& frontiers | Frontiers in Oncology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Aykut Uren,
Georgetown University, United States

REVIEWED BY
Michael Tellier,

University of Leicester, United Kingdom
David Jon Gordon,

The University of lowa, United States

*CORRESPONDENCE
lan J. Davis
ian_davis@med.unc.edu

SPECIALTY SECTION
This article was submitted to
Molecular and Cellular Oncology,
a section of the journal

Frontiers in Oncology

RECEIVED 15 November 2022
ACCEPTED 11 January 2023
PUBLISHED 30 January 2023

CITATION
Vital T, Wali A, Butler KV, Xiong Y,

Foster JP Il, Marcel SS, McFadden AW,
Nguyen VU, Bailey BM, Lamb KN, James LI,
Frye SV, Mosely AL, Jin J, Pattenden SG
and Davis 1J (2023) MS0621, a novel small-
molecule modulator of Ewing sarcoma
chromatin accessibility, interacts with an
RNA-associated macromolecular complex
and influences RNA splicing.

Front. Oncol. 13:1099550.

doi: 10.3389/fonc.2023.1099550

COPYRIGHT
© 2023 Vital, Wali, Butler, Xiong, Foster,
Marcel, McFadden, Nguyen, Bailey, Lamb,
James, Frye, Mosely, Jin, Pattenden and
Davis. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Oncology

TvpPE Original Research
PUBLISHED 30 January 2023
po110.3389/fonc.2023.1099550

MS0621, a novel small-molecule
modulator of Ewing sarcoma
chromatin accessibility, interacts
with an RNA-associated
macromolecular complex and
influences RNA splicing

Tamara Vital*?, Aminah Wali*?, Kyle V. Butler®**>, Yan Xiong**?,
Joseph P. Fosterll*®, Shelsa S. Marcel®®, Andrew W. McFadden’,
Valerie U. Nguyen’, Benton M. Bailey’, Kelsey N. Lamb?,

9,10

Lindsey I. James’®, Stephen V. Frye”®, Amber L. Mosely®*°,
Jian Jin***, Samantha G. Pattenden’® and lan J. Davis*’**

tCurriculum in Genetics and Molecular Biology, University of North Carolina at Chapel Hill, Chapel Hill,
NC, United States, 2Department of Genetics, School of Medicine, University of North Carolina at Chapel
Hill, Chapel Hill, NC, United States, *Mount Sinai Center for Therapeutics Discovery, Department of
Pharmacological Sciences, Tisch Cancer Institute, Icahn School of Medicine at Mount Sinai, New York,
NY, United States, “Mount Sinai Center for Therapeutics Discovery, Department of Oncological
Sciences, Tisch Cancer Institute, lcahn School of Medicine at Mount Sinai, New York, NY, United States,
SMount Sinai Center for Therapeutics Discovery, Department of Neuroscience, Tisch Cancer Institute,
Icahn School of Medicine at Mount Sinai, New York, NY, United States, *Curriculum in Bioinformatics
and Computational Biology, University of North Carolina at Chapel Hill, Chapel Hill, NC, United States,
’Lineberger Comprehensive Cancer Center, School of Medicine, University of North Carolina at Chapel
Hill, Chapel Hill, NC, United States, ®Center for Integrative Chemical Biology and Drug Discovery,
Division of Chemical Biology and Medicinal Chemistry, UNC Eshelman School of Pharmacy, University
of North Carolina at Chapel Hill, Chapel Hill, NC, United States, °Indiana University Simon
Comprehensive Cancer Center, Indiana University School of Medicine, Indianapolis, IN, United States,
Department of Biochemistry and Molecular Biology, Indiana University School of Medicine,
Indianapolis, IN, United States, “*Department of Pediatrics, School of Medicine, University of North
Carolina at Chapel Hill, Chapel Hill, NC, United States

Ewing sarcoma is a cancer of children and young adults characterized by the
critical translocation-associated fusion oncoprotein EWSR1::FLI1. EWSR1::FLI1
targets characteristic genetic loci where it mediates aberrant chromatin and the
establishment of de novo enhancers. Ewing sarcoma thus provides a model to
interrogate mechanisms underlying chromatin dysregulation in tumorigenesis.
Previously, we developed a high-throughput chromatin-based screening
platform based on the de novo enhancers and demonstrated its utility in
identifying small molecules capable of altering chromatin accessibility. Here, we
report the identification of MS0621, a molecule with previously uncharacterized
mechanism of action, as a small molecule modulator of chromatin state at sites of
aberrant chromatin accessibility at EWSR1::FLI1-bound loci. MS0621 suppresses
cellular proliferation of Ewing sarcoma cell lines by cell cycle arrest. Proteomic
studies demonstrate that MS0621 associates with EWSR1::FLI1, RNA binding and
splicing proteins, as well as chromatin regulatory proteins. Surprisingly,
interactions with chromatin and many RNA-binding proteins, including EWSR1::
FLI1 and its known interactors, were RNA-independent. Our findings suggest that
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MS0621 affects EWSR1::FLI1-mediated chromatin activity by interacting with
and altering the activity of RNA splicing machinery and chromatin modulating
factors. Genetic modulation of these proteins similarly inhibits proliferation and
alters chromatin in Ewing sarcoma cells. The use of an oncogene-associated
chromatin signature as a target allows for a direct approach to screen for
unrecognized modulators of epigenetic machinery and provides a framework
for using chromatin-based assays for future therapeutic discovery efforts.

KEYWORDS

chromatin, RNA-processing, RNA-binding proteins, SWI/SNF (BAF) complex, Ewing
sarcoma (ES), drug discovery

Introduction

Cancer genotyping projects have repeatedly identified mutations
in a broad range of epigenetic regulators (1, 2). The frequent
identification of mutations in these genes highlights the importance
of dysregulated chromatin in cancer. Unlike genetic alterations,
chromatin state changes may be reversed, suggesting that they may
be attractive therapeutic targets. Ewing sarcoma, an aggressive bone
and soft tissue tumor of children and young adults, is characterized by
a chromosomal rearrangement that generates a fusion oncoprotein
central to the development and persistence of the cancer (3, 4). Other
mutations, including STAG2 and TP53, are detected in a subset of
tumors. In most cases, the translocation results in a chimeric
oncoprotein, EWSR1:FLI1, that fuses the amino terminus of the
RNA binding protein EWSRI to the carboxy terminal DNA binding
domain of the ETS family transcription factor FLI1 (3, 4).

Although the activities of EWSRI:FLII are not fully understood,
several critical fusion-associated neomorphic features have been
identified. Unlike the parental FLI1 transcription factor that
contributes its DNA binding domain to the chimeric oncoprotein,
EWSRI:FLIL is largely retargeted to microsatellite repeats of the core
ETS motif, (GGAA)n (5, 6). Targeting of EWSRI:FLII to these GGAA
microsatellites results in recruitment of the SWI/SNF chromatin
remodeling complex and p300 histone acetyltransferase, aberrant
chromatin accessibility, and the establishment of de novo enhancers
through which EWSRI:FLI1 activates the expression of many genes
shown to be necessary for Ewing sarcoma proliferation (7, 8). The critical
dependence on EWSRI1::FLI1 and its exclusive expression in tumor cells
makes it an attractive candidate for drug development. However,
biochemical properties make small molecule pharmacological targeting
of transcription factors challenging. We hypothesized that modulating an
activity dependent on EWSRI:FLI1 would offer a strategy for relevant
small molecule discovery. We developed a high-throughput, target-
agnostic, chromatin-based screening platform to identify small
molecules capable of altering chromatin states specifically at EWSRI:
FLI1-bound GGAA microsatellites.

We previously reported the results of our screen which identified
several modulators of EWSR1::FLI1-mediated chromatin states from a
curated library consisting of chemical probes and tool compounds
generated during structure activity relationship (SAR) studies targeted
toward chromatin modulating proteins (9). In addition to several
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histone deacetylase inhibitors which we found acted by attenuating
EWSRI::FLI1 expression, the screen identified MS0621, a previously
uncharacterized molecule. Applying biochemical, genomic, and
proteomic studies, we demonstrate that MS0621 arrests cell
proliferation, interacts with EWSRI1:FLI1 and numerous RNA
binding proteins, and influences gene expression and RNA splicing.

Materials and methods
Cell culture

EWS894 and EWS502 cells were cultured in RPMI-1640
supplemented with 15% FBS. A673, A673-dervied cell lines, MHH-
ES-1, and SU-CCS-1 cells were cultured in RPMI-1640 supplemented
with 10% FBS. SK-N-MC cells were cultured in DMEM supplemented
with 10% FBS, 2 mM L-glutamine, and 1X non-essential amino acids.
TC-32 cells were cultured in RPMI-1640 supplemented with 10% FBS
and 2mM L-glutamine. 786-O and UMRC2 cells were cultured in
DMEM supplemented with 10% FBS. RPTEC cells were cultured using
the REGM ™ BulletKit" ™ (Lonza). HUVEC cells were cultured in the
EGM'™-2 BulletKit " (Lonza) supplemented with 10% FBS. All cell
lines were maintained at standard growth conditions of 37°C and 5%
CO,. To assess cell proliferation, cells cultured in 96-well plates were
assessed by WST-1 (Roche) according to manufacturer’s instructions or
live cell imaging (Incucyte, S3). WST-1 Absorbance at 450 nM was
measured (Cytation 5, Agilent BioTek). To assess growth in soft agar,
cells were suspended in 0.5% low melting point agarose, 1X RPMI, 15%
fetal bovine serum at a density of 4500 cells per well and layered over
one mL of base agar (0.6% agarose, 1X RPMI, 15% fetal bovine serum)
in a 6-well dish. MS0621 or DMSO was diluted in top agar layer to
desired final concentration. Plates were overlayed with additional RPMI
containing compound on day 5 and day 11. Plates were stained with
MTT (0.5 mg/ml) on day 15 to visualize cell colonies.

Chemistry general procedures
All chemical reagents were purchased from commercial vendors

and used in syntheses without further purification. An Agilent 1200
series system with a DAD detector and a 2.1 mm x 150 mm Zorbax
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300SB-C18 5 um column with water containing 0.1% formic acid as
solvent A and acetonitrile containing 0.1% formic acid as solvent B at
a flow rate of 0.4 mL/min for chromatography were used to obtain
high performance liquid chromatography (HPLC) spectra for all final
compounds. The gradient program was as follows: 1% B (0-1 min), 1
-99% B (1-4 min), and 99% B (4-8 min). Chromatography was
performed using a 2.1 mm x 30 mm ACQUITY UPLC BEH C18 1.7
um column with water containing 3% acetonitrile and 0.1% formic
acid as solvent A and acetonitrile containing 0.1% formic acid as
solvent B at a flow rate of 0.8 mL/min. High-resolution mass spectra
(HRMS) data were obtained in positive ion mode using an Agilent
G1969A API-TOF with an electrospray ionization (ESI) source.
Nuclear Magnetic Resonance (NMR) spectra were obtained on a
Bruker DRX-600 spectrometer with 600 MHz for proton (‘H NMR)
150 MHz for carbon (**C NMR) or a Varian Mercury spectrometer at
400 MHz for proton ("H NMR), 100 MHz for carbon (**C NMR);
chemical shifts are reported in ppm (J). Preparative HPLC was
performed using Agilent Prep 1200 series with a UV detector set to
254 nm. Samples were injected into a Phenomenex Luna 75 mm x 30
mm, 5 pm, C18 column at room temperature. The flow rate was 40
mL/min. A linear gradient was used with 10% of MeOH (A) in H20
(with 0.1% TFA) (B) to 100% of MeOH (A). HPLC and UPLC were
used to establish the purity of target compounds. All final compounds
had >95% purity using the HPLC and UPLC methods
described above.

2-(4-ethyl-1,4-diazepan-1-yl)-N-(1-isopropylpiperidin-4-yl)-6-
methoxy-7-(3-(piperidin-1-yl)propoxy)quinazolin-4-amine
(MS0621, Schemel) To a solution of compound 1 (6.9 g, 22.6 mmol)
in CH;CN (60 mL) were added piperidine (6.9 mL, 70 mmol), K,CO3
(6.9g, 50 mmol) and Nal (6.8g, 45 mmol). After heated at 80°C
overnight, the mixture was cooled down to room temperature
followed by filtered. The filtrate was collected, concentrated and
purified by ISCO to yield compound 2 as brown oil (6.2 g, 78%
yield). "H NMR (400 MHz, Chloroform-d) § 7.41 (s, 1H), 7.00 (s, 1H),
4.09 (t, ] = 6.6 Hz, 2H), 3.89 (s, 3H), 3.84 (s, 3H), 2.41 (t, ] = 7.2 Hz,
2H), 2.37 - 2.26 (m, 4H), 2.04 — 1.91 (m, 2H), 1.56 - 1.48 (m, 4H),
1.44 - 1.31 (m, 2H).

Compound 2 (6.2 g, 17.6 mmol), Fe powder (3.9 g, 70 mmol) and
NH,OAc (8.2 g, 106 mmol) were mixed in EtOAC/H,O (1:1, 100
mL). The mixture was heated reflux overnight followed by filtered.
The filtrate was washed with brine (50 mL), dried and concentrated to
yield compound 3 as brown oil (3.3 g, 58% yield). "H NMR (400 MHz,
Chloroform-d) & 7.19 (s, 2H), 3.99 (t, ] = 6.6 Hz, 2H), 3.78 (s, 3H),
3.73 (s, 3H), 2.58 — 2.51 (m, 2H), 2.51 — 2.40 (m, 4H), 2.10 - 1.97 (m,
2H), 1.65 - 1.53 (m, 4H), 1.46 — 1.35 (m, 2H).

Compound 3 (3.3 g, 10.2 mmol) and NaOCN (1.0 g,15.4 mmol)
were dissolved in HOAc/H,O (2:1, 30 mL), and stirred at room
temperature overnight. Then the solvent was removed, the resulting
residue was re-dissolved in MeOH (30 mL) followed by NaOH
solution (10%, 10 mL). After heated at reflux for 3 h, the mixture
was cooled down, and neutralized with conc. HCI to give the
precipitate. The solid was collected and dried. The crude product
was dissolved in POCl; (30 mL) together with PhNEt, (1.0 mL, 6.1
mmol). The mixture was heated at reflux for 7 h, the excess solvent
was removed. The resulting residue was treated with ice followed by
sat. NaHCOj solution until no gas was released. The mixture was
extracted with DCM (3 x 30 mL), and organic layer was collected,
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dried and purified by ISCO to yield compound 4 as yellow solid (1.9 g,
50% yield in 3 steps). 'H NMR (400 MHz, Chloroform-d) & 7.33 (s,
1H), 7.28 (s, 1H), 4.24 (t, ] = 6.6 Hz, 2H), 4.03 (s, 3H), 2.50 (t, ] = 7.2
Hz, 2H), 2.42 - 2.38 (m, 4H), 2.17 - 2.05 (m, 2H), 1.64 — 1.54 (m, 4H),
1.49 - 1.38 (m, 2H).

To a solution of Compound 4 (140 mg, 0.38 mmol) in THF (3
mL), were added DIEA (0.13 mL, 0.76 mmol) and (1-
isopropylpiperidin-4-yl)amine (160 mg, 1.13 mmol). After stirring
at room temperature overnight, the solution was concentrated and
purified by ISCO to yield compound 5 as brown solid (140 mg, 95%
yield). 'H NMR (400 MHz, Chloroform-d) & 7.06 (s, 1H), 6.79 (s, 1H),
4.32 (s, 1H), 4.10 (t, ] = 6.6 Hz, 2H), 3.93 (s, 3H), 3.11 - 2.96 (m, 3H),
2.55 (t, J = 11.7 Hz, 2H), 2.47 (t, ] = 7.4 Hz, 2H), 2.40 - 2.36 (m, 4H),
2.17 (d,J=12.9 Hz, 2H), 2.09 - 1.98 (m, 2H), 1.94 - 1.86 (m, 2H), 1.58
~1.49 (m, 4H), 1.42 — 1.33 (m, 2H), 1.15 (d, ] = 6.6 Hz, 6H).

A mixture of the compound 5 (75 mg, 0.16 mmol) I-
ethylhomopiperazine (41 mg, 0.32 mmol), and TFA (72 mg, 0.64
mmol) in i-PrOH (0.26 mL) was heated by microwave irradiation to
160 °C for 15 min in a sealed tube. After concentration in vacuo, the
crude product was purified by preparative HPLC to yield MS0621 in
TFA salt form. The resulted product was basified with saturated aq.
NaHCOj; and extracted with CH,Cl, to afford the titled compound as
a white solid (71 mg, 80% yield). "H NMR (400 MHz, CDCl;) § 6.87
(s, 1H), 6.72 (s, 1H), 4.98 (d, ] = 7.1 Hz, 1H), 4.12 (t, ] = 6.8 Hz, 2H),
4.08 - 3.98 (m, 1H), 3.98 — 3.91 (m, 2H), 3.90 - 3.80 (m, 5H), 2.92 -
2.84 (m, 2H), 2.79 - 2.68 (m, 3H), 2.65 - 2.57 (m, 2H), 2.54 (q, ] = 7.1
Hz, 2H), 2.43 (t, ] = 7.2 Hz, 2H), 2.40 - 2.23 (m, 6H), 2.21 - 2.10 (m,
2H), 2.08 — 1.91 (m, 4H), 1.61 — 1.48 (m, 6H), 1.45 - 1.36 (m, 2H),
1.13 - 0.98 (m, 9H). '*C NMR (100 MHz, CDCl;, two overlapping
peaks) 6 158.73, 158.12, 154.05, 149.80, 145.20, 107.06, 102.78, 101.70,
67.51, 56.76, 55.93, 55.86, 54.66(2C), 54.58, 54.45, 51.67, 48.77, 47.89
(2C), 46.28, 45.86, 32.76(2C), 27.98, 26.60, 26.11(2C), 24.57, 18.60
(2C), 12.51. HRMS calculated for C;,Hs3N,0, [M+H]": 568.4339.
Found: 568.4350.

N-(2-(2-(2-(4-(2-(4-(4-((1-isopropylpiperidin-4-yl)amino)-6-
methoxy-7-(3-(piperidin-1-yl)propoxy)quinazolin-2-yl)-1,4-
diazepan-1-yl)ethyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethyl)-5-
((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)
pentanamide (MS1360, Scheme2). To a commercial available
compound 7 (210 mg, 1.1 mmol) in CH;CN (5 mL), was added
compound 8 (0.11 mL, 1.2 mmol) followed by K,CO; (200 mg, 1.4
mmol). After stirring at reflux for 5 h, the mixture was cooled down
and filtered, filtrate was collected and concentrated. The resulting
residue was purified by ISCO to yield compound 9 as brown oil (150
mg, 56% yield). "H NMR (600 MHz, Chloroform-d) § 3.56 - 3.39 (m,
4H), 2.77 (d, J = 7.8 Hz, 2H), 2.75 - 2.65 (m, 5H), 2.43 - 2.31 (m, 2H),
1.89 - 1.77 (m, 2H), 1.48 (s, 9H).

Compound 9 (150 mg, 0.6 mmol) was dissolved in DCM/TFA
(2:1, 3 mL). after stirred at room temperature for 1 h, the excess
solvent was removed, the resulting residue was re-dissolved in i-PrOH
(1 mL), followed by compound 5 (148 mg, 0.31mmol) and TFA (0.1
mL). The result solution was heated by microwave irradiation to 130 °
C for 20 min in a sealed tube. After concentration in vacuo, the crude
product was purified by preparative HPLC to yield MS2616 as in TFA
salt form. MS2616 was basified with saturated aq. NaHCO; and
extracted with CH,Cl, to afford free base form of MS2616 as a brown
solid (73 mg, 40% yield). "H NMR (600 MHz, Methanol-d,) § 7.43 (s,
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1H), 6.91 (s, 1H), 4.13 - 4.04 (m, 3H), 3.94 - 3.87 (m, 5H), 3.84 (t, ] =
6.3 Hz, 2H), 3.01 - 2.92 (m, 2H), 2.85 (t, ] = 5.0 Hz, 2H), 2.77 - 2.70
(m, 3H), 2.67 (t, ] = 5.5 Hz, 2H), 2.55 — 2.49 (m, 2H), 2.49 — 2.33 (m,
6H), 2.33 — 2.25 (m, 2H), 2.16 (s, 1H), 2.15 — 2.08 (m, 2H), 2.06 - 1.92
(m, 4H), 1.74 - 1.64 (m, 2H), 1.64 — 1.56 (m, 4H), 1.51 - 1.39 (m, 2H),
1.10 (d, ] = 6.6 Hz, 6H). HRMS calculated for C5,Hs,N,O, [M+H]":
592.4334. Found: 592.4324.

MS2616 (25 mg, 0.04 mmol), azide-PEG3-biotin conjugate (16
mg, 0.04 mmol), Vc (0.1M in water, 0.1 mL, 0.01 mmol) and CuSO,
(0.1 M in water, 0.1 mL, 0.01 mmol) were mixed in -BuOH (1 mL).
After stirring overnight, the mixture was purified by prep-HPLC to
yield titled compound as brown oil (16 mg, 40% yield). "H NMR (600
MHz, Methanol-d,) & 7.99 (s, 1H), 7.79 (s, 1H), 7.30 (s, 1H), 4.63 —
4.56 (m, 3H), 4.51 (dd, J= 7.9, 4.8 Hz, 1H), 4.44 — 4.14 (m, 5H), 4.10 -
3.93 (m, 5H), 3.93 - 3.84 (m, 3H), 3.79 - 3.53 (m, 15H), 3.50 (t, ] = 5.6
Hz, 2H), 3.38 (d, ] = 5.8 Hz, 2H), 3.36 - 3.31 (m, 4H), 3.31 - 3.25 (m,
2H), 3.24 - 3.18 (m, 1H), 3.00 (td, J = 12.6, 3.0 Hz, 2H), 2.94 (dd, ] =
12.7, 5.0 Hz, 1H), 2.71 (d, J = 12.7 Hz, 1H), 2.55 — 2.40 (m, 4H), 2.38
(dq, ] =11.7, 6.0 Hz, 2H), 2.21 (t, ] = 7.4 Hz, 2H), 2.15 - 2.05 (m, 2H),
2.05 - 1.96 (m, 2H), 1.93 - 1.87 (m, 1H), 1.87 - 1.77 (m, 2H), 1.77 -
1.68 (m, 1H), 1.67 - 1.52 (m, 4H), 1.48 - 1.36 (m, 8H). HRMS
calculated for CsoHgoN 3065 [M+H]": 992.6226. Found: 992.6256.

Preparation and lentiviral infection of
cell lines

Lentivirus was produced by transfection of HEK293-T cells with
constructs and packaging vectors (pVSVG, pRRE, pRSV) as described
(10). Supernatant was collected over 48 h and concentrated with
Lenti-X Concentrator (Clontech). Cells were infected with
concentrated lentivirus in the presence of polybrene (10 ug/mL).
Media was replaced 24 hours after initial infection.

Generation of CRISPRI cell lines

The A673-CRISPRi and 502-CRISPRi cell lines stably expressing
KRAB-dCas9 were generated using lentiviral infection and drug
selection (11). Lentivirus for KRAB-dCas9 was produced as
described above. 48 hours after infection with KRAB-dCas9
lentivirus, cells were selected with Blasticidin for three weeks. Single
guide RNA (sgRNA) expression vectors were generated by ligating
oligonucleotides into the VDB783 vector which had been digested
with Aarl (Table 1). Lentivirus for each sgRNA was produced as
described above.

FAIRE-gPCR

FAIRE was performed as previously described (12). Briefly, cells
were treated with MS0621 or vehicle control for 16 hours prior to
fixation in 1% formaldehyde, quenching by the addition of glycine to
a final concentration of 125 mM, washing in 1X PBS, and
resuspension in 2 mL FAIRE Lysis Buffer (10 mM Tris HCI pH 8,
2% Triton X-100, 1% SDS, 100 mM NaCl, 1 mM EDTA). Cells were
sonicated with a microtip (Misonix Sonicator 3000) to an average
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fragment size of 200 - 500 bp. Regions of nucleosome-depleted
chromatin were isolated by organic extraction by phenol-
chloroform or column (ChIP DNA Clean & Concentrator, Zymo
Research). Chromatin was then subjected to RNaseA digestion
(Sigma, 30 min at 37°C), proteinase K digestion (NEB, 1 hour at
55°C, then overnight at 65°C to reverse crosslinks). Input chromatin
was subjected to the same RNase and proteinase K digestion prior to
phenol-chloroform extraction. Finally, FAIRE and input chromatin
were purified using the ChIP DNA Clean & Concentrator kit (Zymo).
Each sample was quantified by RT-qPCR in triplicate (ViiA 7 Real-
Time PCR system, Applied Biosystems) using iTaq Universal SYBR
Green Supermix (Bio-Rad) in a total volume of 10 uL. Primer
sequences are listed in Table 2. Percent input was determined using
the ACt method (13). Relative chromatin inhibition was calculated as
previously described (9).

For FAIRE in A673-CRISPRIi cells, cells were infected with sgRNA
lentivirus as described above. Five days post lentiviral infection,
mCherry expression was assessed, and cells were harvested for
FAIRE as described above.

RNA extraction and qRT-PCR

Following 16-hour treatment with MS0621 or vehicle (PBS) cells
were harvested in Trizol (Invitrogen). RNA was extracted and cDNA
was prepared using SuperScript III First-Strand Synthesis SuperMix
for qRT-PCR (Invitrogen) according to manufacturer’s protocols.
Each sample was quantified by RT-qPCR in triplicate (ViiA 7 Real-
Time PCR system, Applied Biosystems) using iTaq Universal SYBR
Green Supermix (Bio-Rad) in a total volume of 10 uL. Primer
sequences are listed in Table 2. Fold change was determined using
the ACt method (13).

ChIP-gPCR

Following 16-hour treatment with MS0621 or vehicle (PBS), cells
were fixed in 1% formaldehyde and quenched with 125 mM glycine.
Nuclei were isolated by hypotonic lysis (10mM Tris pH 7.4 15mM
NaCl, 60mM KCI, 1mM EDTA, 0.1% NP-40, 5% sucrose, 1x protease
inhibitors) and dounce homogenization. Nuclei were purified over a
sucrose cushion (10 mM Tris HCI pH 7.4, 15 mM NaCl, 60 mM KCl,
10% Sucrose) and chromatin was sheared by sonication (Misonix
Sonicator 3000) to an average fragment size of 200 bp - 1 kb.
Chromatin was immunoprecipitated using 4 pg of FLI1 (Abcam
ab133485) or IgG (Cell Signaling 2729S) antibody.
Immunoprecipitated and input chromatin were incubated with
RNaseA (Sigma, R4642) for 30 min at 37°C and proteinase K
(NEB, P8107S) for 1 hour at 55°C followed by overnight crosslink

TABLE 1 sgRNAs used in these studies.

sgRNA Sequences

Target Sequence 5’ to 3’
EWSRI GCGCGAGGACCGCCACACAA
hnRNPH1 GGCAAAAACGGTACCCACCG
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TABLE 2 PCR primers used in these studies.

PCR Primers

FAIRE and ChIP Primers

Forward Sequence (5'-3')

10.3389/fonc.2023.1099550

Reverse Sequence (5'-3')

P1 (screening site)

AAGGAAGGAAGGGAGGGACACATAC

CCTGTGAGTGTGACAGATTACTTGG

P7 (screening site)

GGGTGACAGAGTAAGATCCTGTCAGA

TGGGCGTGGTTCTCATGT

AURKAIP1 (+ control)

TATACCCGCAGGTCCAGAATCGTT

AATAGCTCTAGACGCTTCCGCCTT

BC006361 (- control)

TTCTCCAACTTTGGAAGCCCAGGA

TGTCTCCTTCTAGGCCCTCACAAT

Negative Site 1

JAK1 GGGAGGAATTGAAAGGAAGTGTGT TGTGAAACCTCGTCTGATCCACCCT
NROB1 GCATCAGGAAGCCTGGATCCATTA GTATATACCAACACCCTTCCCTG
CAV1 AAGGAAGGAAGGAAGACCCT GTACAACGAATCCCTGTGACACAAA
MDM2 TGGATCTGAGGAGGAAATGTGCGT TAACTCATCCCTGTGCCTCTGCT
JAK1.2 GGAGACAGGCTCCAACACAGGAAA AAGTATCCCTCAAGTTGCCCTGCT
NKX2-2 TCTCTCCTTTCCATCGTTGGTGGT AGCACTCATCCTTAAGCCTCAACC

TGGATGCACAGAGAATGTCCACCT

Expression Primers

TGGTTCGTAAGTGACAGAGCCAGA

Target Forward Sequence (5-3") Reverse Sequence (5'-3)
EWS-FLI GCTATGGTCAACAAAGCAGCTATG TTGGCTAGGCGACTGCTGGT
GAPDH CTGACTTCAACAGCGACACC TAGCCAAATTCGTTGTCATACC

reversal at 65°C before column purification (ChIP DNA Clean &
Concentrate, Zymo, D5201). Quantitative PCR was performed (iTaq
Universal SYBR Green Supermix, Bio-Rad, 1725124), using primers
listed in Table 2.

Apoptosis analysis

MS0621-treated or vehicle-treated EWS502 cells were prepared
and stained using the FITC Annexin V Apoptosis Detection Kit
according to manufacturer’s instructions (BD Biosciences, cat. No.
556547). Flow cytometry was performed immediately after staining
(LSR 1II, BD Biosciences).

Cell cycle analysis

MS0621 or vehicle treated EWS502 cells were washed with PBS and
fixed with 70% ice cold ethanol, then stained with propidium iodide.
Flow cytometry was performed immediately after staining, collecting
10,000 total events at 100-200 events per second (CyAN ADP, Beckman
Coulter). For analysis of cell division, EWS502 cells were stained with
CFSE (CellTrace CFSE Cell Proliferation Kit for flow cytometry, Thermo
Fisher) followed by treatment with either MS0621 or vehicle control.

BrdU incorporation analysis

MS0621-treated or vehicle-treated EWS502 cells were stained and
fixed using the FITC BrdU Flow Kit (BD Biosciences, #559619)
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according to manufacturer’s instructions. BrdU pulse was
performed on live cells 1 hour just before harvesting. Stained cells
were analyzed by flow cytometry, collecting 10,000 total events at 100-
200 events per second (CyAN ADP, Beckman Coulter).

Micrococcal nuclease-digested nucleosome
extract preparation

Nucleosome extracts were prepared as previously described
(14). Briefly, cells were harvested by scraping, washed in PBS,
and resuspended in Buffer A (10 mM HEPES pH 7.9, 10 mM
KCI, 1.5 mM MgCl,, 340 mM sucrose, 10% glycerol
supplemented with 0.5 mM PMSF, 5 mM 2-mercaptoethanol,
1X Roche protease inhibitor cocktail, and 1 nM SAHA). Cells
were lysed by the addition of an equivalent volume of Buffer A
supplemented with 0.2% Triton X-100. Nuclei were pelleted by
centrifugation and resuspended in supplemented Buffer A.
Cellular debris was removed by centrifuging the nuclei
through a sucrose cushion (10 mM HEPES pH 7.9, 30%
sucrose, 1.5 mM MgCl,, supplemented with 0.5 mM PMSF, 5
mM 2-mercaptoethanol, and 1X Roche protease inhibitor
cocktail). Nuclei were treated with micrococcal nuclease
(Worthington) in Buffer A with 1 mM CaCl,, following pre-
incubation at 37°C for 5 minutes. Once only mononucleosomes
remained, digestion was halted with EDTA to 1.3 mM on ice.
Following centrifugation at 18,000 g for 5 min at 4°C protein
concentration in the supernatant was measured (Rapid Gold
BCA assay, Pierce/ThermoScientific) and extracts were diluted
to 1 mg/mL for chemoprecipitation experiments.
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Chemiprecipitation and proteomics

Nuclear extracts were diluted to 1 mg/mL in Protein Binding
Buffer (PBB, 150 mM NaCl, 50 mM Tris HCI pH 8.0, 0.1% NP-40)
and incubated with UNC4151 biotinylated-analog for 2 hours at 4°C
followed by capture on pre-washed MyOne T1 streptavidin beads
(Invitrogen) for 2 hours at 4°C. Supernatant was removed, and beads
were washed three times at 4°C in PBB followed by elution of bound
proteins. For RNase digestion experiments, extracts pre-incubated
with biotinylated compound were divided into two tubes, 100 pg/mL
RNase A (Sigma) was added to one tube, and proteins from each tube
were captured on T1 streptavidin beads. For western blotting,
proteins were eluted in 1X loading buffer with 2-mercaptoethanol
at 95°C for 5 min. For proteomics analyses, protein-bound beads were
digested with trypsin. Digestions were quenched with 0.1% formic
acid and peptides were pressure loaded onto a microcapillary column
paced with strong cation and reverse phase resin. A 10-step MudPIT
run was performed on an LTQ Velos Pro with in-line Proxeon Easy
nLC. The 10 most intense ions identified in MS1 by the mass
spectrometer in data dependent acquisition mode were selected for
MS/MS fragmentation using collision induced dissociation. Dynamic
exclusion was set to 90 sections with a repeat count of 1. Raw data files
were matched to the protein database using SEQUEST (Proteome
Discoverer 1.4, Thermo).

Immunoprecipitation

Extracts (800 ng) were adjusted to a final volume of 350 UL in
CSK Buffer (10 mM Pipes pH 7.0, 300 mM Sucrose, 100 mM NaCl, 3
mM MgCl,). Extracts were incubated with 2 pg of FLI1 (Abcam
ab133485) or IgG (Cell Signaling 2729S) antibody at 4°C overnight
followed by capture on prewashed SureBead Protein A magnetic
beads for 1 hour at 4°C. Beads were washed three times in CSK Buffer
at 4°C and once in 50 mM Tris-HCI pH 8.0. Proteins were eluted as
previously described (15) with the following adjustments: beads were
resuspended in IP Soft Elution Buffer (10 mM Tris-HCI pH 8.0, 0.2%
SDS, 0.1 Tween-20) and incubated seven minutes at room
temperature with regular vortexing. Supernatant was collected in a
new tube, elution was repeated once, and eluates were pooled.

RNA sequencing and analysis

Following 16-hour treatment with 5 pM MS0621 or vehicle
(DMSO) EWS894 cells were washed in PBS and harvested in Trizol
(Invitrogen). Poly-A selected sequencing libraries were generated
using the KAPA Stranded mRNA-Seq Kit for Illumina platforms
(KAPA Biosystems) according to manufacturer’s protocol and 50 bp
paired-end sequencing was performed (Illumina, HiSeq 2500).
Adaptor sequences were removed from reads using cutadapt
(v.1.12). High quality reads were isolated using FASTX-Toolkit
(v0.0.12) passing options -Q 33, -p 90, and q 20. Reads were
aligned to the hg38 genome using STAR(v2.5.2b) with the following
options: -quantMode TranscriptomeSAM, -alignIntronMax
1000000, -outFilterMismatchNmax 2, -alignIntronMin 20, -
chimSegmentMin 15, -outSAMtype BAM Unsorted, -

Frontiers in Oncology

10.3389/fonc.2023.1099550

chimJunctionOverhangMin 15, -outFilterType BySJout, -
outFilterScoreMin 1. GENCODE V41 GTF file was used for
annotation. Gene expression estimates (TPM) were calculated using
Salmon (v.1.6.0). Differentially expressed genes were identified using
DESeq2 (16). Gene set enrichment analysis (GSEA) and gene
ontology analysis were performed using the R package
clusterProfiler (v.4.2.4) using the gseGO and enrichGO functions,
respectively (17). The Molecular Signatures Database (MSigDB,
v.7.5.1) C2-CBP gene set was used for GSEA and the “BP”
subontology was used for gene ontology analysis.

Alternatively spliced genes were identified using rmats-turbo
(v.4.1.1), with the option -readlength 50, the GENCODE V41
comprehensive gene annotation GTF file, and a STAR index for
hg38-ERCC (18). Alternatively spliced transcripts were also identified
using rmats-turbo with above settings using the GENCODE V41
(knownGene,limited) GTF file downloaded from UCSC Genome
Browser. We further defined differentially spliced events as those
that met all three of the following criteria: event supported by a
minimum of 20 reads, absolute value of the Inclusion Level Difference
greater than or equal to 10, and FDR less than 0.05. Shared skipped
exon events were identified using the R package plyranges (v.1.14.0)
using the join_overlap_inner_within function on exon coordinates
(19). To assess enrichment of shared events, we permuted over all
spliceable exons with minimum read coverage greater than or equal to
20 reads 1,000 times and computed a two-sided p-value. We define
spliceable exons as any exon that is not the first, last, or only exon in a
transcript. Read coverage over exons was computed using the
deeptools (v.3.5.1) multiBamSummary function using the BED-file
mode. Sashimi plots were generated using rmats2sashimiplot (v.2.0.4)
using the argument —intron_s 3.

Western blot

To assess EWSR1:FLII protein levels, cells were harvested in 2X
SDS-loading buffer with 2-mercaptoethanol and boiled. To assess
proteins enriched by immunoprecipitation, eluted proteins were
diluted 1:1 in 2X SDS-loading buffer with 2-mercaptoethanol and
incubated at 95°C for 5 min. For all western blots, proteins were
resolved by SDS/PAGE (BioRad) and were transferred onto a
nitrocellulose membrane (BioRad). After blocking in 5% BSA in
PBS, membranes were probed using the appropriate primary
antibody (Table 3) and fluorescent secondary antibodies (LiCor).
Quantification was performed using Image Studio Lite (LiCor,
version 5.2).

Results

Identification of a chemical modulator of
EWSR1::FLI1-mediated chromatin

We previously performed a high-throughput, small molecule,
chromatin-based (FAIRE-qPCR) screen of a curated set of
chromatin-targeted small molecules (9). Molecules were scored
based on their ability to affect FAIRE signal at two FAIRE-enriched,
EWSRI1::FLI1-bound sites in Ewing sarcoma relative to regions of
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TABLE 3 Antibodies used in these studies.

Antibodies

Manufacturer Catalog# Application
FLI Rabbit polyclonal Abcam ab133485 ‘WB/IP/ChIP
o-Tubulin Mouse monoclonal Sigma/EMD Millipore T9026 WB
HA Rabbit polyclonal Abcam ab9110 WB/TP
Ku80 Rabbit polyclonal Genetex GTX70485 WB
ATF1 Rabbit polyclonal Bethyl A303-034A WB
Histone H3 Rabbit polyclonal Sigma/EMD Millipore 07-690 WB
hnRNPC Rabbit polyclonal Proteintech 11760-1-AP WB
YBX1 Rabbit polyclonal Proteintech 20339-1-AP WB
EWSR1 Rabbit polyclonal Bethyl A300-416A WB
hnRNPH1 Mouse monoclonal Proteintech 67375-1-Ig WB
DHX9 Mouse monoclonal Proteintech 67153-1-Ig WB
ARIDIA (BAF250A) Rabbit monoclonal Cell Signaling Technology 12354 WB
SMARCA4 (BRG1) Rabbit monoclonal Abcam ab110641 WB
ARID1B Mouse monoclonal Abcam ab57461 WB
Normal IgG Rabbit Cell Signaling 27298 ChIP

FAIRE signal shared by multiple cell types. The relative FAIRE signal
difference (Relative Chromatin Inhibition, RCI) for each compound
was calculated as previously described (9). Fifty-eight compounds
demonstrated RCI scores lower than 2 standard deviations from the
scores of vehicle-treated control cells (Figure 1A, Supplemental
Table 1). Among the previously uncharacterized hit compounds, we
identified UNCO0621, which has since been renamed MS0621
(Figure 1B). To confirm the activity of MS0621, we performed
FAIRE-qPCR at the screening regions on EWS894 cells treated with
several concentrations of MS0621 or a control compound which did
not score as a hit in the initial screen (Figure 1C). We found that
MS0621 decreased FAIRE signal at the screening sites in a
concentration dependent manner.

We then evaluated the effect of MS0621 on FAIRE signal at
regions beyond those in the screen. MS0621 decreased FAIRE signal
at seven FAIRE-positive, EWSRI1::FLI1 bound regions, including
additional sites associated with EWSRI:FLI1 regulated genes
(Figure 1D). We then tested the activity of MS0621 in two
additional Ewing sarcoma cell lines (EWS502 and A673). As in
EWS894 cells, MS0621 decreased FAIRE signal at the screening loci
in both cell lines (Figure 1E). Previously, we demonstrated that
HDAC inhibitors affect Ewing satrcoma cell chromatin by
downregulating EWSR1::FLI1 protein levels. To ask whether
MS0621 also affected EWSR1::FLII levels, we assessed EWSR1::FLI1
RNA and protein following MS0621 treatment (Supplemental
Figures 1A, B). MS0621 does not decrease either EWS-FLI
expression or protein abundance. Although RNA abundance may
increase, protein levels remained constant. We then asked whether
MS0621 displaces EWSR1:FLI1 from chromatin. MS0621 treatment
did not affect EWSRI:FLI1 binding to chromatin assessed by
chromatin immunoprecipitation (ChIP-qPCR) (Figure 1F). Taken
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together, we identified MS0621 as a small molecule that attenuates
FAIRE signal at EWSRI::FLI1-bound loci through a mechanism
independent of altered EWSR1::FLI1 levels or chromatin binding.

MS0621 induces a G1/S cell cycle arrest

We next asked whether MS0621 affected cell proliferation. Several
Ewing sarcoma cell lines were treated with MS0621 for three days
after which viability was assessed (Figure 2A). MS0621 resulted in a
concentration-dependent decrease in cell proliferation in all tested
Ewing sarcoma cell lines. Most cell lines had an IC50 of less than 1
UM (Table 4). One cell line (SK-N-MC) exhibited exquisite sensitivity
with an IC50 of 128.6 nM (95% confidence interval 94.49-153.5 nM).
To assess whether the anti-proliferative effect of MS0621
demonstrated cell type specificity, we assayed several other cell
lines. Among these were epithelial carcinoma cell lines (UMRC2
and 786-0), a clear cell sarcoma cell line with the oncogenic EWS::
ATF1 rearrangement (SU-CCS-1), and two primary cell lines that
either express FLI1 (HUVEC) or do not express FLI1 (RPTEC)
(Figure 3B). MS0621 did not significantly inhibit the proliferation
of any of these cells at the tested concentrations. Assessment of
proliferation using live cell imaging in A673 and MHH-ES cells
demonstrated that MS0621 rapidly and persistently inhibited Ewing
sarcoma cell proliferation (Figure 3C; Supplemental Figure 2A).
Proliferation defects were apparent within hours of MS0621
treatment and persisted over the course of the experiment.
We then evaluated the effect of MS0621 in the context of
anchorage-independent growth (Figures 3D, E). MS0621
reduced EWS894 colony formation in soft agar assays at sub-
micromolar concentrations.
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FIGURE 1

A chromatin-based screen identifies a small molecule modulator of chromatin state at EWS-FLI-bound GGAA microsatellites. (A) Waterfall plot of screen
results with rank ordered Relative Chromatin Inhibition values (RCI, FAIRE signal at Ewing sarcoma regions/FAIRE at control regions, log2). Dashed lines
indicate +/- 2SDs from the average RCI for vehicle controls. Magnification: Thirty compounds demonstrating the greatest decrease in FAIRE signal. The
bar representing UNC0621/MS0621 is indicated in light blue. Dark gray bars indicate structural analogs of MS0621 (discussed further in Figure 2). Figure
adapted from (9). (B) Chemical structure of MS0621 (C) FAIRE-gPCR at the regions used in the screen in EWS894 cells treated with MS0621 or a control
compound for 16 (h) Results are shown as a fraction of input control. Error bars represent the standard error of four biological replicates for MS0621 and
two replicates for the control compound. Statistical significance compared to the lowest concentration of each compound was assessed using unpaired
student t-tests *p < 0.05, **p < 0.01, ns: not significant. (D) FAIRE-gPCR at EWSR1::FLI1-bound and control loci in EWS894 cells treated with 10 uM
MS0621 or vehicle control (DMSO) for 16 hours. Results are shown as a fraction of input control normalized to vehicle control. Error bars represent the
standard error of three biological replicates. Statistical significance compared to the vehicle control at each locus was assessed using unpaired student t-
tests *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 ns: not significant. (E) FAIRE-gPCR in the indicated Ewing sarcoma cell lines treated with 5 uM
MS0621 or vehicle control (PBS) for 16 (h) Results are shown as Log2 RCI scores. Dashed lines indicate —2 SDs from the average RCI for vehicle controls
Error bars represent the standard deviation of two biological replicates. (F) ChIP-gPCR at EWS-FLI-bound (P1, P7, CAV2) and control regions (Neg) in
A673 cells treated with 5 uM MS0621 or vehicle control (PBS) for 16 (h) Results are shown as a fraction of input control. Error bars represent the standard
deviation of two biological replicates.

We next explored the mechanisms underlying decreased  However, in MS0621-treated cells, following an initial decrease,
proliferation. By Annexin-V staining and flow cytometry, we found  signal remained constant indicating the absence of cell division.
that MS0621 did not induce apoptosis (Supplemental Figure 2B). To We next explored the specific cell cycle effects of MS0621.
test the effect of MS0621 on cell division, Ewing sarcoma cells were ~ EWS502 cells treated with MS0621 for 72 hours were stained with
stained with a cell permeable, covalent binding fluorescent dye (CFSE,  propidium iodide (PI) and analyzed by flow cytometry (Figures 3F,
Supplemental Figure 2C). As expected, CFSE staining intensity ~ G). Increased concentrations of MS0621 were associated with a near
decreased over time in untreated cells due to cell proliferation.  complete loss of cells in S-phase and an increased fraction of cells in
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FIGURE 2

MS0621 induces a G1/S arrest in Ewing sarcoma cell lines. (A) Cell proliferation was assayed following 3 days of treatment with MS0621 or a vehicle
control (PBS) in the indicated Ewing sarcoma cell lines. Viable cells were assessed by WST-1. Results are shown as the fold change relative to vehicle
treated cells. Error bars represent the SD of three biological replicates. (B) Cell proliferation in UMRC2 (clear cell renal cell carcinoma, ccRCC), 786-O
(ccRCC), RPTEC (Primary Renal Proximal Tubule Epithelial Cells), HUVEC (Primary Umbilical Vein Endothelial Cells), and SU-CCS-1 (clear cell sarcoma)
cells treated with MS0621 or vehicle control for 3 days. Proliferation was assessed on day 3 by WST. Results are shown as the fold change of vehicle
treated cells. Error bars represent the SD of three biological replicates. (C) Cell proliferation was assessed by live cell imaging in A673 cells treated with
MS0621 or vehicle control over 6 days. Concentrations are in micromolar. Proliferation, assessed by images captured every 2 hours, are shown as the
percent confluence. Error bars represent the standard error of the mean for six (MS0621 treatment) technical replicates or two (vehicle control) technical
replicates. (D) Soft agar colony formation assays for EWS894 cells treated with the indicated doses of MS0621 or vehicle (DMSO) for 15 days. Viable cell
colonies were visualized on day 15 with MTT. Results shown are representative wells of three biological replicates. (E) Quantification of soft agar colony
formation. Error bars represent the SD of three biological replicates. (F) Cell cycle analysis in EWS502 cells treated with the indicated doses of MS0621.
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Following treatment with MS0621 or vehicle (DMSO) for 3 days, cells were stained with propidium iodide (Pl) and analyzed by flow cytometry. (G)

Quantification of the percent of the population in each stage of the cell cycle for each treatment condition in (F). (H) S-phase quantification by BrdU
staining in EWS502 cells treated with 5 uM MS0621or vehicle (DMSO). Following compound treatment for the indicated time, cells were pulsed with
BrdU for 1 hour, harvested, fixed, and analyzed by flow cytometry. () Quantification of the BrdU-positive population in (H). Results are shown as the

percent of cells in S-phase.

G1. This effect was apparent by 48 hours of treatment, in support of
the CESE results (Supplemental Figures 2C, D). To specifically
quantify cells in S phase, we performed BrdU labeling (Figures 3H,
I). Compared to vehicle, MS0621 treatment decreased the fraction of
cells in S-phase. While appreciable at 24 hours, the magnitude of this
effect increased at 48 and 72 hours. Taken together, these data suggest
that MS0621 decreases proliferation, including anchorage-
independent growth, in Ewing sarcoma cells by inducing a
profound and sustained cell cycle arrest.

TABLE 4 MS0621 ICsq Values in Ewing sarcoma Cell Lines.

Cell Line 1C50 (nM) 95% Confidence Interval
SK-N-MC 128.6 94.49 - 153.5
EWS502 532.1 4013 - 716.8
EWS894 557 4202 - 790.8
MHH-ES-1 559.6 4373 -729.7
A673 891.2 728.8 - 1116
TC-32 1511 1229 - 1901
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MS0621 interacts with an RNA-binding
protein containing macromolecular complex

MS0621 was synthesized as part of a quinazoline scaffold diversity
series generated to increase the in vitro potency of UNC0321, a small
molecule G9a inhibitor. In addition to MS0621, several compounds
with putative G9a activity were identified as hits in the initial
chromatin-based screen, including other analogs from the diversity
series (Supplemental Figure 3A). We then asked whether these
analogs affected cell proliferation. Neither the other analogs in the
series, UNC0618 and UNCO0559, nor other putative G9a inhibitors,
UNCO0127 and UNCO0528, exhibited a similar IC50 as MS0621,
although UNC0618 and UNC0559 demonstrated activity at higher
concentrations (Supplemental Figure 3B). These data suggest that
effects on chromatin state do not fully correlate with cell cycle effects.
Because MS0621 was generated as part of a G9a inhibitor series, we
asked whether MS0621 affected H3K9 methylation in Ewing sarcoma
cells. Whereas UNC0638 potently decreased H3K9me2, MS0621
slightly increased H3K9me2 (Supplemental Figure 3C).
Additionally, neither UNC0638 nor its analogs, UNC0642 and
UNCO0737, exhibited similar antiproliferative effects on Ewing
sarcoma cell lines as MS0621 (Supplemental Figure 3D).
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FIGURE 3

MS0621 active analog interacts with a macromolecular complex enriched with RNA-binding proteins (A) Chemical structure of MS2616, alkyne-
substituted analog of MS0621. (B) FAIRE-qPCR at the screening loci in EWS894 cells treated with the indicated doses of MS0621 or UNC4151 for 16
hours. Results are shown as Relative Chromatin Inhibition. Error bars represent the standard deviation of 5 technical replicates. (C) Cell proliferation
curves for EWS894 cells treated with the indicated doses of MS0621 or MS2616 (twofold dilutions from 5 uM to 0.15625 uM) or vehicle control for 3
days. Proliferation was assessed on day 3 by WST assay. Results are shown as the fold change of vehicle treated cells. Error bars represent the SD of
three biological replicates. (D) STRING diagram displaying interactions networks between proteins identified by mass spectrometry in EWS894 cells. (E)
KEGG Enriched Biological Processes GO terms for proteins identified by mass spectrometry in EWS894 cells. Results shown are the -log;o FDR for the
top 50% of enriched GO terms. (F) Western blot confirmation of proteins identified by mass spectrometry. Proteins chemiprecipitated by 5 uM MS1360
(+) or vehicle control (=) in MNase-digested nuclear extracts of EWS894 cells with or without 100 ug/mL RNase A digestion assessed by western blot.
20% of the MNase-digested nuclear extract input was included for reference (Input). (G) Western blot analyses of proteins immunoprecipitated by
EWSRL1::FLI1 from nuclear extracts of A673 cells. 6% of the input extract was included for reference. Antibody heavy chain is marked with an asterisk. (H)
Western blot analyses of proteins enriched by 5 uM MS1360 (+) or vehicle control (=) in nuclear extracts of A673 cells with or without 100 ug/mL RNase
A digestion assessed by western blot. 10% of the nuclear extract input was included for reference. () MNase-digested extracts of A673 cells were
chemiprecipitated with MS1360 in the presence 150 mM NaCl. Beads were then sequentially washed with the indicated concentrations of NaCl. Beads
were removed at each condition for Western blot analyses. 20% of the MNase-digested nuclear extract input was included for reference. (3)
Quantification of western blot band intensities for protein enrichment under standard (150 mM NaCl) and high salt (500 mM NaCl) conditions normalized
to Input band intensities. Addition of RNase A is indicated by black lines beneath the bars. Results are shown as the fold change of the 150 mM NaCl
condition. Error bars represent the standard deviation of three technical replicates. Hist3: Histone H3. (K) Western blot analyses of chemipreciptation of
MNase-digested extracts of A673 cells in the presence of decreasing concentrations of MS1360. 20% of the MNase-digested nuclear extract input was
included for reference.

Furthermore, UNC0638 did not score as a hit in the initial chromatin- In the absence of a predicted target, we next sought to identify the
based screen (Supplemental Figure 3A). These data suggest that  protein interactors of MS0621. We generated an alkene (UNC4151)
MS0621 does not mediate its effects on Ewing sarcoma cells  and alkyne (MS2616)-substituted analogs of MS0621, which could be
through a mechanism dependent on G9a inhibition. Furthermore,  used for the generation of affinity reagents (Figure 3A). We then
these data point to a mechanism distinct from other quinazoline  assessed whether the alkyne addition affected the molecular and
scaffold derivatives identified in the screen. cellular activities of MS0621. UNC4151 decreased FAIRE signal at
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EWSRI1::FLI1-bound loci and both MS2616 and UNC4151 decreased
cell viability in Ewing sarcoma cells in a concentration-dependent
manner similar to MS0621 (Figures 2B, C; Supplemental Figure 3E).
We then used Copper-Catalyzed Azide-Alkyne Cycloaddition click
chemistry to generate MS1360, a biotinylated analog of MS2616 as an
affinity reagent.

As MS0621 altered chromatin state, we hypothesized that relevant
interactions would be with chromatin-bound proteins. To preserve
native chromatin-dependent interactions, we generated extracts from
micrococcal nuclease (MNase)-digested EWS894 and HEK293T
nuclei. Extracts were incubated with MS1360 and then bound to
streptavidin-conjugated beads. Isolated complexes were then
subjected to tryptic digestion and mass spectrometry. STRING
network analysis of proteins identified by mass spectrometry
indicated that MS1360 interactors were enriched for RNA and
DNA binding proteins in both cell lines (Figures 2D, E;
Supplemental Figures 3F, G, Supplemental Table 2, 3). Identified
proteins were enriched in biological processes involved in chromatin
regulation and RNA processing, including multiple HNRNPs and
histone proteins. We next sought to confirm these interactions.
Numerous RNA binding proteins such as hnRNPHI, hnRNPC,
YBX1, and EWSRI1 were pulled down by MS360. However, the
abundant nuclear DNA damage protein Ku80 was not detected,
indicating selectivity of MS0621 with nuclear interactors (Figure 2F,
Supplemental Figure 3H). Interactions with these proteins were also
observed in additional Ewing sarcoma cell lines (A673 and EWS502,
Supplemental Figure 3I). We also tested these interactions in SU-
CCS-1 cells, as they harbor an EWSR1:ATF1 rearrangement, and
786-0, an epithelial renal carcinoma cell line. Similar interactions
were identified suggesting that MS1360 interacts with an overlapping
set of proteins across cell types (Supplemental Figure 3I).
Interestingly, although MS1360 pulled down both the EWSRI:
ATF1 fusion protein and the parental ATFI transcription factor in
SU-CCS-1 cells, ATF1, which was present in the other cell lines, was
not pulled down. The inclusion of ATFI in the MS1360-interacting
complex in SU-CCS-1 cells may reflect the contribution of the
EWSR1 domain to the fusion (20). These data demonstrate that
MS0621 interacts with a complex enriched with proteins involved in
transcription and co-transcriptional processes.

Since the chromatin extract retained RNA, and RNA-associated
proteins were detected by mass spectrometry, we explored the effect of
RNA on protein interactions. Treatment of the extracts with RNase A
during the MS1360 pulldown did not affect interactions with
hnRNPH1, EWSRI, or Histone H3 but attenuated interactions with
DHX9, hnRNPC, and YBXI. (Figure 2F; Supplemental Figure 3H). As
these RNase A-sensitive proteins interact with R-loops, we next
explored whether these interactions were disrupted by digesting the
RNA moiety of RNA-DNA hybrids (21-23). In contrast to RNaseA,
digestion with RNaseH did not alter the interaction of these proteins
with MS1360 (Supplemental Figure 3]). These results suggest that
MS0621 interacts with a macromolecular complex enriched in RNA
interacting proteins, but independent of RNA.

Because several of the MS1360-interacting proteins were also known
or putative interactors of EWSRI:FLI1, we assessed whether MS1360
also interacts with EWSR1:FLI1. We found that in Ewing sarcoma cells,
MS1360 interacts with EWSRI::FLI1 (Figure 2F; Supplemental Figure 3J).
We next asked whether EWSRI::FLI1 interacts with the MS1360-
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interacting proteins hnRNPH1 and hnRNPC. We generated nuclear
extracts by MNase digestion or by hypotonic cellular lysis and
mechanical shearing. EWSR1:FLI1 co-precipitated with hnRNPHI1 and
hnRNPC in both extracts as did known EWSR1:FLI1-interacting RNA
binding proteins DHX9 and EWSRI1 (Figure 2G; Supplemental
Figure 3K). As with MS1360, the interaction between EWSRI:FLI1
and hnRNPC, but not hnRNPH1, was attenuated with RNase A
digestion. These data indicate that EWSRI:FLI1 also interacts with
MS0621-interacting proteins in Ewing sarcoma cells.

EWSRI and EWSRI::FLI1 are known to cooperate to recruit the
SWI/SNF complex to EWSRI1::FLIl1-bound loci, and SWI/SNF
components have been implicated in Ewing sarcoma (7). Consistent
with published results, we observed that EWSRI1::FLI1 co-
immunoprecipitated the SWI/SNF components BRG1 and
ARIDIA, but not ARID1B (Figure 2G; Supplemental Figure 3K) (7,
24). In contrast, MS1360 interacts with both ARID1A and ARID1B as
well as BRG1(Figure 2H). We also observed that MS1360 interacted
with BRG1 in HEK293T cells, suggesting that SWI/SNF components
interact with MS1360 independently of EWSR1:FLI1 (Supplemental
Figure 3H). ARID1A-containing SWI/SNF complexes are associated
with actively transcribed regions whereas ARID1B-containing SW1/
SNF is associated with repressed enhancers (25, 26). The interaction
of EWSRI:FLI1 with ARID1A-, but not ARID1B-contatining SWI/
SNF is consistent with EWSRI1::FLI1’s association with enhancers and
actively transcribed regions. These data suggest that MS0621 interacts
with a broader range of protein complexes, including those at both
active and repressed chromatin.

To more narrowly define the core MS0621-interacting complex,
we explored the affinity of MS1360-protein interactions. We noted
that the interactions of some proteins appeared to be attenuated in
those extracts produced without enzymatic digestion (Figures 2H, I).
We hypothesized that the higher NaCl compared to MNase-digested
extracts destabilized the interaction with select interactors. Using
increasing NaCl concentrations, we sought to identify high affinity
MS1360-interacting proteins. We observed that interactions with
histone H3, DHX9 and hnRNPC were attenuated in the presence of
increasing concentrations of NaCl (Figures 21, J; Supplemental
Figure 3L). This effect was even more pronounced in the RNase A
treated chromatin. In contrast, interactions with hnRNPH1, EWSRI1,
BRG1, and EWSRI::FLI1 were more resistant to both high NaCl and
RNaseA, with over 50% of hnRNPH]1 enrichment maintained at 500
mM NaCl with or without RNase A. Interestingly, we observed that
the interaction with histone H3 was almost completely lost in the
presence of high NaCl and RNaseA, which is consistent with
decreased nucleosome stability at this concentration (27-29). These
data suggest that while the interactions of MS1360 with the NaCl
resistant proteins appear to take place on chromatin, the interactions
are not chromatin dependent. As MS0621 exerted effects on
chromatin and cell proliferation at nanomolar concentrations, we
next asked whether these interactions were maintained at similar
concentrations of biotinylated-MS1360. We found that the
enrichment of proteins was attenuated with decreasing
concentrations of MS1360 but persisted to the lowest concentration
tested, 625 nM (Figure 2K). These results suggest that MS0621
interacts with a core complex of proteins that includes hnRNPHI,
EWSR1, BRG1, and EWSRI1::FLI1 in the absence of RNA or
intact chromatin.
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FIGURE 4

hnRNPH1 knockdown recapitulates the effect of MS0621 on Ewing sarcoma cell proliferation and FAIRE-gPCR (A) Western blot analyses of hnRNPH1 and
EWSR1::FLI1 protein knockdown in A673-CRISPRI cells. Left: Representative western blots. Right: Quantification of western blot band intensities for
hnRNPH1 and EWSR1::FLI1 normalized to Histone H3 band intensities. Results are shown as the fold change of non-specific guide (NS) cells. Error bars
represent the standard deviation of three biological replicates. (B) hnRNPH1 and EWSR1::FLI1 RNA abundance measured by RT-gPCR in A673-CRISPRi
cells following infection with the indicated sgRNAs for 4 days. Results are shown as the fold change of non-specific guide (sg NS) cells. Error bars
represent the standard deviation of three biological replicates. (C) Cell proliferation assayed by live cell imaging for A673-CRISPRI cells infected with the
indicated sgRNAs over 4 days. Images were obtained every 2 hours. Results are shown as the percent confluence. Error bars represent the standard error
of the mean for two technical replicates where each replicate consists of 16 images per time point. Two biological replicates (A, B) are shown for
hnRNPH1 and EWSR1. Nonspecific sgRNA was used as a control (NS). (D) FAIRE-gPCR in A673-CRISPRI cells infected with lentivirus transducing sgRNA
for hnRNPH1 for 4 days (Left: EWSR1::FLI1 target regions. Right: Positive control regions). Results are shown as a fraction of input control. Error bars
represent the standard error of three biological replicates. (E) FAIRE-gPCR in A673-CRISPRi cells infected with lentivirus transducing sgRNA for EWSR1
for 4 days (Left: EWSR1::FLI1 target regions. Right: Positive control regions). Results are shown as a fraction of input control. Error bars represent the
standard error of three biological replicates. Control sgRNA results are duplicated in Figures (D, E). The asterisks indicate the significance of unpaired t-

tests where *p < 0.05 and **p < 0.01. ns, nonsignificant.

hnRNPH1 knockdown phenocopies MS0621
in Ewing sarcoma cells

As hnRNPH] interacted robustly with MS1360 under all tested
conditions, we hypothesized that hnRNPHI is a core member of the
MS0621-interacting complex and that loss of hnRNPHI1 would
recapitulate the effects of MS0621 on Ewing sarcoma cells. To test
this hypothesis, we used CRISPRi-mediated silencing of hnRNPH1
and EWSRI1 in Ewing sarcoma cell lines. We confirmed that the
EWSRI1-targeting sgRNA decreased EWSR1::FLI1 protein and RNA
levels similarly to an shRNA directed to the 3" UTR of FLI1 (shFLI)
(Figures 4A, B, and Supplemental Figures 4A, B) (6). EWSRI1::FLI1
CRISPRi knockdown had the same effect on FAIRE signal at EWSRI::
FLI1-bound loci as lentiviral mediated EWSRI1::FLI1 silencing
(Supplemental Figure 4C).

Although the effect of the hnRNPHI silencing seemed modest,
EWSRI1:FLI1 levels increased and Ewing sarcoma cell line
proliferation was dramatically reduced (Figure 4C; Supplemental
Figure 4D). Compensation in loading to account for cell number
differences may partially obscure the reduction in expression.
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Silencing of hnRNPH1 decreased FAIRE signal at EWSRI1:FLI1-
bound loci, similar to that observed for EWSR1::FLI1 knockdown
(Figures 4D, E; Supplemental Figure 4E). Interestingly, in contrast
to EWSRI:FLI1 loss which did not affect FAIRE signal at non-
GGAA repeat-containing EWSRI1:FLI1-bound loci (NKX2-2 and
JAK1.2), hnRNPHI1 knockdown, like MS0621, decreased FAIRE
signal at all tested EWSR1::FLI1-bound loci (Figure 1D, Figures 6D,
E). Silencing hnRNPHI1 also decreased FAIRE signal at the positive
control loci, in contrast to MS0621 treatment and EWSR1::FLI1
knockdown (Figures 4D, E; Supplemental Figure 4F). These results
suggest that attenuation of hnRNPHI has broader effects on
chromatin states in Ewing sarcoma than MS0621 treatment. The
striking effects associated with modest decreases in hnRNPHI levels
may reflect the toxicity of hnNRPHI loss in those cells with the
earliest or most effective silencing of hnRNPHI. Taken together,
these data suggest that loss of hnRNPH1 partially phenocopies the
effects of MS0621 on EWSR1::FLI1-dependent phenotypes in Ewing
sarcoma. These data also suggest that perturbation of the RNA
processing machinery through loss of hnRNPHI is a sensitivity of
Ewing sarcoma cells.
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MS0621 affects EWSR1::FLI1-mediated gene
expression and alternative splicing

As many MS0621 interactors are involved in RNA processing, we
next asked whether MS0621 alters transcription in Ewing sarcoma cells.
We identified differentially expressed genes using RNA-seq in EWS502
cells treated with MS0621 for 16 h. Slightly more genes were
downregulated (1636) than upregulated (1530) with MS0621
treatment (Figure 5A; Supplemental Table 4). We tested whether
there is an association between genes differentially regulated by

10.3389/fonc.2023.1099550

MS0621 treatment and those regulated by EWSR1::FLI1. Using Gene
Set Enrichment Analysis (GSEA), we found genes downregulated with
loss of EWSRI1::FLI1 were enriched among genes downregulated with
MS0621 treatment (Figures 5A, B; Supplemental Table 5) (30-32).
Genes downregulated by MS0621 and EWSR1::FLI1 knockdown were
enriched for biological pathways related to DNA damage response and
cell cycle regulation (Supplemental Figures 5A, B) (30). The shared
regulation of this class of genes may reflect cell cycle arrest.

We next explored the effects of MS0621 on gene expression more
generally. Genes upregulated by MS0621 were enriched for GO Terms
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FIGURE 5

MS0621 affects EWSR1::FLI1 regulated genes and influences RNA splicing (A) Heatmap displaying row normalized Z-scores for differentially expressed
genes in EWS894 cells following 16 hours of treatment with 5 uM MS0621 or vehicle control (DMSO). The right most column indicates genes also
differentially regulated by EWSR1::FLI1 in (30). (B) Gene set enrichment analysis of genes differentially expressed in EWS894 cells following treatment for
16 hours with 5 uM MS0621 or vehicle control (DMSO) using gene sets upregulated by EWSR1::FLI1. (C) Enriched Biological Processes GO terms for
genes that were downregulated with MS0621 treatment but not regulated by EWSR1::FLI1. Results shown are the -log;q adjusted p-value for the top 20
enriched GO terms. (D) Significant differential alternative splicing events were identified by rMATS from RNA prepared from EWS894 cells treated 16
hours with 5 uM MS0621 or vehicle control (DMSO). Indicated splicing events were supported by at least 20 reads, an Inclusion Level Difference > 10%,
and FDR < 0.05. (E) Differential retention of a tumor-characteristic pair of introns in the FUS gene. Gene tracks represent three replicates each for
Vehicle- or MS0621- treated EWS894 cells. (F) Box plots of logl0 TPM values for genes with an Rl event gained or lost with MS0621 or with no Rl event.
(G) Percentage of transcript-specific SE events identified by rMATS annotated by GENCODE biotype. (H) Sashimi plots of differential retention of the
SRSF6 poison exon. Sashimi plots represent three replicates each for Vehicle- or MS0621- treated EWS894 cells. (I) Enrichment of SE events gained with
MS0621 and EWSR1::FLI1 was assessed by permuting 1,000 times over spliceable exons with minimum read coverage greater than or equal to 20 reads

***p-value less than 0.001.
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related to cilium- and microtubule-based organization and movement
(Supplemental Figure 5D, Supplemental Table 5). Genes
downregulated by MS0621 were also enriched for DNA damage
repair and cell cycle regulation (Supplemental Figure 5C,
Supplemental Table 5). To explore other pathways downregulated
by MS0621, we evaluated genes that were regulated by MS0621 but
not EWSRI1::FLI1 loss. Genes specifically downregulated by MS0621
were enriched for neuronal development and differentiation, GTPase
signaling, and Notch signaling (Figure 5C). Interestingly, GTPase and
Notch signaling have been implicated in regulating neuronal
differentiation and SWI/SNF activity in Ewing sarcoma (33-35).
These data indicate that MS0621 alters the expression of genes
regulated by EWSR1::FLI1 and genes implicated in Ewing sarcoma
biology. Among the genes most strongly downregulated by MS0621
are MYBL2 and RRM2. MYBL2 has been identified as a direct target
of EWSRI:FLI1 with germline polymorphisms associated with
activation in Ewing sarcoma and RRM2 overexpression is
associated with poor prognosis Ewing sarcoma (36, 37).

As MS0621 interacts with many RNA binding and processing
proteins, we next asked whether MS0621 alters splicing. Splicing
analysis (rMATS) identified 2180 alternative splicing (AS) events
(Figure 5D; Supplemental Table 5) (18). In comparison, knockdown
of EWSRI::FLI1 or the splicing regulator RBFOX2 resulted in 1880
and 768 alternative splicing events, respectively. This indicates that
MS0621 affects splicing to a similar degree as perturbing proteins
known to regulate splicing in Ewing sarcoma (38). The most
abundant classes of AS events were Skipped Exon (SE) and retained
introns (RI) (1308, 60% and 409,18.8%, respectively). More than five
times as many RI events were lost with MS0621 treatment (350) as
were gained (59). As increased intron retention is characteristic of
tumors compared to normal tissues, we next sought to characterize
the differential RI events (39, 40). Analysis of cancer-associated
splicing in TCGA tumors found that RNA-splicing factors were
enriched among introns retained in multiple cancers (39). Similarly,
genes with RI events that were lost with MS0621 treatment were
enriched for those involved in RNA processing (Supplemental
Figure 5E, Supplemental Table 7). For example, FUS has two
adjacent introns which are commonly retained in tumors (39).
These introns were lost following MS0621 treatment (Figure 5E).
Although there was enrichment of RNA splicing, miRNA processing,
and protein signaling genes among those with RI events gained with
MS0621 treatment, they these did not meet statistical significance
(Supplemental Table 7).

We next assessed whether intron retention was associated with
the expression of the involved genes (Figure 5F). RNA abundance was
slightly higher in MS0621 treated cells compared to vehicle treated
controls for both genes lacking RI events and those for which RI
events were lost with MS0621.In contrast, the expression of genes that
gain RI events with MS0621 was decreased in MS0621 treated cells
compared to vehicle treated controls. Consistent with previous
reports, these data support a role for intron retention in decreasing
the abundance of associated transcripts (39, 41). These data further
indicate that MS0621 modulates intron retention to influence
gene expression.

We next explored whether MS0621 alters gene expression
through SE events, the most abundant class of AS events.
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Alternative splicing coupled to nonsense-mediated mRNA decay
(AS-NMD) is a conserved mechanism by which the expression of
many genes is regulated (42-44). Given the enrichment of splicing
factors among RI events and the association of intron retention with
NMD, we hypothesized that MS0621 could dysregulate AS-NMD (45,
46). We identified 1258 SE events in transcripts, slightly fewer than
with gene-level analysis (1308). The detection of more events in genes
compared to transcripts likely reflects the decreased statistical power
to call SE events in individual transcripts relative to the multiple
transcripts combined for gene-level analysis. Slightly more SE events
were lost (676, 53.7%) than gained (582, 46.3%) with MS0621. Protein
Coding and Nonsense-mediated decay were the two most abundant
annotated biotypes (696, 55.3% and 277, 22.0%, respectively)
(Figure 5G; Supplemental Table 9).

Among SE events lost with MS0621 treatment, approximately
20% (134) were in transcripts projected to undergo nonsense-
mediated decay. The associated genes were enriched in biological
processes involved in RNA splicing and microRNA processing
(Supplemental Figure 5F; Supplemental Table 9). These data are
consistent with the enrichment of GO Terms associated with RNA
processing in RI events lost with MS0621 treatment. Nearly 25% (143)
of SE events gained with MS0621 treatment were in transcripts
projected to undergo nonsense-mediated decay. GO Terms
associated with these events included RNA splicing and
macromolecule methylation though these did not meet statistical
significance for enrichment (Supplemental Table 9). Many transcripts
that undergo AS-NMD include ultraconserved genomic loci, regions
that are perfectly conserved in the human, mouse, and rat genomes
(47-49). The association of highly conserved regions and splicing
regulation is conserved among metazoa, indicating the importance of
these regions in regulating splicing (47, 50). We explored whether
these transcripts were present among those altered by MS0621 and
observed eight SE events in genes with ultraconserved elements, seven
of which were gained with MS0621. Most genes with events gained
with MS0621 have known functions in AS, including 4 of 14 members
of the SR family of splicing factors (SRSF6, SRSF11, TRA2A, and
TRA2B), hnRNPDL, and OGT (Figure 5H) (49, 51). These data
indicate that MS0621 shifts patterns of AS-NMD.

As EWSRI:FLII1 has been implicated in regulating alternative
splicing (24, 38, 52-57), we next explored whether SE events
observed with MS0621 treatment were shared with those
regulated by EWSRI::FLI1. Splicing analysis of published data in
Ewing sarcoma cells with and without EWSR1::FLI1 identified 921
AS events (Supplemental Figure 5G) (8). As with MS0621, SE events
were the most abundant class of AS (553, 60%). SE events gained
with EWSR1:FLI1 knockdown were significantly enriched those
gained with MS0621 treatment (p-value < 0.001, Figure 5I). Events
shared between the two data sets included those associated with
ultraconserved AS-NMD events such as TRA2A and SRSF6. In
contrast to MS0621 treatment, EWSR1::FLI1 knockdown increased
the number of SE events (376, 68%) compared to control (177, 32%).
This relationship of increased SE with EWSRI1:FLI1 knockdown
(781, 57.4%) than in control (579, 42.6%) was also observed in an
independent data set (38). These data indicate that MS0621
reprograms important alternative splicing patterns, many of
which are also regulated by EWSRI::FLI1.
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Discussion

In this report we describe the biochemical interactors and
molecular consequences of treatment with MS0621, a small
molecule identified in a screen of compounds that reverse EWSRI1::
FLI1-mediated chromatin accessibility. We found that MS0621
treatment recapitulated the effects of EWSR1:FLI1 loss on FAIRE,
cell cycle, and gene expression through a mechanism independent of
regulating EWSRI::FLI1 gene expression. We identified a range of
protein interactors of MS0621, which included EWSRI:FLI1 and
several proteins involved in RNA splicing and chromatin
state regulation.

Though MS0621 shares structural similarity with the G9a
inhibitor UNC0638, it did not alter H3K9me2 levels in the Ewing
sarcoma cells tested. Further, G9a inhibitors did not phenocopy the
effect of MS0621 on either chromatin accessibility or cell
proliferation. Differences in G9a inhibitory activity between the two
compounds may be attributable to substitution of the 7-(3-pyrrolidin-
1-yl-) propoxy side chain by which UNC0638 interacts with the G9a
lysine binding channel with a bulkier 1,4-diazepin-1-yl side chain in
MS0621 (58). This chemical substitution may also contribute the
interactions we observed between MS0621 and nuclear proteins.

MS0621 interacted with a complex that included EWSRI::FLI1
and multiple chromatin-binding and RNA-associated proteins. The
inclusion of EWSRI1::FLI1 in an MS0621-interacting complex may
indicate that the fusion oncoprotein interacts with the complex to co-
opt its normal function (Figure 6). For example, EWSR1::FLI1
inhibits RNA splicing mediated by interactions of EWSR1 and
YBXI1, SRSF proteins, and hnRNPA1 and antagonizes a subset of
splicing events co-regulated by FLI1 and the splicing regulator

MSO6211

GGAA microsatellite

FIGURE 6

Proposed Model of Perturbation of MS0621. The chromatin landscape
at EWSR1::FLI1 targeted sites is likely established and maintained
through the activity of SWI/SNF as well as through biophysical
properties such as phase separation mediated by proteins and RNA
(gold RNA molecule). Likewise, EWSR1::FLI1 alters the function of RNA
binding proteins to program Ewing sarcoma-specific alternative
patterns (gold and red RNA molecule). EWSR1::FLI1 may depend on
the complex to mediate its roles in chromatin and transcription, but
this dependence may also represent a vulnerability for Ewing sarcoma
cells. MS0621 interacts with and may perturb the complex and inhibit
the functions required by EWSR1::FLI1 leading to altered chromatin
organization, gene expression, and splicing programs. Thus,
perturbation of these functions likely contributes to the cell
proliferation defects and cell cycle arrest observed in Ewing sarcoma
cell lines upon MS0621 treatment. Created with BioRender.com.
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RBFOX2 (38, 52-55). EWSRI1:FLII, together with these proteins
and several others we identify as interacting with MS0621 participate
in phase separation, which may mediate its oncogenic functions. A
dependency on this complex may mediate the susceptibility of Ewing
sarcoma cells to MS0621 (59-62). The N-terminal low complexity
domains of EWSRI::FLI1 are thought to mediate critical functions of
EWSRI:FLI1 including recruitment of the SWI/SNF complex to
GGAA microsatellite and the formation of phase separated
condensates implicated in enhancing protein-protein interactions
and regulating the expression of EWSRI:FLI1 target genes (7, 63—
65). Perturbing these EWSRI::FLI1-containing condensates through
overexpression of the low complexity domains of EWSR1 or TAF15
decreases the expression of EWSRI::FLI1-regulated genes without
displacing EWSRI1::FLI1 from chromatin (66, 67). Additionally,
altering the ability of EWSRI1:FLI1 to participate in phase
separation by mutating the critical tyrosine residues in the N-
terminus decreases SWI/SNF recruitment, chromatin accessibility,
and deposition of enhancer-associated histone PTMs at EWSRI::
FLI1-bound GGAA loci, and inhibits the expression of EWSR1::FLI1-
regulated genes (7). Similarly, mutating tyrosine residues in one of
hnRNPHI’s low complexity domains alters its phase separation
properties and the splicing of hnRNPH]1-regulated exons (68). As
hnRNPH1 is implicated in the splicing of EWSR1 and altering of
EWSR1 levels can affect EWSR1:FLII function, perturbation or loss
of hnRNPH1 may modulate EWSR1::FLI1-mediated phenotypes
through multiple mechanisms (69). Thus, EWSRI:FLII1 recruits
and may be dependent on the complex, but perturbation the
complex or its members may also be a sensitivity of Ewing sarcoma
(Figure 6). The dependency on a complex involving EWSR1::FLI1, in
particular in the context of a specific chromatin or developmental
state, may contribute to the differential sensitivity of Ewing sarcoma
cell lines to MS0621 compared to cells of other lineages.

MS0621 decreases FAIRE signal at EWSRI::FLI1-bound loci
without displacing the oncoprotein from chromatin, indicating that
EWSRI::FLI1 may be necessary but not sufficient for maintaining
FAIRE signal at its target loci. Although we conceived of our screen as
a strategy to explore chromatin accessibility, we have also
demonstrated that FAIRE signal can be detected at chromatin
regions without displaced nucleosomes, possibly due to unstable
nucleosomes (70). It is possible that MS0621 modulates an activity
that controls chromatin states without affecting nucleosome
displacement. Together, these data support a broader influence on
transcription and chromatin states for MS0621 than EWSRI1:FLI1
and point to a role for MS0621 in modulating transcription-linked
processes that affect chromatin states.

Despite our efforts to identify a single direct target of MS0621, we
were unable to further dissect the complexes using biochemical
techniques. Among chromatin-associated proteins, MS0621
interacted with members of the SWI/SNF chromatin remodeling
complex, which has recently been implicated in EWSRI1::FLI1-
mediated chromatin remodeling (7). ARID1IA and ARIDIB are
mutually exclusive SWI/SNF subunits, with ARIDIB containing
complexes associated with repressed chromatin (25, 26). In contrast
to EWSR1::FLI1, which interacts only with ARID1A-containing SW1/
SNF complexes, MS0621 interacts with both ARID1A- and ARID1B-
containing SWI/SNF complexes. These interactions suggest that
MS0621 associates with multiple complexes, one of which includes
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EWSRI1:FLIL. It is unlikely that EWSRI1:FLI1 mediates the
interaction of MS0621 with these proteins, as interactions with
similar proteins were identified in cells that do not express the
fusion oncoprotein. Interestingly, we noted that EWSRI1::ATF1
oncoprotein interacted with MS0621, whereas native ATF1 did not
in non-clear cell sarcoma cells. These data suggest that the EWSR1
domain mediates the interactions of the EWSR1-fusion oncoproteins
with the MS0621-targeted complex.

MS0621-interacting complexes include RNA, and the inclusion of
some constituents of the MS0621-interacting complex were mediated
by RNA. However, interactions with EWSR1::FLI1, hnRNPHI, and
EWSRI were independent of RNA and resistant to high salt. This
tight interaction supports that these proteins constitute core members
of the complex. In contrast, the interactions between DHX9 and
YBXI1, proteins with known roles in Ewing sarcoma, were greatly
attenuated in the presence of high salt and RNase A (55, 71, 72). These
data suggest that neither DHX9 nor YBX1 are core members of the
MS0621-interacting complex and indicate that the effects of MS0621
are unlikely to mediated through these proteins. Modest knockdown
of hnRNPHI1 phenocopied the effect of MS0621 on cell proliferation
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and decreased FAIRE signal to a similar magnitude but at a greater set
of loci. These data are consistent with the recent identification of
hnRNPH2, a closely related paralog of hnRNPHI, as one of six
splicing factors with roles in splice selection in Ewing sarcoma (56).
Interestingly, MS0621 and hnRNPHI1 knockdown decreased FAIRE
signal at EWSRI1::FLI1-bound loci that were not microsatellites. These
data support a link between hnRNPs and chromatin state as measured
by FAIRE. As hnRNPHI1 knockdown altered FAIRE signal at more
regions than MS0621, these data also suggest that perturbation of an
individual RNA binding protein in the MS0621-interacting complex
broadly affects the chromatin states accessibility landscape. Together,
these data suggest that MS0621 perturbs processes involving activities
of EWSRI::FLI1 on chromatin states, transcription, and splicing.
The effects of EWSRI1:FLI1 on chromatin states, transcription, and
alternative splicing have been long appreciated (5-8, 24, 38, 52-57).
MS0621 reprograms the EWSRI:FLI1-regulated alternative splicing
pattern, decreasing tumor-characteristic intron retention and altering the
inclusion of exons harboring highly conserved sequences. Indeed, SE events
associated with the loss of EWSRI:FLI1 were significantly enriched among
those gained with MS0621 treatment. Interestingly, MS0621 treatment and
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EWSRI::FLI1 knockdown (38, 57) altered the splicing of the closely related
CLK1 and CLK4 kinases which have been implicated in the regulation of
alternative splicing through phosphorylation of SRSF proteins (73-77). Of
note, CLK1 also regulates the splicing of factors with roles in cell cycle
progression, suggesting an additional method by which MS0621 may
influence gene expression and the cell cycle (78). Similarly, MS0621
influences splicing of the histone methyltransferases EHMT1 (GLP),
EZH2, NSD2, and SETD2, enzymes associated with transcription and
chromatin organization. Alterations in the splicing of these genes suggests
that MS0621 perturbs elements of the splicing machinery associated with
EWSRI:FLIL.

By screening for compounds that modulate an oncogenic
chromatin state, we identified MS0621 as a novel inhibitor of
oncoprotein-driven aberrant chromatin organization and
transcription in Ewing sarcoma. Toxicities of the compound in
animals limited extensive preclinical evaluation. The specific
mechanism underlying this effect remains a focus of ongoing
investigation. Identification of a specific targets would enable
necessary structure-function experiments to optimize on-target effects
while minimizing toxicity. Using MS0621, we identified a previously
unappreciated relationship between RNA binding proteins and RNA
splicing in modulating chromatin states in Ewing sarcoma. This study
illustrates the reciprocal influence of epigenetic and transcriptomic
regulation in cancer and provides a framework for targeting chromatin
states in future drug discovery efforts.
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SUPPLEMENTARY FIGURE 1

(A) MS0621 does not decrease EWSR1::FLI1 expression. EWSR1::FLI1 expression
measured by gRT-PCR in EWS894 and EWS502 cells following treatment with 5
UM MS0621 or vehicle control (PBS) for 16 h. Results are shown as the fold
change of vehicle treated cells. Error bars represent the standard deviation of
three biological replicates. (B) MS0621 does not influence EWSR1::FLI1 protein
levels. EWSR1::FLI1 protein abundance measured by western blot in EWS894
and EWS502 cells following treatment with 5 uM MS0621 or vehicle control
(PBS) for 16 h. Top: representative western blots of EWSR1::FLI1 and a-Tubulin
control. Bottom: EWSR1::FLI1 intensity was normalized to tubulin. Results are
shown as the fold change of vehicle treated cells. Error bars represent the
standard deviation of three biological replicates.

SUPPLEMENTARY FIGURE 2

(A) Cell proliferation assessed by live cell imaging for MHH-ES cells treated with
MS0621 or vehicle control over 6 days. Proliferation was assessed by images
captured every 2 hours. Results are shown as the percent confluence. Error bars
represent the standard error of the mean for six (MS0621 treatment) technical
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replicates or two (vehicle control) technical replicates. (B) MS0621 does not
induce apoptosis in Ewing sarcoma cells. Following 3 days of treatment with 10
UM MS0621, EWS894 cells were stained with Annexin V and propidium iodide
(PI) and analyzed by flow cytometry. Cells treated with staurosporine for 4 hours
were used as a positive control. (C) MS0621 inhibits Ewing sarcoma cell division.
EWS502 cells were stained with CFSE dye and divided into 3 conditions:
untreated, 5 uM MS0621, or vehicle (DMSO). Cells were harvested, fixed, and
analyzed by flow cytometry. MS0621- and vehicle-treated cells were compared
to the untreated stained control. (D) MS0621 increases the proportion of cells in
GO/G1 and decreases the proportion of cells in S-phase. Following treatment of
EWS502 cells with 5 uM MS0621 or vehicle (DMSO) for the indicated time, cells
were stained with propidium iodide (Pl) and analyzed by flow cytometry. Right:
Quantification of the proportion of cells in each stage of the cell cycle

SUPPLEMENTARY FIGURE 3

(A) Log2 RCI for MS0621 (blue), MS0621 analogs (gray), putative G9a inhibitors
(black), DMSO control and UNC0638 (far right) for screening plate 1. (B) Cell
proliferation curves for EWS894 cells treated with the indicated compounds
(threefold dilutions from 10 pM) or vehicle control for 3 days. Proliferation was
assessed on day 3 by Cell Titer Glo assay. Results are shown as the percent of
vehicle treated cells. Error bars represent the SD of three technical replicates.
(C) Di-methylation of histone H3 lysine 9 measured by western blot in EWS894
cells following treatment with the indicated concentration of MS0621,
UNCO0638, or vehicle control (DMSO) for 16 hours. Top: representative
western blots of H3K9me2 and histone H3 loading control. Bottom:
Quantification of western blot band intensities for H3K9me2 normalized to
histone H3 band intensities. Results are shown as the fold change of vehicle
treated cells. Error bars represent the standard deviation of two biological
replicates. (D) Cell proliferation curves for EWS894 cells treated with the
indicated compounds (twofold dilutions from 5 uM) or vehicle control for 3
days. Proliferation was assessed on day 3 by Cell Titer Glo assay. Results are
shown as the percent of vehicle treated cells. Error bars represent the SD of
three technical replicates. (E) Cell proliferation curves for EWS894 cells treated
with the indicated doses of MS0621 or UNC4151 (twofold dilutions from 5 uM to
0.15625 uM) or vehicle control for 3 days. Proliferation was assessed on day 3 by
WST assay. Results are shown as the fold change of vehicle treated cells. Error
bars represent the SD of three biological replicates. (F) STRING diagram
displaying interactions networks between proteins identified by mass
spectrometry in HEK293T cells. (G) KEGG Enriched Biological Processes GO
terms for proteins identified by mass spectrometry in HEK293T cells. Results
shown are the -logig FDR for the top 10% of enriched GO terms. (H) Western
blot analyses of proteins enriched by 5 uM MS1360 (+) or vehicle control (-) in
MNase-digested nuclear extracts of HEK293T cells with or without 100 ug/mL
RNase A digestion assessed by western blot. 20% of the MNase-digested
nuclear extract input was included for reference. (I) Proteins enriched by 5
UM MS1360 (+) or vehicle control (-) in the indicated extracts of A673 cells with
or without digestion with 10 U RNase H assessed by western blot. 20% of the
extract input was included for reference. (J) Western blot analyses of proteins
enriched 5 uM MS1360 (+) or vehicle control (-) in MNase-digested nuclear
extracts of A673, EWS502, SU-CCS1, and 786-0 cells assessed by western blot.
20% of the MNase-digested nuclear extract input was included for reference.
(K) Western blot analyses of proteins co-immunoprecipitated by EWSR1::FLI1 in
MNase-digested nuclear extracts of A673 cells. (L) Representative western blot
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enriched GO terms. (D) Enriched Biological Processes GO terms for all genes
upregulated with MS0621 treatment. Results shown are the -log;o adjusted p-
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