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Metastatic Epithelioid Sarcoma has a largely unmet clinical need in pediatrics
and young adults. To identify potential targets for inhibition we conducted next
generation DNA exome and RNA deep sequencing and chemical screens in EPS
patient samples and cell lines. We uncovered distinguishing features of the two
subtypes of EPS, distal and proximal.
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then EPS cell cultures were tested against a panel of chemical probes to discover
signalling pathway targets with the most significant contributions to EPS tumour
cell maintenance.

Results: Other biologically inspired functional interrogations of EPS cultures
using gene knockdown or chemical probes demonstrated only limited to modest
efficacy in vitro. However, our molecular studies uncovered distinguishing fea-
tures (including retained dysfunctional SMARCBI expression and elevated GLI3,
FYN and CXCLI2 expression) of distal, paediatric/young adult-associated EPS
versus proximal, adult-associated EPS.

Conclusions: Overall results highlight the complexity of the disease and a
limited chemical space for therapeutic advancement. However, subtle differ-
ences between the two EPS subtypes highlight the biological disparities between
younger and older EPS patients and emphasise the need to approach the two

KEYWORDS

1 | BACKGROUND

Epithelioid sarcoma (EPS) is a rare soft tissue sarcoma
of children and young adults, which often presents as
a seemingly benign growth, yet is very aggressive with
metastatic spread occurring in up to 50% of cases with 1-
and 5-year survival rates of 46% and 0%, respectively."?
EPS was first described by F.M. Enzinger in 1970 as a
mesenchymal tumour with epithelioid-like features.> EPS
is generally segmented into two distinct clinicopatholog-
ical subgroups: the more prevalent distal (or classical)
EPS which occurs in younger individuals (20-40 years of
age), and proximal EPS which occurs predominantly in
older populations (20-65 years of age).*> Late relapse with
metastases results in a significant unmet clinical need as
surgery is not always possible and effective targeted thera-
pies have yet to be discovered. Preclinical and translational
research is needed to improve outcomes for patients with
EPS, yet progress in EPS-focused therapeutic development
has been slow in part due to the paucity of EPS study mod-
els. Specifically, while several immortalised cell lines® and
patient samples exist globally, one centralised EPS biobank
has not historically existed. The genomic and transcrip-
tomic landscape are defined in only a limited number of
biopsies,” but even those data sets are not shared pub-
licly. Furthermore, to our knowledge, few patient-derived
xenograft (PDX) mouse models exist for testing promis-
ing therapeutics,®” highlighting multiple opportunities
for this challenging disease. Recent clinical trials have
identified tazemetostat, an EZH2 inhibitor, as promising
monotherapy treatment for proximal and distal EPS, with

subtypes as molecularly and clinically distinct diseases.

distal, epithelioid sarcoma, functional genomics, proximal, SMARCB1

9 of 62 epithelioid sarcoma patients (~15%) demonstrating
objective response to tazemetostat, although all responders
were classified as partial responders. Median progression-
free survival and overall survival was 5.5 months and
19 months, respectively.'” Tazemetostat is effective clini-
cally for a portion of patients and provides an actionable
therapeutic option for patients with significant unmet clin-
ical need, yet the biological basis for variable responses
remains unknown and the rationale for drug combinations
is undefined.

Previous studies have shown that loss of tumour sup-
pressor gene SMARCBI is the most common mutation in
EPS, occurring in up to 93% of EPS cases.®!! While loss of
SMARCBI is believed to play a crucial role in the patho-
genesis of EPS, restoration of this protein-coding gene
does not solely stop the progression of disease.'”” Thus,
other signalling pathway mutations likely contribute to
the disease and pathogenesis is a result of a complex
genetic landscape.® Targeting a single signalling pathway
has conventionally proven insufficient, conceivably due to
crosstalk between diverse biological pathways,'>'* suggest-
ing that therapies, which simultaneously target multiple
biological signalling pathways are likely needed to improve
patient outcomes. In this study, we have performed drug
screening in combination with next-generation sequenc-
ing (i.e. functional genomics) to define patient specific and
disease-wide therapeutic vulnerabilities, that is, ideally
tazemetostat combination therapies. While this compre-
hensive approach did not yield a pan-EPS drug com-
bination for immediate clinical investigation, we have
elucidated the molecular and functional characteristics of
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the two distinct EPS subtypes as a foundation for broader
study.

2 | METHODS AND MATERIALS

2.1 | Celllines

HS-ES-1, HS-ES-2R and HS-ES-2M were purchased from
Riken (RCB2364, RCB2361, RCB2360, respectively, Riken,
Japan) and maintained in DMEM supplemented with 10%
foetal bovine serum (FBS) and 1% penicillin-streptomycin
(PS). VA-ES-BJ was purchased from ATCC (CRL-2138,
ATCC, Manassas, VA, USA) and also maintained in
DMEM supplemented with 10% FBS and 1% PS. ESX, devel-
oped and provided by T. Tsukahara (Japan),”* was main-
tained in IMDM supplemented with 10% heat-inactivated
FBS and 1% PS. YCUS-5 was developed and provided
by co-author Hiroaki Goto (Japan)** and maintained in
RPMI 1640 with 10% FBS and 1% PS. Epi-544 was devel-
oped and provided by co-author Keila E. Torres (Houston,
TX, USA) and maintained in DMEM supplemented with
10% FBS and 1% PS. The BT-12 cell line was provided by
the Children’s Oncology Group (COG) and maintained
in Iscove’s Modified Dulbecco’s Medium (IMDM) plus
20% FBS, 4mM L-Glutamine, 5 ug/ml insulin, 5 ug/ml
transferrin and 5 ng/ml selenous acid and 1% PS. The
G-401 cell line was purchased from ATCC (CRL-1441,
ATCC) and cultured in McCoy’s 5A medium supplemented
with 10% FBS and 1% PS. HEK293 cells were also pur-
chased from ATCC (CRL-1573, ATCC) and cultured in
RPMI with 10% FBS and 1% PS. All cell lines were grown
at 37°C and 5% CO,. All cell cultures were tested to
ensure mycoplasma negativity and authenticated by short
tandem repeat analysis (University of Arizona Genetics
Core, Table S4) using the Promega PowerPlex16HS Assay
(Madison, WI, USA).

2.2 | Primary cell culture generation

The EPS primary cell culture CF-00442-2 was received
through the CuReFAST tumour bank program at the
Children’s Cancer Therapy Development Institute (cc-
TDI.org). Tumour tissue was minced and processed using a
gentleMacs tissue dissociator and associated tumour disso-
ciation kit (130-093-235 and 130-095-929, respectively, Mil-
tenyi Biotec, Germany) per manufacturer’s instructions.
The resultant culture was grown in DMEM supplemented
with 20% FBS and 1% (PS). The EPS primary cell cul-
ture PCB490-5 was generated as described previously®
and maintained in RPMI 1640 with 10% FBS and 1% PS.
All tissue samples for primary cell culture development
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were collected with patient consent (Advarra, protocol #
cc-TDI-IRB-1).

2.3 | EPS tissue samples

Eps samples were gathered using the CuReFAST Biobank
with informed consent obtained from patients and fami-
lies. Co-author Paul Huang and Robin L. Jones from the
Royal Marsden Institute and Institute of Cancer Research
supplied the tissue for CF-01427 through CF-01439. Co-
author Thomas G. P. Griinewald supplied the data for
Eps_1 through Eps_11.

2.4 | Therapeutic compound screen

The following compounds were purchased from (Med-
ChemExpress Monmouth Junction, NJ, USA): CCT251545,
MTX-211, CUDC305, CUDC427, AMG232, ML329 and
fasudil. Both 666-15 and GSK-J4 were purchased from R&D
Systems (Minneapolis, MN, USA). Larotrectinib was pur-
chased from Abmole (Houston, TX, USA). All other agents
were purchased from Selleckchem (Houston, TX, USA).
All agents were received as a dried powder and were recon-
stituted in DMSO (D8418, Sigma Aldrich, St. Louis, MO,
USA) to a concentration of 10 mM or lower based on
solubility specifications per manufacturer. Agents were
plated at four concentrations (2, 0.2, 0.02 and 0.002 uM)
in triplicate in a 384-well format using the HP Tecan
D300e and Perkin Elmer SciClone G3 digital dispensers.
Cells were grown in T-75 flasks until 80% confluent,
trypsinised and plated at a density of 2000-2500 cells
per well and incubated at 37°C with humidified 5% CO,
for 72 h. Cell viability was measured using CellTiter-Glo
2.0® (G9243, Promega, Madison, WI, USA) per manufac-
turer’s instructions. Luminescence was measured using a
BioTek Synergy HT plate reader (BioTek, Winooski, VT).
ICsq values were determined using a nonlinear best fit
method.

2.5 | PABPCI1 RNA interference

PABPC1 was silenced using shRNA kit from Dharma-
con (L-019598-00-0005, Lafayette, CO, USA) according to
manufacturer instructions. PCB-00490-5 was cultured and
seeded into a 384-well dish and incubated for 24 h. The
cells were then transfected and incubated for an additional
24 h. The 384-well plate was then dosed using the Tecan
D300e with Selinexor and HCQ and incubated for 72 h. The
plate was then imaged using CellTiter-Glo 2.0 according to
manufacturer instructions.
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2.6 | Tazemetostat pretreatment
combination therapy

VA-ES-BJ was cultured in growth media with tazemeto-
stat at 300 nM for 144 h. The pretreated cells were seeded
into half of a 384 multi-well plate with growth media dosed
with tazemetostat and untreated cells were seeded into the
other half in growth media and incubated for 24 h. Plates
was dosed with (+)-JQ1 and UNCO0642 at a concentration
range of 0.01-10 uM or with caffeine and theophylline at a
concentration range of 0.005-100 uM and incubated for 72
h and imaged using CellTiter-Glo 2.0.

2.7 | BRD?7/9 inhibition

VZ185 degrader and its control were obtained from
Boehringer Ingelheim onpME Portal (Ingelheim, Ger-
many). BRD7/9 protein levels were monitored in cells
treated with VZ185 and its non-degrading control cis-VZ185
at 10 and 1000 nM. There was significant degradation in
BRD9 but not in BRD7 as shown in Figure S11B. Inhibition
curves were done using VZ185 on cell lines VA-ES-BJ and
PCB-490-5; however, the ICsys were found to be in the tens
of micromolars and the degrader molecule was not further
pursued.

2.8 | DNA and RNA extraction and
sequencing

Material for the generation of whole exome and RNA
sequencing data was isolated from all EPS cell lines as well
as all FFPE tissue specimens. Each cell line was grown
to 80% confluency, trypsinised and snap frozen. RNA and
DNA were extracted and sequenced by Beijing Genomics
Institute (BGI, San Jose, CA). The quality of DNA prior to
extraction was adequate for each cell line (DNA fragment
>250bp), as well as the quality of RNA (DV < 200%). HiSeq
4000 was used for paired-end sequencing with 40 million
reads for RNA and 100x coverage for tumour DNA.

2.9 | Whole exome and whole
transcriptome sequencing analysis

Raw FASTQ sequencing files were run through our in-
house computational pipeline. Somatic mutations, vari-
ations and indels were called using Genome Analysis
Toolkit (GATK) Version 4.0 and the GRCh38 human
reference genome. Gene copy number variations were
quantified as a log ratio of tumour copy to normal copy
using Samtools and VarScan2. RNA sequencing data was

analysed for gene expression and gene fusion events.
Transcriptome data were aligned to STAR-derived human
transcriptome from GRCh38 human reference genome.
Normalised gene expression was quantified using STAR
aligner with RSEM.

2.10 | Eigengene analysis of proximal
versus distal epithelioid sarcoma

The top 5000 most variable genes in terms of expression
in the first n samples were determined using standard
variance and then clustered into co-expression modules
using the WGCNA package in R 3.4.1.2%° After clustering,
sets of co-expressed genes were annotated for functional
overrepresentation using the DAVID web service, version
6.8.%” Functional overrepresentation was determined using
the false discovery rate.”® For visualisation, the eigen-
gene or central tendency of each module was plotted in
heatmap form and used to cluster samples. After the orig-
inal clustering, additional samples were clustered using
the module members determined in the initial analysis,
but the modules were not recalculated based on these new
members.

2.11 | Supervised learning analysis of
proximal versus distal epithelioid sarcoma

The supervised machine learning approach to identify dif-
ferential gene features is adapted from the PTM-Biomarker
analysis platform.” In brief, post-analysis whole exome
and whole transcriptome sequencing data were ingested
into the learning framework, which generates Boolean
gene feature relationships differentiating proximal versus
distal EPS. Top prioritised gene features were merged to
create a joint heatmap of differential gene features linked
by common biological roles as defined by interaction
network and gene ontology analyses.

2.12 | Western blot analysis

All cell samples were extracted in RIPA lysis buffer supple-
mented with complete protease inhibitor and phosphatase
inhibitor cocktail (Thermo Fisher Scientific, Waltham,
MA,; #89901 and #78441, respectively). After incubation
on ice for 30 min, samples were centrifuged at 12 000
x g for 5 min (at 4°C), and supernatant was collected.
Protein was quantified using the Pierce BCA assay kit
(Thermo Fisher Scientific, Waltham, MA; #23224). Fifty
micrograms of protein from each sample was loaded and
separated in 7.5% SDS-PAGE gel and transferred onto
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a 0.2 mm PVDF membrane using wet transfer method
(90V for 90 min). The PVDF membrane was incubated
with primary mouse anti-BAF47 (SMARCBI) antibody
(BD Transduction Laboratories, #612110) at a dilution of
1:500 in non-fat powdered milk and tris buffered saline
with tween (TBST), then placed on a rocker overnight at
4°C. For the BRD7/9 western blot anti-BRD7 (Bethyl Labs,
#A302-304-M) and anti-BRD9 (Bethyl Labs, #A303-781A)
were used and thePABCP1 western blot used anti-PABP
(Abcam, ab153930). The membrane was then incubated
with peroxidase labelled anti-mouse IgG secondary anti-
body (Vector Laboratories, Burlingame, CA; #BA9200) at
a dilution of 1:5000 and placed on a rocker for 1 h prior to
protein visualisation. Following primary antibody visuali-
sation, the PVDF membrane was incubated with primary
rabbit anti-GAPDH antibody (Cell Signaling Technology,
Danvers, MA; #14C10) for the SMARCB1 and PABPC1
western blot, which was used as a positive control, at a dilu-
tion of 1:5000 then placed on a rocker for 1-h prior. f-actin
(Abcam, #ab8227) was used for the BRD7/9 western blot
with the same dilutions. The membrane was then incu-
bated with peroxidase labelled anti-rabbit IgG secondary
antibody (Vector Laboratories, Burlingame, CA; #PI-1000)
diluted 1:5000 for 1 h at room temperature with gentle rock-
ing prior to visualisation. All proteins were detected using
enhanced chemiluminescence (ECL) and read on an IVIS
Lumina Imaging System, with an exposure time of 5-10 s.

2.13 | ICC staining

A Fisher brand premium glass cover slip (Fisher Scien-
tific #12-548-BP) was placed into each well of a 6-well
plate. A total of 300 000 cells of each cell line were plated
with 1.5 ml of appropriate media into each well, covering
the glass cover slip. After 24 h, the cells were 50%-80%
confluent. Cells were washed with PBS, then fixed with
ice cold 100% MEOH for 5 min. Cells were washed three
times with cold PBS, then blocked with 1% BSA in PBST
(PBS+0.1% Tween20) for 30 min. Cells on the coverslip
were then placed face up on parafilm and 100 ul of 1:100
BD Biosciences mouse anti-Baf47 (SMARCBI1) (612110) in
blocking buffer was applied to each coverslip. Parafilm,
coverslip and antibody were then covered with tinfoil to
shield from light and allowed to incubate for 2 h at room
temperature. After incubation, antibody was removed, and
coverslips were placed into 6-well dishes and washed three
times with PBS. For secondary antibody treatment, cover
slips were removed from the 6-well plates and once again
placed face up on parafilm. 150 ul of 1:1000 mouse Alexa
fluor 488 (Invitrogen #A32723TR, Carlsbad, CA, USA) in
blocking buffer was applied to each coverslip, then cov-
ered and allowed to incubate for 1 h at room temperature.
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Secondary antibody was then removed, and cover slips
were placed into 6-well dishes and washed three times with
PBS. One drop of Vectashield antifade mounting medium
with DAPI (Vector laboratories #H-1200) was applied to
each glass slide and the cover slip was placed on it with
cells facing down. Nail polish was used to fix coverslip
to slide. Slides were imaged using a LSM800 confocal
inverted laser scanning microscope (Zeiss, Oberkochen,
Germany).

2.14 | Immunohistochemistry

In Figure 1 deparaffinised sections of each tumour were
stained with anti-INI1/SMARCBI1 antibody (anti-BAF47)
mouse monoclonal antibody (Sigma-Aldrich, Burlington
MA), using heat-induced epitope retrieval. Appropriate
positive and negative controls were used throughout.

2.15 | Microsatellite instability analysis
Microsatellite instability (MSI) PCR testing was performed
by LabCorp Research Services (Burlington, NC, USA)
using the MSI Analysis System v1.2 (MDI1641; Promega,
Madison, WI, USA). Fluorescently labelled primers were
used for co-amplification of five mononucleotide repeat
markers (BAT-25, BAT-26, NR-21, NR-24 and MONO-27) to
detect MSI, as well as two pentanucleotide repeat markers
(Penta C and Penta D) included to confirm sample identity.
The PCR products were sized with an Applied Biosystems
3500 xL Genetic Analyzer (Invitrogen) and instability was
defined as heterozygosity or allele size shifts compared
to the associated normal reference tissue sample. Tumour
samples were categorised as MSI-High if two or more loci
demonstrated instability, MSI-Low if one locus demon-
strated instability, and stable if all loci matched between
the tumour sample and its normal reference.

For tumour samples, which lacked an available nor-
mal reference sample, instability was defined as a 3 bp
shift or greater from the common allele sizes of the five
quasi-monomorphic markers (NR-21 = 98 bp, BAT-26 =
113 bp, BAT-25 = 120 bp, NR-24 = 130 bp, MONO-27 = 150
bp) as described by Bacher et al.’ Given that instability
in the form of 1 bp shifts cannot be appreciated without
the direct normal comparison, samples which showed no
apparent instability by this unpaired method of analysis
were categorised as ‘No MSI detected’ rather than certainly
stable.

Msisensor2 (available at https://github.com/niu-lab/
msisensor2), an updated version of MSIsensor,*! was used
in order to determine MSI status. The tool outputs an MSI
score, which is the percentage of all valid sites — defined as
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FIGURE 1

Proximal versus distal histology. (A) Conventional-type/distal-type epithelioid sarcoma. The tumour is composed of sheets of

essentially uniform and relatively small to medium-sized cells with rounded to ovoid vesicular nuclei, prominent nuclei and moderate

amounts of eosinophilic cytoplasm. The cells have a somewhat histiocytoid-appearance, and cellular atypia is minimal. A mild chronic
inflammatory infiltrate, largely of small lymphocytes, is intermingled (haematoxylin and eosin, X100). Scale bar, 100 um. (B)

Conventional-type/distal-type epithelioid sarcoma. Nests and sheets of epithelioid cells, here with abundant eosinophilic cytoplasm, are

present adjacent to a large area of fibrinoid material/incipient geographic tumour necrosis (right of field) (haematoxylin and eosin, X200).
Scale bar, 50 um. (C) Proximal-type epithelioid sarcoma. This tumour is composed of monotonous sheets of large, epithelioid and polygonal
cells with ovoid vesicular nuclei and prominent, sometimes multiple nucleoli and abundant, palely eosinophilic cytoplasm. In many cells, the
combination of extensive eosinophilic cytoplasm and eccentrically oriented nuclei give the cells marked rhabdoid appearances (haematoxylin
and eosin, xX400). Scale bar, 25 um. (D) Conventional-type/distal-type epithelioid sarcoma. Immunohistochemistry for INI1 (SMARCBI1). This
protein is absent in nuclei in approximately 90% of both classic-type and proximal-type epithelioid sarcoma, and here, the lesional nuclei

show diffuse absence of expression of INII. This is in contrast to the surrounding smaller numbers of lymphocytes and local stromal and

endothelial cells, which show strong expression of the intact protein in their nuclei (immunoperoxidase, x200). Scale bar, 50 um

sites with sequencing coverage over a user defined thresh-
old - that were classified as MSI by a machine learning
model. The developers recommend calling a sample as
MSI-H if the MSI score is above 20%. We validated the
results generated by the tool by comparing them against
a subset of samples where MSI was determined with sup-
port from LabCorp. Specifically, for samples where we
had matched tumour-normal pairs, MSI-PCR was used.
In cases with just tumour only samples, the pentaplex
PCR panel was used and marker length compared to allele
frequency tables.

2.16 | Tumour mutational burden

High/modifier (HM) and low/moderate (LM) mutation
VCFs were used for all samples. Non-silent mutations were

denoted as all SNPs in the HM mutation results, whereas
silent were denoted as all the SNPs in the LM mutation
results. Indels were denoted as all mutations that had an
insertion or deletion greater than 2 nucleotides’ among
both HM and LM mutations; however, the majority of
InDels came from HM mutations. A stacked bar-graph
was then created using the silent, non-silent and InDels in
every patient using the ‘Seaborn’ python package.

2.17 | Copy number variation

All biopsy and cell-line data were subset as Distal or Proxi-
mal. An average of the exponential version of the log_ratio
gain/loss data was computed across samples for the cyto-
genetic bands and these bands were sorted based on their
position in the chromosome from 1 through 23, X and Y. A
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bar graph was created with the processed input using the
‘Seaborn’ python package.

2.18 | Statistical analysis

All statistical analyses were performed with GraphPad
Prism V9.3.1. Low, Mid and High in Tables 1 and 2 were
determined using one-sided Student’s t-test performed in
Microsoft Excel, with Mid representing no significant dif-
ference between the expression in the sample and the
expression in the GTEXII data set, low representing statis-
tically low expression, and high representing statistically
high expression. Statistical tests used are described for each
result presented.

3 | RESULTS
3.1 | Molecular characterisation of
SMARCBI status in EPS samples

For the distal and proximal subtypes of EPS (Figure 1A-D),
we sought to collect and characterise all available biop-
sies/surgical resection samples and cell lines. Sources of
biopsy tissues included a US-based cohort (Keller Lab)
and a Germany-based cohort (Griinewald lab). To con-
firm SMARCBI status in publicly available EPS cell lines
and primary culture resources, we performed protein stud-
ies of SMARCBI via western blot (Figure 2A, Tables 1
and 2) and compared expression against SMARCBI levels
in SMARCBI wild type (WT) a normal cell line (HEK-293)
and SMARCBI null rhabdoid tumour cell lines (G401, BT-
12). Protein studies confirmed SMARCBI expression was
absent or present only at trace levels in ten of eleven (10/11)
EPS cell models tested. Only the ESX cell line demon-
strated SMARCBI levels comparable to the SMARCBI
WT normal cell lines. In EPS cell lines with SMARCBI
expression we investigated expression and localisation of
SMARCBI in EPS cell models via immunocytochemistry
(ICC) (Figure 2C), demonstrating no nuclear SMARCBI1
expression in VA-ES-BJ or PCB-490-5, but retained nuclear
SMARCBI expression in CF-01311, ESX, Epi-544 and CF-
00442-2, consistent with western blotting. To further
define the SMARCBI status of EPS cell models and patient
samples, we performed DNA whole exome and RNA whole
transcriptome sequencing of the EPS sample cohort to
identify pathogenic SMARCBI aberrations (Tables 1 and
2, Figure 3A, Tables S1 and S2). Identified aberrations
include heterozygous gene loss events (three cell mod-
els, six patient samples), homozygous gene loss (one cell
model, four patient samples), homozygous focal region
loss (two cell models, six patient samples), reduced RNA

CLINICAL AND TRANSLATIONAL MEDICINE

expression (four cell models, eight patient samples) and
disruptive genomic regions (three cell models, thirteen
patient samples) (Tables 2 and 3). Across the EPS cohort,
7 cell models and 11 patient samples demonstrated strong
evidence of SMARCBI loss (null protein expression or evi-
dence of homozygous inactivation of SMARCBI), 3 cell
models and 9 patient samples demonstrated weak evidence
of SMARCBI loss (trace protein expression or evidence
of heterozygous inactivation of SMARCBI) and 1 cell cul-
ture and 1 patient sample lacked evidence of SMARCBI
alteration (Tables 1 and 2). Among published cell lines
with nuclear SMARCBI expression, ESX was found to have
a heterozygous in frame deletion (p.Met4del), while no
SMARCBI alterations were identified in Epi-544.

3.2 | Molecular status of EPS samples
Having confirmed SMARCBI expression in EPS cell
models, we expanded molecular characterisation to
include DNA whole exome and RNA whole transcriptome
sequencing of EPS cell lines, cell cultures and patient-
origin tumour tissues (Figure 3), identifying recurrent
variations in a subset of 26 genes including SMARCBI
(Figure 3A) and corresponding gene expression of the
frequently altered genes (Figure 3B). Notable genomic
DNA features included PABCI and RPS2 stochastic gains
(but uniformly high RNA expression), yet no consistent
secondary genomic event was observed.

3.3 | Eigengene analysis of proximal
versus distal EPS

We applied small-cohort eigengene analysis to the EPS
whole transcriptome sequencing data to identify func-
tional gene modules differentially expressed between prox-
imal and distal EPS subtypes (Figure 4). We identified
potentially differentially regulated modules via unsuper-
vised clustering of the eigengenes. DAVID analysis of the
largest modules (from a total of 8) resulting from eigen-
gene analysis were significantly enriched (FDR < 5%) for
generic signalling and signal peptide ontology terms. Mod-
ule 1 showed significant enrichment for Zinc finger and
KRAB domain proteins, suggesting a possible role in or loss
of function of epigenetic regulation.'* Module 2 showed
notable but non-significant (FDR ~5%) enrichments for
LDL receptor associated genes (Figure S1). Module 3
showed notable but non-significant (FDR ~11%) enrich-
ments for DNA repair-related terms and hypermutation of
immunoglobin genes (GO:0016446). Module 4 showed sig-
nificant enrichment for MYB-related genes and suggestive
enrichment for cell cycle regulation. Module 5 also showed
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FIGURE 2 Protein analysis and immunocytochemistry of SMARCBI1 in EPS cultures. (A) Immunoblot of SMARCBL. (B) The
quantification of the previous panel with all samples normalised to HSES-2M S-actin. (C) SMARCBI is labelled with Alexa fluor 488 (green),
and the nucleus is stained with DAPI (blue). The scale bar is 300 um and scale is the same for all of the cell lines. Nuclear staining of
SMARCBI is demonstrated in HEK-293, ESX, CF-00442 and EPI-544, while absent or mostly absent in PCB-490, VA-ES-BJ and CF-01311.
Alexa fluor 488-positive staining of cellular cytoplasm is likely a result of non-specific antibody binding given that SMARCBI is considered to
be a nuclear protein. P = proximal, D = distal, U = unknown, NM = normal. Proximal versus distal location is given as anatomical, not

histological
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TABLE 3 Focused compound selection (version 5) TABLE 3 (Continued)
Target Drug name Clinical status Target Drug name Clinical status
RNA transcription Triptolide Phase I MCL-1 S63845 preclinical
initiation Mdm?2 Amg232 Phase I/11
HDAC-pan Panobinostat™ Phase III MEK1/2 Cobimetinib Phase III
20S Proteasome Bortezomib Phase III MITF MI329 preclinical
mTORC1,2 INK128/ Phase I/11 Mitochondrial energy Cpi-613 Phase III
sapanisertib/ metabolism
Ll mTOR Sirolimus/ Phase 4
HDAC1/2/3/10, PI3K Cudc907 Phase I/II rapamycin
CDK1/2/4/6/9 At7519 Phase I/I1 mTOR, PI3K BKM120/ Phase I/IT
Proteasome Ixazomib Phase III buparlisib
STAT 4 Napabucasin Phase III Multiple RTK, PDGFR, Dasatinib Phase I/II
HSP90 Cudc305 Phase I SRC, EphB4
AKT, ERK 0Onc201 Phase I/II Multiple RTK, VEGFR, Sorafenib Phase III
ALK, BMP Ldn-212854 preclinical PDGFR, RAF
ATF1/CREB 666-15 preclinical p300 c646 REeSlinicy]
ATR Azd6738 Phase 1/I1 PI3Ka/d, NFkB Pictilisib Phase I/II
Beta-blocker Propranolol Phase I/IT PIM1-2-3- Kinase Azd1208 Phase I
HCL Proton pump Esomeprazole FDA approved
B-Raf Vemurafenib Phase I/1I ROCK Fasudil Phase I1I
BRD2,3,4 and BRD-T Gsk525762/i-bet-  Phase I/1T 5100A9; Tasquinimod Phase III
762 microenvironment
BRD4, PI3k Ly294002 preclinical S100B Pentamidine Phase I/11
BRD4, PLK1, TAFI, Bi2536 Phase I/II TAR RNA-binding Enoxacin/ FDA approved
TAFIL, CBP, P300 protein 2 penetrex
CDC25a; iron chelation  Ciclopirox FDA approved TNFa induction Dmxaa Phase III
CDK 4/6 Ribociclib Phase III TP53 (mutant) Apr-246 Phase III
CDK8/19, Wnt Cct251545 preclinical pan-TrkA/B/C, ROSI, Entrectinib Phase IT
CENP-E Gsk923295 Phase I ALK
CHK1/2 Prexasertib/ Phase I/I1 TrkA, TrkB, TrkC Larotrectinib FDA approved
LY2606368 Weel MK-1775/ Phase I/11
¢-MET, ALK Crizotinib Phase III adavosertib
CPB, CREBBP/EP300  Sgc-cbp30 preclinical *is used a a positive control.
CRM-1/XPO-1 Selinexor Phase III
EGFR (allosteric Fai045 preclinical significant or notable enrichment for a number of specific
inhibitor) signalling pathways, including GNRH signalling, oxytocin
EGFR-PI3K Mitx-211 preclinical signalling and antigen processing and presentation. Mod-
EZH2 Tazemetostat Phase I/II ules 6 and 7 were both enriched for extracellular matrix
FGFRI1-4 Ly2874455 Phase I and cell adhesion terms, suggesting genes in these mod-
HDAC1/2, EGFR, HER2  Cudcl0l Phase I ules could be related to tumour microenvironment and
HDACL/3 —r— ——— adhesion differences between subtypes.
IAP Cudc427 preclinical
IGFIR Bms-754807 Rhcll 3.4 | Supervised machine learning
IKBKE Amlexanox Phase II analysis of proximal versus distal EPS
JAK1/2 Ruxolitinib Phase III
IMID Gsk-j4 preclinical We applied a supervised machine learning approach to the
JAK1/2, TBK, IKKe Cyt387 Phase III whole exome and whole transcriptome sequencing data
LSD1 Sp-2509 preclinical sets to identify gene features and associated biological pro-
(Continues) cesses differentially present in proximal versus distal EPS
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DNA and RNA expression. (A) Recurrent gene mutation, insertions/deletions or copy number changes prioritised by

internal molecular analysis pipeline. (B) RNA expression of prioritised genes in panel A

(Figure 5A). The genes prioritised in the heatmap define
a connected network centred around SMARCBI, NFIB,
CXCLi2, VCAN, TGFBR2, CD34 and CD44 (Figure 5B).
Ontology analysis of the prioritised genes identified ontol-
ogy processes differentially present in distal versus prox-
imal, which focus on angiogenesis-associated processes,
epithelial and epithelium migration and cell-substrate and
cell-matrix adhesion (Figure 5C). Overall, results suggest a
significant increase in angiogenesis-associated activity and
vasculature development in distal EPS (consistent with
anecdotal clinical reports of response to pazopanib'>'°),

as well as processes associated with cell migration and
extracellular matrix activity.

Multiple biologically relevant genes were identified
through the supervised learning analysis, including sev-
eral genes significantly upregulated in distal versus
proximal EPS (Figure S2) and significantly upregulated
in proximal versus distal EPS (Figure S3), as well as
genes with elevated expression in distal EPS (Figure
S4) and proximal EPS (Figure S5). Top distal overex-
pressed genes include NID2 (basement membrane glyco-
protein with a role in extracellular matrix interactions,
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FIGURE 4 Eigengene proximal versus distal gene expression analysis. Eigengene modules showed enrichment for zinc finger and

'CF-00775 proximal
Jcn=-oo477 distal

~ CF-02018 proximal
CF-01428 distal
CF-01425 proximal
CF-00442 distal
PCB-00490 proximal
CF-00463 proximal
CF-01432 distal
CF-01439 distal
CF-01435 proximal
- CF-01433 proximal
CF-01431 proximal
CF-01437 proximal
CF-00490 proximal
CF-01436 distal
CF-00983 distal
CF-00982 distal
CF-00776 unknown
CF-00748 proximal
CF-00750 proximal
CF-01427 proximal
CF-01430 proximal
CF-01434 distal
CF-00979 distal
CF-01429 proximal
CF-01438 distal

N~ [ [Te} ©
w L Ty w
= = = =

KRAB domain proteins in module 1; LDL receptors in module 2; DNA repair-related processes, and hypermutation of immunoglobin genes in

module 3; MYB-related genes in module 4; cell cycle regulation, extracellular matrix and cell adhesion processes in module 6 and 7 and

specific signalling pathways including GNRH signalling, oxytocin signalling, antigen processing, and presentation in module 5

7% overexpression), KRT7 (keratin family member gene
with intracellular roles, 17.8x overexpression), FYN (Src
family proto-oncogene known to be inhibited by dasa-
tinib at clinically relevant concentrations, 3.3X overexpres-
sion), SMARCBI (3.1X overexpression), CXCLI12 (CXCR4
cytokine ligand implicated in tumour growth and metas-
tasis, 6.5x overexpression), MMP2 (extracellular matrix
protein, 7.4x overexpression), BASPI (membrane-bound
protein abundantly expressed in the brain, 2.5x overex-
pression) and VASN (binds and regulates TGFj, 2.6X over-
expression). Top proximal overexpressed genes include
SHCI (Src homology-containing adapter protein that cou-
ples activated growth factor receptors to signalling path-
ways, 2.8X overexpression), CI90rf33 (also called H2RSP,
involved in single- and double-stranded DNA binding, 6.5%
overexpression), RIPK4 (serine-threonine kinase involved
in PKCS and NF-xB signalling pathways, 12.2Xx overexpres-
sion), EPHA?2 (involved in numerous processes including
cancer development and progression, 2.4X overexpres-
sion), KRT8 and KRT18 (KRT8 and KRTI8 dimerise and
are involved in signal transduction and cellular differ-

entiation, 4.6X overexpression and 6.6X overexpression,
respectively).

3.5 | Gene expression in EPS samples
Analysis of the RNA expression data from the EPS
cohort identified the highest overall median expression
occurred in RNA processing genes and mitochondrial
genes (Figure 6A). None of the highest-expressing genes
demonstrated significantly different expression between
proximal and distal biopsy cohorts from two independent
laboratories (Keller Lab and Griinewald Lab), before or
after correcting for multiple comparisons.

We also compared gene expression of twenty (20)
genes previously summarised as potential EPS biomark-
ers (Figure 6B).° Three of the twenty biomarker genes
were upregulated in distal EPS samples (SMARCBI, 3.1X
overexpression, SALL4, 2X overexpression and FLII, 1.7X
overexpression) and one gene upregulated in proximal
EPS samples (CCNDI, 1.1x overexpression). However, the
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FIGURE 5 Proximal versus distal supervised learning analysis. Whole exome and whole transcriptome sequencing data from the EPS

sample cohort were integrated in a supervised learning framework to identify molecular features differentiating proximal versus distal EPS

subtypes with cohesive biological relevance. (A) Heatmap of mutation, copy number variation and gene expression features differentially
occurring in proximal vs distal EPS samples. (B) Interaction and connection network of genes identified in differential EPS subtype analysis.
(C) Gene ontology analysis of genes identified during differential analysis. The top 20 ontology classes are reported here. The full list is
provided in Table S3. Note: CXCR4, the receptor for CXCL12, is the mechanistic target of plerixafor and BL-8040

significance identified did not hold true under multiple
comparison testing.

SMARCBI expression was also significantly upregulated
in distal cell lines versus proximal cell lines (p < .01) but
significance did not hold true under multiple compari-
son testing. SMARCBI was also statistically upregulated
in Keller Lab origin tissue samples (p < .05) and all
Keller Lab origin distal samples versus proximal samples
(p < .01). Notably, SMARCBI and in all distal samples
(biopsy and cell line together) versus proximal samples (p
<.001), which was significant even after multiple compari-
son testing. Consistent differential expression of SMARCBI
coupled with the importance of SMARCBI to EPS aetiology
suggests there may be fundamental differences between
the two subtypes connected to, or beyond, site of origin.

We also analysed expression of the individual mem-
bers of the BAF, PBAC and ncBAF due to critical roles
in tumourigenesis of EPS (Figure 6C). Beyond SMARCBI,
only ACTL6A showed significantly different expression
(1.4x overexpression in proximal biopsy samples, p <
.05), but the result was not significant after multiple
comparison testing.

Given previous studies suggesting the importance of
the extracellular matrix (ECM) in sarcoma,"” we investi-
gated the expression patterns of extracellular matrix genes
in EPS (Figure S6). Four ECM genes were significantly
overexpressed in distal EPS (COL4A1, 3.3X overexpression,
COL5A, 4.2x overexpression, COLI2AI, 2.5X overexpres-
sion, COLEC12, 1.5x overexpression), but significance did
not hold true under multiple comparison testing.
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FIGURE 6 Disease-wide expression of gene cohorts of interest. Median = median of associated samples, ratio = ratio between proximal
and distal median of the associated samples. (A) Expression of genes with the highest median expression across EPS samples. The long
non-coding RNA MALATI has consistently high expression in biopsy-origin samples and lower expression in cell lines. (B) Expression of
previously summarised potentially actionable biomarkers. Only SMARCBI expression significantly differs between distal and proximal
samples. (C) Expression of the BAF, PBAC and ncBAF complex components. Only SMARCBI expression significantly differs between distal

and proximal samples

Finally, a previous study had identified the MYC path-
way as overexpressed in proximal EPS versus distal EPS,
and the Sonic Hedgehog (SHH) and Notch pathways as
overexpressed in distal EPS versus proximal EPS.'® In the
SHH pathway, only DHH 3.2X overexpression) was dif-

ferentially expressed in distal versus proximal EPS after
multiple comparison correction (Figure 7A). In the Notch
and MYC pathways, no genes were differentially expressed
in distal versus proximal EPS after multiple comparison
testing (Figures 7B and 8). Overall, the three previously



16 of 20 CLINICAL AND TRANSLATIONAL MEDICINE RASMUSSEN ET AL.

( A) Cell Lines Biopsies
Proximal Distal

c
=]

75th
DHH percentile
*GLI3
SHH
SMO
IHH
GLI2
SUFU
ARRB2
STK36
KIF7
GLI
PTCH2
SIN3A
SAP18
PTCH1

25th
percentile

(B) Cell Lines Biopsies
Proximal Distal Proximal Distal

[
=]

HSES-2M

APH1B
RBPJ
DVL1

NOTCH4
DLL3
DTX4
HDAC2
TNF

MAML3

NUMBL

PSEN1
DLL4
LFNG

MFNG
NCSTN
NOTCH1
NOTCH2
NUMB
DLL1
DTX3L
NOTCH3
RFNG

* CTBP1
DVL3
JAG1

* APH1A
HESS

MAML1

NCOR2
DVL2

HDAC1
HES1
DTX1

PTCRA
DTX3

ADAM17
CREBBP
JAG2

PSEN2

CTBP2
DTX2

75th
percentile

25th
percentile

FIGURE 7 Expression of Sonic Hedgehog and notch pathway genes. (A) Expression of Sonic Hedgehog (SHH)-associated genes. GLI3 is
over-expressed in distal versus proximal biopsies, but not in cell lines. (B) Expression of Notch-associated genes. CTBPI is consistently
overexpressed and is the target of small molecule NSC95397. The gamma secretase subunit APHAIA is also consistently expressed in both
subtypes. Nirogacestat, a clinically investigated gamma secretase inhibitor, may be a viable therapeutic.



RASMUSSEN ET AL.

17 of 20

Cell Lines

<
>

Distal

HSES-2M

TERT
THBS1
CAD
TP53
RPS5
ENO1
FN1
SRM
EIF4E
MGST1
SIX1
DUSP1
EIF281
NME1
APEX1
HSPD1
DKC1
NDRG1
RPL3
TFRC
BMP7
AIMP2
TPM1
CCND2
CDKN1A
GADD45A
HSPA4
UXT
CCNE1
RPS15A
NPM1
RPL5S
LMO3
CDK4
MYC
NAP1L1
NCL
NME2
RPL23
FKBP4
HSPE1
RPL&
MYCN
DDX18
HMGA1
CDKN2B
LDHA
oDC1
PPAT
CCNA2
FASN
PTMA

FIGURE 8

75th
percentile

25th
percentile

Expression of MYC pathways genes. THBSI (thrombospondin 1) is more highly expressed in distal than proximal biopsy

samples; however, significance was not present adjusted for multiple comparison testing. All other MYC pathway genes were not significantly

differentially expressed

identified signalling pathways were not significantly dif-
ferentially expressed within the current cohort of EPS
samples.

All statistical analyses are presented in Table S3. The
complete set of DNA whole exome and RNA whole tran-
scriptome sequencing data are provided as supplementary
data.

3.6 | Targeting PABPC1 in EPS

As stated earlier, gene expression analysis also identified
PABPCI as a highly expressed target in EPS, as are four

additional PABP-family genes: PABPNI, PABPC4, PABPCIL
and PABPCIP3 (Figure S7A). PABPC1 promotes ribosome
recruitment/translation and is critical in the first step of
mRNA decay.'” Correspondingly, we investigated pharma-
cological effect of PABPC1 siRNA knockdown in combina-
tion with autophagy inhibitor hydroxychloroquine (HCQ)
or nuclear export inhibitor selinexor (Figure S7B and C).
We confirmed PABPCI knockdown following siRNA expo-
sure via protein quantification (Figure S7D). While both
agents induced changes in cell growth in a concentration-
dependent manner for EPS cell line VA-ES-BJ, drug effect
was independent of PABPCI siRNA knockdown suggest-
ing that PABPCI targeting in conjunction with autophagy
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or nuclear export inhibition may not be an effective
therapeutic strategy for EPS.

3.7 | Therapeutic compound screen and
validation studies on EPS cell models

Having confirmed SMARCBI status of EPS cell models, we
proceeded to screen eight EPS cell models, two SMARCBI-
null rhabdoid cell models and two normal cell lines against
a custom compound library (Figure S8) consisting of 61
pre-clinical and clinical agents selected based on relevance
to biological pathways implicated in sarcoma and targets
currently under investigation as therapeutic mechanisms
in sarcoma (Table 3). Overall results from the compound
screen measuring 72-h cell viability demonstrated a lack
of response specificity to either EPS cell models versus
non-EPS cell models, and a lack of specificity to SMARCBI-
null cell models versus SMARCBI-expressing cell models
(Figure S8). Nonetheless, we identified a subset of non-
differentially active agents and pursued further validation
experiments (Figure S9A-D) using a set of PI3K path-
way inhibitors (BEZ235, XL765, INK128, BKM120 and
BYL719) and multi-kinase inhibitors (dasatinib, sunitinib
and sorafenib). The follow-on validation studies did not
demonstrate consistent sensitivity for a single agent across
all tested cell models, although dasatinib (multi-kinase
inhibitor) and BEZ235 (PI3K/mTOR inhibitor) performed
comparatively better than other pathway inhibitors. Cor-
respondingly, we performed a checkerboard concentration
study to determine synergy between BEZ235 and dasatinib,
which demonstrated synergy at clinically relevant concen-
trations (dasatinib Cy,x ~ 160 nM, BEZ235 Cp,.x ~ 457
nM)**?! (Figure SOE)

3.8 | Tazemetostat-focused combination
studies in EPS cell models

Following the lack of single agents active at clinically
feasible concentrations for the high-throughput in vitro
chemical screen, and given the recent clinical trials
demonstrating tazemetostat efficacy, we investigated
combinations built around tazemetostat pre-treatment
as potential EPS treatments. Given previously pub-
lished synergy between EZH2 inhibitors (tazemetostat)
and bromodomain inhibitors (BRDi),””> we investigated
the effect of tazemetostat pre-treatment on response
of bromodomain inhibitors (+)-JQ1 and UNC0642
(Figure S10). While pre-treatment generally decreases
in vitro BRDi ICs, concentrations, tazemetostat pre-
treatment does not significantly alter the response of either
BRDi agent.

The lack efficacy of BRDi small molecule inhibitor
agents led us to confirm the biological effect of the BRD7/9
PROTACs VZ185 and cis-VZ185 (Figure S11). Functional
response of PROTAC monotherapy demonstrates response
only at high concentrations, suggesting the monotherapy
PROTAC is unlikely to be an effective therapy for EPS.
Similarly, the combination of tazemetostat with phospho-
diesterase agents modulating oxidative phosphorylation
had no demonstrable effect on EPS tumour cell growth
(Figure S12).

4 | DISCUSSION

Herein we report the most comprehensive study to date
of the functional genomic landscape of EPS. Across the
largest cohort of EPS cell line models and patient-origin
biopsy tissues to date, no consistent secondary mutation
was found. DNA variations and RNA expression showed
PABPC1 as a potential target, but in our interference exper-
iment, we did not observe an effect on autonomous cell
viability. Additional functional validations were equally
non-informative, underlining the complexity of EPS and
the need for deeper and more wide-ranging functional
studies in a larger chemical space.

A key finding in this study was the identification of
biological differences between distal EPS (common in
children and young adults, often having a favourable
diagnosis) and proximal EPS (more common in adults).
Specifically, molecular sequencing and immunocytochem-
ical staining of SMARCBI generally demonstrates dele-
tion in proximal EPS samples, while distal EPS samples
show a pattern of retained and/or presumably dysfunc-
tional SMARCBI. While distal and proximal EPS generally
demonstrate similar gene expression patterns across the
broader transcriptome, the fundamental biological dif-
ference observed in the pathogenic initiator of EPS cor-
responds with differential expression patterns in genes
associated with and connected to SMARCBI. Differentially
expressed genes include directly or indirectly action-
able molecular targets, such as FYN, GLI3 and CXCLI2.
Retained expression in distal EPS enables therapeutic
targeting of SMARCBI through protein degradation plat-
forms. While traditionally viewed as a tumour suppressor
gene in the context of rhabdoid tumours and EPS, targeting
of retained SMARCBI merits functional investigation.

5 | CONCLUSION

Overall results of our functional genomic investigation of
EPS highlight the complexity of the disease and the cur-
rent limited knowledge of the optimal chemical space for
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therapeutic advancement. Nonetheless, the subtle differ-
ences in the initiating pathogenic alteration between the
two EPS subtypes highlights the biological disparities
between younger and older EPS patients and emphasises
the need to approach the two subtypes as molecularly and
clinically distinct diseases. Long non-coding RNA’s and
miRNA’s may be an area of further exploration.
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