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Abstract Sclerosing epithelioid fibrosarcoma (SEF) is a rare and aggressive soft-tissue sar-
coma thought to originate in fibroblasts of the tissues comprising tendons, ligaments,
and muscles. Minimally responsive to conventional cytotoxic chemotherapies, >50% of
SEF patients experience local recurrence and/or metastatic disease. SEF is most commonly
discovered in middle-aged and elderly adults, but also rarely in children. A common gene
fusion occurring between the EWSR1 and CREB3L1 genes has been observed in 80%–90%
of SEF cases. We describe here the youngest SEF patient reported to date (a 3-yr-old
Caucasian male) who presented with numerous bony and lung metastases. Additionally,
we perform a comprehensive literature review of all SEF-related articles published since
the disease was first characterized. Finally, we describe the generation of an SEF primary
cell line, the first such culture to be reported. The patient described here experienced per-
sistent disease progression despite aggressive treatment including multiple resections, ra-
diotherapy, and numerous chemotherapies and targeted therapeutics. Untreated and
locally recurrent tumor and metastatic tissue were sequenced by whole-genome, whole-
exome, and deep-transcriptome next-generation sequencing with comparison to a pa-
tient-matched normal blood sample. Consistent across all sequencing analyses was the
disease-defining EWSR1–CREB3L1 fusion as a single feature consensus. We provide an
analysis of our genomic findings and discuss potential therapeutic strategies for SEF.

[Supplemental material is available for this article.]

INTRODUCTION

Sclerosing epithelioid fibrosarcoma (SEF) is a rare and aggressive soft-tissue sarcoma, first
characterized in 1995 by Dr. Meis-Kindblom et al. (1995) who described the disease as a var-
iant of low-grade fibromyxoid sarcoma (LGFMS). More recently, hybrid tumors have been
described that share morphologic and gene fusion variants of both SEF and LGFMS
(Arbajian et al. 2017). Despite these shared characteristics, SEF is much more aggressive
with a relatively high incidence of local recurrence (>50% of cases), distant metastatic spread
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(40%–80% of cases), and mortality (25%–57%) (Meis-Kindblom et al. 1995; Antonescu et al.
2001). Because of the rarity of SEF, little information about effective treatment regimens ex-
ists. Depending on staging, most patients either undergo surgery alone or also receive sys-
temic chemotherapy and radiotherapy to affected sites. Rates of response to traditional
chemotherapy are low, and even those receiving aggressive therapy fare poorly (Chew
et al. 2018), especially those with metastatic disease at presentation.

The lack of specific phenotypic differentiation and immunohistochemical signature as
well as morphologic similarity of SEF to LGFMS and hybrid-SEF/LGFMS tumors makes the
pathologic diagnosis challenging. The aggressive nature of SEF makes accurate identifica-
tion critical so that patients may receive appropriate care. Microscopically, pure SEF is char-
acterized by small round or ovoid epithelioid fibroblast-like cells with pale or clear cytoplasm
arranged in strands, cords, nests, and sheets, embedded in a densely sclerotic and hyalinized
collagenous stroma (Meis-Kindblom et al. 1995; Antonescu et al. 2001). Genetically, classic
SEF is characterized by fusion rearrangements, the most common being EWSR1–CREB3L1,
and rarely FUS–CREB3L1 or ESWR1–CREB3L2/3 (Wang et al. 2012b; Arbajian et al. 2017;
Dewaele et al. 2017). We note that EWSR1 rearrangement may suggest a diagnosis of
Ewing sarcoma (EWS), yet the morphologic and immunohistochemical profile of SEF differs
from that of EWS. SEF typically demonstrates positive staining for CD24, MUC4, and vimen-
tin and displays fibroblastic features (Meis-Kindblom et al. 1995; Antonescu et al. 2001; Jiao
et al. 2002; Doyle et al. 2012). SEF has no obvious sex predilection and most commonly af-
fects middle-aged and elderly adults but, rarely, children. Here, we describe the case of a
child with SEF, the youngest so far reported in the literature to our knowledge. This report
follows a partial case report of this patient’s histomorphology (Kurtz et al. 2021) but extends
that report by presenting here a comprehensive molecular analysis, the first description of a
SEF cell culture and review of the pediatric and nonpediatric disease features.

RESULTS

Clinical Presentation and Family History
A 3-yr-old boy presented to the emergency room (ER) with left leg pain. Plain radiographs of
the left lower extremity showed a proximal left fibular complex cystic lesion with poorly de-
fined margins, thought to represent a bone cyst. However, follow-up magnetic resonance
imaging (MRI) 3 wk later demonstrated T1 hypointense and T2 hyperintense areas within
the cyst, raising concern for malignancy. A computed tomography (CT) guided biopsy was
performed, which showed sheets of mononuclear cells and an abundance of multinucleated
giant cells upon microscopic examination, without evidence of malignancy.

Three months after symptom onset, the child suffered a fall and presented to the ER with
pain in the contralateral (right) leg, leading to further imaging that showed a right distal femur
pathologic fracture through another, larger bone cyst. Given these two cystic lesions, the pa-
tient underwent a skeletal survey that highlighted additional bony lesions in the lower ex-
tremities, a single lesion in the right sixth rib and right proximal humerus, and a soft-tissue
density in the abdomen. A subsequent CT of the neck, chest, abdomen, and pelvis showed
a large mass (10.5 × 6.9 cm) arising from the superior pole of the left kidney and numerous
metastatic nodules in both lungs, the largest of which was 1.8 cm in maximal diameter.

An open renal biopsy yielded pink and gray soft tissue that microscopically showed tu-
mor cells arranged in small cohesive nests in some areas and sheets of cells in other areas.
Immunostaining of the biopsy specimen revealed the malignant cells to be diffusely positive
for vimentin and focally positive for epithelial membrane antigen (EMA) and cyclin D1 stain-
ing was observed in scattered clusters of tumor cells with a variable degree of nuclear stain-
ing. The cell membrane stained weakly for CD99 and the nuclei stained positively for BRG1
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(SMARCA4) and INI-1 (SMARCB1), and negative for SMA, Melan-A, HMB-95, and S-100 pro-
tein. A diagnosis of clear cell sarcoma of the kidney (CCSK) was considered and samples
were sent to a renal pathologist for review, following which CCSK was ruled out.
Fluorescence in situ hybridization (FISH) break-apart probes were negative for CIC rear-
rangement but revealed a 3′ telomeric deletion in the EWSR1 gene. Bilateral bone marrow
biopsies from the anterior iliac crests were negative for malignancy. Vincristine, doxorubicin,
and cyclophosphamide chemotherapy was started while pending a final diagnosis given the
tumor burden and concerns for disease progression based on symptoms.

Six weeks after the renal biopsy, a next-generation panel genetic sequencing report from
FoundationMedicine identified an EWSR1/CREB3L1 fusion (Table 1), NOTCH1 splice site
variant (5167+1G>A—sub clonal), and a TMEM30Amutation (Y134fs∗1); microsatellite sta-
tus (MS) was stable and a low tumor mutational burden (2 mutations/Mb) was documented.
In light of the EWSR1–CREB3L1 fusion, the diagnosis of SEF was made, and treatment was
changed to doxorubicin and ifosfamide, followed by radiation to the right femur, left fibula
metastasis, and the left kidney (37.5/37.5/45 Gy, 15 fractions) tumor per Children’s
Oncology Group protocol ARST0332 Arm D (Spunt et al. 2020). Seven months from symp-
tom onset, the patient underwent curettage surgery of the right femur lesion.

Two weeks post–curettage surgery, the patient underwent a left radical nephroureterec-
tomy. The histopathology of the residual tumor consisted of nests and cords of epithelioid
cells set within a background of densely hyalinized sclerotic matrix. The lesional cells were
small to medium sized and contained pale eosinophilic cytoplasm. The nuclei were bland
and round or angulated and showed a small nucleolus. Cytoplasmic MUC4 immunostaining
was intense in the cytoplasm of the tumor cells.

Three months later (eight months from start of therapy) and after five cycles (21 d each) of
doxorubicin and ifosfamide, the patient underwent bilateral thoracotomy with complete
wedge resection of eight lung lesions. All lesions showed similar morphological features:
well-defined lesions with pushing borders, a bland nodular and densely hyalinized fibrous
appearance, and nests and cords of small epithelioid cells (Fig. 1A,B). Some areas displayed
a more cellular spindled appearance with mild pleomorphic cytologic features consisting of
nuclear enlargement and mild hyperchromasia. Immunohistochemical staining was positive
for CD24 (Fig. 1C) and negative for cleaved NOTCH1 (Fig. 2D). Staining was positive for
JAGGED1 (upstream of NOTCH) and weakly positive for HEY1 (downstream from
NOTCH) (Fig. 1E,F). One month later, the patient underwent resection of a left fibula lesion.

A surveillance CT scan (chest, abdomen, and pelvis) 4 wk later showed new metastatic
involvement of multiple bones of the skull, ribs, and extremities. The patient was given pal-
liative radiation therapy to selected lesions and started on pazopanib, which had demon-
strated activity in other soft-tissue sarcomas.

Four months from first recurrence and 1 month after completing radiation, CT scans of
the chest showed a new nodular density in the right upper lobe, and pazopanib was discon-
tinued. Ahead of planned resection of the lung nodule and following appropriate informed
consent discussions, the patient was enrolled on an IRB-approved institutional registry study
designed to identify targetable mutations in recurrent pediatric tumors via RNA sequencing
and pathway analysis. RNA sequencing of the lung metastasis showed high expression of
CDK1 and NOTCH3. Chemotherapy was changed to trabectedin based on this agent’s ac-
tivity in other translocation-related sarcomas. Further disease progression after three cycles
of trabectedin prompted treatment with gemcitabine and docetaxel, another regime known
to be active inmany soft-tissue sarcomas. A subsequent positron emission tomography (PET)
scan showed continued progression in bony sites (Fig. 2).

At this point the patient was enrolled on a phase I Children’sOncologyGroup clinical trial
(ADVL1615) and completed four treatment cycles of pevonedistat (a NEDD8 activating en-
zyme inhibitor) with irinotecan and temozolomide. Disease progression in several bony
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lesions was observed, and treatment was discontinued. Persistent postchemotherapy nau-
sea, vomiting, headaches, and retro-orbital pain led to a follow-up MRI that identified new
leptomeningeal spread of disease. The patient then underwent 5 d of palliative whole-brain
radiation. Following radiation, the patient started treatment with compassionate use I-131
omburtamab, a radio-labeled antibody against B78H9/CD276 that is widely expressed on
most sarcomas with some benefit in patients with central nervous system (CNS) neuroblas-
toma (Kramer et al. 2017) and administered intraventricularly through an Ommaya reservoir.
The patient tolerated two infusions of I-131 omburtamab; however, roughly 6 wk after the
second infusion, the child passed away from progression of CNS disease.

Literature Review
A comprehensive literature search led to 59 papers published between 1995 and 2021 de-
scribing 230 cases of pure SEF (Meis-Kindblom et al. 1995; Reid et al. 1996; Christensen et al.
1997; Eyden et al. 1998; Gisselsson et al. 1998; Bilsky et al. 2000; Donner et al. 2000;
Antonescu et al. 2001; Arya et al. 2001; Boudová et al. 2001; Hanson et al. 2001; Jiao
et al. 2002; Hindermann and Katenkamp 2003; Chow et al. 2004; Ogose et al. 2004;
Battiata and Casler 2005; Choi et al. 2007; Folk et al. 2007; Sassi et al. 2008; Smith et al.
2008; Kanno et al. 2009; Tomimaru et al. 2009; Grunewald et al. 2010; Tsuchido et al.

E F

BA

C D

Figure 1. (A) Morphological diagnostic immunochemistry imagewith hematoxylin and eosin (H&E) staining of
the right posterior upper lung nodule biopsy. Circumscribed tumor adjacent to normal tissue (top left corner)
showing spindle to sclerotic tumor. The round spaces are thought to be entrapped/residual alveolar spaces.
Scale bar, 300 µM. (B) H&E close-up showing spindle to sclerotic tumor. Scale bar, 200 µM. (C )
Immunohistochemistry (IHC) staining for CD24. Scale bar, 300 µM. (D) IHC staining for cleaved NOTCH1.
Scale bar, 100 µM. (E) IHC staining for JAGGED1 (upstream of NOTCH). Scale bar, 300 µM. (F ) IHC staining
for HEY1 (downstream from NOTCH). Scale bar, 100 µM.
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2010; Elkins andWakely 2011; Rekhi et al. 2011; Leisibach et al. 2012;Wang et al. 2012b; Bai
et al. 2013; Kilaikode et al. 2013; Monarca et al. 2013; Puerta Roldán et al. 2013; Stockman
et al. 2014; Wojcik et al. 2014; Argani et al. 2015; Ertoy Baydar et al. 2015; Ohlmann et al.
2015; Righi et al. 2015; Bell et al. 2016; Xu et al. 2016; Arbajian et al. 2017; Carvalho
et al. 2017; Dewaele et al. 2017; Imada et al. 2017; Patterson et al. 2017; Dong et al.
2018; Laliberte et al. 2018; Popli et al. 2018; Zhang and Chou 2018; Perez et al. 2019;
Shenoy et al. 2019; Zhang et al. 2019; Ding et al. 2020; Kao et al. 2020; Kosemehmetoglu
et al. 2020; Xia et al. 2020; Warmke and Meis 2021). Patient ages ranged from 9 to 87 yr.

B

D

C

A

Figure 2. Radiology images showing progression of lung and numerous skeletal metastases over a 16 wk pe-
riod while enrolled on clinical trial ADVL1615 (pevonedistat, irinotecan, and temozolomide). Left panel images
represent metastatic sites at the time of trial enrollment. Right panel images show disease progression at all
sites after four treatment cycles. (A) Progression of rib, pelvic, femur, and tibia metastases. (B) Progression
of the right femur metastasis. (C ) Growth in the skull lesion. (D) Progression of the lung metastases.
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Primary and metastatic sites are shown in Figure 3. Primary tumor locations were reported
most commonly in the lower limb or limb girdle (28.3%) and the trunk (18.7%). Other primary
tumor sites included the brain, head and neck, soft tissue, lung or pleura, pancreas, kidney,
bone, upper limb or limb girdle, and liver. The most common site of metastasis was the lung
or pleura (42.1%). Interestingly, although rare as a primary site, the second most common
metastatic site was bone (28.6%). Other sites of metastasis were rare but included the trunk,
upper limb or limb girdle, lower limb or limb girdle, pancreas, lymph nodes, brain, heart, liv-
er, kidney, and soft tissues.

Genomic Analyses
The patient described in this report had multiple sequencing analyses, allowing for compar-
isons between different metastatic sites and across the timeline of disease progression

B

A

Figure 3. Locations of primary and metastatic SEF tumors. Altogether, 230 cases reported in the literature
from 1995 to 2021 were reviewed. (A) Eleven primary tumor sites were reported, the most common being
the lower limb or limb girdle (28.3%) and the trunk (18.7%). (B) Eighty-eight patients reported metastasis to
12 sites, the most common being the lung (42.1%) and bone (28.6%).
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(Table 2). Tissues resected from the primary kidney tumor, a lung metastasis, a bone metas-
tasis, and a blood-matched patient normal sample were DNA- and RNA-sequenced and an-
alyzed. Whole-genome, whole-exome, and deep-transcriptome sequencing was
performed. This sequencing data set was analyzed for both pathogenic germline alterations
and actionable (druggable) targets based on the presence of somatic missense mutations
altering the function of the original gene, evidence of copy-number gain, and level of
gene expression (Table 3; Supplemental Tables S1–S5). Circos plot representations of geno-
mic alterations discovered within each data set are provided in Supplemental Figures S1–S4.
Detailed fusion calling data is provided in Supplemental Tables S6 and S7.

The most common/recurrent genetic change was the EWSR1–CREB3L1 fusion. Studies
by Mertens et al. (Arbajian et al. 2017) suggest that this fusion alone can dramatically alter
the normal fibroblast transcriptional program, up-regulating CD24 and CD276 among other
genes. Indeed, CD24 and CD276were clearly up-regulated across this patient’s sequencing
samples. The average CD276 transcripts per million (TPM) was 178, compared to a normal
CD276 TPM average expression of 19.9 (as determined by the Genome Tissue Expression
[GTEx] project). Average CD24 TPM across this patient’s sequencing samples was 170.
For comparison, 12 epithelioid sarcoma patient samples and cell lines were probed for
CD24 expression levels, resulting in an average CD24 TPM level of 34.7 and a median
TPM level of 3.7 (data not shown). SIGLEC10 was of interest as a known cell–cell interactor
for CD24 (Barkal et al. 2019), as well as NOTCH1 whose signaling pathway has been ob-
served to be activated when CD24 is expressed (Tang et al. 2018). The TP53 tumor suppres-
sor gene was mutated in the femur metastasis sample, and TP53-axis genesMDM2,MDM4,
andCDKN2A (ARF) were overexpressed in the primary tumor and lungmetastasis compared
to healthy comparison tissue.

Primary Cell Culture
Postmortem tumor tissue samples were collected by rapid autopsy. A small section of tumor
tissue from the left lungwasminced by hand and digestedwith aMiltenyi GentleMacs tumor
dissociation system. Resultant cultures were maintained in Gibco’s AmnioMAX C-100 com-
plete medium, a specialized media developed for the short-term culture of human amniotic
fluid cells. Cell cultures retained a fibroblastic morphology displaying elongated (spindle-
shaped) processes extending out from the ends of cell bodies as well as flattened and
oval nuclei (Fig. 4A). To distinguish this cell culture from normal fibroblasts, we performed
polymerase chain reaction (PCR) analysis to detect the EWSR1–CREB3L1 gene fusion (Fig.
4B), short tandem repeat (STR) (Fig. 4C), and drug screen validations (Fig. 4D).

Table 2. Location and type of tissue used for various sequencing analyses

Sample type Post Dx (months) Sequencing type MS status TMB

Primary kidney biopsy 0 DNA WES Stable 39 Muts

Primary kidney resection 5 DNA WES, WGS, RNA, NM DNA Stable 39 Muts

Femur metastasis 11 DNA WES Unstable 31 Muts

Lung metastasis 13 DNA WES, WGS, RNA, NM DNA Stable 30 Muts

Normal blood N/A DNA WGS N/A N/A

Microsatellite instability status is a measure of genetic hypermutability due to impaired DNA mismatch repair. Tumor
mutation burden is a measure of total mutations found in the DNA of cancer cells.
(WES) Whole-exome sequencing, (WGS) whole-genome sequencing, (NM) matched normal, (MS) microsatellite instability
status, (TMB) tumor mutation burden, (Muts) mutations, (N/A) not available.
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Table 3. Compiled common sequencing results from all samples

Gene (# of
analyses) Variant type Transcript ID HGVS DNA

HGVS
protein

PMID
reference

CNV
(log2)

Median
TPM Samples

EWSR1–
CREB3L1
(7)

Fusion Kidney Bx,
primary
kidney, lung
relapse

CREB3L1 (4) ENST00000527342.1 Loss,
gain

181.3 Primary kidney,
lung relapse

EWSR1 (4) ENST00000331029.11 c.∗1093T>A Loss,
gain

252.7 Primary kidney,
lung relapse

CD24 (3) ENST00000606017.1 290 Primary kidney,
lung relapse

BCR (2) ENST00000305877.12 c.3012+
2059delG

Loss 43.7 Primary kidney,
lung relapse

CARS (2) ENST00000278224.13 Loss 23.7 Primary kidney,
lung relapse

EP300 (2) ENST00000263253.8 c.95-
8921delT

Loss 128.3 Primary kidney,
lung relapse

EXT2 (2) ENST00000343631.3 Loss 47.6 Primary kidney,
Lung relapse

FANCF (2) ENST00000327470.5 Loss 2.5 Primary kidney,
lung relapse

GON4L (2) Substitution—
missense

ENST00000271883.9 c.4615C>G Q1539E 116.3 Primary kidney,
lung relapse

HCAR3 (2) Substitution—
missense

ENST00000528880.2 c.1127C>G A376G 0.65 Primary kidney,
lung relapse

HRAS (2) ENST00000311189.7 Loss 34.5 Primary kidney,
lung relapse

IGL (2) Loss Primary kidney,
lung relapse

IRF1 (2) ENST00000245414.8 V175A Kidney Bx,
primary kidney

LMO1 (2) ENST00000335790.7 Loss 0 Primary kidney,
lung relapse

LMO2 (2) ENST00000290246.10 Loss 15.58 Primary kidney,
lung relapse

MKL1 (2) Substitution—
missense

ENST00000355630.7 c.902G>A Loss 39.26 Primary kidney,
lung relapse

MLL2 (2) P2210L Kidney Bx,
primary kidney

MYH9 (2) ENST00000216181.10 c.∗5992G>
A

Loss 636.5 Primary kidney,
lung relapse

MYOD1 (2) ENST00000250003.3 Loss 0 Primary kidney,
lung relapse

NF2 (2) ENST00000334961.11 c.199-7820G
>A

Loss 45.47 Primary kidney,
Lung relapse

NOTCH1 (2) Splice site
(subclonal)

ENST00000277541.7 c. 5167+1G
>A

21798893 16.48 Kidney Bx, lung
relapse

NTRK1 (2) ENST00000358660.3 P171S Kidney Bx,
primary kidney

(Continued on next page.)
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DISCUSSION

SEF lacks a specific phenotypic differentiation and immunohistochemical signature and
shares clinical and morphological features with several differential cancer types, challenging
diagnosis in the absence of genetic data. SEF most commonly occurs in the lower limb or
limb girdle of middle-aged or elderly adults, yet also presents in a wide range of alternative
anatomical sites and across a wide range of ages (Meis-Kindblom et al. 1995; Antonescu
et al. 2001; Wang et al. 2012b; Kao et al. 2020). The case presented here represents a pri-
mary SEF tumor of the kidney in conjunction with multiple bony metastases discovered in
a very young patient. This case emphasizes the importance of considering an SEF diagnosis
for patients of all ages and tumor locations.

Multiple sequencing analyses allowed for a complete modeling of the genomic land-
scape of this particular SEF patient. Given the patient’s young age, one could hypothesize
that the genetic abnormalities presented here are most likely disease-related and less likely
to be from potentially confounding factors often observed in adults, such as lifestyle or long-
term exposure to carcinogens. Common to all analyses was the EWSR1–CREB3L1 fusion. A
list of genes that were abnormal across different sequencing analyses is shown in Table 3.

CD24
The CD24 gene is primarily expressed by immune cells and has been shown to be overex-
pressed in a variety of human cancers including SEF, but not on human erythrocytes.
Arbajian et al. (2017) showed that increased expression of CD24 in SEF is a direct result of

Table 3. (Continued )

Gene (# of
analyses) Variant type Transcript ID HGVS DNA

HGVS
protein

PMID
reference

CNV
(log2)

Median
TPM Samples

NUP98 (2) ENST00000324932.11 Loss 43.1 Primary kidney,
lung relapse

PATZ1 (2) ENST00000215919.3 Loss 25.89 Primary kidney,
lung relapse

PDGFB (2) ENST00000331163.10 Loss 20.85 Primary kidney,
Lung relapse

PLCG2 (2) ENST00000359376.7 K1019E Kidney Bx,
primary kidney

PRDM1 (2) ENST00000369089.3 K532Q Kidney Bx,
primary kidney

ROS1 (2) ENST00000368507.7 R2269∗ 25186949 Kidney Bx,
primary kidney

SEPT5 (2) ENST00000383045.7 Loss 102.5 Primary kidney,
lung relapse

SIGLEC10 (2) Substitution—
missense

ENST00000339313.9 c.430C>A Q144K 26925973 25.95 Primary kidney,
lung relapse

SPARC (2) ENST00000231061.8 Gain 20457 Primary kidney,
lung relapse

TMEM30A (2) Insertion—
frameshift

ENST00000230461.10 c.401dupA Y134fs 30.46 Kidney Bx,
primary kidney

WT1 (2) ENST00000332351.7 c.1002-
8172dupT

Loss 0.89 Primary kidney,
lung relapse

Of the 256 total genetic events observed, 33 were found to be common to multiple samples. The human reference genome used was GRCh38.
(HGVS) Human Genome Variation Society, (PMID) PubMed ID, (CNV) copy-number variation, (TPM) transcripts per million, (Bx) biopsy.
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Figure 4. SEF cell culture EZ-PZ. (A) Brightfield confocal image of SEF cell culture EZ-PZ at 10×magnification.
Scale bar, 100 µM. (B) Polymerase chain reaction (PCR) indicating the presence of a EWSR1–CREB3L1 gene
fusion in the EZ-PZ cell culture. BJ5TA is a normal human fibroblast cell culture that shows an absence of
the EWSR1–CREB3L1 fusion. Three primer sets captured the fusion breakpoint, the majority and the entirety
of the gene fusion. (C ) Baseline short tandem repeat (STR) analysis of the cell culture. Results did not match to
any known cell lines. The cell culture was free of mycoplasma. (D) Drug screen results from the EZ-PZ and
BJ5TA cell cultures. Heatmap indicates IC50 values and shows a general increase in resistance and sensitivity
of the SEF cell culture to TORC 1/2 inhibition.
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the EWSR1–CREB3L1 gene fusion event. As expected,CD24 gene expression was detected
in this patient’s transcriptome sequencing. CD24 is a highly glycosylated GPI-anchored cell
surface molecule that resembles cell surface mucin (Kristiansen et al. 2004). CD24 has been
associated with poor prognosis (Lee et al. 2009), is a cancer stem cell marker (Ortiz-Montero
et al. 2018), and has been shown to regulate tumor cell proliferation, migration, and invasion
(Baumann et al. 2005). CD24 has been suggested as a therapeutic target in several cancer
types (Salnikov et al. 2013).

CD24 has multiple binding partners including P-selectin and Siglecs. In ovarian and
breast cancers, the CD24-P-selectin interaction has been shown to support the rolling of tu-
mor cells on endothelial cells and the adhesion of tumor cells to platelets and mesothelium
(Aigner et al. 1998; Carroll et al. 2018), suggesting a role in metastasis. Recently, CD24 was
shown to interact with SIGLEC10 on tumor associated macrophages to provide a “don’t eat
me” signal, leading to a lack of clearance by the immune system (Barkal et al. 2019). Barkal
et al. suggested that antibodies that disrupt the interaction between CD24 and SIGLEC10
have therapeutic potential. A variety of antibody treatments have been studied to treat hu-
man disease, including the use of naked antibodies, bispecific antibodies, and conjugated
antibodies. Besides antibody treatment, Sagiv et al. (2006) showed that overexpressed
CD24 can be down-regulated to normal levels after short- and long-term exposure to the
selective COX2 inhibitor, celecoxib (Sagiv et al. 2006).

NOTCH1
TheNOTCH signaling pathway is dysregulated in the majority of human cancers. In previous
studies, CD24 expression was shown to accompany NOTCH signaling pathway activation
(Tang et al. 2018), and NOTCH1 inhibition has been shown to decrease CD24 transcription
in esophageal adenocarcinoma (Wang et al. 2014b). In the patient presented in this report, a
NOTCH1 splice site variant (c.5167+1G>A) was observed in the primary kidney and met-
astatic lung tumors, possibly linked to the observed CD24 overexpression. The c.5167+ 1G
>A variant is an intronic substitution listed as pathogenic (FATHMM prediction score=0.99)
in the Catalog of Somatic Mutations in Cancer (COSMIC) database. NOTCH1 signaling has
been implicated in awide range of oncogenic activities including tumor growth, survival, and
metastasis and has been shown to be important for cancer stem cell self-renewal, differen-
tiation, proliferation, survival, and migration (Wang et al. 2012a; Venkatesh et al. 2018). In
this patient’s lung metastasis and primary kidney samples, numerousNOTCH1 target genes
were found to be overexpressed compared to normal organ-specific tissue collected within
the GTEx project, most notably CyclinD1 (CCND1), which was 45-fold overexpressed in the
lungmetastasis and 85-fold overexpressed in the primary kidney tumor (Table 4).Cyclin D1 is
a regulator of CDK4/6, which in turn regulates cell cycle transition from G1 to S phase.
Overexpression of Cyclin D1 leads to rapid cellular growth (Qie and Diehl 2016). NOTCH
signaling has been shown to positively regulate MTOR pathway activity, and several
NOTCH target genes within the PI3K–AKT-mTOR pathway were overexpressed in this pa-
tient’s tumor samples (PIK3R1, PIK3R2, AKT1, andMTOR). As previously noted, SEF tumors
display a propensity to metastasize, oftentimes progressing to widely metastatic disease and
resulting in poor patient outcomes. NOTCH1 target gene HEY1 has been shown to play a
fundamental role in tumor vasculature development and angiogenesis (Wang et al.
2014a), and was 53-fold overexpressed in this patient’s kidney tumor (data not shown) com-
pared to normal GTEx kidney tissue. No overexpression was observed in the lung metastasis
sample. HEY1 paralog genes HEY2 and HES1 were overexpressed in both kidney and lung
samples. Within the endothelium, cross-talk between NOTCH and VEGF was shown to be
necessary for productive tumor angiogenesis (Gu et al. 2012), and interruption of this inter-
action resulted in decreased tumor perfusion and enhanced tumor growth inhibition in
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animal models (Miles et al. 2014). Multiple targets within the NOTCH signaling pathway are
considered druggable with small molecule inhibitors, including inhibitors of NOTCH itself,
CDK4/6, PI3K, and mTOR. Clinical trials targeting NOTCH are currently underway using γ
secretase inhibitors, NOTCH receptor antibody treatment, and NOTCH transcription com-
plex inhibitors (Moore et al. 2020).

TP53
The TP53 tumor suppressor gene has been shown to be involved in a variety of human can-
cers (Hollstein et al. 1994; Levine 1997). TP53 gene axis members include MDM2, MDM4,
and CDKN2A (ARF) genes among others (Ozenne et al. 2010). MDM2 overexpression has
been observed previously in SEF patients (Jiao et al. 2002). In the patient described in this
report, TP53 dysregulation and MDM2 overexpression were observed in the primary tumor
and multiple metastatic samples (Table 5). Two of the TP53 mutations (p.Pro301fs and
p.Pro72Arg) observed in this patient’s femur metastasis sample have been characterized
as pathogenic (Malapelle et al. 2017) and associated with a poor drug response (Kim et al.
2009; Khrunin et al. 2010), respectively. When compared to GTEx normal tissue, the lung
metastasis sample showed a four- to fivefold greater MDM2 expression and the kidney tu-
mor showed a 15-fold greater expression.MDM2 and TP53 form an autoregulatory feedback
loop where TP53 regulatesMDM2 transcription andMDM2 regulates TP53 activity (Wu et al.
1993). MDM2 ubiquitinates TP53 for proteasomal degradation and works as a “brake”
against normal TP53 tumor suppressor activities (Picksley and Lane 1993; Haupt et al.
1997; Honda et al. 1997). Increased MDM2 levels therefore result in decreased wild-type
TP53 tumor suppressive activities. Several MDM2 inhibitors have advanced to clinical trials
and could be considered as a potential therapeutic approach for SEF patients with MDM2
overexpression.

ACD24-TP53 gene axis has recently been established in prostate cancer, in which CD24
expression is associated with aggressive andmetastatic disease. Interestingly, mutant KRAS-
induced up-regulation of CD24 enhances prostate cancer bone metastasis (Weng et al.
2019). We note that the second most common observed metastatic site in SEF is bone,

Table 4. NOTCH1 target gene expression levels reported as transcripts per million (TPM)

Gene
Lung
tumor

Lung
normal

Fold change
(lung)

Kidney
tumor

Kidney
normal

Fold change
(kidney)

HEY2 68.24 5.4 12.64 66.93 2.287 29.27

HES1 236.15 72.71 3.25 440.28 66.71 6.6

CCND1 2855.08 63.51 44.95 1951.83 23.08 84.57

GATA3 12.1 6.22 1.95 99.06 22.15 4.47

MYC 179.66 55.01 3.27 51.42 7.855 6.55

PIK3R1 217.46 44.53 4.88 165.19 9.379 17.61

PIK3R2 95.57 22.27 4.29 107.66 20.85 5.16

AKT1 393.74 80.7 4.88 461.23 27.57 16.73

MTOR 27.99 15.39 1.82 49.52 8.864 5.59

BCL2 40.65 6.354 6.4 55.54 4.632 11.99

TCF3 96.49 24.83 3.89 177.55 13.24 13.41

NOTCH3 268.34 79.77 3.36 155.75 18.13 8.59

EP300 119.55 33.78 3.54 137.1 11.53 11.89

Analysis was performed by Omics Data Automation and Children’s Cancer Therapy Development Institute. Primary
kidney and lung metastasis TPM levels were compared to normal kidney and lung tissue TPM’s (GTEx), respectively.
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creating the intriguing hypothesis that a similar biologic mechanism underlies the propensity
for bone metastasis in SEF. Studies by Wang et al. (2015) have demonstrated that CD24 can
inhibit CDKN2A (ARF) binding to NPM, leading to a decrease in CDKN2A (ARF), which
therefore increases MDM2 levels and decreases activity of TP53 and its downstream gene
target, P21. These researchers also observed a higher rate of TP53 mutation associated
with increased CD24 mRNA expression and suggest the possibility of restoring TP53 tu-
mor-suppressor function while simultaneously disabling mutant TP53 oncogenic activity.
Three out of the four most common TP53 mutants (p53R273H, p53V143A, and p53R280T) in
CD24 siRNA-silenced cells were almost equally efficient at suppressing colony formation
as wild-type TP53. In contrast, TP53mutants that retained CD24 expression failed to reduce
colony formation (Wang et al. 2015). Further studies by Zhang et al. (2016) confirmed the res-
toration of TP53 tumor-suppressive activities in CD24-silenced TP53 mutants and demon-
strated a role for CD24 in tumor progression and metastasis by showing an abnormal
nuclear accumulation of TP53 mutants in CD24-expressing prostate cancer cells.

Copy-Number Variation
Increased copy-number variation has been observed previously in SEF and has been pro-
posed to explain SEF’s aggressive nature as compared to the closely related LGFMS, which
has a better prognosis and has been observed to display only minimal copy-number varia-
tion (Arbajian et al. 2017). The primary kidney tumor sample in this report strongly suggests
loss of 10q, 11p and Chromosome 22 (Supplemental Fig. S1), concurrent with previous ob-
servations within larger cohorts of SEF patients (Arbajian et al. 2017).

Cell Culture
Tumor tissue collected at autopsy resulted in a primary cell culture with fibroblastic features
(Fig. 4A), which was named “EZ-PZ.” The resultant EZ-PZ cell culture continued to grow ro-
bustly until passage 20 before growth rates declined. To distinguish EZ-PZ fromnormal fibro-
blasts, PCR, STR, and drug screen analyses were performed. PCR results showed clear bands
with three different primer sets measuring (1) the fusion breakpoint, (2) a portion of the fu-
sion, and (3) the entire fusion, indicating that the SEF primary culture EZ–PZ contains the dis-
ease-defining EWSR1–CREB3L1 gene fusion, whereas the fusion is absent from normal
human fibroblast BJ5TA cells (Fig. 4B). The fusion sequence and primers used for PCR am-
plification are provided in Supplemental Table S8. STR results show no cross-contamination
between EZ-PZ and known cell lines and establish a baseline for future testing and cell cul-
ture validation (Fig. 4C). Drug screens showed activity against EZ-PZ in eight out of 60 com-
pounds tested, with IC50 concentrations of <5 µM (Fig. 4D). Interestingly, EZ-PZ was sensitive
to INK128 (IC50 = 0.45 µM), a novel TORC1/2 inhibitor, yet was not sensitive (IC50 =>10 µM)
to the other MTOR inhibitors within the screen (sirolimus and BKM120). We speculate that
INK128’s observed potency is due to dual targeting of both TORC1 and TORC2, and that
targeting TORC1 only or MTOR+PI3K is insufficient to reduce EZ–PZ’s cell viability. Three
compounds within the drug screen (bortezomib, dasatinib, and nabucasin) demonstrated ac-
tivity against the normal human fibroblast cell line BJ5TA but showed reduced or no activity
against EZ–PZ. We suggest that the SEF cell culture generally displays a drug-resistant phe-
notype, an observation consistent with this patient’s clinical response and that is supported
by the lack of activity observed in 52 of 60 oncogenic inhibitors used within the screen.

As this case report demonstrates, SEF is an aggressive tumor that is oftentimes resistant
to conventional chemotherapy and targeted therapies. SEF can occur across a wide variety
of sites and age groups. SEF is a fusion-driven cancer, the most common fusion event being
the EWSR1–CREB3L1 gene rearrangement. CD24, MDM2, and NOTCH1 represent poten-
tial therapeutic targets for SEF, although further study of these targets in a SEF-specific
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context is warranted. The EZ–PZ primary cell culture that resulted from this patient’s tumor
tissue should provide a study model to perform functional assays, which will shed light
upon the efficacy of the proposed genetically determined therapeutic targets.

METHODS

Immunohistochemistry
Immunohistochemistry was performed with the following antibodies and dilutions: anti-
CD24 antibody (1:100) (Abcam ab199140), cleaved Notch1 (1:400) (Cell Signaling
Technology 4147), anti-JAGGED1 (1:100) (Santa Cruz Biotechnology sc-390177), and anti-
HEY1 (1:150) (Abcam ab235173).

Genetic Sequencing
Genetic sequencing was performed at New York Genome Center, Foundation One
Medicine, MD Anderson Cancer Center, and Covance by Lab Corp. DNA sequencing was
performed with at least 100× coverage, paired-end reads. DNA sequencing was performed
on an Ilumina HiSeq X or DNBseq. RNA sequencing was performed on an Illumina HiSeq
2500. Variant and sequencing coverage tables are presented in Supplemental Tables S4
and 5.

Genomic and Transcriptomic Analysis
Genetic sequencing analysis was performed in the following manner: whole-exome and
whole-genome sequencing data were analyzed for the presence of somatic point mutations,
somatic functional and structural mutations, potential germline mutations, polynucleotide
insertions and deletions, and gene copy-number variation. Somatic mutations, variations,
and indels were called using Genome Analysis Toolkit (GATK) Version 4.0 with strict calling
criterion (Tumor logarithm of odd [TLOD)] scores >6.3). Gene copy-number variations were
identified using SAMtools and VarScan2 quantified as a log ratio of tumor copy to normal
copy using the GRCh38 human reference genome. RNA sequencing data were analyzed
for gene expression and gene fusion events. Transcriptome data were aligned to STAR-de-
rived human transcriptome from GRCh38 human reference genome. Normalized gene ex-
pression was quantified using RSEM. NOTCH target gene expression analysis was
performed by Omics Data Automation and Children’s Cancer Therapy Development
Institute.

Literature Review
To determine common site locations of primary and metastatic SEF tumors, search terms
“sclerosing epithelioid fibrosarcoma,” “CD24,” “EWSR1,” and “EWSR1–CREB3L1” were
entered into PubMed and Google search engines. Papers that did not define SEF primary
location were excluded. Of the included studies, those that mentioned metastatic disease
were used to determine metastatic site locations.

Clinical Presentation
Medical history was gathered frompatientmedical records and discussions with the patient’s
family and medical oncologist. Clinical molecular diagnostic whole-genome and transcrip-
tome sequencing was performed at the New York Genome Center as previously described
(Wrzeszczynski et al. 2018).
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Cell Culture Generation and Validation
Autopsy tumor samples were collected with informed consent (study # ccTDI-IRB-1). Tumor
tissue was minced by hand and processed in a GentleMacs dissociator with the GentleMacs
tumor dissociation kit (130-093-235 and 130-095-929, Miltenyi Biotec GmbH) according to
manufacturer’s protocol. Resultant cultures were maintained in AmnioMAX C-100 complete
medium (Gibco, Thermo Fisher Scientific). All cell cultures were maintained in a humidified
incubator at 37°C supplemented with 5% CO2. STR validation and mycoplasma testing was
performed on all cell cultures. STR analysis was performedwith the Promega PowerPlex16HS
Assay: 15 Autosomal Loci, X/Y, with a randommatch probability of approximately 1 in 1.83×
1017.

For PCR testing, DNAwas collected with the PureLink Genomic DNAmini kit (Invitrogen
K182002). Dye-based qPCR was performed with DreamTaq Green PCR master mix (Thermo
Scientific K1081). An amount of 25 µL of master mix, forward and reverse primers, nuclease-
free water, and 2–4 µL of DNA for each sample was made up on ice and then loaded onto a
GeneAmp PCR System 9700 (Applied Biosystems) and run for 35 cycles with an annealing
temperature of 60°C. Samples were then loaded into a 2% agarose gel and placed on an
electrophoresis apparatus for 90 min at 155 V. To determine resultant band size, a 1 Kb
Plus DNA ladder (Invitrogen 10787018) was loaded onto the gel with the samples. After elec-
trophoresis, the gel was placed in ethidium bromide (ETBR) and placed on a rocker for 10
min at medium speed, then washed with TAE buffer for 5 min. Bands were visualized with
a Model SA-1000 (red) Personal Gel Imaging System SR737 (Alpha Innotech).

Chemical screens were conducted using an investigator-selected 60-agent drug screen.
Each agent was tested in triplicate at four dosage points. Initial drug stocks were diluted in
appropriate solvents, then plated onto Nunc 384-Well Polystyrene White Microplates
(Thermo Fisher Scientific 164610) with DMSO and media-only controls. Two thousand
cells/well were added to the drug plates with a Multi-Flo liquid dispenser (BioTek), then
placed in a humidified incubator for 72 h at 37°C supplemented with 5% CO2. Cell viability
(ATP) was measured using the CellTiter-Glo Luminescent Cell Viability Assay (Promega
G7573) following manufacturer’s protocol. Output was read with a Synergy HT plate reader
(BioTek).
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