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Abstract

There is a need to develop novel approaches to improve the balance between efficacy and
toxicity for transcription factor t therapies. In this study, we exploit context dependent differences
in RNAPII processivity as an approach to improve the activity and limit the toxicity of the
EWS-FLI1 targeted small molecule, mithramycin, for Ewing sarcoma. The clinical activity of
mithramycin for Ewing sarcoma is limited by off-target liver toxicity that restricts the serum

"Corresponding Author: Patrick J. Grohar, MD, PhD, Children’s Hospital of Philadelphia, 3501 Civic Center Blvd #4030,
Philadelphia, PA, 19104, Phone: (267) 425-0494, groharp@email.chop.edu.
Current affiliations
L Department of Discovery Oncology, Genentech, Inc., 1 DNA Way, South San Francisco, 94080, CA, USA.

Children’s Center for Cancer and Blood Diseases, Keck School of Medicine of University of Southern California, Children’s
Hospital of Los Angeles, Los Angeles, CA

Grant Support:
Disclosure of Potential Conflicts of Interest: None to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Flores et al. Page 2

concentration to levels insufficient to inhibit EWS-FLIL. In this study, we perform an siRNA
screen of the druggable genome followed by a matrix drug screen to identify mithramycin
potentiators and a synergistic “class” effect with CDK9 inhibitors. These CDKJ inhibitors
enhanced the mithramycin-mediated suppression of the EWS-FLI1 transcriptional program
leading to a shift in the IC50 and striking regressions of Ewing sarcoma xenografts. In order

to determine if these compounds may also be liver protective, we performed a qPCR screen of all
known liver toxicity genes in HepG2 cells to identify mithramycin-driven transcriptional changes
that contribute to the liver toxicity. Mithramycin induces expression of the B7GZ2gene in HepG2
but not Ewing sarcoma cells which leads to a liver-specific accumulation of reactive oxygen
species (ROS). siRNA silencing of BTG2 rescues the induction of ROS and the cytotoxicity of
mithramycin in these cells. Furthermore, CDKJ inhibition blocked the induction of B7G2to
limit cytotoxicity in HepG2, but not Ewing sarcoma cells. These studies provide the basis for a
synergistic and less toxic EWS-FLI1 targeted combination therapy for Ewing sarcoma.
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Introduction

Ewing sarcoma (ES) requires the sustained activity of the oncogenic transcription factor
EWS-FLI1 for cell survival (1). EWS-FLI1 dysregulates transcription at hundreds of genes,
promoting the expression of pro-survival genes while limiting the expression of tumor-
suppressor genes (2). Furthermore, elimination of EWS-FLI1 reverses the tumorigenic
phenotype in ES cells (3). We previously identified mithramycin as a potent and specific
inhibitor of EWS-FLI1 in a high-throughput cell-based screen of EWS-FLI1 driven NROB1
promoter luciferase activity (4). The screen was successful because NROBI promoter
activity is highly specific for EWS-FLI1 activity (5). Indeed, both FLI1 and EWS-FLI1

can bind the promoter GGAA EWS-FLI1 response element but only EWS-FLI1 can
transactivate (6). Furthermore, deletion of the GGAA microsatellite within the NR0OB1
promoter using CRISPR/Cas9 leads to a loss of expression of NROB1 (7). We showed

that 100 nM mithramycin blocked promoter activity, reduced expression of NROB1 mRNA
and protein, and reversed the gene signature of EWS-FLI1 (4). Importantly, mithramycin
decreased both Ewing sarcoma cell viability /n vitro and tumor size in orthotopic xenografts.

We subsequently opened a phase I/11 clinical trial in patients with Ewing sarcoma

using single-agent mithramycin (8). In the modern era of supportive care, mithramycin
treatment was well-tolerated. However, reversible grade 3/4 liver toxicity limited the serum
concentration of mithramycin to levels that were lower than that needed to inhibit EWS-
FLI1. Therefore, the trial was closed. We have subsequently reported a second-generation
mithramycin analog called EC8042 with an improved toxicity profile that may be able

to achieve the therapeutic suppression of EWS-FLI1. However, the clinical translation of
EC8042 is challenged by the rarity of the disease and the time it takes to translate novel
compounds to the clinic. Therefore, as a complementary approach, in this study, we sought
to identify a compound or class of compounds that is able to amplify the mithramycin
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mediated suppression of EWS-FLI1 with non-overlapping toxicity to realize an EWS-FLI1
targeted therapy.

In order to develop this combination therapy, we performed an siRNA screen of the
druggable genome followed by a matrix drug screen to identify agents that potentiate
the mithramycin-mediated block of EWS-FLI1. We identified a focus of synergy at the
20 nM concentration of mithramycin that we achieved in our published clinical trial
with cyclin-dependent kinase 9 (CDK9) inhibitors (8). CDKJ is the catalytic subunit of
positive transcription elongation factor b (P-TEFb) that promotes the shift from abortive
to productive elongation by phosphorylating the catalytic subunit of RNA polymerase

I1 (RNAPII), negative elongation factor (NELF) and DRB sensitivity inducing factor
(DSIF) both releasing paused RNAPII and suppressing negative regulators of productive
transcription (9-11). Because mithramycin appears to block transcription initiation, we
reasoned that CDK9 downstream targeting might provide an opportunity to capitalize on
context-dependent transcriptional changes to amplify “on target” activity while limiting
toxicity.

CDK®9 inhibition amplified the mithramycin-mediated suppression of EWS-FLI1 activity
to suppress the expression of the EWS-FLI1 transcriptional program. These effects were
cell line selective and “on target” leading to a marked shift in the 1C50 of mithramycin
and striking regressions of a Ewing sarcoma xenograft in combination with mithramycin
at a fraction of the dose used in previous preclinical studies. Importantly, the context
dependence did indeed provide cell line selectivity as CDK9 blockade did not cooperate
with mithramycin to suppress the proliferation of HepG2 liver-derived cells. In addition,
CDK®9 inhibition blocked the induction of the BTG2 gene and the accumulation of reactive
oxygen species (ROS) which has been previously described with B7G2and doxorubicin
(12). Together, these data provide the basis for the clinical realization of EWS-FLI1
suppression by mithramycin in combination with CDK9 blockade, a novel approach to
identify transcription targeted therapies and insight into the therapeutic targeting of EWS-
FLI1.

Materials and Methods

Cell Culture

All cell lines were maintained in RPMI 1640 growth media (Invitrogen) with 10% fetal
bovine serum (Atlanta Biologicals), 100 U/mL penicillin,100 pg/mL streptomycin and 2
mM L-glutamine (Invitrogen) at 37°C in an atmosphere of 5% CO». Ewing sarcoma cell
lines TC32, TC71, TC252, and CHLA9 were a gift from Tim Triche (Children’s Hospital
of Los Angeles) and authenticated using short tandem repeat genotyping and screened bi-
annually for mycoplasma. For live cell imaging, TC32 cells were transfected with IncuCyte
NucLight Green Lentivirus Reagent (EF1a, Puro) (Essen BioScience) at a multiplicity

of infection of 6 in 2 pg/mL Polybrene (MilliporeSigma) and batch selected in media
containing 1 pg/mL puromycin (Thermo-Fischer Scientific Incorporated).
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Compounds

Mithramycin (Tocris Bioscience) was dissolved as a 1 mg/mL stock solution in PBS, and
frozen in aliquots. PHA-767491 and other small molecule inhibitors (Selleck Chemicals)
were dissolved in DMSO as stock solutions. Small molecule stocks were stored at =80 °C
for storage or —20 °C for experimental use, minimizing freeze-thaw cycles. For in vivo
experiments, a 30 mg/mL stock solution of PHA-767491 (Adooq Bioscience) was made
by dissolving the powder in a solution of 1 mg/10mL D-a-Tocopherol polyethylene 1000
succinate (MilliporeSigma) for oral gavage.

siRNA screen for Mithramycin Sensitizers

The Ambion Silencer Select Druggable Genome siRNA Library (Thermo-Fisher Scientific)
was used to silence ~9000 genes with three different sSiRNAs per gene in TC32 cells. Briefly,
siRNAs were spotted to 384 well plates (Corning 3570) and 0.07 uL of Lipofectamine
RNAIMAX (Thermo-Fischer Scientific) was added to each well in 20 uL of serum free
media for 30 minutes followed by the addition of 1000 cells per well in 2x serum

containing media. This yielded final transfection mixtures with 20nM siRNA. 48 hours
later, mithramycin was added in 5 uL of media to a final concentration of 40 nM. The same
volume of fresh media was added to a replicate set of screening plates. 48 hours after the
addition of mithramycin, cell viability was measured using CellTiter Glo Assay Reagent
(Promega). Luminescence was measured on a Perkin Elmer Envision Reader (PerkinElmer
Incorporated). Viability measurements were normalized to the median of negative control
wells on each plate (Ambion Silencer Select Negative Controls #2, n=16 per plate) and the
log, fold-change between mithramycin and vehicle treated samples were calculated for each
siRNA. Hits were selected from genes with more than one siRNA exhibiting a greater than
2-fold change in viability.

Matrix Drug Screening

7 Serial dilution of mithramycin (ranging from 1.28 uM to 10 nM), a transcription inhibitor,
control compound (Table S1)(dilutions centered on the 1C50 of the individual compound)

or medium controls were plated in quadruplicate in 10 L total volume 384-well plates
using an epMotion 5075 (Eppendorf) and stored at —80 °C until needed. Plates were thawed,
allowed to come to room temperature and 2000 cells in a volume of 30 pL were added

to the matrix with a VIAFLO384 electronic 384 channel pipette (INTEGRA Biosciences).
The mixture was incubated at 37 °C for 60 hours after which, 8 UL of CellTiter Glo Assay
Reagent was added and the plate incubated for 1 hour. Additional confirmation of synergy
between mithramycin and a CDK®9 inhibitor was performed in triplicate using the same
approach in 96-well plates with serial dilution of compounds and additional cell lines TC32
(5000 cells per well), TC252 (10000 cells per well), or CHLA9 (10000 cells per well). Drug
synergy was calculated using Bliss independence via the synergy finder package in R v 3.5.2
(https://cran.r-project.org/).

Live Cell Imaging

Live cell imaging was performed using standard tissue culture procedures in clear bottom
plates and imaged every 2 hours for cell confluence measurements and/or green object count
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(for GFP expressing cell lines) using the IncuCyte ZOOM. Cells were allowed to reach
~15% confluence before compound addition.

Reverse Transcription Quantitative Polymerase Chain Reaction

400,000 cells were plated in 6-well plates, allowed to recover overnight and incubated with
100 nM mithramycin, 20 nM mithramycin, 2 uM PHA-767491, or 20 nM mithramycin

and 2 uM PHA-767491 for 18 hours. RNA was collected using a RNeasy kit (Qiagen)

and quantified using a NanoDrop 2000 spectrophotometer (Thermo-Fischer). 1800 ng of
RNA was reverse transcribed into cDNA using MultiScribe Reverse Transcriptase (Applied
Biosystems), 10X RT Buffer (Applied Biosystems), 25X dNTPs (Applied Biosystems), and
oligo-dT (Life Technologies). A 96-well thermocycler (Applied Biosystems) was used to run
the following program: 25 °C for 10 minutes, 37 °C for two hours, and 85 °C for 5 minutes.
50 ng of cDNA was added to a mixture of SYBR Green PCR Master Mix (Thermo-Fischer)
and gene specific primers. A CFX384 Touch Real-Time PCR Detection System (Bio-Rad
Laboratories Incorporated) was used to acquire Ct values under the following program: 95°C
for 10 minutes, 40 cycles of [95 °C for 30 seconds, 55 °C for 30 seconds, 72 °C for 30
seconds], 65 °C for 5 seconds, and melt curve analysis at 0.5 °C per step up to 95 °C. Fold
change was determined using the AACT method with GAPDH used for normalization.

RNA Sequencing

RNA was collected as described as for gPCR after 12 hours of incubation with compound.
Libraries were prepared from 500 ng of total RNA using the KAPA RNA HyperPrep Kit
with RiboseErase (v1.16) (Kapa Biosystems). RNA was sheared to 300-400 bp. Prior to
PCR amplification, cDNA fragments were ligated to IDT for Illumina Unique Dual Indexes
(Integrated DNA Technologies). Quality and quantity of the finished libraries were assessed
using a combination of Agilent DNA High Sensitivity chip (Agilent Technologies) and
QuantiFluor® dsDNA System (Promega). Individually indexed libraries were pooled and 50
bp, paired end sequencing was performed on an Illumina NovaSeq6000 sequencer using a
150 bp S1 sequencing kit (Illumina). Base calling was done by Illumina RTA3 and output
of NCS was demultiplexed and converted to FastQ format with Illumina Bcl2fastq v1.9.0.
Adapters and low-quality sequences were then removed with Trimgalore. Trimmed data was
quality controlled with FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and then mapped with STAR to the mm10 genome (13). Raw gene counts from STAR

were imported into R. Genes with less than 10 counts in a minimum of two samples were
removed and counts were then normalized for library size and composition biases using

the weighted trimmed mean of M-values as implemented in edgeR (14). Heatmaps were
then generated for the Hancock targets using the logFC of each treatment sample to its
group-matched solvent control (15).

Immunoblotting

1.5 million cells were plated in 10 cm? dishes, allowed to recover overnight and incubated
with 100 nM mithramycin, 20 nM mithramycin, 2 pM PHA-767491, or 20 nM mithramycin
and 2 uM PHA-76741 for 18 hours. The cells were washed, collected in Dulbecco’s
phosphate-buffered saline (DPBS), lysed in 4% LDS buffer and boiled for 10 minutes.

The detergent was diluted with water and quantitated relative to BSA standard using the

Mol Cancer Ther. Author manuscript; available in PMC 2021 September 28.


http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Flores et al. Page 6

bicinchoninic acid (BCA) kit (Thermo-Fischer) and a Synergy NEO Microplate reading
system (BioTek). 30 ug of each sample was resolved on a NUPAGE 4-12% Bis-Tris protein
gels or NUPAGE 8% Bis-Tris protein gels (Invitrogen) in 1X NUPAGE MOPS SDS Running
Buffer (Invitrogen). The protein was transferred overnight to nitrocellulose, blocked with
TBST containing 5% milk and incubated at 4 °C with primary antibody (or 1 hour at room
temperature for GAPDH) overnight. The membrane was then incubated with anti-mouse or
anti-rabbit HRP-conjugated antibodies at room temperature for 1 hour in TBST with 5%
dry milk. The antibodies used in this study: EZH2 (D2C9) XP rabbit monoclonal antibody
(1:12000 dilution; Cell Signaling), FL11 (ab133485) rabbit monoclonal antibody (1:1000
dilution; Abcam), NROB1/Dax1 (ab196649) rabbit monoclonal antibody (1:1000 dilution;
Abcam), GAPDH (ab8245) mouse monoclonal antibody (1:500 dilution; Abcam), RNAPII
CTD repeat YSPTPS (phospho S2) rabbit polyclonal antibody (1:1000 dilution, Abcam),
RPB1 CTD (4H8) mouse monoclonal antibody (1:1000 dilution Cell Signaling). Bands were
visualized using an enhanced chemiluminescence (ECL) Western blotting analysis system
(Amersham) and HyBlot CL autoradiography film (Denville Scientific).

RNAPII Processivity Assay

4*10% TC32 cells were plated on 15 cm tissue-culture treated dishes (Corning) in RPMI
growth media for 48 hours. Cells were placed on ice for 5 minutes, washed in ice cold
DPBS and collected by manual disruption. Cells were centrifuged at 300g at 4 °C for 10
minutes, washed in 10 mL ice cold DPBS. Cells were swelled in a solution of 10 mM
Tris-HCI (pH 7.5), 200 uM MgCl,, and 300 uM CacCl; then centrifuged at 400g at 4 °C
for 10 minutes. Cells were first resuspended in a solution of 10% glycerol then lysed with
a solution of 10% glycerol and 1% NP-40. After centrifugation at 600g for 5 minutes,
nuclei where resuspended in a solution of 40% glycerol, 50 mM Tris-HCI (pH 8), 5 mM
MgCl,, and 50 uM EDTA at a concentration of 107 nuclei per 100 pL. The nuclear run-on
reaction occurred at 30 °C for 5 minutes and 850 rpm in a thermomixer (Eppendorf).
Reaction volume was 200 pL and consisted of 100 uL of nuclei and 100 pL of a solution
containing 500 pM N-laurylsarcosine, 10 mM Tris-HCI (pH 8), 5 mM MgCl,, 300 mM
KCI, 1 mM DTT, 500 uM ATP, 500 uM GTP, 500 uM 5’-BrUTP, 2 uM CTP, and 200
U/mL SUPERasee In RNase Inhibitor (Invitrogen). Trizol Reagent (Invitrogen) and the
Direct-zol RNA Kit (Zymo Research) were used to isolate RNA and then gRT-PCR was
performed. The quantitation was performed by fitting the data to a standard curve for the
EZHZ proximal and £ZHZ2 distal amplicons using cDNA generated from solvent control
cells. Nuclear run-on cDNA was fitted to the curve to obtain absolute cDNA quantity.
Amplicon amount for treated nuclei was normalized to solvent control nuclei.

Xenografts for Combination Therapy

Athymic nude mice (Crl; Nu-Foxn1V“Nuy were implanted with 2 million TC32 cells in the
left gastrocnemius muscle in a volume of 100 pL Hank’s Balanced Salt Solution (Thermo-
Fischer Scientific). Once tumor diameter reached 0.5 cm, mice were randomly assigned

to either the control, mithramycin, PHA-767491, or combination groups. Mithramycin was
administered via an Alzet 1003D osmotic pump (Durect) placed within the peritoneum
which delivered a dose continuous dose in a vehicle of DPBS with MgCl, and CaCl,
(MilliporeSigma) and was removed after treatment. PHA-767491 was administered via oral
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gavage in 200 pL of its vehicle, 1 mg/10 mL D-a-Tocopherol polyethylene 1000 succinate
(MilliporeSigma). Mice were euthanized by CO, asphyxiation when tumor diameter reached

Dd?
6

maximum diameter and d'is the minimum diameter. All animal work was approved by the
Van Andel Institute Animal Care and Use Committee.

greater than 2 cm3. Tumor size was determined by the equation( *3.12), where Dis the

Reactive Oxygen Species Analysis

2.5 million HepG2 cells were plated in 8 mL of media into 10 cm tissue-culture treated
culture dishes and incubated for 24 hours at 37 °C in media or media containing siRNA

for BTG2. Gene silencing was confirmed using RT-gPCR. Cells were then incubated with
either solvent control media, media containing 20 nM mithramycin, or media containing

50 nM mithramycin. After 24 hours of treatment, cells were incubated for 30 minutes with
spin probe 1-hydroxy-4-methoxy-2,2,6,6-tetramethylpiperidine (TMH, Enzo Life Sciences)
(16) at 37 °C before collection into 0.6 mL Krebs-HEPES buffer (pH 7.4). The mixtures
were then frozen in liquid nitrogen and the electron paramagnetic resonance (EPR) spectra
measured. Cellular EPR signals were calculated by subtracting the EPR signal of a cell-free
blank from the total EPR signal of cellular sample and expressed as nmol/liter based on
TEMPOL calibration curve. The cellular signal was normalized to protein content (mg/mL)
which was determined by Bradford method (BioRad).

Statistical Methods

Results

All analyses, unless explicitly stated, were conducted in Prism 5.0 (GraphPad Software Inc).
Data are presented as mean values with standard deviation or 95% confidence intervals. 1-
way ANOVA was performed to determine the statistical significance of differences between
control and treatment groups with Dunnett’s post-hoc test. Assumptions of variance in
ANOVA were verified using Bartlett’s test. Cell growth and tumor volume comparison was
performed using 2-way ANOVA and a Bonferroni post-hoc test. All statistical tests were
two-sided.

CDK®9 Inhibition Leads to a Synergistic Loss of Ewing Sarcoma Cell Viability When
Combined with Mithramycin

In order to identify agents that potentiate the mithramycin-mediated suppression of EWS-
FLI1 activity, we screened a SiRNA library of the druggable genome in the presence or
absence of 40 nM mithramycin (Fig. S1A, Supplementary Table 1A). We focused on
those hits that decreased ES cell viability by at least two-fold over the observed gene
silencing alone with two or three independent siRNA (Fig. S1B, Supplementary Table
1B). We identified several hits that are crucial for eukaryotic transcription including
proteins required for RNA polymerase Il assembly or activity (e.9., POLRZA/E/F/H,
GPNI)(Fig. S1C). The importance of directly targeting transcription was reinforced by
Gene Ontology analysis (Supplementary Table 1C). A general blockade in transcription
would likely potentiate toxicity as well as activity of mithramycin. However, we reasoned
that eukaryatic transcription is both context dependent and highly regulated consisting of
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discrete steps including polymerase promoter binding (17), transcriptional initiation (18),
productive elongation (19), and termination (20). Therefore, it might be possible to target
the EWS-FLI1 transcriptome in series to increase the specificity for EWS-FLI1 while
limiting the toxicity imposed by a general blockade in transcription. Since, we and others
have found that mithramycin likely impacts transcription initiation, we assembled a panel

of inhibitors that work downstream of this step and screened for synergy at 48 different
concentration combinations in quadruplicate using a matrix approach (Table S2)(21-34). As
an addition control, we included several cell-cycle inhibitors to control for general effects on
proliferation (Fig. 1A).

We identified several compounds that showed marked synergy with mithramycin at
various concentrations (Fig. 1B-C). However, we focused on CDK9 inhibitors because

the compounds provided a highly-focused area of synergy at the clinically achievable
concentration of mithramycin as measured by Bliss Independence. We recently completed
a clinical study of mithramycin and found that the drug accumulates to a maximal
concentration (Cmax) of just under 20 nM (8). We found that several CDK®9 inhibitors
produced a synergy peak at this 20 nM concentration that induced a substantial loss of
Ewing sarcoma viability (Fig. 1C). Importantly, this synergy was seen with highly selective
CDKQ9 inhibitors including LDC000067 and MC180295 (35). Furthermore, the synergy
observed in TC32 cells was seen in two other cell lines, TC252 and CHLAS9 (Fig. S2).

It is notable that there was some variability in the synergy observed particularly in the
TC252 cells. However, these cells were substantially more sensitive to the single agent
CDK®9 inhibitors MC180295, atuveciclib and SNS-032 by themselves which masked the
synergy. Importantly, the exquisite sensitivity to these drugs indicates likely clinical utility
(Fig. S3). Together, these data suggest that the impairment of Ewing sarcoma cell viability
by mithramycin can be sustained or improved in combination with CDK?9 inhibitors.

Mithramycin Combined with CDK9 Inhibition Blocks EWS-FLI1 Activity

In order to determine if the combined effects of mithramycin plus a CDK?9 inhibitor

are “on-target”, we examined the impact of treatment on the EWS-FLI1 transcriptome.

We chose PHA-767491 as a tool compound to further evaluate the combination because
there was very similar synergy among all the CDK9 inhibitors indicative of a “class”

effect and the synergistic micromolar concentrations of PHA-767491 are achievable in
preclinical xenograft models (36). We evaluated the impact of exposure of TC32 cells

to mithramycin and/or 2 uM PHA-767491 on the expression levels of two well-defined
EWS-FLI1 induced targets (MROBI1 and EZH2)(2,5) and a well-established EWS-FLI1
repressed target PHLDA1 (37) using RT-gPCR. 100 nM mithramycin served as the positive
control and consistent with previous observations decreased the mRNA expression of the
EWS-FLI1 induced targets NROB1 and EZHZ, while inducing expression of the EWS-FLI1
repressed target, PHLDA1 (Fig. 2A). In contrast, the 20 nM concentration of mithramycin
which represents the concentration achieved in patients did not have much of effect on

the expression of these downstream targets. 2 uM was chosen as the concentration to
evaluate PHA-767491 as an attempt to increase specificity for CDKJ as it was at the lower
end of the broad synergy peak (see Fig 1C, S2) and had a limited effect by itself on
EWS-FLI1 downstream target expression in TC32 cells. However, when 20 nM mithramycin
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and 2 uM PHA-767491 were combined, EWS-FLI1 was suppressed leading to decreased
expression of induced targets (MROB1 and EZH2) and induction of the EWS-FLI1 repressed
target, PHLDAI (Fig. 2B). Importantly, these are the identical concentrations that showed a
synergistic reduction in cell viability.

Similar effects on the protein expression of downstream targets were observed with this drug
combination (Fig. 2C). 100 nM mithramycin markedly suppressed expression of NROB1 and
EZH2 in the Ewing sarcoma cell lines TC32, TC252, and TC71. In contrast, neither 20 nM
mithramycin or 2 pM PHA-767491 had much of an impact on EWS-FLI1 downstream target
expression as single agents but repressed NROB1 and EZH2 when combined in all three
Ewing sarcoma cell lines (Fig. 2C). It is important to note that the synergistic suppression of
EWS-FLI1 target genes appears to be greater than the sum of the effect of both individual
agents particularly in the TC252 cells (Fig. 2C, E). Finally, we showed that the effect

of this combination on EWS-FLI1 downstream target expression extends beyond these
well-established targets to a previously described “gene-signature” of EWS-FLI1 targets.
Again, 100 nM mithramycin markedly suppressed the expression of this gene signature
while neither 20 nM mithramycin or 2 pM PHA-767491 led to reduction in expression of
these target genes (Fig. 2D, 2E see also Supplementary Fig. S4). In fact, 2 uM PHA-767491
led to striking induction of expression of most of these genes. Nevertheless, the combination
of 20 nM mithramycin and 2 pM PHA-767491 phenocopied the effect of high-dose (100
nM) mithramycin and reversed the expression of this gene signature of EWS-FLI1 (Fig. 2E).
Importantly, PHA-767491 suppressed EWS-FLI1 protein expression which may contribute
to the dramatic effect observed on the EWS-FLI1 transcriptome when combined with
mithramycin (Fig. S5). Loss of EWS-FLI1 expression has been observed before with the
bromodomain inhibitor JQ1 which also decreases expression of EWS-FLI1 in some, but not
all, Ewing sarcoma cell lines (38).

Both Mithramycin and CDK9 Inhibition Decrease RNAPII Processivity

In order to determine if mithramycin synergized with PHA-767491 due to inhibition

of CDK®9, we evaluated the impact of 20 nM mithramycin and 2 uM PHA-767491 on
CDK®9 signaling and RNAPII processivity. CDKQ is critical to the switch from abortive to
productive elongation by phosphorylating S, serine residues of the heptapeptide repeats of
the carboxy-terminal repeat domain (CTD) of RNAPII (39,40). 2 uM PHA-767491 caused
a reduction of phospho-serine 2 levels in three Ewing sarcoma cell lines (Fig. 3A). To
confirm CDK9 blockade with an additional assay, we evaluated the effect of drug treatment
on the expression of endogenous retroviruses (ERVs) in TC32 Ewing sarcoma cells (Fig.
3B). Zhang and colleagues have reported that CDK®9 inhibition increases the expression

of ERV mRNA (35). Indeed, we found marked induction in expression of ERV mRNA

with 2 UM PHA-767491. To show that this blockade of CDK9 does indeed impair RNAPII
processivity at the concentrations employed throughout the study, we performed a nuclear
run-on assay at the EWS-FLI1 target gene EZH2. We chose EZH2because it is a large

gene spanning 20 exons and over 75,000 base pairs and a well-established EWS-FLI1 target
gene (41). We designed qPCR primer pairs to both a proximal and distal region of the
EZHZ gene and compared the nascent transcription of proximal and distal amplicons (Fig.
3C). Consistent with the proposed mechanism, 2 uM PHA-767491 inhibited the progression
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of RNAPII to productive elongation at this target gene. As expected, 20 nM mithramycin
poisoned initiation when added to the run-on reaction or after an 18-hour pretreatment

(Fig. 3D). These data are consistent with a model where this combination targets the EWS-
FLI1 transcriptome in series with mithramycin poisoning initiation and CDK9 inhibition
poisoning productive elongation: further supporting a relationship between EWS-FLI1 and
CDK®9 as described by Gorthi & Bishop et al. (42). Silencing of EWS-FLI1 therefore
releases this repression of EWSR1 leading to a further reduction of serine-2 phosphorylation
and impairment of transcription. It follows that incomplete blockade of EWS-FLI1 with
low-dose mithramycin might not reverse this process leading to incomplete blockade of
serine 2 phosphorylation but could be rescued by synergistic downstream direct targeting of
serine-2 phosphorylation with CDK?9 blockade.

The Combination of Mithramycin and CDK9 Inhibition Stops Ewing Sarcoma Cell
Proliferation and Induces Tumor Lysis in Orthotopic Xenografts

To determine how the combination of EWS-FLI1 and CDK9 blockade impacts cell viability,
we looked at the impact of drug treatment on proliferation both /n7 vitro and in vivo. The
addition of 2 pM PHA-767491 to mithramycin shifted the half maximal growth inhibitory
concentration (ICsg) of mithramycin in TC32 cells by almost an order of magnitude from 15
nM (95% CI = 15-16 nM) to 2.4 nM (95% CI = 2.3-2.6 nM)(Fig. 4A). Similar results were
seen in two other cell lines leading to a shift in the IC50 of mithramycin from 17 nM (95 %
Cl =16 -19 nM) to 5 nM (95 % CI = 4.4-5.7 nM) in TC252 cells and from 37 nM (95% ClI
= 34-41 nM) to 14 nM (95% CI = 12-18 nM) in CHLA?9 cells (Fig. 4A). It is notable that
these effects were sustained in vitro and less total drug exposure was required to suppress
proliferation. The cells required a full 48 hour of exposure to either 20 nM mithramycin or 2
UM PHA-767491 to suppress continued proliferation (Fig. 4B). In contrast only 24 hours of
exposure to the combination of 20 nM mithramycin and 2 uM PHA-767491 led to sustained
effects on proliferation for up to 110 hours or more than 96 hours after drug removal from
the medium (Fig. 4B).

Next, to examine the effect of combining mithramycin and PHA-767491 on tumor volume,
we tested the combination in an orthotopic mouse model. We have recently determined

that mithramycin is more effective in Ewing sarcoma when administered as a continuous
infusion (Flores, Boguslawski et al. /in preparation). Mice were split into four groups (n =
11-12) and treated with 1.5 mg/kg of mithramycin eluted from an implanted intraperitoneal
pump over 72 hours. It is notable that this total dose is <20% of the total dose that we have
previously shown was effective in Ewing sarcoma in this xenograft (4). The PHA-767491
group received a twice daily oral gavage of 50 mg/kg PHA-767491 for three days. Animals
in the combination group received both mithramycin infusion and twice daily PHA-767491
by oral gavage for three days. All animals showed suppression of tumor growth with the
combination of mithramycin and PHA-767491 despite the exceptionally low total dose of
mithramycin and the brief 3-day treatment (Fig. 4C, 4D). Six of the 12 mice showed striking
regressions that were not seen with treatment with the individual agents (Fig. 4D). Indeed,
one combination animal had a regression of tumor volume from 590 mm3 to 88 mm3 that
remained below 340 mm3 for more than 40 days post initial treatment (Fig. 4C, expanded
graph in Fig. S6). At these doses, there was limited toxicity and there was minimal weight
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loss in the cohorts (Fig. S8). One animal was found dead in the combination cohort (n
=12) and two had to be sacrificed for appearance (1 from the PHA cohort and 1 from the
coxmbination cohort). All of these animals were responding to therapy and both that were
sacrificed had elevated blood potassium (see below and Supplementary Table S3 for blood
chemistries). Unfortunately, it was not possible to retreat the animals because of IACUC
limitations on second surgeries and the tumors eventually returned.

In an attempt to increase the efficacy of our combination therapy, we repeated the

above experiment (n=6) but doubled the dose of mithramycin so that 3 mg/kg would be
eluted from an intraperitoneal pump over 72 hours alone and in combination with 3-day
treatment with PHA-767491 (Fig. 4E). In this experiment, 1 animal in the PHA-767491
cohort responded to treatment as did the mice treated with mithramycin alone (expanded
graph in Fig. S7). All of the mice treated with the combination showed marked and
sustained regressions of tumor growth including one animal with a tumor volume of

1000 mm3 at the beginning of treatment that regressed to less than 62 mm3 for 46 days.
Unfortunately, mithramycin was toxic at the 3 mg/kg dose. All animals experienced weight
loss with mithramycin treatment alone and in combination with PHA-767491. Some animals
recovered in both cohorts (Fig. S9) but there was limited transient weight loss at the lower
1.5 mg/kg dose level of mithramycin (Fig. S8).

To better understand the toxicity of mithramycin in animals, we analyzed the blood

of a euthanized combination treatment animal that appeared sick from the 1.5 mg/kg
mithramycin and PHA-767491 group above. The serum ALT of this animal was
significantly elevated at 853 U/L (>60 U/L) consistent with previously observed liver
toxicity (8). Though an analysis of the liver by H&E did not show evidence of toxicity

or necrosis (Fig. S10), there was significant elevation in serum potassium (>8.5 mmol/L) and
serum phosphorous (9.8 mg/dL) (Supplementary Table S3). These metabolic abnormalities
are consistent with tumor lysis syndrome caused by widespread tumor cell death (43). The
potassium level was so elevated that it was out of range of detection, a level that would

be cardiotoxic, lead to arrhythmias, and potentially explain the death of the animals who
received combination treatment. Tumor lysis may explain both the effectiveness and toxicity
of higher dose mithramycin in Ewing sarcoma xenografts. While challenging to manage
preclinically in mouse models, tumor lysis syndrome is routinely managed in the clinic in
patients with acute lymphoblastic leukemia (43,44). In addition, the unexpected alterations
in serum glucose in more than one mouse would be easily managed in the clinic.

CDK®9 Inhibition Reverses Mithramycin-Induced BTG2 Expression and Hepatocyte Free
Radical Accumulation

Next, we hypothesized that the observed liver toxicity seen in patients may be due to
context-dependent changes in gene expression. It is known that transcription is context-
dependent and tightly coordinated by tissue-specific chromatin structure and by expression
of cell-specific transcription factors (45). The toxicity of mithramycin that we have observed
is also context-dependent favoring the liver relative to other tissues and different across
species. It is, therefore, likely that alterations in gene expression induced by mithramycin
specific to the liver contribute to the selective toxicity of the drug for this organ. To
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test this hypothesis, we used a RT-qPCR screen in HepG2 cells to determine the impact

of mithramycin exposure on the expression of the majority of genes implicated in liver
toxicity (84 total) (Fig. 5A). Although HepG2 cells lack cytochromes and do not model

all types of hepatotoxicity, they are an acceptable model for many types of hepatotoxicity
and certainly a relevant model to evaluate context-dependent gene expression changes (46).
Consistent with the specificity of MMA for specific transcription factors in distinct cellular
contexts, the majority of hepatotoxicity genes remained unchanged in expression after
mithramycin treatment. However, the gene B7G2was significantly upregulated in liver cells
after treatment with MMA. In contrast, the expression of B7G2in TC32 Ewing sarcoma
cells actually decreased with mithramycin treatment consistent with the hypothesis (Fig.
5B). BTG2 is a complicated protein with pleiotropic effects that promotes cell survival and
differentiation in some cellular contexts while driving apoptosis in others (47). Importantly,
BTG2 has been shown to exacerbate the cytotoxicity of doxorubicin by significantly
increasing the intracellular concentration of reactive oxygen species (ROS) (12). Since the
core structure of MMA and doxorubicin is similar, we reasoned that mithramycin may
induce BTGZ2in an analogous fashion in liver cells to generate increased ROS that makes
these cells hypersensitive to mithramycin.

Superoxide is a major physiological ROS and also the precursor for hydrogen peroxide and
hydroxyl radicals (48). To investigate whether BTG2 induction leads to ROS generation

in liver cells, we used electron paramagnetic resonance spectroscopy to measure the level
of superoxide radicals in HepG2 cells after 24-hour mithramycin administration (Fig. 5C).
We observed a concentration-dependent and significant increase in superoxide levels after
mithramycin administration. This effect was rescued with siRNA silencing of BTG2 in

the same cells with the same exposure to drug (Fig. 5C). This rescue of superoxide
production mitigated the toxicity of mithramycin in these cells at several concentrations

of drug (Fig. 5D). In addition, when viewed over time as percent confluence, silencing

of BTG2 eliminated the cytotoxic effects of 50 nM mithramycin (Fig. 5E). These effects
were phenocopied by the CDK9 inhibitor, PHA-767491 which suppressed the expression of
BTG2 as a single agent (Fig. 5F). Strikingly, PHA-767491 prevented induction of BTG2
mRNA and protein even after exposure to a higher 100 nM concentration of mithramycin
(Fig. 5F, G). These effects antagonized the cytotoxic effects of mithramycin and protected
HepG2 cells from mithramycin induced cytotoxicity (Fig. 5H). The identical combination of
20 nM mithramycin and 2 uM PHA-767491 that synergistically eliminated Ewing sarcoma
cellular proliferation with just 24 hours of drug exposure (Fig. 4B) had no effect on HepG2
proliferation even with 72 hours of exposure (Fig. 5H). Together the data suggest that
CDK®9 blockade may shift the 1C50 of mithramycin enough in Ewing sarcoma cells to
achieve the therapeutic suppression of EWS-FLI1 at clinically achievable concentrations
of mithramycin. Furthermore, the exposure of Ewing sarcoma cells to mithramycin may
actually increase in patients in combination with PHA-767491 due to a context-dependent
loss of BTG2 induction in hepatocytes leading to a more effective and less hepatotoxic
therapy.
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Discussion

It has been known for more than 20 years that Ewing sarcoma cells depend on the
EWS-FLI1 transcription factor for survival. While a number of promising studies that seek
to target EWS-FLI1 are currently entering the clinic including ShRNA targeting of EWS-
FLI1, TK216, seclidemstat, and trabectedin in combination with irinotecan. Unfortunately,
the therapeutic suppression of EWS-FLI1 has not yet been achieved (3,49,50). Previous
clinical studies of cytarabine and mithramycin failed to show evidence of activity or
EWS-FLI1 suppression (8,51). In the case of mithramycin, we believe that this failure

was due to the off-target liver toxicity that limited serum concentrations of drug to levels
that are insufficient to inhibit EWS-FLI1 activity. To overcome this, we have reported

a second-generation analog of mithramycin, EC8042, with an improved toxicity profile
that should achieve high enough serum concentration to inhibit the target (52). However,

it is challenging to develop novel compounds for rare tumors such as Ewing sarcoma.
Therefore, a complementary approach employed in this study was to identify a compound
that potentiates the suppression of EWS-FLI1, does not have overlapping toxicity and could
allow for the clinical realization of a mithramycin-based EWS-FLI1 targeted therapy.

In order to accomplish this goal, we performed a siRNA screen of the druggable genome
to identify targets that would sensitize Ewing sarcoma cells to mithramycin by enhancing
the suppression of EWS-FLI1. Consistent with the goal of the project, the top hits

from the screen included several subunits of RNAPII and other important components of
RNAPII assembly and activity. Therefore, we assembled a panel of relatively non-specific
transcription inhibitors and used a matrix drug screening approach to identify synergistic
combinations that had a focus of synergy at the 20 nM clinically achievable concentration
of mithramycin. We found a “class effect” with CDK9 inhibitors that drove a dramatic shift
in the IC50 of mithramycin, amplified the suppression of the EWS-FLI1 transcriptome and
even led to a loss of expression of EWS-FLI1 itself. Importantly, the loss of cell viability
due to the mithramycin-CDK9 inhibitor combination was selective for Ewing sarcoma
cells relative to a liver-derived cell line and the identical concentration that eliminated
proliferation of Ewing sarcoma cells had no effect on HepG2 proliferation (Fig. 6). We
linked this cytotoxic selectivity to the context-dependent induction of BTG2 expression
which led to the accumulation of ROS in liver cells that could be rescued with sSiRNA
silencing of BTG2. PHA-767491 also blocked the induction of BTG2 potentially providing
a more effective and less toxic therapy. These studies provide proof of principle of this
combination in Ewing sarcoma. However, it is notable that this does appear to be a “class
effect” with CDK9 inhibitors. Therefore, any of the CDK9 inhibitors could be selected

for clinical development with limited validation based on practical consideration such as
pharmacokinetics, toxicity profile and availability of compound.

Interestingly, CDK9was not identified as a top candidate in our initial SIRNA screen for
mithramycin sensitizers even though it was contained in the library. This is most likely due
to the fact that there is a reserve pool of CDK9 that is associated with the long non-coding
RNA 7SK and the protein HEXIM1 (53). In our initial SiRNA screen, we would not have
silenced CDK®9 long enough to exhaust the available pool. The approach of sequential
screening allowed us to identify a non-subtle class effect with CDK9 inhibitors which we
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validated was “on-target” using complementary western blots of serine-2 phosphorylation,
gPCR of ERV induction, and nuclear run-on assays. It has been suggested that the induction
of ERVs may render tumors more sensitive to immunotherapy (54). An intriguing possibility
is that this combination may render Ewing sarcoma more immunogenic.

This study has a number of important implications for therapies that target specific
transcription factors. The therapeutic targeting of specific transcription factors remains a
challenge and there are few examples of highly specific agents that have successfully
targeted specific transcription factors with a favorable toxicity profile. It is likely that this
limited specificity is due to the biology of transcription which requires multiple proteins and
multi-subunit complexes to direct the expression of a given transcriptional program. Indeed,
even RNAPII itself is a multi-subunit complex. Therefore, the realization of transcription
factor targeting may require combination therapies that exploit context-dependent changes in
gene expression to improve the balance between efficacy and toxicity. Here, we provide

a road map for identifying combination therapies of this sort and a new approach to

target oncogenic transcription factors that we call context dependent sequential targeting.
Importantly, transcriptional cyclin dependent kinases such as CDK7 have shown activity in
other transcription factor driven diseases such as MYCN-amplified neuroblastoma (55). In
addition, CDK12 inhibitors synergize with PARP in Ewing sarcoma and show evidence of
synthetic lethality (56). Here we show, another use of these compounds is to directly target
discrete steps in the transcription process as a means to capitalize on context-dependent
transcription to lead to more effective target suppression. Since EWS-FLI1 is only found in
Ewing sarcoma cells, by combining an EWS-FLI1 inhibitor and a general transcriptionally
directed agent, cooperative suppression would only occur at EWS-FLI1 target genes. The
reason this effect is so prominent in the EWS-FLI1 transcriptional program may be due

to releasing the EWS-FLI1 mediated block of EWSR1 that has been previously described
leading to a further reduction in gene expression (42). Our data show that CDK?9 blockade
by itself minimally impacts EWS-FLI1 target gene expression and even induces many of the
targets. However, in combination with a clinically achievable concentration of mithramycin,
PHA-767491 greatly enhances suppression to eliminate expression of several downstream
targets. We show that this results from effects on RNAPII processivity at the EWS-FLI1
target gene EZHZ. In addition, context dependent transcription changes also may lead to less
combined toxicity based on a blockade of induction of BTG2. The net result is reversal of
the gene signature, a dramatic reduction in tumor size, and evidence of tumor lysis in mice
which is extremely uncommon in solid tumors. While the management of tumor lysis in

our mouse model was difficult, in the clinic this would be routine as it is frequently needed
for standard management for B-cell leukemia (44). In summary, these data provide a novel
EWS-FLI1 targeted combination therapy and a unique approach to improve the therapeutic
window of transcription directed cancer therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Mithramycin synergizes with cyclin-dependent kinase 9 inhibitors. A, Schematic of the
drug matrix screen. Plates with serial dilutions of mithramycin and different transcriptional
inhibitors were stamped onto 384-well plates to test 48 different drug combinations in
quadruplicate with at least two independent experiments. TC32 cells were added to the
drug combination and viability was determined at 60 hours. The degree of synergy is
determined by Bliss independence and represented by the height of the peak and color (red
= synergy; blue = antagonism). B, A panel of transcription inhibitors demonstrate limited

Mol Cancer Ther. Author manuscript; available in PMC 2021 September 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Flores et al.

Page 20

synergy (amanitin, BS-181, SU9561), diffuse synergy (palbociclib, triptolide, camptothecin)
or require high doses of compound (K08361). C, A focus of synergy between mithramycin
and CDKZ9 inhibitors at the clinically achievable concentration of mithramycin with 6
different CDKQ inhibitors.
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The combination of mithramycin and PHA-767491 reverses the activity of EWS-FLI1.
A and B, 100 nM mithramycin for 18 hours blocks the expression of the EWS-FLI1
induced targets £EZH2and NROBI while inducing the expression of the repressed target

PHLDA. Lower concentration (20 nM for 18 hours) of mithramycin had a minimal impact

on expression of EWS-FLI1 induced (VROB1, EZH2) or repressed targets (PHLDAI) unless
combined with 2 pM PHA-767491. Data represents fold change (222CT) in expression
relative to GAPDH as measured by RT-qPCR in TC32 (n=6), TC252 (n=6), and TC71
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(n=3) treated with either media (M), solvent (S), 100 nM mithramycin (100), 20 nM
mithramycin (20), 2 uM PHA-767491 (P), or a combination of 20 nM mithramycin and 2
UM PHA-767491 (C) for 18 hours. Each biological replicate had 3 or 4 technical replicates.
* =P <0.05, ** =P <0.01, *** =P <0.001, **** = P < 0.0001, error bars show

standard deviation. C, EWS-FLI1 downstream target proteins are suppressed with high dose
mithramycin or the combination of mithramycin and PHA-767491. Immunoblot showing
expression of the EWS-FLI1 downstream targets (NROB1, EZH2) relative to loading control
(GAPDH) following 18-hour exposure to medium (M), solvent (S), 100 nM mithramycin
(100), 20 nM mithramycin (20), 2 uM PHA-767491 (P), or a combination of 20 nM
mithramycin and 2 uM PHA-767491 (C). Immunoblots shown are representative of three
independent experiments per cell line. D and E, Reversal of the EWS-FLI1 gene signature
requires either high dose mithramycin or combination treatment as demonstrated by RNA
sequencing following treatment with medium (M), solvent (S), or 100 nM mithramycin (100
MMA), 20 nM mithramycin (20), 2 uyM PHA-767491 (PHA), or a combination of 20 nM
mithramycin and 2 uM PHA-767491 (Combo) for 12 hours in TC32 (n=3) and TC252 (n=3)
cell lines.
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Figure 3.

2 UM PHA-767491 inhibits CDKO. A, 2 pM PHA-767491 blocks serine-2 phosphorylation
independently or in combination with mithramycin. Immunoblot showing RNAPII and
RNAPII CTD phosphoserine-2 relative to GAPDH loading control in TC32, TC252, and
TC71 cell lines following exposure to medium (M), solvent (S), 100 nM mithramycin (100),
20 nM mithramycin (20), 2 uM PHA-767491 (P), or a combination of 20 nM mithramycin
and 2 uM PHA-767491 (C) for 18 hours. Data representative of three independent
experiments. B, 2 uM PHA-767491 induces the expression of endogenous retroviral RNA
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(ERV). Data represents fold change in expression (224CT) of ERVAFand ER9-1 relative to
GAPDH in TC32 (n=3), TC252 (n=3), and TC71 (n=3) cells following exposure to medium
(M), solvent (S), 100 nM mithramycin (100), 20 nM mithramycin (20), 2 uyM PHA-767491
(P), or a combination of 20 nM mithramycin and 2 pM PHA-767491 (C) for 18 hours. C,
Schematic of nuclear run on assay used to measure RNA processivity. Primer pairs to both
a proximal and distal region on the £Z+Z2locus were used for RT-gPCR. D, Processivity

of RNA as measured by gPCR enrichment of mRNA from the proximal (start) vs. distal
(end) amplicon of EZHZrelative to solvent after a TC32 nuclear run-on assay. Nuclei were
exposed to 2 uM PHA-767491 during the run-on reaction (PHA), 20 nM mithramycin
during the run-on reaction (MMA Run on), or cells were pretreated with 20 nM mithramycin
for 18 hours before the run-on reaction (MMA Pre). Each biological replicate in the figure
had three technical replicates. * = P < 0.05, ** = P < 0.01, *** = P <0.001, **** =P <
0.0001, error bars show standard deviation.
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Figure 4.
The combination of 20 nM mithramycin and 2 pM PHA-767491 decreases Ewing

sarcoma cell viability. A, Mithramycin (MMA) concentration response curves alone or

in combination 2 uM PHA-767491 (MMA + PHA). Data represents percent viability
normalized to medium (MMA) or 2 uM PHA-767491 (MMA + PHA) in TC32, TC252,
and CHLA9 Ewing sarcoma cell lines as measured by MTS assay. Best fit lines represent
3" order polynomial with variable slope and error bars represent standard deviation. B,
Proliferation as measured by cell count of GFP labeled nuclei every two hours of TC32
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cells incubated with solvent (48 hours), 20 nM mithramycin (48 hours), 2 uM PHA-767491
(48 hours), or 20 nM mithramycin and 2 uM PHA-767491 (combo, 24 hours). *** = P
<0.001, shading represents standard deviation. C, Spaghetti plot showing TC32 xenograft
growth of individual mice as a function of treatment with vehicle, 1.5 mg/kg mithramycin
intraperitoneal as a continuous infusion over 72 hours, 50 mg/kg PHA-767491 oral gavage
twice daily for three days or the combination of both on the same schedule. 2 million TC32
cells were implanted into the gastrocnemius muscle of nude athymic female mice (n=11-12)
and allowed to establish to a minimum diameter of 0.5 mm prior to starting treatment. Three
mice were sacrificed for weight loss of unknown etiology (see Fig. S9)((PHA group, n

=1 of 12; combination group (n =2 of 12)). D, Waterfall plot displaying best response as
measured as the largest reduction in tumor volume following treatment. Each bar represents
an individual animal. E, Same experiment as in C but with 3 mg/kg mithramycin eluted
over 72 hours (n=6). Three mice in combination had end-of-infusion toxicity and were found
dead in the combination cohort (see Fig. S9).
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Figure5.

Mithramycin induces B7GZ2 expression and ROS production in liver cells which is reversed
by PHA-767491. A, Heat map showing fold change increase (red) or decrease (blue) in
expression of 84 different liver toxicity changes as measured by gPCR (222CT) for each gene
relative to GAPDH control in HepG2 cells following exposure to 50 nM mithramycin for

6 hours. BTGZ2was the gene induced to the greatest degree with treatment (see B7G2and
arrow). B, Expression of B7G2in HepG2 liver cells and TC32 Ewing sarcoma cells. Fold
change was calculated using 222CT method using GAPDH as a control. C, Mithramycin
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induces a dose dependent increase in superoxide that is rescued with siRNA silencing of
BTGZ. The data represents the amount of superoxide radicals per unit mass of protein

as measured by electron paramagnetic resonance following exposure to 20 nM or 50 nM
mithramycin. Silencing of B7G2with siRNA for 30 hours reduces the accumulation of
superoxide and rescues the induction caused by 50 nM mithramycin. * = £< 0.05, error bars
represent standard error. MMA = mithramycin D, Silencing of BTG2 with siRNA has no
impact on viability but mitigates mithramycin cytotoxicity at 3 different concentrations of
drug. Data represents viability as determined by MTS assay following 30 hours of silencing
for a total of 60 hours in HepG2 cells relative to medium, solvent, a non-targeting sSiRNA
(SINEG), siRNA targeting of BTGZ2 (siBTG2), a positive control (siDeath) or 50 nM, 75 nM
or 100 nM mithramycin (MMA) alone or in combination with silencing of BTGZ2 (siBTG2
+ 50, 75, 100 nM MMA). E, Cellular proliferation of HepG2 cells (n=3) following silencing
of BTGZ2 (siBTG2) alone or in combination with 50 nM mithramycin (MMA) relative to

a non-targeting siRNA control (siNeg) as measured by percent confluence on an IncuCyte
ZOOM system. * =P < 0.05, ** = P < 0.01, error bars represent standard deviation. F and
G, 2 uM PHA-767491 blocks the induction of BTG2 (F) mRNA or protein (G) expression.
Data represents gPCR fold change ( 222CT) in expression of BTG2 relative to GAPDH as a
control following exposure of TC32 cells to medium (M), solvent (S), 100 nM mithramycin
(100), 20 nM mithramycin (20), 2 uM PHA-767491 (P), or a combination of 20 nM
mithramycin and 2 uM PHA-767491 (C) for 6 hours or immunoblot following identical
exposure for 18 hours. Each biological replicate had 3 technical replicates. **** =P <
0.0001, error bars represent standard deviation. Immunoblots shown are representative of
three replicates per cell line. GAPDH used as loading control. H, HepG2 growth over time
as measured by percent confluence on an IncuCyte ZOOM with exposure to solvent, 100
nM mithramycin (100 nM MMA), 20 nM mithramycin (20 nM MMA), 2 uM PHA-767491,
or 20 nM mithramycin and 2 uM PHA-767491 (Combo) for 72 hours and allowed to grow
for 110 hours. **** = P < 0.0001, shaded regions represent standard deviation.
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Summary of therapeutic strategy. Created with BioRender.com. A, EWS-FLI1 suppression
by mithramycin requires a clinically unachievable concentration of 50-100 nM. A clinically
achievable concentration of drug can be used if combined with sequential targeting of

the transcription process. B, Since only Ewing sarcoma cells express EWS-FLI1, this
strategy should have minimal effect on non-Ewing sarcoma cells. Furthermore, mithramycin
induced liver damage is also transcriptionally regulated as B7GZ2induction leads to ROS
accumulation and a loss of liver cell viability. CDK9 inhibition abolishes the induction of
BTGZ2thus mitigating mithramycin induced damage in liver cells.

Mol Cancer Ther. Author manuscript; available in PMC 2021 September 28.


http://BioRender.com/

	Abstract
	Introduction
	Materials and Methods
	Cell Culture
	Compounds
	siRNA screen for Mithramycin Sensitizers
	Matrix Drug Screening
	Live Cell Imaging
	Reverse Transcription Quantitative Polymerase Chain Reaction
	RNA Sequencing
	Immunoblotting
	RNAPII Processivity Assay
	Xenografts for Combination Therapy
	Reactive Oxygen Species Analysis
	Statistical Methods

	Results
	CDK9 Inhibition Leads to a Synergistic Loss of Ewing Sarcoma Cell Viability When Combined with Mithramycin
	Mithramycin Combined with CDK9 Inhibition Blocks EWS-FLI1 Activity
	Both Mithramycin and CDK9 Inhibition Decrease RNAPII Processivity
	The Combination of Mithramycin and CDK9 Inhibition Stops Ewing Sarcoma Cell Proliferation and Induces Tumor Lysis in Orthotopic Xenografts
	CDK9 Inhibition Reverses Mithramycin-Induced BTG2 Expression and Hepatocyte Free Radical Accumulation

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

