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Abstract: Recurrent gene fusions (GFs) in translocated sarcomas are recognized as major oncogenic
drivers of the disease, as well as diagnostic markers whose identification is necessary for differential
diagnosis. EWSR1 is a “promiscuous’ gene that can fuse with many different partner genes, defining
different entities among a broad range of mesenchymal neoplasms. Molecular testing of EWSR1
translocation traditionally relies on FISH assays with break-apart probes, which are unable to identify
the fusion partner. Therefore, other ancillary molecular diagnostic modalities are being increasingly
adopted for accurate classification of these neoplasms. Herein, we report three cases with rare GFs
involving EWSR1 in undifferentiated mesenchymal neoplasms with uncertain differential diagnoses,
using targeted RNA-seq and confirming with RT-PCR and Sanger sequencing. Two GFs involved
hormone nuclear receptors as 3 partners, NR4A2 and RORB, which have not been previously reported.
NR4A2 may functionally replace NR4A3, the usual 3’ partner in extraskeletal myxoid chondrosarcoma.
The third GF, EWSR1::BEND2, has previously been reported in a subtype of astroblastoma and other
rare entities, including a single case of a soft-tissue tumor that we discuss in this work. In conclusion,
our findings indicate that the catalogue of mesenchymal neoplasm-bearing EWSR1 fusions continues
to grow, underscoring the value of using molecular ancillary techniques with higher diagnostic
abilities in the routine clinical setting.

Keywords: EWSRI; gene fusion; sarcoma; targeted RNA-seq

1. Introduction

Sarcomas are a highly heterogeneous and complex group of rare cancers encompass-
ing more than 100 different morphological entities that originate in the mesenchymal
tissues, which include connective tissues, muscles, and bones. They represent about 1%
of malignancies, with an annual incidence of approximately 50-60 new cases per million
people/year, and account for 2% of mortality due to cancer [1]. Many of these entities are
indeed exceedingly infrequent and have been defined as ultra-rare sarcomas (<1 case per
million people/year) [2]. Both this rarity and a remarkable histologic diversity pose major
challenges for diagnosis, which can be further complicated by limited tumor tissue being
available in biopsy specimens. Accurate identification of different sarcoma subtypes is
crucial because of the serious consequences caused by inadequate treatment, as well as
for patient prognostication since each entity requires specific treatment strategies and has
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different outcomes [3]. Precise diagnosis is also important for the accurate design of clinical
trials testing new treatment regimens [4].

A large proportion of sarcomas are driven by oncogenic gene fusions (GFs) generated
through the rearrangement of genetic material, usually via chromosomal translocations.
They are, thus, designated as translocated sarcomas (t-sarcomas), typically occurring in
adolescent and young adult populations and generally presenting as monotonous non-
pleomorphic tumor cell proliferations. Most GFs are often associated with a particular
histotype and are, thus, regarded as defining molecular genetic alterations, hence serving
as optimal diagnostic biomarkers [5]. Many recurrent GFs in sarcoma involve transcription
factors (TFs) or transcriptional regulators that become deregulated and fused to partner
genes upon translocation to form chimeric TFs with new functional properties, leading to
major changes in the transcriptional output of the cell [6]. Rearrangement of Ewing Sarcoma
breakpoint region 1 (EWSR1) was the first example of a cytogenetic abnormality in sar-
coma. O. Delattre et al. reported the most frequent translocation t(11;22)(q24;q12) in Ewing
sarcoma in 1992, producing the fusion between EWSR1 and the ETS (E twenty-six) tran-
scription factor FLI1 (Friend leukemia integration 1) in their work [7]. The resulting chimeric
protein fuses the N-terminal domain of EWSR1 to the DNA-binding domain of FLII or other
related partners and functions as an aberrant TF with neomorphic properties that binds
at GGAA microsatellite repeats, inducing active enhancers de novo and also repressing
regulatory elements by means of different chromatin-remodeling mechanisms [8,9]. The
N-terminal portion of EWSR1 provides the GF with a prion-like domain, an unstructured
region with low complexity, which is prone to forming local aggregates, enabling the de
novo formation of enhancers and the retargeting of chromatin regulatory complexes [10].
This favors the three-dimensional reconfiguration of chromatin interactions at looping hubs
that control the activity of enhancers and promoters to induce oncogenic gene expression
programs [11,12].

EWSR1 stands out as the gene most commonly associated with translocations in sar-
comas. This gene is implicated in a wide range of sarcoma subtypes, each characterized
by distinct EWSRI gene fusions that engage with a diverse array of partner genes [13,14].
This promiscuity also occurs in Ewing sarcoma, in which FLI1 can be replaced by ERG
(5% of cases) or other ETS TF family members [15]. Undifferentiated small round-cell
sarcomas (USRCSs) with EWSR1 fused to non-ETS gene partners were formerly consid-
ered as neoplasms related to the Ewing family of tumors but are now recognized as
distinct entities [16,17]. The most common representative of these non-ETS GF entities is
EWSR1:NFATC2 or FUS::NTAC2 sarcoma, followed by EWSR1::PATZ1 sarcoma. Though
their morphological features resemble Ewing sarcoma, they present distinctive clinicopatho-
logical and molecular characteristics. For example, EWSR1/FUS::NFATC2 sarcomas feature
a marked male predilection, and EWSR1::PATZ1 sarcomas can arise in a broad age range, in
contrast to Ewing sarcoma [16,17]. Moreover, their transcriptomic and methylation profiles
differ from Ewing sarcoma as well [18,19], reinforcing the concept of stand-alone entities.
Fusions of EWSR1 with the genes S5X1, SSX2, and SSX3 have recently been identified in
USRCSs. However, due to the limited number of cases, it is still uncertain whether these
molecular hallmarks definitively characterize specific entities [20-22].

Other mesenchymal tumors characterized by specific EWSR1 translocations include
extraskeletal myxoid chondrosarcoma (EWSR1::NR4A3), desmoplastic small round-cell
tumors (EWSR1::WT1), myxoid liposarcoma (EWSR1::DDIT3), and low-grade fibromyx-
oid sarcoma/sclerosing epithelioid fibrosarcoma (EWSR1::CREB3L1/2). Interestingly, the
fusions EWSR1::CREB and EWSR1::ATF1 arise in a number of mesenchymal tumors with
different histologic features, such as clear cell sarcoma of the soft tissue, clear cell sarcoma-
like tumors of the gastrointestinal tract (i.e., malignant gastrointestinal neuroectodermal
tumors), angiomatoid fibrous histiocytoma, and primary pulmonary myxoid sarcoma.
Moreover, beyond sarcoma, EWSR1 GFs have also been described in a subset of mesothe-
lioma and specific carcinomas and myoepithelial tumors [14].
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Recently, a number of rare EWSR1 partners were reported in a genomic study of tumor
cases profiled with NGS panels, with most of them being sarcomas but with carcinomas
also present [23]. Here, we describe three new examples of rare GFs in sarcoma, further
expanding the growing catalogue of EWSR1 partner genes that may define specific entities
with distinct prognostic and therapeutic implications. These findings highlight the impor-
tance of molecular testing for the precise diagnosis and accurate clinical management of
patients.

2. Results
2.1. Case 1 (EWSR1::NR4A2)
2.1.1. Clinical and Pathological Features

A 32-year-old woman was referred to hospital with a 13 x 11 cm mass in the posterior
compartment of her right thigh. She had noticed the mass for the past 2 years; it had been
growing slowly and was without symptoms. Radical local excision was performed, with
a diagnosis of low-grade extraskeletal myxoid chondrosarcoma (EMCS). Following the
excision, the patient underwent brachytherapy, receiving a dose of 46.6 Gy (Table 1).

Table 1. Clinicopathological features.

Primary Tumor Original

Case Sex  AgeatDx . Histologic Pattern . . Treatment Outcome
Location Diagnosis
Primary tumor:
# F 0 Posterior right Round cells in qutiacl)sil(;eletal resection + RT AWD
thigh myxoid stroma Ch}(])n drosarcoma Metastatic recurrence:
sunitinib + nivolumab
Solid spindle cells fg‘slzzzlgntumor:
#2 F 61 Foot sole and epithelioid-to- ~ Giant-cell tumor ) ANED
ovoid cells Local recurrence:
metatarsal amputation
Second Solid round, Ezlorzgrzvt;ﬂgr with
#3 F 16 metatarsal of the  epithelioid, or Bone cyst no eff elzc t + radical ANED
left foot spindle cells

resection

ANED, alive with no evidence of disease; AWD, alive with disease; Dx, diagnosis; F, female; M, male; CT,
chemotherapy; RT, radiotherapy.

Nine months later, a metastasis was identified in the opposite thigh and surgically
removed. Upon further analysis of the imaging, it became evident that this metastasis had,
in fact, existed at the initial diagnosis but had been initially interpreted as a non-specific
observation. Subsequently, three additional metastases were discovered a month later: one
in the right-axillary soft tissue and two in the peritoneum (Figure 1A). The patient was
enrolled in a clinical trial and received treatment with sunitinib and nivolumab. However,
the treatment was discontinued after one year due to severe neurotoxicity. Despite this, the
patient achieved clinical and radiological stability for 16 months until another metastasis in
the chest wall emerged. The patient was lost to follow-up thereafter.

The initial diagnosis was conducted at a different hospital, and our pathology depart-
ment conducted a thorough review before the patient’s enrollment in the clinical trial. At
low magnification, the neoplasm exhibited a lobular structure embedded in an abundant
myxoid stroma. The individual tumor lobules consisted of uniformly sized and shaped
round cells, with ample eosinophilic cytoplasm and eccentric nuclei and arranged in cord-
like patterns and trabeculae (Figure 1B,C). The main differential diagnosis, based on the
morphological findings, included an EMCS and myoepithelioma.
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Figure 1. Case 1 (EWSR1::NR4A2). (A) MRI scan showing metastatic lesions in the peritoneum
(indicated with a yellow arrowhead). (B,C) Representative images of the morphologic features of
Case 1: The neoplasm was characterized by a lobular growth pattern with fibrous septa and myxoid
stroma ((B), 4x); the cells were monomorphic, with eosinophilic cytoplasm and arranged in trabeculae



Int. J. Mol. Sci. 2024, 25,1735

50f 16

and nests ((C), 20x). (D) Negative expression of S100. (E) Identification and confirmation of
the gene fusion: Upper panel, graphical representation of chromosomes (ideogram) showing the
cytoband location of the rearranged loci. Bottom panel, the gene fusion transcript is shown, as
reported by the analysis software for targeted RNA-seq assays (see Section 4). Below, a DNA
sequencing chromatogram shows the sequence of the breakpoint that was confirmed using RT-PCR
and Sanger sequencing.

2.1.2. Molecular Findings

The FISH analysis, employing a break-apart probe, did not detect NR4A3 rearrange-
ments, ruling out the diagnosis of EMCS. Additionally, the lack of intense and diffuse
5100 (Figure 1D) and cytokeratin immunoexpression did not align with a myoepithelioma
diagnosis. The case was then tested with targeted RNA-seq, revealing a novel GF between
EWSR1 and NR4A2, an alternative partner that belongs to the same gene family of nuclear
receptors as NR4A3 (Figure 1E, Table A1). We confirmed the novel GF by means of RT-
PCR and Sanger sequencing using gene-specific primers flanking the breakpoint sequence
(Figure 1E). Subsequent FISH testing showed rearrangement of EWSR1. Consequently, the
case was conclusively diagnosed as EMCS, featuring the novel EWSR1::NR4A2 fusion.

2.2. Case 2 (EWSR1::RORB)
2.2.1. Clinical and Pathological Features

A 61-year-old woman was evaluated for a nodule in the left foot plant at another
hospital. Her medical history included arterial hypertension, type 2 diabetes mellitus,
cholecystectomy, and an axillary lipoma. The patient reported that the slow enlarging
nodule had been present for 2.5 years, accompanied by neuropathic pain in recent months.
An excisional biopsy of the plantar nodule was performed, with an initial diagnosis of a
giant-cell tumor of the soft tissue. After 6 months, a local recurrence prompted a referral to
our institution. Imaging revealed a mass in the first metatarsophalangeal joint of the second
toe, firmly attached to adjacent tendon structures (Figure 2A). The patient underwent
metatarsal amputation of the first and second toes (Figure 2B) without any adjuvant
therapy. Four years after amputation, the patient is still alive with no signs of local or
distant disease at the last follow-up.

Both the primary excision and amputation were evaluated at our institution, the
former as an external consultation. At low magnification, the tumor was characterized by
an infiltrative pattern and solid growth. The neoplastic cellularity was heterogeneous and
poorly differentiated, with spindle cells and epithelioid-to-ovoid cells with hyperchromatic
or vesicular nuclei, with focal nuclear pleomorphism. Mitotic activity was low (up to
nine mitoses in a 2 mm? area) and only small foci of necrosis were found (Figure 2C,D).
Immunohistochemical (IHC) staining only revealed focal cytoplasmic positivity for S100,
TLE1 (Figure 2E), CD99, and CD34 (representative positive focal area in Figure 2F), which
was regarded as non-informative, while melanocytic markers (SOX10, HMB45, and Melan-
A), muscle differentiation markers (desmin and smooth muscle actin 1A4), vascular markers
(ERG and CD31), mdm?2, MUC4, STAT6, beta-catenin, and CD68 were negative; INI1
expression was retained.
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Figure 2. Case 2 (EWSR1::RORB). (A) MRI scan of the left foot of patient 2. (B) Representative gross
image of metatarsal amputation. (C,D) Representative images of the morphological features of Case 2:
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The neoplasm was characterized by infiltrative pattern and solid growth, as shown at low mag-
nification ((C), 4x), with heterogeneous neoplastic cells, both spindle and epithelioid ((D), 20x).
The tumor specimen showed focal cytoplasmic positivity for TLE1 ((E), 20 x) and CD34 ((F), 20x).
(G) Identification and confirmation of the gene fusion: Upper panel, graphical representation of
chromosomes (ideogram) showing the cytoband location of the rearranged loci. Bottom panel, the
gene fusion transcript is shown, as reported by the analysis software for targeted RNA-seq assays
(see Section 4). Below, a DNA sequencing chromatogram shows the sequence of the breakpoint that
was confirmed using RT-PCR and Sanger sequencing.

2.2.2. Molecular Findings

FISH analyses revealed EWSRI rearrangement, while SYT rearrangement was not
detected, ruling out the diagnosis of synovial sarcoma. A subsequent targeted RNA-seq
assay showed the novel translocation EWSR1::RORB (Figure 2G, Table A1), which had
not been previously described, which was further confirmed using RT-PCR and Sanger
sequencing (Figure 2G). The case was finally diagnosed as unclassified sarcoma of FNCLCC
grade 2.

2.3. Case 3 (EWSR1::BEND?2)
2.3.1. Clinical and Pathological Features

The patient was a 16-year-old female who presented with a pathological fracture of
the second metatarsal of the left foot. She was assessed at a private center, where she was
diagnosed with a bone cyst by means of radiography. Later on, she underwent an evaluation
by a different traumatologist, who advised that an MRI scan be carried out. This MRI
revealed a lytic lesion affecting the entire second metatarsal of her left foot, accompanied
by a pathological fracture and a soft-tissue mass measuring up to 63 mm at its maximum
dimension (Figure 3A). A biopsy of the lesion was performed with a diagnosis of USRCS
at the external center. Neoadjuvant treatment was prescribed according to the SEHOP
2020 guidelines for the treatment of the Ewing sarcoma family of tumors. No histological
response was observed (100% viable tumor), so the patient received adjuvant radiotherapy.
Surgery was conducted to perform a radical resection of the second metatarsal bone in the
left foot and a partial resection of the second cuneiform bone (Figure 3B). The patient is
currently undergoing rehabilitation treatment, with good clinical condition and no signs of
recurrence. Histological sections of both the presurgical biopsy and the tumor resection
showed a neoplasm that infiltrated connective and muscular tissue, with a solid, sheet-like
growth pattern, condensed around dilated vessels with thin walls, and without evidence
of accompanying stroma or differentiation towards a defined mesenchymal lineage. The
tumor cells were monotonous, small-to-medium-sized, and sometimes round, epithelioid,
or even spindle-shaped depending on the area, with scant eosinophilic cytoplasm and
ill-defined borders. The nuclei were ovoid, discretely elongated, and relatively isomorphic,
with clefts and frequent nuclear pseudoinclusions, fine granular chromatin, and visible
nucleoli. Twelve mitotic figures were counted per 10 high-power fields. No necrosis was
observed (Figure 3C,D).

In the IHC study, tumor cells showed positivity for CD99 (Figure 3E), EMA (Figure 3F),
vimentin, and TLE1, while they were negative for NKX2.2, WT1, BCOR, PDGFA, cytoker-
atins, muscle markers (smooth muscle actin, desmin, caldesmon, MyoD1, and myogenin),
and melanocytic markers (HMB45, SOX10, and S100). Approximately 40% of the neoplastic
cells were positive for D2-40. The immunophenotype of this neoplasm is, in fact, very
unique. It is unusual for a round-cell sarcoma to have an intense, diffuse, membrane-
patterned expression of CD99 and, at the same time, lack NKX2.2 expression. Non-Ewing
round-cell sarcomas usually have a focal and patchy expression of CD99, on quite a few
occasions showing simultaneous expression of NKX2.2 and/or WT1 or BCOR [16].
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Figure 3. Case 3 (EWSR1::BEND?2). (A) MRI scan of the left foot of patient 3. (B) Representative gross
image of radical resection. (C,D) Representative images of the morphologic features of Case 3: The
neoplasm was characterized by a solid, sheet-like growth pattern, infiltrating surrounding tissue ((C),
10x) without evidence of stroma and with dilated thin-walled vessels ((D), 20 x). The tumor specimen
showed diffuse and intense expressions of CD99 ((E), 20x) and EMA ((F), 20x). (G) Identification and
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confirmation of the gene fusion: Upper panel, graphical representation of chromosomes (ideogram)
showing the cytoband location of the rearranged loci. Bottom panel, the gene fusion transcript is
shown, as reported by the analysis software for targeted RNA-seq assays (see Section 4). Below, a
DNA sequencing chromatogram shows the sequence of the breakpoint that was confirmed using
RT-PCR and Sanger sequencing.

2.3.2. Molecular Findings

FISH analyses showed an EWSR1 rearrangement without alterations in FLIT and SYT
(5518) genes. The tumor was further evaluated using targeted RNA-seq in order to identify
the gene fusion partner, revealing a fusion transcript EWSR1::BEND?2 between EWSR1 exon
11 and BEND?2 exon 5 (Figure 3G, Table A1). The fusion event was predicted to be in-frame
and was supported by 1977 reads spanning the breakpoint (Table A1). We confirmed this
finding by means of RT-PCR, with specific primers flanking the breakpoint, and Sanger
sequencing (Figure 3G).

3. Discussion

In this work, we have presented three cases with challenging or uncertain differ-
ential diagnoses that were ultimately resolved through the application of targeted RNA
sequencing. This highlights the utility of molecular techniques with enhanced analytical
sensitivity to single-gene tests in the diagnostic process of rare and heterogeneous entities,
such as sarcomas. This is especially due to their multiplexing capability for the simulta-
neous screening of different events and their ability to identify novel GFs or novel fusion
gene partners [24-27], as we have demonstrated here. Moreover, though conventional
molecular testing and histopathology remain a diagnostic cornerstone, it is inarguable
that new technologies such as NGS are contributing to improving the classification of a
high variety of mesenchymal neoplasms. Recognition of potential novel entities through
molecular characterization is essential to ensure their proper management. In this sense,
NGS techniques help to define new diagnostic biomarkers based on molecular alterations
or their consequences (i.e., GF target genes), which are much more specific than markers
intended to determine the tissue of origin or the trend of differentiation [28].

The three cases we have presented expressed GF transcripts involving EWSRI as
a 5 partner and novel or rare 3’ partners, two of which had not been reported before.
There seems to be an ever-expanding catalogue of genes that translocate with EWSR1,
and interestingly, EWSR1 GFs with uncommon partners are associated with a higher
frequency of mutations in actionable genes [13,14,23]. Different EWSR1 fusion partners
endow the tumoral cells with specific properties, which, together with the cellular context
and additional genetic alterations, determine the distinct biological features of each entity.
Such promiscuity of EWSR1 in translocation-driven sarcomas and other tumors may be
explained by the high propensity to breakage of this locus in certain cellular contexts. It
has been reported that highly active transcription of the EWSR1 locus could induce the
formation of R-loops that in turn favor double-strand breaks. Nicholas et al. [29], using
prostate cancer cell lines, reported that androgen receptors promoted breakpoint generation
in an intronic polyadenylation site of EWSR1 near the Ewing sarcoma breakpoint hotspot,
which was dependent on the formation of R-loops. Indeed, persistent R-loops are a direct
cause of chromosomal rearrangements [30]. It is also tempting to speculate on the possibility
that certain cellular contexts allow for specific loci rearrangements. In the case of Ewing
sarcoma, the putative cell of origin of the tumor is a mesenchymal stem cell (MSC) in a
specific stage of differentiation [31]. A recent study performing DRIP-seq (DNA-RNA
hybrid immunoprecipitation) assays has shown that there is a differential enrichment of
R-loops in different locations of the genome in stem cells of different lineages [32]. In
this setting, R-loops cooperate with epigenetic marks in the differentiation process from
pluripotent cells to different stem cell lineages [32]. Examination of these DRIP-seq data
reveal that there is a differential enrichment in R-loops in the MSC lineage at the loci
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involved in the translocations described in Ewing sarcoma, such as EWSR1, FLI1, or FUS
(personal observation, Figure Al in Appendix A).

The case with EWSR1::NR4A2 fusion presented histomorphological features highly
suggestive of EMCS. However, single-gene testing by means of FISH with a break-apart
probe for NR4A3 did not support the diagnosis of EMCS. Targeted RNA-seq testing was
key to resolving this discrepancy by revealing a new GF partner, NR4A2 mapping in
chr.2q24.1, which may provide equivalent functional properties to NR4A3 to the chimeric
protein. NR4A2 belongs to the same family of orphan nuclear receptors as NRA43, the
usual partner of the recurrent GFs defining EMCS [33]. We made sure that the GF call was
not a consequence of a misalignment issue by manually inspecting the sequence, as NR4A2
and NRA43 are highly homologous. The three members of the NR4A family (NR4A1,
NR4A2, and NR4A3) recognize common cis-elements, and thus, the chimeric protein could
be deregulating similar target genes irrespective of the member of the family serving as
the 3/ partner. They mostly diverge in the NH-terminal activation domains and the ligand-
binding domain, while the DNA-binding domain (C4 zinc fingers) is highly conserved
among the three proteins [34,35] (Figure A2). As occurs in the canonical GF of EMCS, the
C-terminal RNA-binding domain of EWSR1 is replaced by the entire NR4A2 sequence in
the predicted protein. NR4A receptors were initially described as immediate early-response
genes induced by nerve growth factors [36]. Interestingly, transcriptional profiling of EMCS
bearing different pathognomonic GFs (EWSR1::NR4A3 and TAF15:NR4A3) revealed a
different modulation of the axon-guidance and neurogenesis pathways through differential
regulation of semaphorins and plexins [37]. Since these axon-guidance molecules establish
crosstalk with MET and VEGEFR, this might explain the observed activity of antiangiogenic
drugs such as sunitinib and pazopanib in advanced EMCS cases [33]. In fact, the case we
have presented here was enrolled in a phase I-II single-arm trial (NCT03277924) testing the
combination of sunitinib plus nivolumab, but the treatment was discontinued due to the
occurrence of toxicity.

The tumor with EWSR1::RORB fusion showed a morphologic appearance that was
not distinctive of any specific type of round-cell sarcoma. The predicted chimeric protein
contains the entire sequence of RORB (Retinoid-Related Orphan Receptor Beta), as the
fusion involves exon 2 which is the first protein-coding exon. RORB is a member of the NR1
subfamily of nuclear hormone receptors. The RORB protein has two N-terminal C4-zinc
finger domains that are able to bind DNA at hormone response elements, a C-terminal
ligand-binding domain that can interact with transcriptional coactivators or corepressors,
and two transcriptional activation domains, AF-1 and AF-2, with ligand-independent and
-dependent activation functions, respectively. RORB expression was initially described to
be restricted to the central nervous system, but it is also expressed in bone tissue, pancreatic
and endometrial cancer, and uterine leiomyosarcoma. Its physiological functions include
osteogenic repression during bone formation, retinal neurogenesis, and the regulation
of the circadian rhythm. Interestingly, RORB-induced circadian rhythm abnormalities
could be related to tumorigenesis, and RORB may also be involved in wnt deregulation in
oncogenic processes [38]. To our knowledge, no GF involving RORB as a partner gene has
been previously reported. Like NR4A genes, RORB belongs to the steroid /thyroid receptor
gene superfamily, and hence, EWSR1::RORB may share common oncogenic properties with
GFs involving these nuclear hormone receptors, or even with GFs involving NCOA genes
that act as transcriptional coactivators for these nuclear receptors.

EWSR1:BEND?2 fusions are recurrent in a specific subtype of astroblastoma that is
closely related to “astroblastoma, MN I-altered’, an entity that harbors MN1 GF with BEND2
as the typical partner, but they are slightly different in their methylation profile [39-44].
Other reported cancers with EWSR1::BEND? include rare pancreatic neuroendocrine tu-
mors, one case of a pancreas islet cell tumor, salivary carcinomas, and one case of an
atypical carcinoid tumor of the lung [23,45-47] (Table S1). Regarding sarcoma, only
one case with this fusion has been documented, a sinonasal spindle cell tumor, which
exhibited histomorphological characteristics very similar to the case we have reported
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here [48] (Table S1). Additionally, a reported case of a soft-tissue tumor in the abdominal
wall with the MN1::BEND?2 fusion presented a similar morphology as well [49]. Con-
sequently, much like in astroblastomas, the EWSR1::BEND2 and MN1::BEND?2 fusions
may define a distinct subgroup of mesenchymal tumors. Intriguingly, our case showed
intense and diffuse expression of CD99, a transmembrane cell adhesion protein routinely
used for Ewing sarcoma differential diagnoses [15,50]. CD99 plays a role in antagonizing
EWSR1::FLI1-induced neural differentiation through NF-«B signaling [51]. Thus, it would
be interesting to investigate whether BEND2-rearranged mesenchymal tumors do express
CD99 and its functional role. Interestingly, our case was refractory to the neoadjuvant
treatment for Ewing sarcoma, suggesting the existence of major differences regarding
tumor biology that would require different therapeutic regimes to be developed. Since
BEND? and other BEN-domain-containing gene family members functionally interact with
polycomb complexes to regulate transcription [52-54], targeting chromatin modifications
could represent a new therapeutic approach worth exploring.

In summary, we have presented three cases with uncommon GF partners of EWSR1
in sarcomas, with two of them being previously unreported. These findings add further
evidence to the promiscuity of EWSR1 in GFs in sarcomas and emphasize the value of
technologies with high analytical sensitivity, such as targeted RNA-seq, to refine the
classification of this heterogeneous group of entities. It remains to be confirmed whether
these new alterations define specific entities, as occurs with similar findings in series with a
very limited number of cases (i.e., EWSR1::55X fusions [20]). Nevertheless, the detection of
novel EWSR1 GF not only provides new diagnostic markers but also opens new avenues
for the identification of new therapeutic targets through full transcriptomic characterization
of these novel entities. So far, USRCS with non-ETS fusions is usually treated with Ewing
sarcoma regimes, and few studies have addressed their actual efficacy nor defined an
optimal treatment strategy [55]. Since tumors with rare EWSR1 GFs usually show a greater
abundance of actionable targets than tumors with more prevalent EWSR1 GFs [23], this
could also be relevant for the clinical management of patients.

4. Materials and Methods
4.1. Clinicopathological Data

The three specimens were processed routinely and assessed as consultation cases
at our hospital, which serves as a reference center for bone and soft-tissue tumors in
Spain (Dept. of Pathology, Hospital Universitario Virgen del Rocio). The tumors were
reviewed by experienced soft-tissue pathologists (E.D., L.G., L.Z., G.C., D.M. and E.A.), who
evaluated the histopathological features, immunohistochemistry (IHC), and fluorescence
in situ hybridization (FISH) (details of the antibodies, FISH probes, and protocols involved
are available upon request). Clinical and follow-up data were obtained from the medical
records in the electronic medical history with HUVR-IBiS Biobank (Hospital Virgen del
Rocio—Institute of Biomedicine of Seville Biobank, Andalusian Public Health System
Biobank). Table 1 summarizes all clinicopathological and molecular data for each patient
included in this study.

This study was performed following the standard Spanish ethical regulations, and
it was approved by the ethics committee of the Hospital Virgen del Rocio de Sevilla and
the Fundacién Publica Andaluza para la Gestion de la Investigacion en Salud de Sevilla
(FISEVI), Spain. Written informed consent was obtained from all patients, and all clinical
analyses were conducted in accordance with the principles of the Declaration of Helsinki.

4.2. Targeted RNA-Seq

NGS data from tumors were collected as assayed in the routine molecular testing
using an Archer™ FusionPlex™ Sarcoma Panel. Total nucleic acid was extracted from FFPE
tissue samples using an Agencourt Formapure Kit (A33341; Beckman Coulter, Indianapolis,
IN, USA) following the manufacturer’s instructions. The isolated RNA was quantified
using a Qubit™ RNA HS assay kit in combination with a Qubit® 4 fluorimeter (Q32852;
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Thermo Fisher Scientific, Waltham, MA, USA). A total of 200 ng of RNA was used for
targeted library preparation using the Archer™ FusionPlex™ Sarcoma Panel v1 or v2
(ArcherDX, Boulder, CO, USA) based on a targeted enrichment method called anchored
multiplex PCR (AMP). Briefly, RNA was reverse transcribed using random primers, first-
strand cDNA was synthesized, and RNA quality was assessed using the Archer PreSeq
RNA QC assay. After second-strand cDNA synthesis, end repair, A-tailing, and adapter
ligation, cDNA was amplified using two rounds of nested PCR using gene-specific primers.
Final libraries were quantified with a KAPA Library Quantification Kit (KK4824; KAPA
Biosystems, Wilmington, MA, USA) and pooled to equimolar concentration. Libraries were
sequenced on an Illumina MiSeq with MiSeq 300v2 reagents (MS-102-2002; Illumina, San
Diego, CA, USA) for paired-end reads, 150 base-pair reads, and dual-index reads. Samples
were multiplexed such that each library was sequenced to at least 2 million paired reads or
greater in depth. Demultiplexed FASTQ files were analyzed using Archer analysis pipeline
v7.1.0-14. A minimum of five reads with three or more unique start sites spanning the
breakpoints were set as cutoffs to call fusions. Sequencing data and parameters are shown
in Table Al in Appendix A.

4.3. RT-PCR and Sanger Sequencing

Primers flanking the breakpoint sequence were designed with Primer3Plus [56] accord-
ing to the reads from RNA sequencing. First, 450 ng of RNA (same preparation procedure
as that used for targeted RNA-seq) was retro-transcribed using a High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific). PCR was performed with Q5® Hot
Start High-Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA, USA) and specific
primers. The PCR products were analyzed using gel electrophoresis and purified using a
QIAquick PCR Purification Kit (Qiagen, Hilden, Germany). Direct Sanger sequencing of
PCR products was performed using BigDye Terminator v3.1 chemistry.

Primers for the amplification of fusion transcripts were as follows: EWSR1::NR4A2;
primer forward: AGGGGAAGAGGGGGATTTGA, primer reverse: GGACAGGGGCATTTG-
GTACA. EWSR1::RORB; primer forward: CCTACAGCCAAGCTCCAAGT, primer reverse:
CCAGAGGACTTATCGCCACA. EWSR1::BEND2; primer forward: TCTTGATCTAGGCC-
CACCTG, primer reverse: TTCATGACATGCTGCTGACTC.

Supplementary Materials: The following supporting information can be downloaded at https://www.
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Appendix A

Table Al. Sequencing data and parameters.

Fusion Reads

RNA-Seq . . . . Breakpoint o) Dot Unique
Case Panel Fusion Transcript Transcript Accession (GRCh37-hg19) Total Reads ( /;{ i’;g;\)er Start Sites QcC
FusionPlex . EWSR1 NM_001163285.1 chr22:29688595,
#1 Sarcoma v2 EWSRI1ex11::BEND2ex5 BEND2 NM._153346 4 chrX:18222035 2,091,797 1977 (35.9) 207 116.7
FusionPlex . EWSR1 NM_001163285.1 chr22:29683123,
#2 Garcomavl ~ EWSRIex7:RORBex2  poppNmM 0069143 chr9:77245198 2,014,755 156 (23.3) 48 787
FusionPlex . EWSR1 NM_001163285.1 chr22:29684775,
#3 Sarcoma v1 EWSR1ex8::NR4A2ex3 NR4A2 NM_006186.3 chr2:157186522 2,321,509 142 (14.3) 58 99.7
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Figure A1l. DRIP signal indicating that the presence of R-loops at the FLI1 locus is increased in the
mesenchymal stem cell lineage (MSC), which is the putative cell of origin of Ewing sarcoma. NSC,
neural stem cells; VSC, vascular endothelial cells; ESC, embryonic stem cells; iPSC, human-induced
pluripotent stem cells. Data were retrieved from Yan et al. 2020 [32].
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NR4A1 AF-1

NR4A2 AF-1

NR4A3 AF-1

N-terminal C-terminal
DBD LBD / AF-2

DBD LBD / AF-2
28% 95% 65%

DBD LBD / AF-2
26% 94% 58%

Figure A2. Schematic representation of the protein sequence of the three members of the subfamily
of orphan nuclear receptors, NR4A. The percentages of amino acid sequence similarity in each
domain compared with NR4A1 are indicated below the representations of NR4A2 and NR4A3.
AF, activation function; DBD, DNA-binding domain; LBD, ligand-binding domain (adapted from
Maruyama K. et al., 1998 [34]).

.-y

References

1.

10.

11.

Fletcher, C.D.M.; Bridge, J.; Hogendoorn, PC.W.; Mertens, F. (Eds.) WHO Classification of Tumours of Soft Tissue and Bone; World
Health Organization: Geneva, Switzerland, 2013.

Stacchiotti, S.; Frezza, A.M.; Blay, ].Y.; Baldini, E.-H.; Bonvalot, S.; Bovee, J.; Callegaro, D.; Casali, P.G.; Chiang, R.C,;
Demetri, G.D.; et al. Ultra-rare sarcomas: A consensus paper from the Connective Tissue Oncology Society community of experts
on the incidence threshold and the list of entities. Cancer 2021, 127, 2934-2942. [CrossRef] [PubMed]

Martin Broto, J.; Le Cesne, A.; Reichardt, P. The importance of treating by histological subtype in advanced soft tissue sarcoma.
Future Oncol. 2017, 13, 23-31. [CrossRef] [PubMed]

Stacchiotti, S.; Maria Frezza, A.; Demetri, G.D.; Blay, J.Y.; Bajpai, J.; Baldi, G.G.; Baldini, E.H.; Benjamin, R.S.; Bonvalot, S.;
Bovee, |.; et al. Retrospective observational studies in ultra-rare sarcomas: A consensus paper from the Connective Tissue
Oncology Society (CTOS) community of experts on the minimum requirements for the evaluation of activity of systemic
treatments. Cancer Treat. Rev. 2022, 110, 102455. [CrossRef] [PubMed]

Oda, Y.; Yamamoto, H.; Kohashi, K.; Yamada, Y.; Iura, K.; Ishii, T.; Maekawa, A.; Bekki, H. Soft tissue sarcomas: From a
morphological to a molecular biological approach. Pathol. Int. 2017, 67, 435-446. [CrossRef] [PubMed]

Mertens, F; Antonescu, C.R.; Mitelman, F. Gene fusions in soft tissue tumors: Recurrent and overlapping pathogenetic themes.
Genes Chromosomes Cancer 2016, 55, 291-310. [CrossRef] [PubMed]

Delattre, O.; Zucman, J.; Plougastel, B.; Desmaze, C.; Melot, T.; Peter, M.; Kovar, H.; Joubert, I.; de Jong, P; Rouleau, G.; et al. Gene
fusion with an ETS DNA-binding domain caused by chromosome translocation in human tumours. Nature 1992, 359, 162-165.
[CrossRef]

Riggi, N.; Knoechel, B.; Gillespie, S.M.; Rheinbay, E.; Boulay, G.; Suva, M.L.; Rossetti, N.E.; Boonseng, W.E.; Oksuz, O.;
Cook, E.B.; et al. EWS-FLI1 utilizes divergent chromatin remodeling mechanisms to directly activate or repress enhancer elements
in Ewing sarcoma. Cancer Cell 2014, 26, 668—681. [CrossRef] [PubMed]

Tomazou, E.M.; Sheffield, N.C.; Schmidl, C.; Schuster, M.; Schonegger, A.; Datlinger, P.; Kubicek, S.; Bock, C.; Kovar, H. Epigenome
mapping reveals distinct modes of gene regulation and widespread enhancer reprogramming by the oncogenic fusion protein
EWS-FLIL. Cell Rep. 2015, 10, 1082-1095. [CrossRef]

Boulay, G.; Sandoval, G.J.; Riggi, N.; Iyer, S.; Buisson, R.; Naigles, B.; Awad, M.E.; Rengarajan, S.; Volorio, A.; McBride, M.].; et al.
Cancer-Specific Retargeting of BAF Complexes by a Prion-like Domain. Cell 2017, 171, 163-178.e119. [CrossRef]

Sanalkumar, R.; Dong, R.; Lee, L.; Xing, Y.H.; Iyer, S.; Letovanec, I.; La Rosa, S.; Finzi, G.; Musolino, E.; Papait, R.; et al. Highly
connected 3D chromatin networks established by an oncogenic fusion protein shape tumor cell identity. Sci. Adv. 2023, 9, eabo3789.
[CrossRef]


https://doi.org/10.1002/cncr.33618
https://www.ncbi.nlm.nih.gov/pubmed/33910263
https://doi.org/10.2217/fon-2016-0500
https://www.ncbi.nlm.nih.gov/pubmed/27918201
https://doi.org/10.1016/j.ctrv.2022.102455
https://www.ncbi.nlm.nih.gov/pubmed/36031697
https://doi.org/10.1111/pin.12565
https://www.ncbi.nlm.nih.gov/pubmed/28759137
https://doi.org/10.1002/gcc.22335
https://www.ncbi.nlm.nih.gov/pubmed/26684580
https://doi.org/10.1038/359162a0
https://doi.org/10.1016/j.ccell.2014.10.004
https://www.ncbi.nlm.nih.gov/pubmed/25453903
https://doi.org/10.1016/j.celrep.2015.01.042
https://doi.org/10.1016/j.cell.2017.07.036
https://doi.org/10.1126/sciadv.abo3789

Int. J. Mol. Sci. 2024, 25,1735 15 of 16

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Showpnil, I.A; Selich-Anderson, J.; Taslim, C.; Boone, M.A.; Crow, J.C.; Theisen, E.R.; Lessnick, S.L. EWS/FLI mediated
reprogramming of 3D chromatin promotes an altered transcriptional state in Ewing sarcoma. Nucleic Acids Res. 2022, 50,
9814-9837. [CrossRef]

Flucke, U.; van Noesel, M.M.; Siozopoulou, V.; Creytens, D.; Tops, B.B.]J.; van Gorp, ] M.; Hiemcke-Jiwa, L.S. EWSR1-The Most
Common Rearranged Gene in Soft Tissue Lesions, Which Also Occurs in Different Bone Lesions: An Updated Review. Diagnostics
2021, 11, 1093. [CrossRef]

Jo, V.Y. EWSRI1 fusions: Ewing sarcoma and beyond. Cancer Cytopathol. 2020, 128, 229-231. [CrossRef]

Grunewald, T.G.P,; Cidre-Aranaz, E.; Surdez, D.; Tomazou, E.M.; de Alava, E.; Kovar, H.; Sorensen, P.H.; Delattre, O.; Dirksen, U.
Ewing sarcoma. Nat. Rev. Dis. Primers 2018, 4, 5. [CrossRef] [PubMed]

Cidre-Aranaz, F.; Watson, S.; Amatruda, J.F.; Nakamura, T.; Delattre, O.; de Alava, E.; Dirksen, U.; Grunewald, T.G.P. Small round
cell sarcomas. Nat. Rev. Dis. Primers 2022, 8, 66. [CrossRef] [PubMed]

Kallen, M.E.; Hornick, J.L. The 2020 WHO Classification: What’s New in Soft Tissue Tumor Pathology? Am. |. Surg. Pathol. 2021,
45, e1-e23. [CrossRef] [PubMed]

Watson, S.; Perrin, V.; Guillemot, D.; Reynaud, S.; Coindre, ].M.; Karanian, M.; Guinebretiere, ].M.; Freneaux, P.; Le Loarer, E;
Bouvet, M; et al. Transcriptomic definition of molecular subgroups of small round cell sarcomas. J. Pathol. 2018, 245, 29-40.
[CrossRef] [PubMed]

Koelsche, C.; Kriegsmann, M.; Kommoss, EK.E; Stichel, D.; Kriegsmann, K.; Vokuhl, C.; Grunewald, T.G.P.; Romero-Perez, L.;
Kirchner, T.; de Alava, E.; et al. DNA methylation profiling distinguishes Ewing-like sarcoma with EWSR1-NFATc2 fusion from
Ewing sarcoma. . Cancer Res. Clin. Oncol. 2019, 145, 1273-1281. [CrossRef] [PubMed]

Fumagalli, C.; Orellana, R.; Ferre, M.; Gonzalez, A.; Catasus, L.; Vazquez, T.; Sebio, A.; Lopez-Pousa, A.; Llauger, J.; Peiro, A;
et al. Expanding the molecular landscape of undifferentiated sarcomas of bone with a novel EWSR1-SSX3 gene fusion. Genes
Chromosomes Cancer 2024, 63, €23215. [CrossRef] [PubMed]

Antonescu, C.R.; Rosenberg, A.E.; Xie, Z.; Zhang, L.; Perell, K.A.; Loya, A.C. Sarcomas with sclerotic epithelioid phenotype
harboring novel EWSR1-SSX1 fusions. Genes Chromosomes Cancer 2021, 60, 616-622. [CrossRef] [PubMed]

Cordier, F.; Van der Meulen, J.; Van Gaever, B.; Lapeire, L.; Sys, G.; Van Dorpe, ].; Creytens, D. Undifferentiated sarcoma of bone
with a round to epithelioid cell phenotype harboring a novel EWSR1-SSX2 fusion identified by RNA-based next-generation
sequencing. Genes Chromosomes Cancer 2022, 61, 44-49. [CrossRef]

Walker, V.; Jin, D.X.; Millis, S.Z.; Nasri, E.; Corao-Uribe, D.A.; Tan, A.C.; Fridley, B.L.; Chen, J.L.; Seligson, N.D. Gene partners of
the EWSR1 fusion may represent molecularly distinct entities. Transl. Oncol. 2023, 38, 101795. [CrossRef] [PubMed]

Wang, X.Q.; Goytain, A.; Dickson, B.C.; Nielsen, T.O. Advances in sarcoma molecular diagnostics. Genes Chromosomes Cancer 2022,
61, 332-345. [CrossRef]

Dickson, B.C.; Swanson, D. Targeted RNA sequencing: A routine ancillary technique in the diagnosis of bone and soft tissue
neoplasms. Genes. Chromosomes Cancer 2019, 58, 75-87. [CrossRef] [PubMed]

Noujaim, J.; Jones, R.L.; Swansbury, J.; Gonzalez, D.; Benson, C.; Judson, I; Fisher, C.; Thway, K. The spectrum of EWSR1-
rearranged neoplasms at a tertiary sarcoma centre; assessing 772 tumour specimens and the value of current ancillary molecular
diagnostic modalities. Br. J. Cancer 2017, 116, 669—678. [CrossRef]

Krystel-Whittemore, M.; Taylor, M.S.; Rivera, M.; Lennerz, ] K.; Le, L.P,; Dias-Santagata, D.; Iafrate, A.J.; Deshpande, V.; Chebib, L;
Nielsen, G.P; et al. Novel and established EWSR1 gene fusions and associations identified by next-generation sequencing and
fluorescence in-situ hybridization. Hum. Pathol. 2019, 93, 65-73. [CrossRef]

Anderson, W.J.; Jo, V.Y. Diagnostic Immunohistochemistry of Soft Tissue and Bone Tumors: An Update on Biomarkers That
Correlate with Molecular Alterations. Diagnostics 2021, 11, 690. [CrossRef] [PubMed]

Nicholas, T.R.; Metcalf, S.A.; Greulich, B.M.; Hollenhorst, P.C. Androgen signaling connects short isoform production to
breakpoint formation at Ewing sarcoma breakpoint region 1. NAR Cancer 2021, 3, zcab033. [CrossRef]

Costantino, L.; Koshland, D. Genome-wide Map of R-Loop-Induced Damage Reveals How a Subset of R-Loops Contributes to
Genomic Instability. Mol. Cell 2018, 71, 487-497.e483. [CrossRef]

Sole, A.; Grossetéte, S.; Heintzé, M.; Babin, L.; Zaidi, S.; Revy, P.; Renouf, B.; De Cian, A.; Giovannangeli, C.; Pierre-Eugene, C.;
et al. Unraveling Ewing Sarcoma Tumorigenesis Originating from Patient-Derived Mesenchymal Stem Cells. Cancer Res. 2021, 81,
4994-5006. [CrossRef]

Yan, P; Liu, Z.; Song, M.; Wu, Z.; Xu, W.; Li, K,; Ji, Q.; Wang, S.; Liu, X,; Yan, K,; et al. Genome-wide R-loop Landscapes during
Cell Differentiation and Reprogramming. Cell Rep. 2020, 32, 107870. [CrossRef] [PubMed]

Stacchiotti, S.; Baldi, G.G.; Morosi, C.; Gronchi, A.; Maestro, R. Extraskeletal Myxoid Chondrosarcoma: State of the Art and
Current Research on Biology and Clinical Management. Cancers 2020, 12, 2703. [CrossRef] [PubMed]

Maruyama, K.; Tsukada, T.; Ohkura, N.; Bandoh, S.; Hosono, T.; Yamaguchi, K. The NGFI-B subfamily of the nuclear receptor
superfamily (review). Int. . Oncol. 1998, 12, 1237-1243. [CrossRef]

Safe, S.; Karki, K. The Paradoxical Roles of Orphan Nuclear Receptor 4A (NR4A) in Cancer. Mol. Cancer Res. 2021, 19, 180-191.
[CrossRef] [PubMed]

Safe, S.; Jin, U.H.; Morpurgo, B.; Abudayyeh, A.; Singh, M.; Tjalkens, R.B. Nuclear receptor 4A (NR4A) family—orphans no more.
J. Steroid Biochem. Mol. Biol. 2016, 157, 48-60. [CrossRef]


https://doi.org/10.1093/nar/gkac747
https://doi.org/10.3390/diagnostics11061093
https://doi.org/10.1002/cncy.22239
https://doi.org/10.1038/s41572-018-0003-x
https://www.ncbi.nlm.nih.gov/pubmed/29977059
https://doi.org/10.1038/s41572-022-00393-3
https://www.ncbi.nlm.nih.gov/pubmed/36202860
https://doi.org/10.1097/PAS.0000000000001552
https://www.ncbi.nlm.nih.gov/pubmed/32796172
https://doi.org/10.1002/path.5053
https://www.ncbi.nlm.nih.gov/pubmed/29431183
https://doi.org/10.1007/s00432-019-02895-2
https://www.ncbi.nlm.nih.gov/pubmed/30895378
https://doi.org/10.1002/gcc.23215
https://www.ncbi.nlm.nih.gov/pubmed/38050902
https://doi.org/10.1002/gcc.22970
https://www.ncbi.nlm.nih.gov/pubmed/33987888
https://doi.org/10.1002/gcc.22999
https://doi.org/10.1016/j.tranon.2023.101795
https://www.ncbi.nlm.nih.gov/pubmed/37797367
https://doi.org/10.1002/gcc.23025
https://doi.org/10.1002/gcc.22690
https://www.ncbi.nlm.nih.gov/pubmed/30350361
https://doi.org/10.1038/bjc.2017.4
https://doi.org/10.1016/j.humpath.2019.08.006
https://doi.org/10.3390/diagnostics11040690
https://www.ncbi.nlm.nih.gov/pubmed/33921435
https://doi.org/10.1093/narcan/zcab033
https://doi.org/10.1016/j.molcel.2018.06.037
https://doi.org/10.1158/0008-5472.CAN-20-3837
https://doi.org/10.1016/j.celrep.2020.107870
https://www.ncbi.nlm.nih.gov/pubmed/32640235
https://doi.org/10.3390/cancers12092703
https://www.ncbi.nlm.nih.gov/pubmed/32967265
https://doi.org/10.3892/ijo.12.6.1237
https://doi.org/10.1158/1541-7786.MCR-20-0707
https://www.ncbi.nlm.nih.gov/pubmed/33106376
https://doi.org/10.1016/j.jsbmb.2015.04.016

Int. J. Mol. Sci. 2024, 25,1735 16 of 16

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Brenca, M.; Stacchiotti, S.; Fassetta, K.; Sbaraglia, M.; Janjusevic, M.; Racanelli, D.; Polano, M.; Rossi, S.; Brich, S,;
Dagrada, G.P; et al. NR4A3 fusion proteins trigger an axon guidance switch that marks the difference between EWSR1
and TAF15 translocated extraskeletal myxoid chondrosarcomas. J. Pathol. 2019, 249, 90-101. [CrossRef] [PubMed]

Feng, S.; Xu, S.; Wen, Z.; Zhu, Y. Retinoic acid-related orphan receptor RORbeta, circadian rhythm abnormalities and tumorigenesis
(Review). Int. . Mol. Med. 2015, 35, 1493-1500. [CrossRef]

Lucas, C.G.; Gupta, R.; Wu, J.; Shah, K.; Ravindranathan, A.; Barreto, J.; Gener, M.; Ginn, K.F,; Prall, O.W.J.; Xu, H.; et al. EWSR1-
BEND? fusion defines an epigenetically distinct subtype of astroblastoma. Acta Neuropathol. 2022, 143, 109-113. [CrossRef]
Lehman, N.L. Early ependymal tumor with MN1-BEND?2 fusion: A mostly cerebral tumor of female children with a good
prognosis that is distinct from classical astroblastoma. J. Neuro-Oncol. 2023, 161, 425-439. [CrossRef]

Tsutsui, T.; Arakawa, Y.; Makino, Y.; Kataoka, H.; Mineharu, Y.; Naito, K.; Minamiguchi, S.; Hirose, T.; Nobusawa, S.;
Nakano, Y.; et al. Spinal cord astroblastoma with EWSRI-BEND?2 fusion classified as HGNET-MN1 by methylation classifi-
cation: A case report. Brain Tumor Pathol. 2021, 38, 283-289. [CrossRef] [PubMed]

Yamasaki, K.; Nakano, Y.; Nobusawa, S.; Okuhiro, Y.; Fukushima, H.; Inoue, T.; Murakami, C.; Hirato, J.; Kunihiro, N.; Matsusaka,
Y.; et al. Spinal cord astroblastoma with an EWSR1-BEND?2 fusion classified as a high-grade neuroepithelial tumour with MN1
alteration. Neuropathol. Appl. Neurobiol. 2020, 46, 190-193. [CrossRef]

Smith-Cohn, M.A.; Abdullaev, Z.; Aldape, K.D.; Quezado, M.; Rosenblum, M.K.; Vanderbilt, C.M.; Rodriguez, E]J.; Laterra,
J.; Eberhart, C.G. Molecular clarification of brainstem astroblastoma with EWSR1-BEND?2 fusion in a 38-year-old man. Free
Neuropathol. 2021, 2, 16. [CrossRef]

Ramkissoon, S.H.; Bandopadhayay, P.; Hwang, J.; Ramkissoon, L.A.; Greenwald, N.F,; Schumacher, S.E.; O'Rourke, R.; Pinches,
N.; Ho, P; Malkin, H,; et al. Clinical targeted exome-based sequencing in combination with genome-wide copy number profiling:
Precision medicine analysis of 203 pediatric brain tumors. Neuro Oncol. 2017, 19, 986-996. [CrossRef] [PubMed]

Scarpa, A.; Chang, D.K.; Nones, K.; Corbo, V.; Patch, A.M.; Bailey, P.; Lawlor, R.T.; Johns, A.L.; Miller, D.K.; Mafficini, A.; et al.
Whole-genome landscape of pancreatic neuroendocrine tumours. Nature 2017, 543, 65-71. [CrossRef] [PubMed]

Todorovic, E.; Dickson, B.C.; Weinreb, I. Salivary Gland Cancer in the Era of Routine Next-Generation Sequencing. Head. Neck
Pathol. 2020, 14, 311-320. [CrossRef] [PubMed]

Agaimy, A.; Kasajima, A.; Stoehr, R.; Haller, F.; Schubart, C.; Togel, L.; Pfarr, N.; von Werder, A.; Pavel, M.E.; Sessa, F; et al. Gene
fusions are frequent in ACTH-secreting neuroendocrine neoplasms of the pancreas, but not in their non-pancreatic counterparts.
Virchows Arch. 2023, 482, 507-516. [CrossRef] [PubMed]

Palsgrove, D.N.; Manucha, V.; Park, J.Y.; Bishop, ].A. A Low-grade Sinonasal Sarcoma Harboring EWSR1::BEND2: Expanding the
Differential Diagnosis of Sinonasal Spindle Cell Neoplasms. Head Neck Pathol. 2023, 17, 571-575. [CrossRef] [PubMed]

Yoshida, A.; Satomi, K.; Kobayashi, E.; Ryo, E.; Matsushita, Y.; Narita, Y.; Ichimura, K.; Kawai, A.; Mori, T. Soft-tissue sarcoma with
MN1-BEND? fusion: A case report and comparison with astroblastoma. Genes Chromosomes Cancer 2022, 61, 427-431. [CrossRef]
[PubMed]

Zollner, S.K.; Amatruda, J.F; Bauer, S.; Collaud, S.; de Alava, E.; DuBois, S.G.; Hardes, J., Hartmann, W.; Kovar, H.;
Metzler, M.; et al. Ewing Sarcoma-Diagnosis, Treatment, Clinical Challenges and Future Perspectives. J. Clin. Med. 2021, 10, 1685.
[CrossRef] [PubMed]

Ventura, S.; Aryee, D.N.; Felicetti, F; De Feo, A.; Mancarella, C.; Manara, M.C.; Picci, P; Colombo, M.P.; Kovar, H.; Care, A,; et al.
CD99 regulates neural differentiation of Ewing sarcoma cells through miR-34a-Notch-mediated control of NF-«B signaling.
Oncogene 2016, 35, 3944-3954. [CrossRef]

Ma, L.; Xie, D.; Luo, M,; Lin, X; Nie, H.; Chen, J.; Gao, C.; Duo, S.; Han, C. Identification and characterization of BEND2 as a key
regulator of meiosis during mouse spermatogenesis. Sci. Adv. 2022, 8, eabn1606. [CrossRef] [PubMed]

Zhang, J.; Zhang, Y.; You, Q.; Huang, C.; Zhang, T.; Wang, M.; Zhang, T.; Yang, X; Xiong, J.; Li, Y.; et al. Highly enriched BEND3
prevents the premature activation of bivalent genes during differentiation. Science 2022, 375, 1053-1058. [CrossRef] [PubMed]
Kurniawan, F; Prasanth, S.G. A BEN-domain protein and polycomb complex work coordinately to regulate transcription.
Transcription 2022, 13, 82-87. [CrossRef] [PubMed]

Palmerini, E.; Gambarotti, M.; Connolly, E.A.; Dubois, S.G.; Provenzano, S.; Martin-Broto, J.; Italiano, A.; Kosela-Paterczyk, H.;
Hindi, N.; Ratan, R.; et al. Ultra-rare Undifferentiated Small Round Cell Sarcoma: How should we treat them? An analysis from
the GRACEFUL project. In Proceedings of the Connective Tissue Oncology Society, Dublin, Ireland, 1-4 November 2023.
Untergasser, A.; Nijveen, H.; Rao, X.; Bisseling, T.; Geurts, R.; Leunissen, J.A. Primer3Plus, an enhanced web interface to Primer3.
Nucleic Acids Res. 2007, 35, W71-W74. [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/10.1002/path.5284
https://www.ncbi.nlm.nih.gov/pubmed/31020999
https://doi.org/10.3892/ijmm.2015.2155
https://doi.org/10.1007/s00401-021-02388-y
https://doi.org/10.1007/s11060-022-04222-1
https://doi.org/10.1007/s10014-021-00412-3
https://www.ncbi.nlm.nih.gov/pubmed/34313881
https://doi.org/10.1111/nan.12593
https://doi.org/10.17879/freeneuropathology-2021-3334
https://doi.org/10.1093/neuonc/now294
https://www.ncbi.nlm.nih.gov/pubmed/28104717
https://doi.org/10.1038/nature21063
https://www.ncbi.nlm.nih.gov/pubmed/28199314
https://doi.org/10.1007/s12105-020-01140-4
https://www.ncbi.nlm.nih.gov/pubmed/32124419
https://doi.org/10.1007/s00428-022-03484-4
https://www.ncbi.nlm.nih.gov/pubmed/36690805
https://doi.org/10.1007/s12105-023-01527-z
https://www.ncbi.nlm.nih.gov/pubmed/36646985
https://doi.org/10.1002/gcc.23028
https://www.ncbi.nlm.nih.gov/pubmed/35094441
https://doi.org/10.3390/jcm10081685
https://www.ncbi.nlm.nih.gov/pubmed/33919988
https://doi.org/10.1038/onc.2015.463
https://doi.org/10.1126/sciadv.abn1606
https://www.ncbi.nlm.nih.gov/pubmed/35613276
https://doi.org/10.1126/science.abm0730
https://www.ncbi.nlm.nih.gov/pubmed/35143257
https://doi.org/10.1080/21541264.2022.2105128
https://www.ncbi.nlm.nih.gov/pubmed/35904285
https://doi.org/10.1093/nar/gkm306

	Introduction 
	Results 
	Case 1 (EWSR1::NR4A2) 
	Clinical and Pathological Features 
	Molecular Findings 

	Case 2 (EWSR1::RORB) 
	Clinical and Pathological Features 
	Molecular Findings 

	Case 3 (EWSR1::BEND2) 
	Clinical and Pathological Features 
	Molecular Findings 


	Discussion 
	Materials and Methods 
	Clinicopathological Data 
	Targeted RNA-Seq 
	RT-PCR and Sanger Sequencing 

	Appendix A
	References

