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Abstract: The FUS::DDIT3 fusion protein, formed by the chromosomal translocation t (12;16) (q13;p11),
is found in over 90% of myxoid liposarcoma (MLS) cases and is a crucial protein in its develop-
ment. Many studies have explored the role of FUS::DDIT3 in MLS, and the prevailing view is that
FUS::DDIT3 inhibits adipocyte differentiation and promotes MLS growth and invasive migration by
functioning as an aberrant transcription factor that affects gene expression and regulates its down-
stream molecules. As fusion proteins are gradually showing their potential as targets for precision
cancer therapy, FUS::DDIT3 has also been investigated as a therapeutic target. Drugs that target
FUS::DDIT3 and its downstream molecules for treating MLS are widely utilized in both clinical
practice and experimental studies, and some of them have demonstrated promising results. This
article reviews the findings of relevant research, providing an overview of the oncogenic mechanisms
of the FUS::DDITS3 fusion protein in MLS, as well as recent advancements in its therapy.
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1. Introduction

Myxoid liposarcoma (MLS) is the second most prevalent subtype of liposarcoma,
constituting approximately 30-35% of all liposarcomas and around 10% of all sarcomas [1].
A population-based study shows that the overall survival rates for primary localized MLS
at 5 and 10 years are 78% and 66%, respectively [2]. Though the standard treatment for
MLS is surgery, there is still a tendency for local recurrence and distant metastasis after
surgical resection, with incidence rates of 13-33% and 11-38%, respectively [3]. High-
grade MLS, formerly known as round-cell liposarcoma, has a worse prognosis. It is a
multicellular variant of myxoid liposarcoma, which contains more than 5% round cells.
MLS is a translocation-related sarcoma, and over 90% of MLS cases are characterized by
the chromosomal translocation t (12;16) (q13;p11), resulting in the fusion of the FUS (Fused
In Sarcoma) and DDIT3 (DNA damage-inducible transcript 3) genes at 12q13 and 16p11
to form the fusion gene FUS::DDIT3 and to produce the FUS::DDIT3 fusion protein [4,5]
(Figure 1A), although the relationship between FUS::DDIT3 and the round-cell components
in MLS has not been found. A small part of MLS cases contain the EWSR1::DDIT3 fusion
gene and fusion protein. However, due to the lack of separate studies on its pathogenic
mechanism, this review only describes the role of FUS::DDIT3 in the development of MLS.
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Figure 1. The FUS::DDIT3 fusion protein. (A) The chromosomal translocation t (12;16) (q13;p11)
that cause the FUS::DDIT3 fusion gene; (B) structure and domains of FUS, DDIT3, and FUS::DDIT3
(Typel). The RNA-binding domain of the FUS protein is replaced by DDIT3 in MLS. The FUS::DDIT3
fusion variant typel retains the SYGQ-rich and RGG1 domains of FUS and also includes the in-frame
amino acid sequence of a portion of the previously untranslated region (UTR) from DDIT3 exon2.
Abbreviations: SYGQ-rich: serine-tyrosine-glycine—glutamine-rich domain; RGG: arginine—glycine—
glycine box; RRM: RNA recognition motif; Znf: zinc finger; PY: proline-tyrosine nuclear localization
signal; NLS: nuclear localization signal; bZIP domain: basic leucine zipper; BR: basic region; LZ:

leucine zipper.
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Chromosomal abnormalities strongly relate to tumor occurrence and development,
with chromosomal translocation to form fusion genes being a common modality, driving
16.5% of cancer cases [6,7]. Among these, fusion genes of the FET (FUS, EWSR1, TAF15)
family are an important part. FET genes as 5 partners and genes coding for transcription
factors as 3'partners are fused to form fusion genes, which are translated into corresponding
proteins, which are characteristic of many types of sarcomas and leukemias [8]. The most
frequent FET family fusion oncoproteins are closely associated with the development of
MLS and ewing sarcomas (ES) [9]. FET family fusion proteins are relatively diverse and
have been studied for a long time. As the most numerous FET family fusion protein, the
characteristic fusion protein of MLS, FUS::DDITS3, is increasingly being studied, and drugs
related to it are being developed.

Fusion proteins can be used as cancer-specific diagnostic markers and potential drug
and immunotherapy targets, and the study of fusion protein oncogenesis and related drug
development is beneficial to the precision-targeted therapy of cancer [10,11]. The tyrosine ki-
nase inhibitors (TKIs) imatinib and bosutinib target BCR-ABL1 in chronic myeloid leukemia
(CML) significantly improve patient survival [12]; the tyrosine kinase inhibitor crizotinib
demonstrates significant efficacy in treating ROS1-rearranged advanced non-small cell
lung cancer [13]; and the tropomyosin receptor kinase (TRK) inhibitor larotrectinib exhibits
significant and long-lasting antitumor activity in patients diagnosed with TRK fusion-
positive tumors [14]. This review focuses on the oncogenic mechanism of FUS::DDIT3, the
characteristic fusion protein of MLS, and the advancements in associated drug research.

2. Basic Structure and Main Functions of FUS::DDIT3

The FUS::DDIT3 protein, one type of FET family oncoproteins, is distributed in the
nucleus of MLS cells and is considered an aberrant transcription factor [15]. The common
feature of the FET family proteins is the N-terminal low complexity sequence (LCD),
which is a prion-like motif, rich in aromatic and polar amino acids (Q/N/Y/S/G) and
known as prion-like structure (PLD) [16]. The PLD is fused to the DNA-binding domain
(DBD) of certain transcription regulators, resulting in the formation of the FET family
oncoproteins [17]. FUS:DDIT3 is composed of the N-terminal domain of FUS and the
full-length DDITS3, resulting in the RNA-binding domain of FUS being replaced by the
basic leucine zipper (bZIP) domain of DDIT3 [18]. The N-terminal SYGQ-rich structural
domain (LCD) of FUS acts as a transcriptional activation structural domain required for the
oncogenic potential of the fusion protein [19] (Figure 1B).

FUS proteins are encoded by the FET gene family member FUS gene (also known as
TLS gene) and are involved in the regulation of transcription and RNA processing [20].
FUS is a multi-domain protein with an N-terminal transcriptional activation domain,
three arginine-glycine—glycine (RGG) boxes, an RNA recognition motif (RRM), and a zinc
finger (ZnF), and the RGG2-ZnF-RGG3 domain is likely to be the major RNA-binding
domain. At the C-terminus of FUS, there exists a non-classical nuclear localization signal
(NLS) consisting of a proline-tyrosine NLS (PY-NLS) and the RGG3 structural domain [21]
(Figure 1B). DDIT3 is a member of the CCATT enhancer-binding protein (C/EBP) transcrip-
tion factor (TF) family. It is also known by several other names, including C/EBP¢, CHOP
(C/EBP homologous protein), and GADD153 (growth arrest and DNA damage-inducible
protein 153) [22]. Under normal physiological conditions, DDIT3 expression is notably
low. However, it can be rapidly upregulated in response to various stressors such as
endoplasmic reticulum stress, nutrient deprivation, DNA damage, cell growth arrest, and
hypoxia [23]. The N-terminus of DDIT3 has a transcriptional activation/repression domain,
which contains the basic region that mediates sequence-specific DNA binding (Figure 1B).
Like other C/EBP proteins, it contains a conserved C-terminal domain, known as basic
leucine zipper (bZIP), which is capable of forming heterodimers with other members of
C/EBP and impairing its DNA binding activity, thereby acting as a negative regulator of
other C/EBP proteins activity [24,25]. The C/EBP family exerts a controlling influence on
the terminal differentiation of adipocytes and participates in the differentiation of other
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tissues [26]. DDIT3 binds to C/EBPf to form an inactive heterodimer that blocks the
binding activity of C/EBPf3 to DNA, leading to loss of the adipocyte phenotype [27].

There are at least 12 variant types of FUS fusions with DDIT3 identified to date [28].
The most prevalent among these is FUS::DDIT3 type 2 (FUS exon 5 fuses to DDIT3 exon 2),
followed by type 1 (FUS exon 7 fuses to DDIT3 exon 2) and type 3 (FUS exon 8 fuses to
DDIT3 exon 2) [29] (Figure 1B). However, these variants in the FUS::DDIT3 structure did
not significantly affect the level of adipogenesis and clinical outcomes such as histologic
grades and survival rate [30].

FUS::DDITS3 has a significant association with the formation of human MLS, and a
series of in vitro and in vivo studies have demonstrated that FUS::DDIT3 is a driver of
MLS. Pérez-Losada J et al. [31] transfected the FUS::DDIT3 gene into the mouse genome
and observed an elevated expression of FUS::DDIT3 and most of the symptoms of MLS,
confirming that FUS::DDIT3 overexpression is a determinant of MLS in humans. This is also
the first in vivo evidence of a connection between fusion genes generated by chromosomal
translocations and MLS in humans. Furthermore, Nicolo Riggi et al. [32] found that
expression of the FUS::DDIT3 fusion protein in primary mesenchymal progenitor cells
could establish MLS models. In another study, Rodriguez R et al. [33] expressed FUS::DDIT3
fusion protein in immortalized /transformed human mesenchymal stem cells, driving the
formation of MLS. It has been observed in various studies that the FUS::DDIT3 fusion
protein can prevent the differentiation of adipocytes and promote the growth, invasion,
and migration of MLS [34,35].

3. Role and Mechanism of FUS::DDIT3 in MLS
3.1. Subsection FUS::DDIT3 and Adipocyte Differentiation

Adipogenesis consists of two phases: commitment and differentiation. The commit-
ment is the mesenchymal stem cells (MSCs) differentiation into preadipocytes, which are
morphologically similar to MSCs but lose the ability to differentiate into other cells. The
differentiation is the stage in which preadipocytes differentiate into mature adipocytes.
The differentiation of preadipocytes into mature adipocytes involves three stages: growth
arrest, mitotic clonal expansion (MCE), and terminal differentiation [36].

Histologically, MLS is characterized by the prominent myxoid stroma and branching
vessels. There is a proliferation of small, round-to-oval-shaped, non-adipocytic mesenchy-
mal cells mixed with variable numbers of immature lipoblasts of different stages set in
stroma [1]. Lipoblasts are conceptually the precursor or immature form of adipocytes
and are histologically defined as mononuclear or multinucleated cells containing lipid
droplets [37]. FUS::DDIT3 inhibits the process of adipogenic differentiation, which explains
the primitive adipocytic morphology in MLS.

Differentiation of preadipocytes to adipocytes is regulated by a network of transcrip-
tion factors that centers on two major adipogenic factors, PPAR y and C/EBP«, which
regulate each other’s expression and are involved in a single pathway of adipogenesis,
with PPAR vy being the dominant factor [38]. FUS::DDIT3 prevents the differentiation of
preadipocytes to adipocytes by repressing the active sequences of the PPAR y and C/EBP«x
promoters and thereby inhibiting their expression, resulting in the accumulation of im-
mature adipocytes of different stages. In addition, FUS::DDIT3 induces the expression
of eukaryotic translation initiation factor elF4E, which converts C/EBP« to the truncated
p30-C/EBP« isoform, negatively affecting adipocyte differentiation and contributes to
the attenuation of the positive feedback loop between C/EBP« and PPAR v, further at-
tenuating the normal adipocyte differentiation program [35] (Figure 2B). During adipose
differentiation, C/EBPP and C/EBP ¢ of the C/EBP family are expressed earlier than PPAR
v and C/EBP« and regulate the expression of both. The basic leucine zipper domain of
FUS::DDIT3 heterodimerizes with C/EBPf, directly preventing the binding and transacti-
vation of C/EBP3 to its target genes and inhibiting C/EBP{3-mediated adipogenesis [39]
(Figure 2A).
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Figure 2. FUS::DDIT3 inhibits adipogenesis. (A) Normal mesenchymal stem cells differentiation
program and relative regulation of adipogenic factors. C/EBP{ and C/EBP? regulate the expression
of PPARy and C/EBPa. PPARY activates the promoter of the gene encoding C/EBP«x and vice
versa, creating a positive feedback loop. (B) FUS::DDIT3 blocks adipogenesis via the three main
signal pathways: (i) inhibiting PPARy and C/EBP« translation; (ii) preventing the combination of
C/EBPp homodimers and BAF complex; (iii) FUS::DDIT3 co-localizes and physically binds to YAP1
and TEAD in the nucleus, and together they drive IGF2 expression, leading to an IGF-II/IGF-IR
transactivation loop.
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BAF (BRG1/BRM-associated factor) complex, or mSWI/SNF complex, an ATP-dependent
chromatin remodeling complex, is also an important target for FUS::DDIT3-induced MLS
in addition to PPAR vy and C/EBP«. ATP-dependent chromatin remodeling is an important
mechanism of DNA compaction and decompaction within the nucleus, ensuring that DNA
in chromatin has functions involved in replication, selective gene expression, DNA damage
repair, and recombination [40]. The BAF complex also regulates normal gene expression by
an antagonistic interaction with polycomb repressive complex 2 (PRC2) [41]. The normal
BAF complex interacts with the adipogenic factors PPAR vy and C/EBP and is involved in
gene activation at the early and late stages of adipocyte differentiation, which is necessary
for normal adipocyte differentiation. The BAF complex engages in an interaction with
the transactivation element III (TE-III) of C/EBPx and is involved in C/EBPx-mediated
adipogenesis. Additionally, BAF chromatin remodeling enzymes are indispensable for
the activation of the adipogenic gene program by C/EBPx or C/EBPf [42,43]. During
adipogenesis, BAF may activate PPAR vy regulators and lipogenic marker genes that are
subsequently expressed during differentiation by promoting the function of the preinitiation
complex (PIC) [43]. Recent studies support the idea that FUS::DDIT3 drives competition
between the generation of C/EBPf homodimers and FUS::DDIT3-C/EBPf{ heterodimers
in MLS. FUS::DDIT3 expression attenuates the formation of C/EBP{3 homodimers that
bind to enhancers and target BAF complexes, which inhibits C/EBPf3 chromatin binding
and C/EBPf-mediated recruitment of the BAF complex, leading to reduced chromatin
activation and decreased expression of adipose genes (genes central to lipid, cholesterol,
and steroid biosynthesis, such as IRS1, LPIN1, and STAT5B) and upregulated expression
genes associated with cell cycle and growth pathway (e.g., CXCLS8, TRIB3, and PTX3) [44]
(Figure 2B).

In addition to the above two pathways, FUS::DDIT3 also blocks adipogenesis by
regulating the Hippo pathway [45]. The Hippo pathway is a highly conserved kinase
cascade that regulates organ size and cell differentiation, and the transcriptional coactivator
Yes-associated protein 1 (YAP1) is a transcription regulator and effector molecule of this
pathway involved in tissue growth and tumorigenesis [46]. When serine/threonine kinase
MST1/2 and large tumor suppressor 1/2 (LATS1/2) kinases are active, the Hippo pathway
is turned on, which leads to cytoplasmic retention and proteasomal degradation of YAP1;
conversely, when Hippo signaling is “off”, YAP1 translocates to the nucleus and binds to
transcription factors (e.g., TEAD), thereby regulating the expression of target genes [47].
Research has demonstrated a strong correlation between the enhanced activity of YAP1 and
the development of MLS, and inhibition of its activity can effectively inhibit the growth of
MLS, which is realized through FUS::DDIT3 [46]. However, recurrent genetic alterations
affecting components of the Hippo pathway have not been identified in MLS [48]. Further
signaling pathway studies have revealed that FUS::DDIT3 drives IGF2 expression, leading
to an IGF-II/IGF-IR transactivation loop [49]. FUS::DDIT3-mediated IGF-IR/PI3K/AKT
signaling leads to the closure of the Hippo pathway, and downstream unphosphorylated
YAP1 translocates to the nucleus. FUS::DDIT3 co-localizes and physically binds to YAP1 and
TEAD in the nucleus, and together, they regulate the expression of oncogenes associated
with proliferation, cell cycle progression, apoptosis, and adipogenesis, and prevent terminal
adipogenic differentiation [50] (Figure 2B). In addition, YAP1 regulates the proliferation
and differentiation of preadipocytes by altering the expression of PPAR vy. It was found
that overexpression of YAP1 inhibited the expression of PPAR v, thereby inhibiting the
differentiation of preadipocytes [51].

3.2. FUS::DDIT3 and the Growth of MLS

Cyclin-dependent kinases (CDKs) control the transition between different cell cycles
and participate in the proliferation and growth of tumor cells through cell cycle regulation,
playing a key role in tumor pathogenesis [52]. Cell cycle proteins are categorized according
to their expression and involvement in cell cycle control: cyclin E, which is involved in
G1/S control; cyclin A (S-phase) and cyclin B (M-phase); cyclin D, which controls the
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entry of the cell cycle into the G1 phase [53]. FUS::DDIT3 regulates the growth of MLS
by affecting cell cycle progression. Normally, DDIT3 is transcribed at low levels but is
elevated under cellular stress conditions and is involved in the stress response and cancer
process by inducing cell cycle arrest and apoptosis [25]. In MLS cell lines, FUS::DDIT3 has
a role opposite to that of DDIT3. DDIT3 acts at the G1/S checkpoint to cause cell growth
arrest, whereas its fusion protein, FUS::DDIT3, not only fails to cause growth arrest but also
hinders the action of DDIT3 and thus plays a role in MLS development [54].

In MLS cell lines, strong overexpression of cyclin D1 and E related to the G1 cell cycle
and their associated kinases CDK2 and CDK4 have been detected, whereas cyclin A specific
for the S and G2 phases of the cell cycle is lowly expressed in these tumors. Cell cycle
dysregulation may constitute a significant factor in the pathogenesis of MLS, and evidence
suggests that FUS::DDIT3 is implicated in this dysregulation [55]. FUS::DDIT3 binds to cell
cyclin-dependent kinase 2 (CDK2) via the DDIT3 portion. CDK2 translocates to nuclear
structures defined by FUS::DDIT3, and the interaction between the two alters the binding
affinity of CDK2, which can lead to altered phosphorylation patterns and regulation of
cytoskeletal or other proteins [56]. In addition, CDK4 was found to be overexpressed in
MLS [57]. The CDK4 gene, located on chromosome 12q13, encodes a protein that acts
as an intermediary between extracellular signaling pathways and the cell cycle. When
CDK4 binds to cyclin D, it promotes DNA synthesis and cell proliferation [58]. FUS::DDIT3
inhibits miR-486 expression, thereby promoting CDK4 expression and regulating MLS
cell proliferation and apoptosis via the miR-486/CDK4 axis [59] (Figure 3). The impact of
FUS::DDITS3 on cell cycle regulation requires further investigation to analyze the effects of
FUS::DDIT3 on individual cell cycle regulators.

Interleukin-24 (IL-24) is a cytokine with potential antitumor effects that can affect a
wide range of cancers. IL-24 selectively inhibits tumor cell growth, invasion, metastasis,
and angiogenesis, induces cancer-selective apoptosis, stimulates the anticancer immune
response, sensitizes cancer cells to treatment, and exerts antitumor effects through multiple
pathways [60]. In MLS, IL-24 expression is decreased, and knockdown of FUS::DDIT3
results in increased IL-24 expression and inhibition of tumor cell growth [61]. Mechanically,
the proteoglycan 4 (PRG4), also known as the downstream of the liposarcoma-associated
fusion oncoprotein 54 (DOL54), is one of the downstream molecules of FUS::DDIT3 [62].
And in MLS, the presence of PRG4 has been observed to sustain the proliferation of tumor
cells, which is achieved through the suppression of IL-24, a cytokine known for its antitumor
properties [63] (Figure 3).

In addition, as mentioned previously, the IGF-IR /PI3K/ Akt pathway is activated in
MLS. The activation mechanisms include increased IGF-1R and activation of the PIK3CA
mutation [64]. MLS cell proliferation and viability are significantly dependent on PI3K-
mediated signaling, both in vitro and in vivo [65]. In contrast, overexpression of FUS::DDIT3
induces the activation of aberrant IGF-IR/PI3K/ Akt signaling activity. mTOR, a down-
stream target of Akt, exhibits increased levels of phosphorylation in MLS [49]. The mTOR
signaling pathway, frequently activated in tumors, has a significant impact on tumor
metabolism, cell proliferation, and immune cell differentiation [66]. Aberrant activation
of the IGF-IR/PI3K/ Akt pathway seems to contribute to the activation of mTOR, which
results in the growth and proliferation of MLS tumor cells (Figure 3).

In addition to the three ways mentioned above, cancer stem cells (CSC) are a small
subpopulation of cells within a tumor, possessing the capabilities of self-renewal, differenti-
ation, and tumor formation. CSCs are involved in tumor development, cell proliferation,
and metastatic dissemination and demonstrate resistance to chemotherapy and radiother-
apy [67]. MLS contains CSC-like cells that form non-adherent spheroids, exocytose Hoechst
dye, and resist chemotherapeutic agents; the JAK-STAT pathway is active in MLS and
regulates the size of CSC-like subpopulations [68]. Subsequent studies have confirmed that
FUS::DDIT3 expression leads to aberrant activation of the JAK-STAT pathway through its
interaction with phosphorylated STAT3 (pSTAT3) and that SWI/SNF and PRC2 complexes
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may be implicated in this pathway. The clinical significance of JAK-STAT in MLS treatment
remains to be determined by further studies [69] (Figure 3).

I I __ Cytokine
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Figure 3. FUS::DDIT3 promotes MLS growth. FUS::DDIT3 is involved in IGF-IR/PI3K/AKT and
JAK/STAT signaling pathways, miR-486/CDK4 axis, and IL-24 expression to promote MLS growth.

3.3. FUS::DDIT3 and Metastasis of MLLS

MLS, with a high incidence of bone metastases, which is associated with FUS::DDIT3
fusion, exhibits a distinct metastatic pattern in contrast to other soft tissue sarcomas [70].
Matrix metalloproteinases (MMPs) are a class of enzymes that play a role in tissue remod-
eling and repair, degradation of extracellular matrix (ECM) components, and promotion
of tumor cell invasion and proliferation [71]. FUS::DDIT3 transactivates the MMP-2 and
MMP-9 promoters, and this activation is mainly mediated by AP-1, NF-«B, and C/EBP-f3
sites of two matrix metalloproteinases [72]. FUS::DDIT3 induces MLS metastasis through
enhanced transcriptional activation of two matrix metalloproteinases, and MMP-2, in
particular, is crucial for FUS::DDIT3-mediated cell migration and invasion (Figure 4).

SRC and focal adhesion kinase (FAK) are non-receptor tyrosine kinases. The SRC-
FAK pathway is activated in a variety of tumors and generates signals that lead to tumor
growth and metastasis [73]. Subject to various stimuli, including integrins, FAK undergoes
autophosphorylates at specific tyrosine (Y) residue Y397, leading to the formation of a
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binding site with a strong affinity for SRC, which in turn triggers autophosphorylation
of SRC at Y419. Once fully activated, SRC can enhance the activation of FAK through
phosphorylation of its C-terminal and catalytic domains [74]. Rho GTPases, functioning as
molecular switches, alternate between an active state when bound to GTP and an inactive
state when bound to GDP, regulating actomyosin polymerization and organization into
distinct cytoskeletal structures, which is crucial for cell migration [75]. It is found that
FUS::DDIT3 increases the phosphorylation level of SRC and FAK and the overall protein
level of FAK. SRC/FAK is an upstream mediator of RHO/ROCK signaling activation,
and RHO further activates RHO-associated coiled-coil-containing protein kinase (ROCK),
leading to elevated levels of phosphorylation of myosin light chain 2 (MLC2), which
promotes the contractile capacity of actomyosin and thus facilitates MLS invasion [76].
Mechanistic studies on the activation of the SRC/FAK/RHO/ROCK signaling axis by
FUS::DDIT3 to promote MLS metastasis provide a theoretical basis for its therapeutic
strategy (Figure 4).

Integrin
heterodimers
Growth-factor
receptors
FAK
SRC 0 A
.- FUS:DDIT3

S0000C000C

SN e

IS S
MMP-2 —— MMP-9 \

e -

Actomyosin Contraction

Degrade ECM

|

Figure 4. FUS:DDIT3 promotes MLS metastasis. The mechanisms by which FUS::DDIT3 pro-
motes MLS metastasis include increasing the expression of matrix metalloproteinases, activating
the SRC/FAK/RHO/ROCK signaling axis, and inducing the expression of PAI-1 by inhibiting the
expression of miR-486.
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Plasminogen activator inhibitor-1 (PAI-1) is a target gene of miR-486. It controls protein
hydrolysis activity and cell migration during angiogenesis, and its high level of expression
promotes tumor invasion and angiogenesis [77]. MiRNAs regulate biological processes
by negatively regulating the expression of target genes at the mRNA level [78]. In MLS,
FUS::DDIT3 can induce PAI-1 expression by inhibiting miR-486 expression, thus promoting
tumor metastasis [79] (Figure 4).

4. DDIT3 Detecting in MLS

The abnormal expression of DDIT3 may induce adipocyte differentiation and block
the late stage of adipogenesis. Most well-differentiated /dedifferentiated liposarcoma
(WDLS/DDLS) cases contain amplified fragments of chromosome 12q13-15, which con-
tains DDIT3. MLS carries a rearranged DDIT3 fused with FUS or EWSR1 [80]. Mantilla JG
et al. [81] have observed DDIT3 amplification in 33% of dedifferentiated liposarcoma cases
and was significantly associated with the presence of myxoid liposarcoma-like features com-
pared with cases without amplification. The forced expression of FUS::DDIT3 and normal
DDIT3 induced the transformation of HT1080 cells into MLS-like morphology, including
the morphology of capillary network similar to MLS and gene expression pattern [82].

Fluorescence in situ hybridization (FISH) detection of DDIT3 gene rearrangement has
been used in clinical practice and has become the gold standard for molecular diagnosis
of MLS [83]. However, the FISH detection method is expensive. Reverse transcription
polymerase chain reaction (RT-PCR) is commonly used to detect gene fusion. However,
there are at least 14 different FUS::DDIT3 and EWSR1::DDIT3 variants, making it difficult to
diagnose MLS [84]. Some studies have reported that DDIT3 immunohistochemistry (IHC)
has high specificity and sensitivity in MLS.

FUS::DDITS3 has the peptide sequence corresponding to the normally untranslated
DDIT3 exon 2 and parts of exon 3 (5'-UTR). Oikawa K et al. [85] have generated monoclonal
antibodies against this unique peptide sequence, which can react with FUS::DDIT3 fusion
proteins but not react with normal FUS and DDIT3 proteins by Western blot analysis.
DDIT3 IHC can recognize almost all variants of FUS::DDIT3 (except type 4). In most MLS
cases, diffuse nuclear staining of tumor cells can be observed, and non-tumor cells, such
as endothelial cells, are not identified [86]. It recognizes the N-terminus of DDIT3, so
regardless of the fusion partner (FUS or EWSR1), the antibody is expected to recognize
tumor-specific oncoproteins. Compared with FISH and RT-PCR techniques used to identify
DDIT3 rearrangements, IHC may provide a faster and cheaper diagnostic confirmation
method [87]. High-grade MLS (round-cell liposarcoma) with pure round-cell morphology
may be difficult to distinguish from other round-cell sarcomas. DDIT3 IHC can distinguish
high-grade MLS from other round-cell sarcomas with a sensitivity of 96% and a specificity
of 98% [88]. MLS, even high-level round-cell cases, have uniform karyotypes. A few
MLSs showed nuclear pleomorphism and would be confused with other sarcoma types.
DDIT3 analysis will solve this problem because these sarcoma types do not have DDIT3
fusion [89]. However, the focal expression of DDIT3 occurs in 1.5-5% of non-MLS tumors
and is difficult to define. The significance of focal staining needs to be considered according
to the specific situation [86].

5. FUS::DDIT3-Mediated Targeted Drugs

The primary treatment for MLS is radical surgery and radiotherapy. Although MLS
is more sensitive to chemotherapy than other types of liposarcoma, the treatment options
remain limited for patients with recurrent and metastatic conditions [90]. MLS has few mu-
tations aside from the FUS::DDIT3 fusion, making targeting FUS::DDIT3 or its downstream
regulators an effective therapeutic strategy [91] (Table 1).
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Table 1. Drugs targeting FUS::DDIT3 and its downstream regulators.

Clinical or Preclinical

Drugs Target Singling Pathway Experiment
Trabectedin FUS::DDIT3 / Phase I/1I (NCT02275286)
Pioglitazone PPARYy / Phase II (NCT04794127)
Phase I (NCT00408434)
Efatutazone PPARy / Phase IT (NCT02249949)
e Phase I
Itacitinib JAK JAK-STAT (NCT03670069)
Verteporfin YAP1 Hippo Vivo and vitro experiments
Picropodophyllin (PPP) IGF-IR IGF-IR/PI3K/AKT Vivo and vitro experiments
Buparlisib (BKM120) PI3K IGF-IR/PI3K/AKT Vivo and vitro experiments
Ruxolitinib JAK JAK-STAT Vitro experiment
Dasatinib SRC SRC/FAK/RHO/ROCK Vitro experiment
NVP-AEW541 IGF-IR IGF-IR/PI3K/AKT Vivo and vitro experiments
PF-573228 FAK SRC/FAK/RHO/ROCK Vitro experiment
RKI-1447 ROCK SRC/FAK/RHO/ROCK Vitro experiment

This table summarizes information on drugs under clinical and preclinical experiments targeting FUS::DDIT3 and
its downstream regulators.

5.1. Drugs under Clinical Experiments Targeting FUS::DDIT3 and Its Downstream Regulators

Clinically, anthracyclines are used for first-line treatment in advanced and metastatic
MLS [92,93]. Trabectedin is a second-line therapeutic agent for MLS with favorable results in
cases of advanced MLS cases that fail standard therapy [94]. Trabectedin also has a favorable
risk/efficacy profile in combination with other drugs [95]. In advanced metastatic cases, the
combination of trabectedin with low-dose radiation therapy has an excellent remission rate
(NCT02275286) [96]. Some clinical trials have demonstrated that this combination could
potentially serve as an alternative to anthracycline-based chemotherapy in MLS [97,98].
Trabectedin is a multifunctional oncostatic drug, and one of its main targets of action is
FUS::DDIT3 [99]. It blocks the binding of FUS::DDIT3 to the DNA promoter, reduces the
oncoproteins FUS:DDIT3 type I and 1I, activates the expression of the lipogenic factors
¢/EBP « and f3, and stimulates the reaction of adipogenesis and the re-emergence of mature
lipogenic cells [100].

However, some studies have identified trabectedin resistance. Uboldi S et al. [101]
established the first trabectedin-resistant MLS cell line, 402-91/ET. In this resistant cell line,
trabectedin failed to activate the transcription of adipogenesis-related genes (e.g., c/EBPo
and f). In a mouse model of human MLS, one of the reasons for resistance was found to
be the loss of 4p15.2, 4p16.3, and 17q21.3 chromatin as a result of prolonged treatment,
and the downregulation of the expression of genes in these chromatin bands [102]. For
example, the UVSSA (UV-stimulated scaffolding protein A) gene on 4p16.3 plays a role
in a process called transcription-coupled nucleotide excision repair (TC-NER). The loss of
UVSSA leads to defects in TC-NER, which is crucial for active genes such as those involved
in trabectedin-induced adipogenesis. This leads to a deregulation of the pathway, leading
to resistance of cancer cells to trabectedin [103].

5.2. Drugs under Preclinical Experiments Targeting FUS::DDIT3 and Its Downstream Regulators

PPARYy (peroxisome proliferator-activated receptor gamma) carries out the central
role in adipogenesis and can be reduced by FUS::DDIT3. The use of ligands for PPAR vy
induces terminal differentiation of liposarcoma cells and thus represents a new approach to
liposarcoma treatment [104]. Pioglitazone, a member of the thiazolidinedione (TDZ) class
of antidiabetic drugs, functions as an agonist ligand for PPAR . It binds to PPARy and acts
as a potent regulator of adipocyte development [105]. Pioglitazone reactivates adipocyte
differentiation. In a mouse model, the combination of pioglitazone and trabectedin was
employed to counteract resistance to trabectedin treatment for MLS [106]. The clinical trial
of pioglitazone in combination with trabectedin for MLS, NCT(04794127, is in phase II. In



Biomolecules 2024, 14, 1297

12 0of 17

addition, a patient with advanced metastatic MLS did well with efatutazone, also a PPAR
v agonist (NCT00408434) [107]. A clinical trial (NCT02249949) is applying efatutazone
hydrochloride (efatutazone dihydrochloride) to treat patients with previously treated MLS
that is not amenable to surgical removal. What is more, combining trabectedin with PPARy
agonists shows the possibility of treatment. Rosiglitazone enhanced trabectedin-induced
adipogenesis and survival in an MLS mouse model [108].

FUS::DDITS3 closes the Hippo pathway, and downstream, YAP1 translocates to the
nucleus, regulating gene expression with FUS::DDIT3. YAP1 has been identified as a
molecular target for therapeutic intervention in MLS, and pharmacological inhibition
of YAP1 activity with verteporfin has been demonstrated to inhibit MLS cell viability
both in vitro and in vivo [45]. Overexpression of FUS::DDIT3 leads to activation of IGF-
IR/PI3K/ Akt signaling. The IGF-IR ATP inhibitor, NVP-AEW541, and the IGF-IR non-ATP
inhibitor, PPP, induce apoptosis and decrease mitogenic activity. This results in reduced
cellular activity in MLS cell lines and a decrease in tumor volume in an in vivo model
of chick CAM for MLS [49]. The PI3K inhibitor buparlisib (BKM120) reduces MLS cell
viability in vitro by inducing apoptosis and has been confirmed in an animal model with
a significant reduction in tumor volume [65]. Dolatabadi S et al. [68] have found that a
subpopulation with cancer stem cell (CSC) characteristics existed in MLS and that JAK-
STAT signaling was active in MLS cell lines and regulated CSC characteristics, leading to
the development of drug resistance in the tumor cells; the use of ruxolitinib, an inhibitor
of JAK-STAT, can reduce the number of CSC-characteristic chemoresistant cells. The
combination of ruxolitinib with the chemotherapeutic agent adriamycin for the treatment
of targeted proliferating cells and cells with CSC characteristics provides a new means of
circumventing chemoresistance in the treatment of MLS patients [69]. The clinical study of
JAT inhibitor itacitinib treating advanced or metastatic sarcoma (including MLS) is in the
first stage (NCT03670069).

Willems SM et al. [109] have found that Src pathway activation-associated kinases are
active in MLS. SRC inhibitor dasatinib reduces the viability of MLS cells and shows additive
effects with cytotoxic drugs [110]. Inhibition of the SRC/FAK/RHO/ROCK signaling axis,
achieved through the use of SRC inhibitor dasatinib and the FAK inhibitor PF-573228,
reduces MLS invasiveness and prevents the invasion of CSC-rich subpopulations, thereby
decreasing the self-renewal and invasive potential of MLS; furthermore, the ROCK inhibitor
RKI-1447 has been shown to completely abrogate invasion in cells expressing FUS::DDIT3.

6. Conclusions and Perspectives

After three decades of research, it has been demonstrated that the FUS::DDIT3 fusion
protein is a key protein in the development of MLS. A large number of experimental studies
have shown that FUS::DDIT3 fusion proteins can affect tumor development by regulating
the proliferation, differentiation, invasion, migration, and other biological functions of MLS
cells, but the detailed regulatory mechanisms and closely related signaling pathways need
to be further investigated. Currently, there are fewer drugs for MLS, especially metastatic
MLS, and numerous MLS-related drugs are in the preclinical or experimental stage of
research, which still need to be put into large-scale animal experiments and clinical trials.
However, the study of the FUS::DDIT3 fusion protein and its related signaling pathway,
as well as the study of targeted drugs against this fusion protein and the corresponding
signaling pathway proteins, will be an important direction for the research of MLS and its
treatment.

Author Contributions: Conceptualization, J.L., N.J. and Q.C.; writing—original draft preparation,
X.H. (Xutong Hou) and W.S.; writing—review and editing, X.H. (Xutong Hou), W.S., W.L., Y.L. and
X.H. (Xuelin Huang); supervision, J.L. and N.J. All authors have read and agreed to the published
version of the manuscript.



Biomolecules 2024, 14, 1297 13 of 17

Funding: This work was supported by the Key Project of the Science and Technology Department
of Sichuan Province (2022YFS0003), the CAMS Innovation Fund for Medical Sciences (CIFMS, 2019-
12M-5-004).

Acknowledgments: We would like to thank the authors of these original studies on this topic included
in our review.

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

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

International Agency for Research on Cancer. Soft Tissue and Bone Tumours; International Agency for Research on Cancer: Lyon,
France, 2020.

Lansu, J.; Van Houdt, W.].; Schaapveld, M.; Walraven, I.; Van de Sande, M.A.].; Ho, V.K.Y,; Haas, R.L. Time Trends and Prognostic
Factors for Overall Survival in Myxoid Liposarcomas: A Population-Based Study. Sarcoma 2020, 2020, 2437850. [CrossRef]
[PubMed]

Diirr, H.R.; Rauh, J.; Baur-Melnyk, A.; Knosel, T.; Lindner, L.; Roeder, F.; Jansson, V.; Klein, A. Myxoid liposarcoma: Local relapse
and metastatic pattern in 43 patients. BMC Cancer 2018, 18, 304. [CrossRef] [PubMed]

Aman, P; Ron, D.; Mandahl, N.; Fioretos, T.; Heim, S.; Arheden, K.; Willén, H.; Rydholm, A.; Mitelman, F. Rearrangement of
the transcription factor gene CHOP in myxoid liposarcomas with t(12;16)(q13;p11). Genes Chromosomes Cancer 1992, 5, 278-285.
[CrossRef] [PubMed]

Lee, A.T.J.; Thway, K.; Huang, PH.; Jones, R.L. Clinical and Molecular Spectrum of Liposarcoma. J. Clin. Oncol. 2018, 36, 151-159.
[CrossRef]

Li, Y.;; Roberts, N.D.; Wala, J.A.; Shapira, O.; Schumacher, S.E.; Kumar, K.; Khurana, E.; Waszak, S.; Korbel, ].O.; Haber, J.E.; et al.
Patterns of somatic structural variation in human cancer genomes. Nature 2020, 578, 112-121. [CrossRef]

Gao, Q.; Liang, W.-W.; Foltz, S.M.; Mutharasu, G.; Jayasinghe, R.G.; Cao, S.; Liao, W.-W.; Reynolds, S.M.; Wyczalkowski, M. A ;
Yao, L.; et al. Driver Fusions and Their Implications in the Development and Treatment of Human Cancers. Cell Rep. 2018, 23,
227-238.e223. [CrossRef]

Law, W.J.; Cann, K.L.; Hicks, G.G. TLS, EWS and TAF15: A model for transcriptional integration of gene expression. Brief Funct.
Genom. Proteomic 2006, 5, 8—14. [CrossRef]

Aman, P. Chromosomal Translocations and Genome Rearrangements in Cancer, 1st ed.; Rowley, ].D., Le Beau, M.M., Rabbitts, T.H.,
Eds.; Springer International Publishing: Berlin/Heidelberg, Germany, 2015; pp. 321-331.

Salokas, K.; Dashi, G.; Varjosalo, M. Decoding Oncofusions: Unveiling Mechanisms, Clinical Impact, and Prospects for Personal-
ized Cancer Therapies. Cancers 2023, 15, 3678. [CrossRef]

Nikanjam, M.; Okamura, R.; Barkauskas, D.A.; Kurzrock, R. Targeting fusions for improved outcomes in oncology treatment.
Cancer 2020, 126, 1315-1321. [CrossRef]

Briimmendorf, T.H.; Cortes, ].E.; Milojkovic, D.; Gambacorti-Passerini, C.; Clark, R.E.; le Coutre, P.; Garcia-Gutierrez, V.; Chuah,
C.; Kota, V; Lipton, ].H.; et al. Bosutinib versus imatinib for newly diagnosed chronic phase chronic myeloid leukemia: Final
results from the BFORE trial. Leukemia 2022, 36, 1825-1833. [CrossRef]

Shaw, A.; Riely, G.; Bang, Y.-].; Kim, D.-W.; Camidge, D.; Solomon, B.; Varella-Garcia, M.; Iafrate, A.; Shapiro, G.; Usari, T.; et al.
Crizotinib in ROS1-rearranged advanced non-small-cell lung cancer (NSCLC): Updated results, including overall survival, from
PROFILE 1001. Ann. Oncol. 2019, 30, 1121-1126. [CrossRef] [PubMed]

Hong, D.S.; DuBois, S5.G.; Kummar, S.; Farago, A.F,; Albert, C.M.; Rohrberg, K.S.; van Tilburg, C.M.; Nagasubramanian, R.; Berlin,
J.D.; Federman, N.; et al. Larotrectinib in patients with TRK fusion-positive solid tumours: A pooled analysis of three phase 1/2
clinical trials. Lancet. Oncol. 2020, 21, 531-540. [CrossRef]

Thelin-Jarnum, S.; Goransson, M.; Burguete, A.S.; Olofsson, A; Aman, P. The myxoid liposarcoma specific TLS-CHOP fusion
protein localizes to nuclear structures distinct from PML nuclear bodies. Int. J. Cancer 2002, 97, 446-450. [CrossRef] [PubMed]
Davis, R.B.; Kaur, T.; Moosa, M.M.; Banerjee, PR. FUS oncofusion protein condensates recruit mSWI/SNF chromatin remodeler
via heterotypic interactions between prion-like domains. Protein Sci. 2021, 30, 1454-1466. [CrossRef] [PubMed]

Riggi, N.; Cironi, L.; Suva, M.; Stamenkovic, I. Sarcomas: Genetics, signalling, and cellular origins. Part 1: The fellowship of TET.
J. Pathol. 2007, 213, 4-20. [CrossRef]

Crozat, A.; Aman, P; Mandahl, N.; Ron, D. Fusion of CHOP to a novel RNA-binding protein in human myxoid liposarcoma.
Nature 1993, 363, 640-644. [CrossRef]

Pérez-Losada, J.; Sanchez-Martin, M.; Rodriguez-Garcia, M.A.; Pérez-Mancera, P.A ; Pintado, B.; Flores, T.; Battaner, E.; Sanchez-
Garcia, I. Liposarcoma initiated by FUS/TLS-CHOP: The FUS/TLS domain plays a critical role in the pathogenesis of liposarcoma.
Oncogene 2000, 19, 6015-6022. [CrossRef]

Schwartz, ].C.; Cech, T.R.; Parker, R.R. Biochemical Properties and Biological Functions of FET Proteins. Annu. Rev. Biochem. 2015,
84, 355-379. [CrossRef]

Lee, M.; Ghosh, U.; Thurber, K.R.; Kato, M.; Tycko, R. Molecular structure and interactions within amyloid-like fibrils formed by
a low-complexity protein sequence from FUS. Nat. Commun. 2020, 11, 5735. [CrossRef]


https://doi.org/10.1155/2020/2437850
https://www.ncbi.nlm.nih.gov/pubmed/33029074
https://doi.org/10.1186/s12885-018-4226-8
https://www.ncbi.nlm.nih.gov/pubmed/29558901
https://doi.org/10.1002/gcc.2870050403
https://www.ncbi.nlm.nih.gov/pubmed/1283316
https://doi.org/10.1200/JCO.2017.74.9598
https://doi.org/10.1038/s41586-019-1913-9
https://doi.org/10.1016/j.celrep.2018.03.050
https://doi.org/10.1093/bfgp/ell015
https://doi.org/10.3390/cancers15143678
https://doi.org/10.1002/cncr.32649
https://doi.org/10.1038/s41375-022-01589-y
https://doi.org/10.1093/annonc/mdz131
https://www.ncbi.nlm.nih.gov/pubmed/30980071
https://doi.org/10.1016/S1470-2045(19)30856-3
https://doi.org/10.1002/ijc.1632
https://www.ncbi.nlm.nih.gov/pubmed/11802205
https://doi.org/10.1002/pro.4127
https://www.ncbi.nlm.nih.gov/pubmed/34018649
https://doi.org/10.1002/path.2209
https://doi.org/10.1038/363640a0
https://doi.org/10.1038/sj.onc.1204018
https://doi.org/10.1146/annurev-biochem-060614-034325
https://doi.org/10.1038/s41467-020-19512-3

Biomolecules 2024, 14, 1297 14 of 17

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Tolomeo, M.; Grimaudo, S. The “Janus” Role of C/EBPs Family Members in Cancer Progression. Int. J. Mol. Sci. 2020, 21, 4308.
[CrossRef]

Hu, H,; Tian, M.; Ding, C.; Yu, S. The C/EBP Homologous Protein (CHOP) Transcription Factor Functions in Endoplasmic
Reticulum Stress-Induced Apoptosis and Microbial Infection. Front. Immunol. 2018, 9, 3083. [CrossRef] [PubMed]

Yang, Y.; Liu, L.; Naik, I.; Braunstein, Z.; Zhong, J.; Ren, B. Transcription Factor C/EBP Homologous Protein in Health and
Diseases. Front. Immunol. 2017, 8, 1612. [CrossRef]

Osman, A.; Lindén, M.; Osterlund, T.; Vannas, C.; Andersson, L.; Escobar, M.; Stéhlberg, A.; Aman, P. Identification of genomic
binding sites and direct target genes for the transcription factor DDIT3/CHOP. Exp. Cell Res. 2023, 422, 113418. [CrossRef]
Umek, RM.; Friedman, A.D.; McKnight, S.L. CCAAT-enhancer binding protein: A component of a differentiation switch. Science
1991, 251, 288-292. [CrossRef]

Tang, Q.Q.; Lane, M.D. Role of C/EBP homologous protein (CHOP-10) in the programmed activation of CCAAT/enhancer-
binding protein-beta during adipogenesis. Proc. Natl. Acad. Sci. USA 2000, 97, 12446-12450. [CrossRef] [PubMed]

Creytens, D. A contemporary review of myxoid adipocytic tumors. Semin. Diagn. Pathol. 2019, 36, 129-141. [CrossRef] [PubMed]
Bode-Lesniewska, B.; Frigerio, S.; Exner, U.; Abdou, M.T.; Moch, H.; Zimmermann, D.R. Relevance of translocation type in
myxoid liposarcoma and identification of a novel EWSR1-DDIT3 fusion. Genes Chromosomes Cancer 2007, 46, 961-971. [CrossRef]
Huang, H.Y.; Antonescu, C.R. Molecular variability of TLS-CHOP structure shows no significant impact on the level of adipogen-
esis: A comparative ultrastructural and RT-PCR analysis of 14 cases of myxoid/round cell liposarcomas. Ultrastruct. Pathol. 2003,
27,217-226. [CrossRef]

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

Riggi, N.; Cironi, L.; Provero, P,; Suva, M.-L,; Stehle, J.-C.; Baumer, K.; Guillou, L.; Stamenkovic, 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]

Rodriguez, R.; Tornin, J.; Suarez, C.; Astudillo, A.; Rubio, R.; Yauk, C.; Williams, A.; Rosu-Myles, M.; Funes, ].M.; Boshoff, C.;
et al. Expression of FUS-CHOP fusion protein in immortalized /transformed human mesenchymal stem cells drives mixoid
liposarcoma formation. Stem Cells 2013, 31, 2061-2072. [CrossRef] [PubMed]

Kuroda, M.; Ishida, T.; Takanashi, M.; Satoh, M.; Machinami, R.; Watanabe, T. Oncogenic transformation and inhibition of
adipocytic conversion of preadipocytes by TLS/FUS-CHOP type II chimeric protein. Am. J. Pathol. 1997, 151, 735-744. [PubMed]
Pérez-Mancera, P.A.; Bermejo-Rodriguez, C.; Sanchez-Martin, M.; Abollo-Jiménez, F.; Pintado, B.; Sanchez-Garcia, I. FUS-DDIT3
prevents the development of adipocytic precursors in liposarcoma by repressing PPARgamma and C/EBPalpha and activating
elF4E. PLoS ONE 2008, 3, €2569. [CrossRef] [PubMed]

Ambele, M.A.; Dhanraj, P; Giles, R.; Pepper, M.S. Adipogenesis: A Complex Interplay of Multiple Molecular Determinants and
Pathways. Int. J. Mol. Sci. 2020, 21, 4283. [CrossRef]

Hisaoka, M. Lipoblast: Morphologic features and diagnostic value. ]. UOEH 2014, 36, 115-121. [CrossRef]

Lee, J.-E.; Schmidt, H.; Lai, B.; Ge, K. Transcriptional and Epigenomic Regulation of Adipogenesis. Mol. Cell. Biol. 2019, 39,
€00601-e00618. [CrossRef]

Adelmant, G.; Gilbert, ].D.; Freytag, S.O. Human translocation liposarcoma-CCAAT /enhancer binding protein (C/EBP) homolo-
gous protein (TLS-CHOP) oncoprotein prevents adipocyte differentiation by directly interfering with C/EBPbeta function. J. Biol.
Chem. 1998, 273, 15574-15581. [CrossRef]

Reyes, A.A.; Marcum, R.D.; He, Y. Structure and Function of Chromatin Remodelers. ]. Mol. Biol. 2021, 433, 166929. [CrossRef]
Weber, C.M.; Hafner, A; Kirkland, J.G.; Braun, S.M.G.; Stanton, B.Z.; Boettiger, A.N.; Crabtree, G.R. mSWI/SNF promotes
Polycomb repression both directly and through genome-wide redistribution. Nat. Struct. Mol. Biol. 2021, 28, 501-511. [CrossRef]
Pedersen, T.; Kowenz-Leutz, E.; Leutz, A.; Nerlov, C. Cooperation between C/EBPalpha TBP/TFIIB and SWI/SNF recruiting
domains is required for adipocyte differentiation. Genes Dev. 2001, 15, 3208-3216. [CrossRef]

Salma, N.; Xiao, H.; Mueller, E.; Imbalzano, A.N. Temporal recruitment of transcription factors and SWI/SNF chromatin-
remodeling enzymes during adipogenic induction of the peroxisome proliferator-activated receptor gamma nuclear hormone
receptor. Mol. Cell. Biol. 2004, 24, 4651-4663. [CrossRef] [PubMed]

Zullow, H.J.; Sankar, A.; Ingram, D.R.; Guerra, D.D.S.; D’avino, A.R.; Collings, C.K; Lazcano, R.; Wang, W.-L.; Liang, Y.; Qi, J.;
et al. The FUS::DDIT3 fusion oncoprotein inhibits BAF complex targeting and activity in myxoid liposarcoma. Mol. Cell 2022, 82,
1737-1750.e1738. [CrossRef] [PubMed]

Trautmann, M.; Cheng, Y.; Jensen, P.; Azoitei, N.; Brunner, I.; Hiillein, J.; Slabicki, M.; Isfort, I.; Cyra, M.; Berthold, R.; et al.
Requirement for YAP1 signaling in myxoid liposarcoma. EMBO Mol. Med. 2019, 11, €9889. [CrossRef]

Kulkarni, A.; Chang, M.T.; Vissers, ].H.; Dey, A.; Harvey, K.F. The Hippo Pathway as a Driver of Select Human Cancers. Trends
Cancer 2020, 6, 781-796. [CrossRef] [PubMed]

Wei, Y,; Hui, V.L.Z; Chen, Y.; Han, R.; Han, X.; Guo, Y. YAP/TAZ: Molecular pathway and disease therapy. MedComm 2023, 4,
e340. [CrossRef]


https://doi.org/10.3390/ijms21124308
https://doi.org/10.3389/fimmu.2018.03083
https://www.ncbi.nlm.nih.gov/pubmed/30662442
https://doi.org/10.3389/fimmu.2017.01612
https://doi.org/10.1016/j.yexcr.2022.113418
https://doi.org/10.1126/science.1987644
https://doi.org/10.1073/pnas.220425597
https://www.ncbi.nlm.nih.gov/pubmed/11050169
https://doi.org/10.1053/j.semdp.2019.02.008
https://www.ncbi.nlm.nih.gov/pubmed/30853315
https://doi.org/10.1002/gcc.20478
https://doi.org/10.1080/01913120309917
https://doi.org/10.1038/sj.onc.1203572
https://doi.org/10.1158/0008-5472.CAN-05-3979
https://doi.org/10.1002/stem.1472
https://www.ncbi.nlm.nih.gov/pubmed/23836491
https://www.ncbi.nlm.nih.gov/pubmed/9284822
https://doi.org/10.1371/journal.pone.0002569
https://www.ncbi.nlm.nih.gov/pubmed/18596980
https://doi.org/10.3390/ijms21124283
https://doi.org/10.7888/juoeh.36.115
https://doi.org/10.1128/MCB.00601-18
https://doi.org/10.1074/jbc.273.25.15574
https://doi.org/10.1016/j.jmb.2021.166929
https://doi.org/10.1038/s41594-021-00604-7
https://doi.org/10.1101/gad.209901
https://doi.org/10.1128/MCB.24.11.4651-4663.2004
https://www.ncbi.nlm.nih.gov/pubmed/15143161
https://doi.org/10.1016/j.molcel.2022.03.019
https://www.ncbi.nlm.nih.gov/pubmed/35390276
https://doi.org/10.15252/emmm.201809889
https://doi.org/10.1016/j.trecan.2020.04.004
https://www.ncbi.nlm.nih.gov/pubmed/32446746
https://doi.org/10.1002/mco2.340

Biomolecules 2024, 14, 1297 15 0f 17

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Barretina, J.; Taylor, B.S.; Banerji, S.; Ramos, A.H.; Lagos-Quintana, M.; DeCarolis, P.L.; Shah, K.; Socci, N.D.; Weir, B.A.; Ho,
A.; et al. Subtype-specific genomic alterations define new targets for soft-tissue sarcoma therapy. Nat. Genet. 2010, 42, 715-721.
[CrossRef] [PubMed]

Trautmann, M.; Menzel, J.; Bertling, C.; Cyra, M.; Isfort, I.; Steinestel, K.; Elges, S.; Griinewald, 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]

Berthold, R; Isfort, ; Erkut, C.; Heinst, L.; Griinewald, I.; Wardelmann, E.; Kindler, T.; Aman, P; Griinewald, T.G.P; Cidre-Aranaz,
F,; et al. Fusion protein-driven IGF-IR/PI3K/AKT signals deregulate Hippo pathway promoting oncogenic cooperation of YAP1
and FUS-DDIT3 in myxoid liposarcoma. Oncogenesis 2022, 11, 20. [CrossRef]

Deng, K.; Ren, C.; Fan, Y,; Pang, ].; Zhang, G.; Zhang, Y.; You, P.; Wang, F. YAP1 regulates PPARG and RXR alpha expression to
affect the proliferation and differentiation of ovine preadipocyte. J. Cell. Biochem. 2019, 120, 19578-19589. [CrossRef]

Bury, M.; Le Calvé, B.; Ferbeyre, G.; Blank, V.; Lessard, F. New Insights into CDK Regulators: Novel Opportunities for Cancer
Therapy. Trends Cell Biol. 2021, 31, 331-344. [CrossRef]

Zabihi, M.; Lotfi, R.; Yousefi, A.-M.; Bashash, D. Cyclins and cyclin-dependent kinases: From biology to tumorigenesis and
therapeutic opportunities. J. Cancer Res. Clin. Oncol. 2023, 149, 1585-1606. [CrossRef]

Barone, M.V.; Crozat, A.; Tabaee, A.; Philipson, L.; Ron, D. CHOP (GADD153) and its oncogenic variant, TLS-CHOP, have
opposing effects on the induction of G1/S arrest. Genes Dev. 1994, 8, 453—464. [CrossRef]

Olofsson, A.; Willén, H.; Goransson, M.; Engstrom, K.; Meis-Kindblom, ].M.; Stenman, G.; Kindblom, L.-G.; Aman, P. Abnormal
expression of cell cycle regulators in FUS-CHOP carrying liposarcomas. Int. J. Oncol. 2004, 25, 1349-1355. [CrossRef]

Bento, C.; Andersson, M.K.; Aman, P. DDIT3/CHOP and the sarcoma fusion oncoprotein FUS-DDIT3/TLS-CHOP bind cyclin-
dependent kinase 2. BMC Cell Biol. 2009, 10, 89. [CrossRef] [PubMed]

Wang, T.; Goodman, M.A.; McGough, R.L.; Weiss, K.R.; Rao, UN.M. Immunohistochemical analysis of expressions of RB1, CDK4,
HSP90, cPLA2G4A, and CHMP2B is helpful in distinction between myxofibrosarcoma and myxoid liposarcoma. Int. J. Surg.
Pathol. 2014, 22, 589-599. [CrossRef]

Malumbres, M.; Barbacid, M. Cell cycle, CDKs and cancer: A changing paradigm. Nat. Rev. Cancer 2009, 9, 153-166. [CrossRef]
[PubMed]

Wu, H,; Xia, L.; Xu, H. Role of FUS-CHOP in Myxoid Liposarcoma via miR-486/CDK4 Axis. Biochem. Genet. 2022, 60, 1095-1106.
[CrossRef]

Modi, J.; Roy, A.; Pradhan, A.K.; Kumar, A.; Talukdar, S.; Bhoopathi, P.; Maji, S.; Mannangatti, P.; De La Rosa, D.S.; L, J.; et al.
Insights into the Mechanisms of Action of MDA-7/IL-24: A Ubiquitous Cancer-Suppressing Protein. Int. ]. Mol. Sci. 2021, 23, 72.
[CrossRef] [PubMed]

Oikawa, K.; Tanaka, M.; Itoh, S.; Takanashi, M.; Ozaki, T.; Muragaki, Y.; Kuroda, M. A novel oncogenic pathway by TLS-CHOP
involving repression of MDA-7 /IL-24 expression. Br. ]. Cancer 2012, 106, 1976-1979. [CrossRef]

Kuroda, M.; Wang, X.; Sok, J.; Yin, Y.; Chung, P; Giannotti, ].W.; Jacobs, K.A; Fitz, L.].; Murtha-Riel, P; Turner, K.J.; et al. Induction
of a secreted protein by the myxoid liposarcoma oncogene. Proc. Natl. Acad. Sci. USA 1999, 96, 5025-5030. [CrossRef]

Oikawa, K.; Mizusaki, A.; Takanashi, M.; Ozaki, T.; Sato, F.; Kuroda, M.; Muragaki, Y. PRG4 expression in myxoid liposarcoma
maintains tumor cell growth through suppression of an antitumor cytokine IL-24. Biochem. Biophys. Res. Commun. 2017, 485,
209-214. [CrossRef] [PubMed]

Demicco, E.G.; Torres, K.E.; Ghadimi, M.P.; Colombo, C.; Bolshakov, S.; Hoffman, A.; Peng, T.; Bovée, ] VM.G.; Wang, W.-L; Lev,
D.; et al. Involvement of the PI3K/Akt pathway in myxoid/round cell liposarcoma. Mod. Pathol. 2012, 25, 212-221. [CrossRef]
[PubMed]

Trautmann, M.; Cyra, M; Isfort, I; Jeiler, B.; Kriiger, A.; Griinewald, L; 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] [PubMed]

Zou, Z.; Tao, T,; Li, H.; Zhu, X. mTOR signaling pathway and mTOR inhibitors in cancer: Progress and challenges. Cell Biosci.
2020, 10, 31. [CrossRef]

Najafi, M.; Mortezaee, K.; Majidpoor, J. Cancer stem cell (CSC) resistance drivers. Life Sci. 2019, 234, 116781. [CrossRef]
Dolatabadi, S.; Jonasson, E.; Lindén, M.; Fereydouni, B.; Backsten, K.; Nilsson, M.; Martner, A.; Forootan, A.; Fagman, H.;
Landberg, G.; et al. JAK-STAT signalling controls cancer stem cell properties including chemotherapy resistance in myxoid
liposarcoma. Int. J. Cancer 2019, 145, 435-449. [CrossRef] [PubMed]

Dolatabadi, S.; Jonasson, E.; Andersson, L.; Santamaria, M.L.; Lindén, M.; Osterlund, T.; Aman, P; Stahlberg, A. FUS-DDIT3
Fusion Oncoprotein Expression Affects JAK-STAT Signaling in Myxoid Liposarcoma. Front. Oncol. 2022, 12, 816894. [CrossRef]
Schwab, J.H.; Boland, P.; Guo, T.; Brennan, M.E; Singer, S.; Healey, ]. H.; Antonescu, C.R. Skeletal metastases in myxoid
liposarcoma: An unusual pattern of distant spread. Ann. Surg. Oncol. 2007, 14, 1507-1514. [CrossRef]

de Almeida, L.G.; Thode, H.; Eslambolchi, Y.; Chopra, S.; Young, D.; Gill, S.; Devel, L.; Dufour, A. Matrix Metalloproteinases:
From Molecular Mechanisms to Physiology. Pathophysiol. Pharmacol. Pharmacol. Rev. 2022, 74, 712-768. [CrossRef]

Patil, N.; Rasheed, S.A K.; Abba, M.; Leupold, ].H.; Schwarzbach, M.; Allgayer, H. A mechanistic study on the metastasis inducing
function of FUS-CHOP fusion protein in liposarcoma. Int. . Cancer 2014, 134, 2808-2819. [CrossRef]


https://doi.org/10.1038/ng.619
https://www.ncbi.nlm.nih.gov/pubmed/20601955
https://doi.org/10.1158/1078-0432.CCR-17-0130
https://www.ncbi.nlm.nih.gov/pubmed/28637688
https://doi.org/10.1038/s41389-022-00394-7
https://doi.org/10.1002/jcb.29265
https://doi.org/10.1016/j.tcb.2021.01.010
https://doi.org/10.1007/s00432-022-04135-6
https://doi.org/10.1101/gad.8.4.453
https://doi.org/10.3892/ijo.25.5.1349
https://doi.org/10.1186/1471-2121-10-89
https://www.ncbi.nlm.nih.gov/pubmed/20017906
https://doi.org/10.1177/1066896914532539
https://doi.org/10.1038/nrc2602
https://www.ncbi.nlm.nih.gov/pubmed/19238148
https://doi.org/10.1007/s10528-021-10151-x
https://doi.org/10.3390/ijms23010072
https://www.ncbi.nlm.nih.gov/pubmed/35008495
https://doi.org/10.1038/bjc.2012.199
https://doi.org/10.1073/pnas.96.9.5025
https://doi.org/10.1016/j.bbrc.2017.02.055
https://www.ncbi.nlm.nih.gov/pubmed/28192118
https://doi.org/10.1038/modpathol.2011.148
https://www.ncbi.nlm.nih.gov/pubmed/22020193
https://doi.org/10.1158/1535-7163.MCT-18-0763
https://www.ncbi.nlm.nih.gov/pubmed/30787173
https://doi.org/10.1186/s13578-020-00396-1
https://doi.org/10.1016/j.lfs.2019.116781
https://doi.org/10.1002/ijc.32123
https://www.ncbi.nlm.nih.gov/pubmed/30650179
https://doi.org/10.3389/fonc.2022.816894
https://doi.org/10.1245/s10434-006-9306-3
https://doi.org/10.1124/pharmrev.121.000349
https://doi.org/10.1002/ijc.28638

Biomolecules 2024, 14, 1297 16 of 17

73.
74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Koudelkova, L.; Brabek, J.; Rosel, D. Src kinase: Key effector in mechanosignalling. Int. J. Biochem. Cell Biol. 2021, 13, 105908.
[CrossRef] [PubMed]

Tan, X.; Yan, Y,; Song, B.; Zhu, S.; Mei, Q.; Wu, K. Focal adhesion kinase: From biological functions to therapeutic strategies. Exp.
Hematol. Oncol. 2023, 12, 83. [CrossRef] [PubMed]

Pandya, P; Orgaz, J.L.; Sanz-Moreno, V. Modes of invasion during tumour dissemination. Mol. Oncol. 2017, 11, 5-27. [CrossRef]
Tornin, J.; Hermida-Prado, F; Padda, R.S.; Gonzalez, M.V.; Alvarez-Fernandez, C.; Rey, V.; Martinez-Cruzado, L.; Es-
tupifian, O.; Menendez, S.T.; Fernandez-Nevado, L.; et al. FUS-CHOP Promotes Invasion in Myxoid Liposarcoma through a
SRC/FAK/RHO/ROCK-Dependent Pathway. Neoplasia 2018, 20, 44-56. [CrossRef] [PubMed]

Kubala, M.H.; DeClerck, Y.A. The plasminogen activator inhibitor-1 paradox in cancer: A mechanistic understanding. Cancer
Metastasis Rev. 2019, 38, 483—-492. [CrossRef]

Saliminejad, K.; Khorram Khorshid, H.R.; Soleymani Fard, S.; Ghaffari, S.H. An overview of microRNAs: Biology, functions,
therapeutics, and analysis methods. J. Cell. Physiol. 2019, 234, 5451-5465. [CrossRef]

Borjigin, N.; Ohno, S.; Wu, W.; Tanaka, M.; Suzuki, R.; Fujita, K; Takanashi, M.; Oikawa, K.; Goto, T.; Motoi, T.; et al. TLS-CHOP
represses miR-486 expression, inducing upregulation of a metastasis regulator PAI-1 in human myxoid liposarcoma. Biochem.
Biophys. Res. Commun. 2012, 427, 355-360. [CrossRef]

Kébjorn Gustafsson, C.; Engstrom, K.; Aman, P. DDIT3 Expression in Liposarcoma Development. Sarcoma 2014, 2014, 954671.
[CrossRef]

Mantilla, J.G.; Ricciotti, RW.; Chen, E.Y,; Liu, Y.J.; Hoch, B.L. Amplification of DNA damage-inducible transcript 3 (DDIT3) is
associated with myxoid liposarcoma-like morphology and homologous lipoblastic differentiation in dedifferentiated liposarcoma.
Mod. Pathol. 2019, 32, 585-592. [CrossRef]

Engstrom, K.; Willén, H.; Kabjorn-Gustafsson, C.; Andersson, C.; Olsson, M.; Géransson, M.; Jarnum, S.; Olofsson, A.; Warnham-
mar, E.; Aman, P. The myxoid /round cell liposarcoma fusion oncogene FUS-DDIT3 and the normal DDIT3 induce a liposarcoma
phenotype in transfected human fibrosarcoma cells. Am. J. Pathol. 2006, 168, 1642-1653. [CrossRef]

Narendra, S.; Valente, A.; Tull, J.; Zhang, S. DDIT3 gene break-apart as a molecular marker for diagnosis of myxoid liposarcoma-
-assay validation and clinical experience. Diagn. Mol. Pathol. Am. ]. Surg. Pathol. Part B 2011, 20, 218-224. [CrossRef]
[PubMed]

Powers, M.P.; Wang, W.-L.; Hernandez, V.S.; Patel, K.S.; Lev, D.C.; Lazar, A.J.; Lopez-Terrada, D.H. Detection of myxoid
liposarcoma-associated FUS-DDIT3 rearrangement variants including a newly identified breakpoint using an optimized RT-PCR
assay. Mod. Pathol. 2010, 23, 1307-1315. [CrossRef] [PubMed]

Oikawa, K,; Ishida, T.; Imamura, T.; Yoshida, K.; Takanashi, M.; Hattori, H.; Ishikawa, A.; Fujita, K.; Yamamoto, K.; Matsubayashi,
J.; et al. Generation of the novel monoclonal antibody against TLS/EWS-CHOP chimeric oncoproteins that is applicable to one of
the most sensitive assays for myxoid and round cell liposarcomas. Am. . Surg. Pathol. 2006, 30, 351-356. [CrossRef]

Vargas, A.C.; Chan, N.L.; Wong, D.D.; Zaborowski, M.; Fuchs, T.L.; Ahadi, M.; Clarkson, A.; Sioson, L.; Sheen, A.; Maclean, F;
et al. DNA damage-inducible transcript 3 immunohistochemistry is highly sensitive for the diagnosis of myxoid liposarcoma but
care is required in interpreting the significance of focal expression. Histopathology 2021, 79, 106-116. [CrossRef]

Scapa, J.V.; Cloutier, ].M.; Raghavan, S.S.; Peters-Schulze, G.B.; Varma, S.B.; Charville, G.W. DDIT3 Immunohistochemistry Is a
Useful Tool for the Diagnosis of Myxoid Liposarcoma. Am. J. Surg. Pathol. 2021, 45, 230-239. [CrossRef] [PubMed]

Baranov, E.; Black, M.A; Fletcher, C.D.; Charville, G.W.; Hornick, J.L. Nuclear expression of DDIT3 distinguishes high-grade
myxoid liposarcoma from other round cell sarcomas. Mod. Pathol. 2021, 34, 1367-1372. [CrossRef]

Kojima, N.; Kubo, T.; Mori, T.; Satomi, K.; Matsushita, Y.; Iwata, S.; Yatabe, Y.; Ichimura, K.; Kawai, A.; Ichikawa, H.; et al. Myxoid
liposarcoma with nuclear pleomorphism: A clinicopathological and molecular study. Virchows Arch. Int. ]. Pathol. 2024, 484, 71-81.
[CrossRef]

Jones, R.L; Fisher, C.; Al-Muderis, O.; Judson, L.R. Differential sensitivity of liposarcoma subtypes to chemotherapy. Eur. J. Cancer
2005, 41, 2853-2860. [CrossRef]

Joseph, C.G.; Hwang, H,; Jiao, Y.; Wood, L.D.; Kinde, I.; Wu, J.; Mandahl, N.; Luo, J.; Hruban, R.H.; Diaz, L.A; et al. Exomic
analysis of myxoid liposarcomas, synovial sarcomas, and osteosarcomas. Genes Chromosomes Cancer 2014, 53, 15-24. [CrossRef]
Judson, I.; Verweij, J.; Gelderblom, H.; Hartmann, J.T.; Schoffski, P; Blay, ].-Y.; Kerst, ].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, 415-423. [CrossRef]

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

Araki, N.; Takahashi, S.; Sugiura, H.; Ueda, T.; Yonemoto, T.; Takahashi, M.; Morioka, H.; Hiraga, H.; Hiruma, T.; Kunisada,
T.; et al. Retrospective inter- and intra-patient evaluation of trabectedin after best supportive care for patients with advanced
translocation-related sarcoma after failure of standard chemotherapy. Eur. J. Cancer 2016, 56, 122-130. [CrossRef] [PubMed]
Leporini, C.; Patane, M.; Saullo, F.; Rende, P.; Gallelli, L.; Di Paola, E.D.; Toscano, R.; Lucia, M.; Rossi, M.; De Sarro, G.; et al. A
comprehensive safety evaluation of trabectedin and drug-drug interactions of trabectedin-based combinations. BioDrugs 2014, 28,
499-511. [CrossRef] [PubMed]


https://doi.org/10.1016/j.biocel.2020.105908
https://www.ncbi.nlm.nih.gov/pubmed/33359015
https://doi.org/10.1186/s40164-023-00446-7
https://www.ncbi.nlm.nih.gov/pubmed/37749625
https://doi.org/10.1002/1878-0261.12019
https://doi.org/10.1016/j.neo.2017.11.004
https://www.ncbi.nlm.nih.gov/pubmed/29190494
https://doi.org/10.1007/s10555-019-09806-4
https://doi.org/10.1002/jcp.27486
https://doi.org/10.1016/j.bbrc.2012.09.063
https://doi.org/10.1155/2014/954671
https://doi.org/10.1038/s41379-018-0171-y
https://doi.org/10.2353/ajpath.2006.050872
https://doi.org/10.1097/PDM.0b013e3182107eb9
https://www.ncbi.nlm.nih.gov/pubmed/22089349
https://doi.org/10.1038/modpathol.2010.118
https://www.ncbi.nlm.nih.gov/pubmed/20581806
https://doi.org/10.1097/01.pas.0000194043.01104.eb
https://doi.org/10.1111/his.14339
https://doi.org/10.1097/PAS.0000000000001564
https://www.ncbi.nlm.nih.gov/pubmed/32815829
https://doi.org/10.1038/s41379-021-00782-1
https://doi.org/10.1007/s00428-023-03631-5
https://doi.org/10.1016/j.ejca.2005.07.023
https://doi.org/10.1002/gcc.22114
https://doi.org/10.1016/S1470-2045(14)70063-4
https://doi.org/10.1016/j.annonc.2021.07.006
https://www.ncbi.nlm.nih.gov/pubmed/34303806
https://doi.org/10.1016/j.ejca.2015.12.014
https://www.ncbi.nlm.nih.gov/pubmed/26845175
https://doi.org/10.1007/s40259-014-0100-7
https://www.ncbi.nlm.nih.gov/pubmed/25209722

Biomolecules 2024, 14, 1297 17 of 17

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Martin-Broto, J.; Hindi, N.; Lopez-Pousa, A.; Peinado-Serrano, J.; Alvarez, R.; Alvarez-Gonzalez, A.; Italiano, A.; Sargos, P;
Cruz-Jurado, J.; Isern-Verdum, | ; et al. Assessment of Safety and Efficacy of Combined Trabectedin and Low-Dose Radiotherapy
for Patients with Metastatic Soft-Tissue Sarcomas: A Nonrandomized Phase 1/2 Clinical Trial. JAMA Oncol. 2020, 6, 535-541.
[CrossRef]

Gronchi, A.; Palmerini, E.; Quagliuolo, V.; Martin-Broto, J.; Lopez Pousa, A.; Grignani, G.; Brunello, A.; Blay, ].-Y.; Tendero, O.;
Diaz Beveridge, R.; et al. Neoadjuvant Chemotherapy in High-Risk Soft Tissue Sarcomas: Final Results of a Randomized Trial
from Italian (ISG), Spanish (GEIS), French (FSG), and Polish (PSG) Sarcoma Groups. |. Clin. Oncol. 2020, 38, 2178-2186. [CrossRef]
Sanfilippo, R.; Hindi, N.; Jurado, ].C.; Blay, ].-Y.; Lopez-Pousa, A.; Italiano, A.; Alvarez, R.; Gutierrez, A.; Rincon-Perez, I.; Sangalli,
C.; et al. Effectiveness and Safety of Trabectedin and Radiotherapy for Patients with Myxoid Liposarcoma: A Nonrandomized
Clinical Trial. JAMA Oncol. 2023, 9, 656—663. [CrossRef]

Assi, T.; Kattan, J.; El Rassy, E.; Honore, C.; Dumont, S.; Mir, O.; Le Cesne, A. A comprehensive review of the current evidence for
trabectedin in advanced myxoid liposarcoma. Cancer Treat. Rev. 2019, 72, 37-44. [CrossRef] [PubMed]

Di Giandomenico, S.; Frapolli, R.; Bello, E.; Uboldi, S.; Licandro, S.A.; Marchini, S.; Beltrame, L.; Brich, S.; Mauro, V.; Tamborini,
E.; et al. Mode of action of trabectedin in myxoid liposarcomas. Oncogene 2014, 33, 5201-5210. [CrossRef]

Uboldj, S.; Bernasconi, S.; Romano, M.; Marchini, S.; Nerini, LF; Damia, G.; Ganzinelli, M.; Marangon, E.; Sala, F.; Clivio, L.; et al.
Characterization of a new trabectedin-resistant myxoid liposarcoma cell line that shows collateral sensitivity to methylating
agents. Int. |. Cancer 2012, 131, 59-69. [CrossRef]

Mannarino, L.; Craparotta, I.; Ballabio, S.; Frapolli, R.; Meroni, M.; Bello, E.; Panini, N.; Callari, M.; Sanfilippo, R.; Casali, P.G;
et al. Mechanisms of responsiveness to and resistance against trabectedin in murine models of human myxoid liposarcoma.
Genomics 2021, 113, 3439-3448. [CrossRef]

Bello, E.; Brich, S.; Craparotta, I.; Mannarino, L.; Ballabio, S.; Gatta, R.; Marchini, S.; Carrassa, L.; Matteo, C.; Sanfilippo, R.;
et al. Establishment and characterisation of a new patient-derived model of myxoid liposarcoma with acquired resistance to
trabectedin. Br. J. Cancer 2019, 121, 464-473. [CrossRef] [PubMed]

Tontonoz, P,; Singer, S.; Forman, B.M.; Sarraf, P.; Fletcher, J.A.; Fletcher, C.D.M.; Brun, R.P.; Mueller, E.; Altiok, S.; Oppenheim,
H.; et al. Terminal differentiation of human liposarcoma cells induced by ligands for peroxisome proliferator-activated receptor
gamma and the retinoid X receptor. Proc. Natl. Acad. Sci. USA 1997, 94, 237-241. [CrossRef] [PubMed]

Forman, B.M.; Tontonoz, P; Chen, J.; Brun, R.P,; Spiegelman, B.M.; Evans, R.M. 15-Deoxy-delta 12,14-prostaglandin ]2 is a ligand
for the adipocyte determination factor PPAR gamma. Cell 1995, 83, 803—-812. [CrossRef]

Frapolli, R.; Bello, E.; Ponzo, M.; Craparotta, I.; Mannarino, L.; Ballabio, S.; Marchini, S.; Carrassa, L.; Ubezio, P.; Porcu, L.;
et al. Combination of PPARy Agonist Pioglitazone and Trabectedin Induce Adipocyte Differentiation to Overcome Trabectedin
Resistance in Myxoid Liposarcomas. Clin. Cancer Res. 2019, 25, 7565-7575. [CrossRef] [PubMed]

Pishvaian, M.J.; Marshall, ] L.; Wagner, A.J.; Hwang, ].].; Malik, S.; Cotarla, I.; Deeken, J.F; He, A.R.; Daniel, H.; Halim, A.; et al. A
phase 1 study of efatutazone, an oral peroxisome proliferator-activated receptor gamma agonist, administered to patients with
advanced malignancies. Cancer 2012, 118, 5403-5413. [CrossRef]

Charytonowicz, E.; Terry, M.; Coakley, K.; Telis, L.; Remotti, F.; Cordon-Cardo, C.; Taub, R.N.; Matushansky, I. PPARy agonists
enhance ET-743-induced adipogenic differentiation in a transgenic mouse model of myxoid round cell liposarcoma. J. Clin.
Investig. 2012, 122, 886-898. [CrossRef]

Willems, S.M.; Schrage, Y.M.; Bruijn, . H.B.-D.; Szuhai, K.; Hogendoorn, P.C.; Bovée, J.V. Kinome profiling of myxoid liposarcoma
reveals NF-kappaB-pathway kinase activity and casein kinase II inhibition as a potential treatment option. Mol. Cancer 2010, 9,
257. [CrossRef]

Sievers, E.; Trautmann, M.; Kindler, D.; Huss, S.; Gruenewald, I.; Dirksen, U.; Renner, M.; Mechtersheimer, G.; Pedeutour, E,;
Aman, P; et al. SRC inhibition represents a potential therapeutic strategy in liposarcoma. Int. J. Cancer 2015, 137, 2578-2588.
[CrossRef]

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


https://doi.org/10.1001/jamaoncol.2019.6584
https://doi.org/10.1200/JCO.19.03289
https://doi.org/10.1001/jamaoncol.2023.0056
https://doi.org/10.1016/j.ctrv.2018.11.003
https://www.ncbi.nlm.nih.gov/pubmed/30468937
https://doi.org/10.1038/onc.2013.462
https://doi.org/10.1002/ijc.26340
https://doi.org/10.1016/j.ygeno.2021.07.028
https://doi.org/10.1038/s41416-019-0550-2
https://www.ncbi.nlm.nih.gov/pubmed/31409911
https://doi.org/10.1073/pnas.94.1.237
https://www.ncbi.nlm.nih.gov/pubmed/8990192
https://doi.org/10.1016/0092-8674(95)90193-0
https://doi.org/10.1158/1078-0432.CCR-19-0976
https://www.ncbi.nlm.nih.gov/pubmed/31481505
https://doi.org/10.1002/cncr.27526
https://doi.org/10.1172/JCI60015
https://doi.org/10.1186/1476-4598-9-257
https://doi.org/10.1002/ijc.29645

	Introduction 
	Basic Structure and Main Functions of FUS::DDIT3 
	Role and Mechanism of FUS::DDIT3 in MLS 
	Subsection FUS::DDIT3 and Adipocyte Differentiation 
	FUS::DDIT3 and the Growth of MLS 
	FUS::DDIT3 and Metastasis of MLS 

	DDIT3 Detecting in MLS 
	FUS::DDIT3-Mediated Targeted Drugs 
	Drugs under Clinical Experiments Targeting FUS::DDIT3 and Its Downstream Regulators 
	Drugs under Preclinical Experiments Targeting FUS::DDIT3 and Its Downstream Regulators 

	Conclusions and Perspectives 
	References

