Keung, E.Z.; Tawbi, H.A. Engineered T Cells in Synovial Sarcoma: Persistence Pays Off! Cancer Discov. 2018, 8, 914–917. [CrossRef]
[PubMed]

109. Somaiah, N.; Block, M.S.; Kim, J.W.; Shapiro, G.I.; Do, K.T.; Hwu, P.; Eder, J.P.; Jones, R.L.; Lu, H.; ter Meulen, J.; et al. First-in-Class,
First-in-Human Study Evaluating LV305, a Dendritic-Cell Tropic Lentiviral Vector, in Sarcoma and Other Solid Tumors Expressing
NY-ESO-1. Clin. Cancer Res. 2019, 25, 5808–5817. [CrossRef] [PubMed]

110. Kalimuthu, S.N.; Chetty, R. Gene of the month: SMARCB1. J. Clin. Pathol. 2016, 69, 484–489. [CrossRef] [PubMed]
111. Bates, S.E. Epigenetic therapies for cancer. N. Engl. J. Med. 2020, 383, 650–663. [CrossRef]
112. Groisberg, R.; Subbiah, V. EZH2 inhibition for epithelioid sarcoma and follicular lymphoma. Lancet Oncol. 2020, 21, 1388–1390.

[CrossRef]

http://doi.org/10.1038/onc.2016.269
http://www.ncbi.nlm.nih.gov/pubmed/27477693
http://doi.org/10.1155/2017/7429697
http://doi.org/10.1097/PAS.0000000000001242
http://doi.org/10.1371/journal.pone.0158888
http://doi.org/10.1093/noajnl/vdz049
http://doi.org/10.1016/j.cancergen.2014.04.004
http://doi.org/10.1093/annonc/mdw552
http://www.ncbi.nlm.nih.gov/pubmed/28426098
http://doi.org/10.1111/cas.13173
http://www.ncbi.nlm.nih.gov/pubmed/28109176
http://doi.org/10.1053/j.semdp.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29397238
http://doi.org/10.1073/pnas.1303800110
http://www.ncbi.nlm.nih.gov/pubmed/23620515
http://doi.org/10.3390/genes11030287
http://doi.org/10.1158/0008-5472.CAN-18-3704
http://doi.org/10.1002/ijc.33201
http://doi.org/10.1038/s41467-020-14374-1
http://doi.org/10.1016/j.annonc.2020.08.2232
http://doi.org/10.1016/j.cell.2013.02.036
http://doi.org/10.1038/modpathol.2010.71
http://doi.org/10.1177/2036361318813431
http://doi.org/10.1016/j.humpath.2020.04.007
http://www.ncbi.nlm.nih.gov/pubmed/32387103
http://doi.org/10.1016/j.humpath.2016.12.006
http://www.ncbi.nlm.nih.gov/pubmed/27993576
http://doi.org/10.1158/2159-8290.CD-18-0618
http://www.ncbi.nlm.nih.gov/pubmed/30076141
http://doi.org/10.1158/1078-0432.CCR-19-1025
http://www.ncbi.nlm.nih.gov/pubmed/31227504
http://doi.org/10.1136/jclinpath-2016-203650
http://www.ncbi.nlm.nih.gov/pubmed/26941181
http://doi.org/10.1056/NEJMra1805035
http://doi.org/10.1016/S1470-2045(20)30530-1


Cancers 2021, 13, 2359 31 of 32

113. Gounder, M.; Schöffski, P.; Jones, R.L.; Agulnik, M.; Cote, G.M.; Villalobos, V.M.; Attia, S.; Chugh, R.; Chen, T.W.; Jahan, T.; et al.
Tazemetostat in advanced epithelioid sarcoma with loss of INI1/SMARCB1: An international, open-label, phase 2 basket study.
Lancet Oncol. 2020, 21, 1423–1432. [CrossRef]

114. Pecora, A.; Halpern, S.; Weber, M.; Paleoudis, E.G.; Panush, D.; Patterson, F.; Toretsky, J. Rapid and Complete Response
to Combination Anti-CTLA-4 and Anti-PD-1 Checkpoint Inhibitor Therapy in a Patient with Stage IV Refractory End-stage
Epithelioid Sarcoma: A Case Report. J. Immunother. 2020, 43, 286–290. [CrossRef] [PubMed]

115. Casey, D.L.; Lin, T.-Y.; Cheung, N.-K.V. Exploiting Signaling Pathways and Immune Targets beyond the Standard of Care for
Ewing Sarcoma. Front. Oncol. 2019, 9, 537. [CrossRef] [PubMed]
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