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Abstract

BMI1 is a novel, preclinical target in fusion-positive rhabdomyosarcoma
By Cara E. Shields

Rhabdomyosarcoma (RMS) is a rare, understudied pediatric cancer. There are two main
types of RMS: fusion-negative rhabdomyosarcoma (FN-RMS) and fusion-positive
rhabdomyosarcoma (FP-RMS). FP-RMS harbors the PAX3-FOXO1 or PAX7-FOXO1 fusion
proteins, which is associated with global epigenetic dysregulation. To restore dysfunctional
epigenetic signaling in FP-RMS, we investigated B lymphoma Mo-MLYV insertion region 1 (BMI1),
a druggable chromatin protein member of Polycomb Repressive Complex 1 as a potential target.
We discovered that FP-RMS expresses high levels of BMI1 and that inhibition of BMI1 by chemical
or genetic methods leads to a dramatic decrease in FP-RMS proliferation and an increase in cell
death. We utilized PTC-028, a small molecule inhibitor of BMI1, to study the effects of BMI1
inhibition in FP-RMS. We found that PTC-028 treatment leads to downregulation of DNA
replication and halted cell progression to S phase. To understand how BMI1 regulated oncogenic
signaling, we next examined Hippo signaling due to its importance in cancer and previous data
linking BMI1 to a YAP, a protein involved in the Hippo pathway. Our data show that BMI1
suppresses Hippo pathway activation through repression of LATS1/2 phosphorylation, therefore
keeping growth and proliferation genes “on” in FP-RMS. In addition to this, we explored the
differences between FP-RMS cell line responses to BMI1 inhibition. We noted similar and
contrasting responses in the downstream transcription of Hippo YAP/TAZ/TEAD targets,
revealing intertumor heterogeneity in FP-RMS and possibly different mechanisms of LATS1/2
phosphorylation. We then explored other effects of BMI1 inhibition and discovered that PTC-028
treatment results in a downregulation of metabolic pathways and DNA replication, and an
increase in p53 signaling. Overall, we find that BMI1 inhibition is an effective therapy in FP-RMS
and should be considered a potential translatable target.
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1. Introduction



1.1 Overview of cancer

Cancer remains one of the most prevalent and challenging diseases in the world.
Broadly defined, cancer refers to neoplasms — new growths. Typically, this results from
dysregulated cell proliferation and invasion into other tissues. Not all neoplasms are
aggressive, and some remain benign. When they are malignant, they pose grave health
risks. Cancer is a significant public health issue that afflicted nearly 1.8 million Americans
in 2019, with almost 600,000 fatalities (Centers for Disease Control and Prevention). It
is challenging to treat due to many factors, including metastases to inaccessible sites in
the body, heterogeneity within tumors and across tumor types, drug resistance, and more.
Emerging molecular technologies allow us to separate cancers into subtypes with the hope

of targeting each subtype specifically and effectively.!

Now, in our modern world, we can identify many cancers early on with screening.
Compared to the past, subsets of patients are beginning to have more favorable outcomes
than past data.2 Every year, cancer incidence and mortality rates decrease due to earlier
detection and more effective therapies. However, some cancers remain as difficult to treat

now as before.

1.1.1 History of cancer

Cancer is a timeless affliction. Termed the Emperor of All Maladies (Mukherjee, S.
2011), cancer has affected humans throughout history. The word “cancer” originates from
the ancient Greek word karkinos or karkinoma to describe non-healing wounds first seen
by Hippocrates in 5t century B.C.3 This was not the first recording of cancer, as early

hominid fossils dating back 1.6 million years ago have been found to have osteosarcoma,



or bone cancer.4 Metazoans, in general, have the predisposition to be affected by
malignancy, and similar cancers have been identified even in dinosaur fossils.4 The
capacity for malignancy is primordial, embedded in our most base cellular developmental

pathways originating from our ancient ancestors.

1.1.2 Hallmarks of cancer

While developmental pathways act in concert to shape the development of unique
organisms, when they are dysregulated, it can lead to various afflictions, including cancer.
Classically, cancer was thought to be caused by carcinogenic somatic mutations in
oncogenes or tumor suppressors.>¢ While these can contribute to the initiation of
neoplastic disorders, notably the colorectal adenoma-carcinoma sequence’, we now
understand that cancer can be a collection of several mechanisms and hallmarks. Defined
by Hanahan and Weinberg in 20008, then updated in 20119, the hallmarks of cancer
(Figure 1.1) remain a group of seminal principles to comprehend this complex disease.
There are ten hallmarks, as follows: 1. continuous proliferative signaling, 2. evading
growth suppressors, 3. avoiding immune destruction, 4. replicative immortality, 5.
inflammation, 6. invasion/metastasis, 7. angiogenesis, 8. genome instability, 9. resisting
apoptosis, and 10. deregulation of cell metabolism. Not all malignant cells will have each
of these hallmarks, and these hallmarks can also be sequential steps in tumorigenesis.

Many apply to the primary tumor itself, while others apply to metastatic lesions.

Solid tumors are heterogeneous mixtures of cells, including sub-clonal populations
of cancer cells themselves and various components present in the microenvironment such

as stromal cells, endothelial cells, blood vessels, infiltrating immune cells, and the



extracellular matrix.2012 These cells communicate with each other through many
mechanisms. It has been shown that these exchanges have a significant impact on many
steps of carcinogenesis, particularly the epithelial to mesenchymal transition (EMT).12.13
EMT is considered the first step of invasion and metastasis, as immotile epithelial cells
transition to invasive mesenchymal cells that disseminate from the primary tumor.4-17
These mesenchymal-like tumor cells proliferate more rapidly when associated with
inflammatory and endothelial cells in the microenvironment and stimulate
angiogenesis.’4 Other cells in the microenvironment, such as cancer-associated
fibroblasts, have been found to promote cancer cell migration through the alignment of

fibronectin.8

1.1.3 Adult and pediatric cancer

The majority of cancer research is chiefly focused on adult carcinomas, particularly
tumors arising from the breast, lung, prostate, colon, and other sites.!9 This is in contrast
to pediatric cancers, which are comparatively rarer and mainly comprised of
hematological malignancies, solid brain tumors, and extra-cranial solid tumors, including
neuroblastomas or sarcomas.!9 However, it is essential to note that cancer is still the
second most common cause of death in children and adolescents.’9 By definition,
pediatric cancer can take away a developing life. There is a significant increase in the
relative risk of secondary malignant neoplasms due to aggressive multiagent
chemotherapy and ionizing radiation. The 30-year cumulative incidence of cancer in
pediatric cancer survivors is 20.5%, six times higher than the relative risk in the general
population.2° There is also an increase in 5-year pediatric cancer survivor mortality rates

compared to the general population, and over half of those deaths can be attributed to



recurrent disease.2! The majority of pediatric cancers remain understudied compared to
adult cancers due to the comparative rarity and thought process that research done on
adult cancers should also apply to pediatric cancers. While this is partially true, there are
discrete overarching differences between pediatric and adult malignancies which must be

also be considered.

To date, the critical difference lies in the genome. In adults, the genomic alteration
rate is about 2 mutations in coding regions per Megabase (Mb). In comparison, in

pediatric cancers, the mutation rate is only around 0.14 mutations in coding regions per

Mb (Figure 1.2).22 Thus, the somatic mutation rate is 14 times lower in pediatric
cancer.22 This presents a difficult challenge, as there is a lack of targetable mutations in
the pediatric cancer coding genome. However, other targetable options may be gene
amplification or deletions, germline mutations, or mutations in non-coding regions. Data
suggests that up to 50% of pediatric cancers have targetable genetic events.22 There are
additional mechanisms that alter the expression of key genes, such as through epigenetic
regulation. This thesis will be focusing on epigenetic vulnerabilities that could influence

multiple downstream oncogenic targets.

1.1.4 Pediatric soft-tissue sarcomas

Sarcomas are a unique and diverse group of cancers. Soft-tissue sarcomas specifically
refer to sarcomas of the muscle, fat, ligaments, tendons, and other soft tissues.23 They
differ from carcinomas in origin, as carcinomas emerge from the ectodermal layer and
soft-tissue sarcomas from the mesodermal layer.23 These rare mesenchymal tumors are

found in a range of patients across all ages, from children to the elderly. However, several



soft-tissue sarcomas disproportionately affect children and adolescents.2425 After
neuroblastoma, soft-tissue sarcomas are the second-most frequent extra-cranial tumor in
pediatric patients.26 In 2020, approximately 13,000 cases of soft-tissue sarcomas were
diagnosed, and there were an estimated 5,000 deaths; both are increases compared to
previous years.2” Patient survival outcomes have improved in recent years, though
survival outcomes for patients with metastatic disease remain dismal.28 The most
common type of soft-tissue sarcomas are rhabdomyosarcomas, which are the focus of this

dissertation.24.25

1.2 Rhabdomyosarcoma

1.2.1 Background

Rhabdomyosarcoma (RMS) is an aggressive soft-tissue sarcoma that resembles
skeletal muscle precursor cells.24 It is a rare disease but still one of the most common
pediatric solid tumors, affecting ~350 children per year in the US.25 Unfortunately, there
are currently no targeted therapies for RMS. The current standard of care involves
surgery, multiagent chemotherapies (vincristine, actinomycin-D, cyclophosphamide,
among other agents), and radiation.2 The 5-year survival rate for RMS is over 60%.24.25.30
However, there are significant side effects from aggressive clinical treatment later in life,
along with cancer recurrence or relapse. Late effects of utilizing alkylating agents or
anthracycline chemotherapy for this cancer can include infertility in both sexes,
cardiomyopathy, and increased risk of cardiac dysfunction.3* Depending on the location
and dose, radiation treatment can lead to joint dysfunction, growth deficiencies, atrophy,

fibrosis, and peripheral nerve damage.3* Additionally, the survival rate for patients with



metastatic disease is less than 20%.253° There are currently no targeted therapies for

RMS, underscoring the urgent need to identify potential translatable targets.

1.2.2 Fusion-negative and fusion-positive rhabdomyosarcoma

There are two main subtypes of RMS, alveolar RMS (ARMS) and embryonal RMS
(ERMS). These were initially characterized based on histological observations and are
now primarily described by their molecular features, with alveolar being termed fusion-
positive RMS (FP-RMS) and embryonal as fusion-negative RMS (FN-RMS).24 This
nomenclature denotes the presence or absence of the PAX-FOXO1 fusion protein, which
represents a translocation of either the PAX3 or PAX7 DNA binding domain to the
transactivation domain of FOXO1 (t(2;13) (g35;q14) and t(1;13) (p36;q14),

respectively).32:33

In FN-RMS, there are genetic alterations within RAS-PI3K signaling pathways.
Around one-third of patients who have FN-RMS have activating mutations in NRAS,
KRAS, or HRAS. Additionally, over half of FN-RMS patients harbor a mutation impacting
RAS/MAPK or PI3K/mTOR pathways.3435 High levels of Akt and MAPK phosphorylation
are observed in patient tumor samples, indicating activation of these pathways.
Approximately 80% of FN-RMS tumor samples show PI3K activation.3¢ Receptor
tyrosine kinases (RTKs) can signal using these pathways, which can be mutated in FN-
RMS. RTKs such as ephrin receptors are upregulated, and FN-RMS cell lines with

decreased levels of ephrin receptors are more likely to differentiate and are less invasive.37



Next, in FP-RMS, PAX-FOXO1 essentially acts as a novel transcription factor,
resulting in global dysregulation of transcription. Around 60% of patients with ARMS
express PAX3-FOXO1, while 20% express PAX7-FOXO1, and the remaining patients are
FN.24 This subset of FN-ARMS behaves more like ERMS, hence the trend toward focusing
on fusion status rather than histological presentation. To date, efforts to inhibit PAX-
FOXO1 directly have not been clinically fruitful. Transcription factors and fusion proteins
remain challenging targets. This is due to several reasons, such as the increased stability
of the PAX3-FOXO1 fusion protein compared to PAX3 alone, and a lack of hydrophobic
pockets for small molecule inhibitors to bind to. Experiments in which the expression of
PAX3-FOXO1 is knocked down by RNA interference indicate significant inhibition of cell
growth and an increase in apoptosis levels.38-40 However, it has been found that PAX3-
FOXO1 may be necessary for initiation and maintenance of FP-RMS cells, but not
recurrence.4! This indicates that even if PAX3-FOXO1 did have a perfect in vivo drug,

multiple approaches might still be necessary to target these tumors.

1.3 Epigenetic therapies in cancer

1.3.1 What is epigenetics?

The term epigenetics refers to changes in gene expression which are heritable and
not caused by alterations in DNA itself.42 It describes events in chromatin and DNA
regulation that lead to changes in gene expression.4243 These changes are reversible and
referred to as plasticity, which is necessary for cells to move from an undifferentiated to
differentiated state during development.43 The plasticity of cells is often exploited in

malignant contexts, especially with relation to cell stemness and the epithelial to



mesenchymal transition (EMT). EMT is a cell motility program required for many stages
in embryonic development and can play a vital role in cancer cell invasion (Figure 1.3).1544
Epigenetic mechanisms that control EMT and others are partially controlled by

chromatin structure.

The nucleosome is the building block of chromatin organization and structure.45 147
base pairs of DNA wrap around a histone octamer core, with two histones each of H2A,
H2B, H3 and H4.4546 This method of DNA condensation/organization is necessary during
mitosis, and control of gene expression (Figure 1.4). Epigenetic complexes influence the
accessibility of the DNA and thus the ability for the corresponding genes to be transcribed.
It is generally accepted that heterochromatin is condensed and contains mainly repressed
genes, while euchromatin is looser and so the genes are more easily activated (Figure
1.5).47-49 The histone proteins have N-terminal tails, which protrude from the nucleosome
and can contact nearby nucleosomes.5° These tails impact physical and chemical
interactions around the nucleosome and lead to overall chromatin structure changes.5°
Due to the loose structure of the tail, they are easily modified by epigenetic complexes
that can influence gene expression.425! Most commonly, histone tails can be methylated

or acetylated, though 16 types of modifications can occur at 60 reported residues.48

These modifications are called histone marks, and while they are complex and
varied, they can be broadly categorized as “active” or “repressive” marks. For instance,
trimethylation of lysine 27 on histone H3 (H3K27me3) near promoters at the
transcription start sites are linked to repression of expression of that gene, while

acetylation of H3K27 is associated with enhanced transcription.52 The enzyme
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responsible for trimethylating H3K27 is Enhancer of Zeste homolog 2 (EZH2), a member
of the Polycomb repressive complex 2 (PRC2). Overexpression of components of histone-
modifying complexes, such as EZH2, are correlated with widespread gene silencing in
solid tumors, increased tumor aggression, and worse overall patient outcomes.52:53 These
complexes are essential in cancer initiation and progression; therefore, epigenetic

therapies are being explored (Figure 1.5).54

1.3.2 Overview of epigenetic machinery

Generally, the epigenetic machinery of human cells can be separated into two
groups: DNA modifications and histone modifications. DNA methylation was one of the
first identified epigenetic mechanisms of regulation.55 The addition of a methyl group to
cytosine (5-methylcytosine or 5mC) is catalyzed by DNA methyltransferases
(DNMTs).56057 The majority of DNA methylation occurs on cytosines which precede
guanine, also known as CpG sites.58 In normal cells, DNA methylation is predominantly
present in repetitive genomic regions. CpG islands (regions that are enriched in CpGs
ranging from 300-3,000 bp) are largely unmethylated and are found close to the
transcription start sites (TSSs) of genes.5658 In cancer cells, the genome is
hypomethylated compared to their normal tissue counterparts. Loss of methylation at
pericentric heterochromatin and hypermethylation of CpG islands near tumor
suppressors are associated with many cancers, such as colorectal cancer, breast cancer,
and prostate cancer.57:59:6© DNA methylation and histone modifications go hand in hand

in epigenetic regulation of developmental programs.6:
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There are two central conserved systems of histone regulation: the Polycomb groups
(PcG) and Trithorax groups (TrxG), which have opposing roles in gene expression.42.62
Traditionally, Polycomb groups repress groups of developmental genes, while Trithorax
groups function as activators.®2 They were initially discovered in Drosophila as
maintaining Hox gene expression.®3 Various PcG and TrxG complexes are cell-type and
developmental-stage specific, allowing them to perform multiple functions. Since then,
they were discovered to contribute to cellular proliferation, stem-cell renewal, and
senescence, all of which are often dysregulated in cancer.64-66 There are multiple PcG and
TrxG complexes that are cell-type and developmental-stage specific, allowing them to

perform a variety of functions.

Other regulators of histone structure are called histone acetyltransferases (HATS)
and histone deacetylases (HDACs), both of which contribute to gene expression and
development.67.68 There are 18 HDACs in humans separated into four classes that have
diverse functions and can be cell-type specific. HDACs function by removing the acetyl
groups from lysine residues on histone tails, which typically leads to gene repression. In
general, high expression of HDACs in cancer causes worse outcomes in several types of
cancer, including breast, lung, and pancreatic cancer.® The loss of H3K18Ac or H4K16Ac
leads to poor survival in these cancers.”° Thus, HDAC inhibitors have been instrumental
in many cancer studies for translation to the clinic. Inhibitors like SAHA (vorinostat)7:

and belinostat”2 have been approved by the FDA to treat T-cell lymphomas.
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1.3.3 Current epigenetic therapies

Over the past decade, investigators have increasingly begun to explore drugs
targeting aberrant histone modifiers. A few significant targets include HDACsS,
Bromodomain and extraterminal domain (BET) proteins and EZH2. As mentioned in
1.3.2, several inhibitors of HDACs such as vorinostat and belinostat have been FDA
approved for lymphoma, and panobinostat has been approved to treat multiple
myeloma.7*73 Deacetylation of the histones primarily results in heterochromatin
formation. This can inhibit transcription of specific genes such as CDKN1iA and
FOSL1.7475 The broad targeting of HDAC inhibition leads to varied responses across
cancer types and cell lines.67:69 HDAC inhibition can reduce tumor cell proliferation,
induce apoptosis, cause differentiation, lead to autophagy, affect the immune response,
reduce angiogenesis, and more.67:69.76 By targeting this single class of epigenetic proteins,

many of the hallmarks of cancer are inhibited.

An additional therapy being examined is inhibition of the bromodomains of the BET
proteins BRD2, BRD3, and BRD4. These proteins are epigenetic readers that read
acetylated lysines and act as scaffolds to recruit transcription elongation complex
proteins.”” Thus, BET proteins are generally associated with active transcription. The
most well-known BET inhibitor is JQ178, which has been mentioned in almost 900 peer-
reviewed journal articles published in the past decade (PubMed®). JQ1 also inhibits
tumor growth and induces apoptosis across many cancer types, from hematological
malignancies such as AML and B-ALL to solid tumors, including medulloblastoma and
glioblastoma.?9:8¢ This drug causes global changes in gene expression by preventing the

active transcription of many genes involved in cell-cycle progression.78-8¢ Unfortunately,
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the extremely short half-life of JQ1 (1 hr) makes it an ineffective treatment for moving
forward to human trials.8! Other newer BET inhibitors such as birabresib (OTX-015) are
currently in a clinical trial (NCT02259114) in patients with advanced solid tumors (such
as castrate-resistant prostate cancer, non-small-cell lung cancer, and NUT midline
carcinoma).8283 Birabresib has been found to attenuate oncogenic signaling pathways

such as MYC and NFKB in mantle cell ymphoma and prevent cell-cycle progression.s4

Next, EZH2 is the catalytic subunit of PRC2 and contributes to chromatin
compaction and gene silencing by H3K27 trimethylation.52 EZH2 is aberrantly
overexpressed in various malignancies, such as prostate cancer, breast cancer, and
ovarian cancer.>4 EZH2 is an essential factor in promoting cancer growth and metastasis
in many tumor types.5485 Many studies have shown that EZH2 is a targetable epigenetic
protein in cancer.54 The first-generation inhibitor DZNep has been used in several basic
studies to investigate the roles of EZH2, but it has significant off-target effects.86:87 GSK-
126 and EPZ-005687 are selective EZH2 inhibitors that can bind to the S-adenosyl-L-
methionine pocket of EZH2, leading to diminished H3K27me3 levels and upregulation of
the silenced genes.88:89 An oral EZH2 inhibitor, tazemetostat (EPZ-6438), is currently
under evaluation in patients with lymphomas and advanced solid tumors

(NCTo01897571), and has shown clinical promise in follicular lymphoma.o°

1.3.4 Efficacy of epigenetic therapies in rhabdomyosarcoma
The potential for epigenetic therapy in RMS is being explored. The fusion protein,
PAX3-FOXO1, has been linked to controlling epigenetic regulation through cooperation

with BRD4 at super-enhancers, as well as requiring the chromatin remodeling activity of
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CHD4.9192 Since the genetic landscape of FP-RMS is relatively quiet, some investigators
have hypothesized that the epigenome is implicated in development and progression of
this disease. Small molecule inhibitors of HDACs, BET proteins, and EZH2 have shown

promising results.

HDAC inhibition has been examined in RMS. Treatment with vorinostat or
entinostat was found to suppress cell growth in vitro and result in apoptosis.93.94
Entinostat alone or combined with standard of care actinomycin-D delayed tumor
progression in an in vivo orthotopic xenograft RMS model.95 More in-depth molecular
analyses of HDAC inhibition revealed that HDAC inhibition disrupts FP-RMS core
regulatory circuit transcription factors.9¢ Core regulatory circuit transcription factors
refer to oncogenes such as the MYC family and lineage-specific factors such as MYOD1 or
MYCN in FP-RMS.9196 The homeostasis of histone acetylation is important for tumor
proliferation, and perturbation of this mechanism leads to decreased levels of these
oncogenic transcription factors. Additionally, entinostat inhibits PAX3-FOXO1 through
an indirect mechanism through the HDAC3-SMARCA4-miR-27a axis.97 Currently,
entinostat is being specifically investigated in a clinical trial for pediatric patients with

recurrent or refractory solid tumors, including RMS.98

Next, BET inhibition has been found to have similar positive results for the
treatment of FP-RMS. Birabresib (OTX-015) was recently reported to exhibit antitumor
activity in FP-RMS cells in vitro.999 Cell proliferation was reduced, and apoptosis levels
increased due to several factors, including the inhibition of AKT activation, inhibition of

clonogenic potential, and increased DNA damage.99 Birabresib also decreased cancer cell



15

stemness by reducing levels of BRD4 and ¢-MYC, along with radio-sensitizing FP-RMS
cells.99 Additionally, JQ1 has been investigated as a combination therapy with HDAC
inhibitors, and synergistic effects have been demonstrated.93 JQ1 and quisinostat
cooperatively induce apoptosis in vitro and in an in vivo chicken chorioallantoic
membrane (CAM) model of RMS.93 By treating the tumor cells with JQ1 and quisinostat,
BIM and BMF become upregulated, which then leads to pro-apoptotic BAX/BAK

activation, caspase-3/7 cleavage, and subsequent cell death.93

Another significant epigenetic target, EZH2, has been studied in the context of
RMS as well. EZH2 is aberrantly expressed at high levels in RMS in cell lines, patient
tumor samples, and PDX models.100-102 Downregulation of EZH2 by RNAi, DZNep, or
MC1945 (a catalytic EZH2 inhibitor) causes apoptosis in RMS both in vitro and in
subcutaneous RMS cell line xenografts.1ot102 This phenotype is partially due to the
depression of the tumor suppressor FBX032, induced by knockdown of EZH2.102
Tazemetostat is currently in phase II clinical trial for pediatric patients with
relapsed/refractory solid tumors.9¢ This trial includes patients with RMS. Overall,
epigenetic therapies in FP-RMS have shown efficacy and are potentially translatable

treatment options.

1.4 Polycomb group complexes

1.4.1 Polycomb groups
An avenue of epigenetic therapy that remains underexplored in FP-RMS are the

Polycomb group complexes. Initially discovered in Drosophila, these Polycomb
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repressive complexes are essential regulators of cell development.52.53.62.103 As previously
mentioned, EZH2 is the catalytic subunit of the Polycomb repressive complex 2 (PRC2),
and its inhibition is an effective epigenetic therapy across multiple histotypes, including
FP-RMS 54102 PRC2 functions by mono-, di-, or tri-methylating histone H3 at K27 (Figure
1.5).52 The complex has three core subunits: SUZ12, EED, and either the EZH2 or EZH1
histone methyltransferase.52 Traditionally, it has been accepted that PRC2-mediated
H3K27 trimethylation is necessary to recruit Polycomb repressive complex 1 (PRC1) for
adequate chromatin compaction.’o4 PRC1 recognizes and binds to H3K27me3, then
mediates monoubiquitination of histone H2A on lysine 119 (H2AK119Ub) through E3
ubiquitin ligation (Figure 1.5).204 However, recent research has further delved into the
relationship between PRC1 and PRC2 and found that knockouts of essential PRC2
proteins had only a minor effect on overall H2AK119UDb levels, suggesting that PRC1 does
not entirely rely on H3K27me3 for recruitment.205 Overexpression of canonical PRC1
components is additionally correlated with worse outcomes and increased tumor

aggression, similar to PRC2,106-110

There are several variants of PRC1 in mammals, but the core complex consists of
RING1A or RING1B proteins and one of the six PCGF proteins (PCGF1 - PCGF6).11t
Canonical PRC1 complexes contain PCGF2/4 and are specified by the presence of one
CBX protein (CBX2, 4, and 6 - 8) that binds H3K27me3.11! There are also variant PRC1
complexes, which can contain any one of the six PCGFs, and incorporate RYBP/YAF2 in
place of the CBX proteins, which do not require H3K27me3.111112 [t has been shown that
variant complexes are highly active and catalyze the majority of H2AK119Ub

marks.62113.14 However, canonical PRC1, specifically PCGF4-RING1B, is necessary for
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maintaining site-specific monoubiquitination in a precise and limited manner.!5
Abnormal expression of PCGF4, also known as B-lymphoma Moloney murine leukemia

virus insertion region 1 (BMI1), is especially known to be oncogenic.65:106-110,116-123

1.4.2 Alternative Polycomb roles

While Polycomb complexes are generally considered to be traditionally repressive,
there are additional roles that have been reported in mammalian systems. Polycomb
complexes can act also act as activators of gene expression. During differentiation of
embryonic stem cells, a CBX8-PRC1 complex is required for initiating developmental
gene activation.124 CBX8-PRC1 occupies H3K36me3 active genes, though how this switch
occurs remains unknown.'24 Another variant of PRC1, PRC1.5, becomes phosphorylated
and reduces the catalytic activity of RING1B.125 The AUTS2 protein present in the complex
then recruits p300, which can acetylate histone tails and contribute to transcriptional
activation.2s PRC1 appears to also have a role in coactivating genes by regulating
chromatin interactions. In mice, RING1B functions as a physical molecular bridge
between an enhancer and the Meis2 promoter, contributing to chromatin organization
and developmental gene activation.!26 Recently, PRC1 has been found to influence 3D
chromatin structure looping in Drosophila and mice.’?” In this study, the authors
discovered that PRC1 can both repress and activate developmental genes, fine-tune
expression, and may be gene-specific.’27 Together, these data indicate that Polycomb
groups have a more complex role than simple gene silencing through histone

modifications.
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1.5 BMI1

1.5.1 BMI1 function and expression

Bmi1 was first identified as a Myc-cooperating oncogene in mice and is a target of
the Moloney virus insertion, resulting in accelerated B-lymphoid cancers.128 BMI1 is a
necessary component of canonical human PRCi.4't and is essential during normal
development and hematopoiesis.129-131 It is not the catalytic subunit, but the loss of BMI1
causes PRC1.4 collapse, resulting in a lack of H2AK119 ubiquitination.®* Human BMI1 is
on chromosome 10p11.23 and has 10 exons and 9 introns.!32 It is 3.4 kb long and produces
a 37 kDa protein consisting of 326 amino acids.’32 The BMI1 protein has three main
regions: a helix-turn-helix domain, a conserved N-terminal RING finger, and a C-
terminal PEST-like region.132 The RING domain is required for the protein to localize to

DNA, particularly DNA strand breaks.133

BMI1 plays an important role in morphogenesis during embryonic development and
in hematopoiesis.'34 Deletion of Bmiz in mice leads to significant lethality soon after birth.
Those mice that do survive have severe abnormalities in their immune systems, skeletal
defects, and reduced density of neurons in the cerebellum.35 Overexpression of BMI1 is
known to be oncogenic across various human malignancies. It is involved in cancer cell
proliferation, invasion/metastasis, chemosensitivity, and influences overall patient
survival. BMI1 is intertwined in many molecular pathways, such as cancer stem cell self-
renewal, repairing DNA damage, EMT, and developmental signaling.65109.133.134 BMI1 is
expressed across human tissues, but most highly in bone marrow, pituitary glands, and

testes.106.108 The most described function of BMI1 is the repression of the CDKN2A (p16-
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INK4A and p14-ARF) locus.®s CDKN2A regulates retinoblastoma (Rb) and p53; thus,
BMI1 is upstream of controlling cell cycle progression.:3¢ In normal stem cells, such as
hematopoietic stem cells, BMI1 is highly expressed.!:¢ The self-renewal and maintenance
of hematopoietic stem cells and neural stem cells are dependent on high BMI1
expression.106:110 A significant aspect of malignancy is the capacity for self-renewal, and
cancer cells can have stem-like properties.'3” Tumors are often heterogenous groups of
cells, and some can have multipotent characteristics.138 In these stem-like populations,

aberrant BMI1 expression is reported.106:109:134.139

1.5.2 BMI1 is recruited to DNA breaks and regulates repair

Cancerous cells often have unstable genomes prone that are prone to DNA damage.9
As mentioned in 1.5.1, BMI1 supports the repair of DNA breaks. The induction of a DNA
break leads to activation of multiple signaling pathways that lead to local modification of
chromatin structure and recruitment of DNA repair complexes.!40.141 Histone H2AX is
phosphorylated near sites of DNA breaks by ATM, ATR, and DNA-PK42 and can spread
to encompass a region of chromatin covering several Mb.143 At sites of DNA damage,
H2AK119 is ubiquitinated at both double-strand breaks and UV lesions.33 Since H2AK119
monoubiquitination is essential to epigenetic regulation during both development and
DNA repair, PcG proteins play a role in DNA repair response.!30:133,144-146 RING1B, a
component of PRCi, is required for UV damage-induced H2AKi119
monoubiquitination.147 Loss of BMI1 is associated with decreased levels of the DNA
damage repair response and checkpoint function. BMI1 is recruited to sites of DNA
double-strand breaks for several hours, and data show that BMI1 is required for

monoubiquitination of H2AK119 and supports homology-directed repair of DNA
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damage.'33 These data indicate that PcG proteins such as RING1B and BMI1 are part of
the ubiquitin ligase response involved in double-strand break-associated histone

ubiquitination and support a role for BMI1 in DNA damage response.

1.5.3 BMI1 promotes the epithelial to mesenchymal transition

Another hallmark of cancer that BMI1 has been reported to promote is the
epithelial to mesenchymal transition (EMT). EMT promotes cancer cell invasion and
metastasis. The epithelial cells of a primary solid tumor transition to a more mesenchymal
phenotype and disseminate to new organ sites, forming metastatic lesions. High BMI1
expression is positively correlated with metastasis and is a significant predictor of worse
patient outcomes in melanoma, breast cancer, and prostate cancer.107:148-150 The stem-
cell-like properties of subpopulations of tumor cells that express high levels of BMI1 may
provide plasticity and a proliferative advantage both in the primary tumor and in adapting
to metastatic niches.14:44.151-153 EMT regulators such as TWIST1 have been shown to
directly regulate BMI1 expression in head and neck squamous cell carcinoma (HNSCC),
and both were found to be critical for tumor initiation.!2! Overexpression of BMI1 was also
discovered to induce EMT in this model. Metastatic in vivo models of breast cancer
additionally demonstrate that BMI1 collaborates with H-RAS to promote invasion and
increased brain metastases.!54 Targeting BMI1-high cancer cells in HNSCC sensitizes
tumor cells to chemotherapy and eliminates metastases, and prevents tumor relapse.155.156
Overall, cancers with high levels of BMI1 seem to have greater invasive potential due to

the increased stemness and plasticity that high PRC1 activity provides.
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1.5.4 BMI1 inhibition as a novel therapeutic approach

Recently, several small molecule inhibitors of BMI1 have been studied in multiple
cancers and found to be an effective treatment option. The first-generation inhibitor from
PTC Therapeutics, PTC-209, was used in many initial studies of BMI1
inhibition.119:139,157,158 PTC-209 functions by binding the mRNA of BMI1 within the 5'UTR
or 3’UTR and preventing translation.!s8 The next generation of BMI1 inhibitor, PTC-028,
is orally bioavailable and was efficient at reducing tumor burden across histotypes in vivo
both as a single agent therapy and combined with standard of care.116:117:159.160 PTC-028
depletes BMI1 at the protein level through hyperphosphorylation and subsequent
degradation.'59 BMI1 inhibition is possibly an indirect effect downstream of microtubule
depolymerization.16t The most recent BMI1 inhibitor, PTC-596, functions similar to PTC-
028 but has a much lower 1C50.161-165 It has been investigated in various aggressive solid
tumors and hematological malignancies.6-165 PTC-596 was used as a monotherapy in
phase I clinical trial (NCT02404480) for advanced solid tumors (colorectal, lung,
glioblastoma, and more) in adults.’¢ The drug was well-tolerated with mild
gastrointestinal side effects.166:167 Two more clinical trials are recruiting: one for advanced
leiomyosarcoma in combination with dacarbazine (NCT03761095) and another for
ovarian cancer in combination with neoadjuvant chemotherapy (NCT03206645). Of
particular interest is a phase Ib clinical trial (NCT03605550) that is in progress for
pediatric patients with diffuse intrinsic pontine glioma (DIPG) and high-grade glioma
(HGG), combining PTC-596 with radiation therapy. As FP-RMS is primarily a pediatric
cancer, the results from this trial will confirm if this BMI1 inhibition in pediatric patients

is safe since BMI1 is an important developmental regulator. PTC-596 has been granted a
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fast track designation and orphan drug designation by the FDA, indicating the promise of

BMI1 inhibition as a novel, clinically translatable cancer therapeutic.168

1.6 Scope of this dissertation

This dissertation seeks to define how BMI1 contributes to tumorigenesis in FP-RMS
and investigate the inhibition of BMI1 as a novel therapeutic in this understudied
pediatric malignancy. Here, we investigate the hypothesis that BMI1 is a critical factor in
FP-RMS cell proliferation and survival and its novel role in influencing Hippo signaling.
The long-term goal is to provide preclinical data and mechanisms to argue BMI1 as a
tractable therapeutic target in FP-RMS, which may additionally apply to other sarcoma
histotypes. Chapter 2 will discuss the genetic knockdown and pharmacologic inhibition
of BMI1 and the effects on tumor cell viability in vitro and in vivo, and how BMI1
influences the Hippo pathway. Chapter 3 will discuss the impacts of BMI1 inhibition on
the transcriptome. Chapter 4 will review my findings in relation to the current literature

and the future implications of my work.
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adapted from Grobner et al. 2018.22 Pediatric cancer mutation rates, including RMS, are

far lower than adult cancers.
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Figure 1.3 Epithelial to mesenchymal transition. Image adapted from Skrypek,
et al.1%9 Epigenetic factors such as DNA methylation, histone modifications, and

noncoding RNAs contribute to the epithelial to mesenchymal transition.
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Figure 1.5 Polycomb repressive complexes promote heterochromatin

formation and prevent efficient gene transcription. Image adapted from Dr.

Karmella Haynes. Polycomb repressive complex 1 (PRC2) monoubiquitinates residue

K119 on histone H2A. Polycomb repressive complex 2 (PRC2) trimethylates residue K27

on histone H3. Both of these histone marks combined lead to heterochromatin

formation and prevent gene transcription. Epigenetic therapy can lead to activation of

tumor suppressor genes through inhibiting PRC1/2 through promoting euchromatin

formation.
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Abstract

Rhabdomyosarcoma (RMS) is an aggressive pediatric soft tissue sarcoma. There
are two main subtypes of RMS, alveolar rhabdomyosarcoma (ARMS) and embryonal
rhabdomyosarcoma. ARMS typically encompasses fusion-positive rhabdomyosarcoma,
which expresses either PAX3-FOXO1 or PAX7-FOXO1 fusion proteins. There are no
targeted therapies for ARMS; however, recent studies have begun to illustrate the
cooperation between epigenetic proteins and the PAX3-FOXO1 fusion, indicating that
epigenetic proteins may serve as targets in ARMS. Here, we investigate the contribution
of BMI1, given the established role of this epigenetic regulator in sustaining aggression in

cancer.

We determined that BMI1 is expressed across ARMS tumors, patient-derived
xenografts, and cell lines. We depleted BMI1 using RNAi and inhibitors (PTC-209 and
PTC-028) and found that this leads to decreased cell growth/increase in apoptosis in vitro
and delays tumor growth in vivo. Our data suggest that BMI1 inhibition activates the
Hippo pathway via phosphorylation of LATS1/2 and subsequent reduction in YAP levels
and YAP/TAZ target genes. These results identify BMI1 as a potential therapeutic
vulnerability in ARMS and warrant further investigation of BMI1 in ARMS and other

sarcomas.
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2.1 Introduction

Rhabdomyosarcoma (RMS) is a tumor of developing skeletal myoblast-like cells
that primarily afflicts children.24 There are two major subtypes of pediatric
rhabdomyosarcoma, alveolar and embryonal, which are named based upon their
histologic appearance. Approximately 80% of alveolar rhabdomyosarcomas (ARMS) are
characterized by either PAX3-FOXO1 or PAX7-FOXO1 fusion proteins and are thus
termed fusion-positive; embryonal rhabdomyosarcomas (ERMS) lack these fusions and
are termed fusion-negative.2432 ARMS is more aggressive and has a worse outcome
compared to ERMS. The prognosis is even direr for ARMS patients with metastatic
dissemination, who have survival rates of only 30%.2517* Currently, the standard of care
is multimodal and intensive, consisting of multiagent chemotherapy, radiation, and
surgery.29172 Given the substantial morbidity and mortality of ARMS, there is a need for

new, translatable treatment options.

While the PAX-FOXO1 fusion proteins are pathognomonic for this disease, these
proteins remain challenging drug targets.24:38.40.41 To date, efforts to pharmacologically
inhibit PAX-FOXO1 have not yielded robust clinical results.38 Moreover, a recent study
has shown that PAX3-FOXO1 is necessary for the initiation/maintenance of ARMS but
may not be required for recurrence, suggesting that the targeting of diverse oncogenic
networks may be necessary to optimize the treatment of this cancer.394! The interaction
of PAX-FOXO1 fusions with the epigenome has garnered increasing attention.39:91.173
PAX3-FOXO1-mediated gene regulation requires BRD4 at super-enhancers, revealing a

novel epigenetic vulnerability in ARMS.9* Further, the fusion protein also requires the
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chromatin remodeling activity of CHD4 to activate a subset of its target genes.92
Epigenetic regulation may also act upstream of PAX3-FOXO1. Histone deacetylases
control the expression of SMARCA4, a chromatin remodeler, which subsequently allows
expression of miR-27a, which in turn decreases PAX3-FOXO1 mRNA stabilization.9”
These studies provide evidence for a significant relationship between the epigenome and
the tumorigenicity of ARMS and suggest that druggable epigenetic regulators other than

PAX3-FOXO1 remain to be discovered.

Inspired by the studies highlighted above, we searched for druggable epigenetic
proteins involved in ARMS that may represent dependencies. The Polycomb group
proteins are epigenetic complexes traditionally associated with gene repression by
chromatin compaction.74 These complexes are known regulators of pluripotency, stem
cell renewal, and epigenetic memory and have been studied extensively across species and
various human diseases.'7”s They consist of Polycomb Repressive Complex 1 and 2
(PRC1/2), which control monoubiquitination of H2AK119 and trimethylation of H3K27,
respectively.52103.130.174 Dysregulation of PRC1/2 protein members are implicated in
tumor initiation and progression in many adult cancers but remain relatively
understudied in pediatric cancers.53 High levels of H2AK119Ub and H3K27me3 across
the genome in many cancers are associated with worse outcomes52:53, possibly due to the
repression of tumor suppressor genes such as CDKN2A, which has a significant role in
controlling the cell cycle.®4 Specifically in ARMS, PRC2 members such as EZH2 have been
analyzed and found to promote survival.?o2 Thus, we hypothesized that a member of
PRC1, B lymphoma Mo-MLYV insertion region 1 (BMI1), also known as Polycomb Group

Factor 4 (PCGF4), would be a viable epigenetic target in ARMS. BMI1 has no enzymatic
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activity itself but is a required component of PRC1 and is a known oncogene in numerous
adult cancers, including hematological malignancies, breast cancer, ovarian cancer, and
more.53:106,174,176-178  BMI1 has also been studied in pediatric cancers such as
medulloblastoma and Ewing sarcoma, but its possible role in RMS has not yet been
identified.162179.180 Additionally, BMI1 has been found to promote self-renewal in skeletal
muscle and was also one of the components, along with TERT and PAX3-FOXO1, used to
transform normal human myoblasts into a cell culture model of ARMS.81.182 In these

studies, we identify BMI1 as a novel therapeutic liability in ARMS.
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2.2 Materials & Methods

2.2.1 In silico data

RNA-sequencing data (dbGaP accession # phs001437) of six RMS patient-derived
xenograft (PDX) models and cell lines from the Pediatric Preclinical Testing Consortium
(PPTC) was processed using the STAR alignment tool and subsequently normalized using
the RSEM package based upon the hg38 reference genome and the GENCODE v23 gene
annotation. Gene expression values were quantified as Fragments Per Kilobase per

Million mapped reads (FPKM).

2.2.2 Cell culture

Rhabdomyosarcoma cell lines (Rh30 and Rh41) were obtained from the Children’s
Hospital of Philadelphia (courtesy of Dr. Margaret Chou) as well as from the Children’s
Oncology Group (Rh28 and CW9019). The Emory Genomics Core authenticated cell lines
for use, and Mycoplasma testing was performed every 3 - 6 months using the
Mycoplasma test kit (PromoCell, PK-CA91-1024). Cells were cultured in a humidified
incubator at 37°C with 5% CO2. Rh3o and CW9019 were passaged regularly in DMEM
(Corning), and Rh28 and Rh41 were passaged in RPMI 1640 (Corning). Media was
supplemented with 10% FBS (Corning) and 1% L-glutamine (Gemini). No antibiotics or

antimycotics were added to the media.

2.2.3 Plasmids, lentiviral preparation, and transduction
BMI1 shRNA plasmids were purchased from Sigma (pLKO.1). The catalog

numbers are shBMI1-2: TRCN0000020156 and shBMIi1-4: TRCN0000218780. YAP-
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overexpression plasmids pGAMA-Empty (Addgene plasmid #74755) and pGAMA-YAP
(Addgene plasmid #74942) were kind gifts from Jenny Shim in Kelly Goldsmith’s lab at
Emory University. Generation of infectious lentiviral particles and subsequent cell
transduction was performed as previously described:83 with the following key conditions:
FuGENE 6 (Promega) was used to transfect select plasmids, with pMD2.G (VSV-G
plasmid) and psPAX2 (packaging plasmid), into HEK293T cells. Viral supernatant was
collected 2-3 days after transfection, filtered with a 0.45 um nitrocellulose membrane,
supplemented with 8 ug/mL polybrene (Sigma), and used for transduction of one million
cells seeded into 10 cm plates. Fresh media was added 6 hr post-transduction, and the
media was replaced the next day again. Two days later, puromycin was added to select

transgenic cells.

2.2.4 siRNA transfection

Cells were plated at 200,000 cells per well in a 6 well plate. The following day, cells
were transfected using DharmaFECT 1 (Horizon Discovery) and 25 nM of an siRNA ON-
TARGETplus SMARTpool (Horizon Discovery) or ON-TARGETplus Non-targeting
Control Pool (Horizon Discovery). Horizon Discovery catalog numbers for each siRNA
pool used in this study are ON-TARGETplus Non-targeting Control Pool (D-001810-10-
20), BMI1 (L-005230-01-0010), LATS1 (1.-004632-00-0010), and LATS2 (L-003865-

00-0010). Cells were harvested for analysis 72 hr post-transfection.
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2.2.5 Real-Time PCR and western blots

RNA was isolated from cells using the RNeasy Mini Kit (QIAGEN) and Real-Time
PCR (RT-PCR) analysis performed as previously described.183 For western blots, cell
samples were lysed in RIPA (Boston Bioproducts) containing cOmplete protease inhibitor
cocktail (Roche), and PMSF (Cell Signaling Technology) then sonicated. Protein
concentrations were determined using the Bradford assay (Bio-Rad), and samples (20 ug
protein) run on SDS PAGE Bis-Tris 4-12% gels (Life Technologies). Lambda protein
phosphatase (New England BioLabs) was used per the manufacturer’s instructions on
select cellular lysates. The gels were transferred to nitrocellulose membranes and
membranes blocked in 5% Blotting-Grade Blocker (Bio-Rad) in Tris-Buffered Saline with
1% Tween-20 (Cell Signaling Technology). The blots were incubated with primary
antibodies in 5% BSA (Jackson Laboratory) overnight at 4°C. The secondary antibodies
used were IRDye 800CW/680RD anti-Rabbit or anti-Mouse (Li-COR Biosciences) at
1:50,000 and 1:5,000, respectively. Whole blots were scanned using the Li-COR Odyssey.
The primary antibodies and dilutions are listed in Supplementary Table S2.1. Any
quantifications are presented as relative adjusted densities and were performed in

Imaged.

2.2.6 Cell growth assays

CellTiter-Glo (Promega) and Caspase-Glo (Promega) were used to assess the
viability of both shRNA/siRNA manipulated and drug-treated cells. On day o, 2,000
cells/well were plated in a 96 well plate and on day 1 treated with control or drug. To
calculate IC50s, cells were treated with a 7-log dose range of inhibitor (10-*M - 10-5M).

Cells proliferated for an additional 96 hr before performing CellTiter-Glo or Caspase-Glo
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per the manufacturer’s instructions. IC50s were calculated by log transforming
concentrations, fitting to a three-parameter logistic, nonlinear regression curve, and

finding the half-maximal concentration.!84

For crystal violet colony formation assays, we plated 2,000 cells/well in duplicate
in 6 well plates. We treated cells with drugged media and allowed cells to proliferate for
10 days before washing/fixing with 3.7% formaldehyde then staining with 0.0025%

crystal violet. Plates were dried overnight and were imaged with a Nikon D3400.

2.2.7 Flow cytometry

On day o, cells were seeded at 1 million cells /10 cm plate, and PTC-028 added on
day 1. Cells were harvested after 24 hr for BrdU-APC/7-AAD staining and 72 hr for
Annexin V-FITC/PI staining. Staining was performed using Annexin V-FITC/PI (BD
Biosciences) or BrdU-APC/7-AAD (BD Biosciences) kits following the manufacturer’s
instructions. For Annexin V/PI staining, cell media containing dead cells in suspension
was also collected. Samples were run within 1 hr on a Cytoflex 96 well plate loader, with
50,000 - 100,000 events collected per sample. Compensation, gating, and analyses were

performed in FlowJo.

2.2.8 In vivo xenograft model

Heterozygous nude mice (Crl:NU(NCr)-Foxnim/+) between 5 - 6 weeks old
(Charles River) were housed in sterile cages at the Health Sciences Research Building
Animal Facility at Emory University. Mice acclimated to their new environment for 1 week

after being received and were maintained in 12 hr day/night cycles. All experimental
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procedures were Emory IACUC approved. 2 million Rh30 cells were mixed 1:1 with
Matrigel (Corning) and subcutaneously injected into the right flank of each mouse. As
previously described, treatments began when tumors were equal to or greater than 100
mm3.117:159 The mice were tagged and randomly separated into 2 groups: vehicle (n = 10)
and PTC-028 (n = 10). Mice received vehicle (0.5% HPMC, 1% Tween-80) or 15 mg/kg
PTC-028 twice weekly by oral gavage.117:159 Weights and tumor sizes were measured three
times weekly. Tumor volumes were calculated using an ellipsoid volume formula: 7t / 6 x
L x W x H.185 In accordance with the IACUC protocol, mice were sacrificed when tumors
reached a volume greater than or equal to 1500 mms3. Collected tumors were removed
post-mortem and snap-frozen in liquid nitrogen for immunoblotting or formalin-fixed

and paraffin-embedded for immunohistochemistry.

2.2.9 Immunohistochemistry

A representative tumor array of pediatric solid tumors (duplicate punches) was
constructed at The Children’s Hospital of Philadelphia. An additional normal pediatric
tissue array consisted of duplicate punches of 41 normal pediatric tissues/organs
procured from the Children’s Hospital of Philadelphia from 2005 — 2012. BMI1 antibody
(Cell Signaling Technology) was used to stain formalin-fixed paraffin-embedded tissue
slides. Staining was performed on a Bond Rx automated staining system (Leica
Biosystems). The Bond Refine polymer staining kit (Leica Biosystems) was used. The
standard protocol was followed apart from the primary antibody incubation, which was
extended to 1 hr at room temperature, and the post-primary step was excluded 84. BMI1
antibody was used at a 1:200 dilution, and antigen retrieval was performed with E1 (Leica

Biosystems) retrieval solution for 20 min. Slides were rinsed, dehydrated through a series
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of ascending concentrations of ethanol and xylene, and then cover slips were added.
Stained slides were then digitally scanned at 20x magnification on an Aperio CS-O slide
scanner (Leica Biosystems). Tumor microarrays were scored by a pediatric pathologist
(JP) for the most prominent intensity of nuclear staining (score 0-3 with 1 representing
weak/equivocal, 2 moderate, and 3 strong positive staining) as well as for percentage of
tumor nuclei staining.186 An overall score was obtained by multiplying intensity by the
percentage of tumor cells staining. Both cores for each of the two cores per tumor were

averaged for the final score.

2.2.10 Statistical analyses

Data analyses were performed in GraphPad Prism 8. Statistical significance was
determined using an unpaired student two-tailed t-test for two groups. Groups of three
or more were analyzed using an ANOVA. All assays were performed in duplicate unless
otherwise stated and presented using mean and standard deviation. Survival curves were

generated in Prism 8 using the Kaplan-Meier method.:87
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2.3 Results
2.3.1 BMI1 is highly expressed in rhabdomyosarcoma

To investigate BMI1 as a potential therapeutic vulnerability in ARMS, we sought to
define its expression pattern in sarcomas, broadly considered. We first examined
Oncomine and determined the expression of BMI1 in both adult and pediatric
sarcomas.'88 We noted that BMI1 is robustly expressed in pediatric sarcomas, such as
Ewing sarcoma and osteosarcoma, as well as in adult subtypes, including leiomyosarcoma

and chondrosarcoma (Supp. Fig. S2.1A - B).179.188,189

We then focused on RMS. We began by interrogating available datasets and first
examining human exon array data from ARMS and ERMS patient tumor samples.19° We
observed that BMI1 expression levels are expressed across both subtypes (Fig. 2.1A). To
focus on ARMS specifically, we analyzed BMI1 levels from RNA-seq ARMS patient-
derived xenograft (PDX) from the Pediatric Preclinical Testing Consortium (PPTC).19t We
found that BMI1 mRNA levels are expressed in ARMS. (Fig. 2.1B). Furthermore, we
probed the OncoGenomics database and found BMI1 to be expressed in both ARMS and
ERMS (Supp. Fig. S2.1C).34 Using immunohistochemistry, we stained a tumor microarray
bearing ARMS patient samples and confirmed that BMI1 is expressed at the protein level

(Fig. 2.1C), with normal pediatric cerebellum shown as a negative control.

Finally, we surveyed the expression of BMI1 across the ARMS cell lines Rh28,
Rh30, Rh41, and CW9019 and found that BMI1 is expressed across all models (Fig. 1D).
Notably, Rh28, Rh30, and Rh41 have the PAX3-FOXO1 fusion, while CW9019 harbors

the PAX7-FOXO1 fusion.192
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2.3.2 Genetic knockdown of BMI1 leads to reduced cellular proliferation in
ARMS cells

Our analyses demonstrate that BMI1 is highly expressed in both fusion-positive
and negative rhabdomyosarcoma. Given the clinical aggression of ARMS, in subsequent
investigations, we focused exclusively on this subtype. We chose two ARMS cell line
models, Rh28 and Rh30, for genetic knockdown studies, as these models have been well-
studied and are readily transduced and transfected. First, we depleted BMI1 using two
independent shRNAs directed against BMI1 and confirmed effective knockdown of BMI1
by western blot (Fig. 2.2A - B). We observed that BMI1 knockdown significantly reduces
cell proliferation by CellTiter-Glo, an assay that quantitates ATP to determine the number
of viable cells present (Fig. 2.2A - B).193 To further validate these findings, we utilized
pooled siRNAs (comprised of 4 different siRNAs directed against BMI1) to deplete BMI1
transiently and again demonstrated significantly decreased proliferation (Fig. 2.2C - D).
Knockdown of BMI1 was confirmed by RT-PCR (Fig. 2.2C - D). Thus, with both transient

and longer-term depletion of BMI1, we observed decreased proliferation.

2.3.3 Pharmacologic inhibition of BMI1 decreases cell proliferation in vitro
We assessed the effects of pharmacologic inhibition of BMI1 on ARMS. To do so,
we initially employed PTC-209, an inhibitor that reduces BMI1 protein levels and lowers
PRC1 activity in cancer cells, with minimal effects in non-cancerous cell line models 139.
In several aggressive cancer models, such as colorectal cancer and biliary tract cancer,
PTC-209 has been found to impair cell growth by promoting cell cycle arrest and causing
cell death.119:139 Guided by previous studies, we treated 4 ARMS cell lines with PTC-209

across a 7-log dose range (10* M - 105 M). Treatment with PTC-209 significantly
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decreases cell proliferation (Fig. 2.3A - D) in all 4 cell lines, with IC50s ranging from 483
nM to 872 nM (Fig. 2.3K). Protein levels of BMI1 were also reduced with PTC-209

treatment (Supp. Fig S2.2A).

Next, we assessed the impact of a second-generation BMI1 inhibitor, PTC-028, on
ARMS proliferation. PTC-028 inhibits BMI1 by a different method than PTC-209,
resulting in hyperphosphorylation of BMI1 and disrupting its function.159 It is also orally
bioavailable, allowing for preliminary investigation of BMI1 disruption in the in vivo
setting; for these reasons, in subsequent studies, we employed PTC-028. Treatment with
PTC-028 similarly decreases cell proliferation (Fig. 2.3F - J) in all 4 cell lines, yielding
decreased BMI1 protein levels (Supp. Fig. S2.2A). To test if this was due to
hyperphosphorylation of the BMI1 protein as previously reported!s9, we treated Rh3o
cells with PTC-028 at 100 nM and 1 uM, then collected lysates after 12 hr (Supp. Fig.
S2.2B). Some lysates were treated with a Lambda (A\) protein phosphatase to remove
phosphorylation bands and confirm BMI1 protein loss. We indeed found that BMI1 is
being hyperphosphorylated after PTC-028 addition at both 100 nM and 1 uM doses, and
the BMI1 protein level decreases slightly at 1 uM treatment (Supp. Fig. S2.2B). Next, as
expected, IC50s were lower for PTC-028 than for PTC-209, consistent with the greater
potency of PTC-028 (Fig. 2.3K). Additionally, brightfield microscopy and colony
formation assays showed that viability is significantly diminished with 50 nM and 100
nM doses of PTC-028 in Rh3o and CW9019 (Supp. Fig. S2.2C - D). Thus, our data indicate
that two BMI1 inhibitors significantly decrease proliferation in ARMS cell line models,

mimicking the effects we observed with genetic disruption of BMI1.
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2.3.4 Targeting BMI1 decreases cell cycle progression and increases
apoptosis in ARMS

We next aimed to define the mechanisms by which BMI1 promotes cell
proliferation. Previous investigations have demonstrated that BMI1 influences cell cycle
progression in part through repression of the CDKN2A (p16-INK4a) locust©8, although
this regulation is not observed in all contexts. BMI1 also possesses functions independent
of CDKN2A repression, including regulating genes involved in differentiation and cell
contact inhibition in Ewing sarcoma and androgen receptor expression in prostate

cancer.79.194

To investigate the influence of BMI1 on cell cycle progression, we treated Rh3o0
with PTC-028 at doses below and near the IC50 of Rh30 and then performed BrdU/7-
AAD staining. We observed a ~10% increase in the sub-G1 population (p = 0.0358) and a
50% decrease in the percentage of cells in S phase (p = 0.0426) when the cells were treated
with 50 nM of PTC-028 for 24 hr (Fig. 2.4A - 4B). Given the increase in the sub-G1
population, we speculated that BMI1 additionally increases apoptosis in vitro. Therefore,
we performed Annexin V/PI staining after 72 hr of PTC-028 treatment and observed a
dose-dependent increase (20-50% across cell lines, p < 0.05) in the percentage of
apoptotic cells (Fig. 2.4C - 4D). To further verify the apoptotic phenotype, we probed for
cleaved PARP and noted an increase in PARP cleavage with PTC-028 addition (Fig. 4E).
Additionally, we performed Caspase-Glo analyses of shBM1I1/siBMI1 Rh28 and Rh30 cell
lines to complement these data. We discovered an increase (shBMI1: 2-4 fold across cell
lines, p < 0.05, siBMI1: 3-5 fold, p < 0.05) in caspase 3/7 activity (Supp. Fig. S2.3A - B).

We delved down further and analyzed apoptosis in siBMI1 transfected Rh28 and Rh3o
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cells by Annexin V/PI staining and again noted an increase (2.8-5 fold, p < 0.05) in the
apoptotic fractions (Supp. Fig. S2.3C). Together, these data confirm that
pharmacologically targeting BMI1 impairs progression to S phase and results in

apoptosis.

2.3.5 Single agent PTC-028 treatment causes tumor growth delay in vivo

To provide the initial foundation for targeting BMI1 in ARMS, we employed PTC-
028, which is orally bioavailable.7159 Nude mice bearing Rh30 xenografts were treated
with vehicle or PTC-028 (15 mg/kg by oral gavage) daily, a dosing scheme guided by
previous studies.’7159 As shown in Fig. 2.5A, treatment with PTC-028 delays tumor
growth compared to vehicle (Fig. 2.5A, p = 0.0005). The treatment was well-tolerated,
with no significant change in weights (Fig. 2.5B) and no signs of pain or distress in the
mice observed. The median survival of the vehicle group was 19 days, while the median
survival of the PTC-028 treated group was 39 days (Fig. 2.5C, p = 0.0002). The tumors
were harvested and analyzed for BMI1 protein levels. By western blot, we noted that
tumors in PTC-028 treated mice had an approximately 30% reduction in BMI1 levels
compared to control. (Fig. 2.5D). Interestingly, however, in contrast to the in vitro setting,
we noted no increase in cleaved PARP (Fig. 2.5E). Collectively, these results suggest that
single-agent treatment with PTC-028 delays, though does not abrogate, the growth of an

ARMS xenograft.

2.3.6 BMI1 negatively influences Hippo signaling
Given our findings demonstrating the positive influence of BMI1 on cell cycle

progression, we first asked whether BMI1 inhibits CDKN2A expression in ARMS.65 A
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canonical target of BMI1 is CDKN2A, and repression of CDKN2A controls cell cycle
progression to S phase.5.108 We found that BMI1 inhibition by PTC-028 treatment leads

to a slight upregulation in CDKN2A protein levels in Rh30 (Supp. Fig. S2.4A).

We then undertook a candidate-based approach to identify additional novel BMI1-
influenced signaling networks in ARMS. We focused on Hippo signaling for the following
reasons: 1. BMI1 has been reported to interact with the Yes-Associated Protein (YAP) in
Ewing sarcoma, though whether this occurs in RMS is unclear'79, 2. PAX3-FOXO1 has
been found to suppress the Hippo pathway in ARMS95, and 3. Loss of Hippo signaling by

Mst knockout was shown to accelerate ARMS tumorigenesis.19¢

We initially explored the effects of BMI1 inhibition on canonical Hippo signaling.
Normally, YAP/TAZ binds TEAD, and YAP/TAZ/TEAD complexes influence groups of
genes implicated in cell cycle progression and growth.:97 MST1 phosphorylates and
activates LATS1/2, which in turn phosphorylates YAP/TAZ, leading to YAP/TAZ
degradation and exclusion from the nucleus, with subsequent reduction in the amount of
YAP/TAZ/TEAD complexes capable of transcriptional activation.9” Upon treatment with
PTC-028, we observed that LATS1/2 phosphorylation increases and YAP levels decrease
(Fig. 2.6A), indicating that the Hippo pathway is activated when BMI1 is inhibited.
However, there is no change in total LATS1/2 levels or MST1 phosphorylation (Supp. Fig.
S2.4B - C), suggesting a possible alternative mechanism for the increase in LATS1/2
phosphorylation. We depleted BMI1 using siRNAs and similarly observed an increase in
LATS1/2 phosphorylation and a decrease in YAP protein expression (Fig. 2.6B). BMI1

inhibition appears to promote Hippo pathway activation through LATS1 phosphorylation.
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We then looked further downstream at several canonical YAP/TAZ targets. We
chose several canonical YAP/TAZ targets, AXL, CYR61 (CCN1), and CTGF (CCN2), which
are involved in processes such as cellular proliferation, cell cycle progression and cell
migration/invasion.197-200 We found that levels of all these proteins decrease with PTC-
028 addition (Fig. 2.6C). Our current model (Fig. 2.6D) summarizes these data, which
suggest that BMI1 promotes tumor cell growth by inhibiting LATS1/2 phosphorylation
and allowing YAP/TAZ/TEAD to transcribe canonical target genes (such as AXL, CYR61,
and CTGF). When BMI1 is lost, either by genetic knockdown or PTC-028 treatment,
Hippo is activated, LATS1/2 remain phosphorylated, and YAP is subsequently degraded

(Fig. 2.6D).

Next, we sought to demonstrate that BMI1 promotes cell proliferation by inhibiting
Hippo signaling; we took two approaches to rescue the phenotype of BMI1 inhibition.
First, in Rh28 and Rh30, we knocked down LATS1, LATS2, or both LATS1/2 by siRNA
transfection (Fig. 2.6E) and showed that YAP levels increase when LATS1 or both
LATS1/2 are knocked down. Then we treated cells transfected with siCtl, siLATS1,
siLATS2, and siLATS1/2 with PTC-028 at a 7-log range of doses (10* M - 105 M) to
recalculate IC50s (Fig. 2.6F). We found that knockdown of LATS1, LATS2, and LATS1/2
increased PTC-028 IC50s approximately 2-4 fold compared to control (Fig. 6G). In our
second approach, we overexpressed YAP directly by transducing Rh28 and Rh3o0 cells
with lentiviral particles containing pGAMA-Empty (empty vector) or pPGAMA-YAP (YAP
tagged with mCherry). We confirmed overexpression by western blot (Fig. 2.6H). We

treated Rh28/Rh30 pGAMA-empty and pGAMA-YAP cell lines with a 7-log range of doses
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(10 M - 105 M) and calculated IC50s (Fig. 2.61-J). The IC50s were approximately 2-3
fold higher in YAP-overexpressing cells (Fig. 2.6J), suggesting a link between BMI1 and
LATS1/2-YAP signaling within the Hippo pathway. Collectively, these data demonstrate
that BMI1 influences cell proliferation by negatively regulating Hippo signaling. The
effects of BMI1 inhibition can be partly reversed by inhibiting LATS1/2 and the

upregulation of YAP.
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2.4 Discussion

Our understanding of, and hence optimal treatment for ARMS, remains
inadequate. Motivated by a growing understanding that PAX3-FOXO1 fusion proteins
interact with diverse epigenetic complexes, including BRD49:173 and CHD492, we
hypothesized that BMI1 would contribute to ARMS aggression and that inhibiting this
protein could potentially confer therapeutic benefit. Notably, while studies suggest that
BMI1 inhibition is a downstream effect of PTC-028162, our studies show that genetic
depletion of BMI1 using multiple independent siRNAs/shRNAs diminishes proliferation
(Fig. 2.2). Moreover, we find that pharmacologic disruption using PTC-209, which
inhibits effective translation of BMI1 mRNA39, decreases ARMS cellular viability
significantly (Fig. 2.3). We provide evidence that BMI1 inhibition diminishes cell cycle

progression and increases apoptosis (Fig. 2.4).

In the in vivo setting, we show that single-agent treatment significantly decreases,
though does not abrogate, ARMS growth (Fig. 2.5). Notably, while PTC-028 displays
better in vivo characteristics than PTC-209, PTC-028 is still an early generation inhibitor.
PTC-596 is the clinical analog of PTC-028 that has recently entered clinical trials for
patients with advanced solid malignancies.’®¢ A1016 is an additional BMI1 inhibitor
related to PTC-596 and has shown similar positive results in glioblastoma.162 Future
investigations will investigate the impact of these newer generation inhibitors on ARMS.
Recently, investigators showed that the combination of PTC-596 and standard
chemotherapy (gemcitabine and nab-paclitaxel) resulted in regressions in multiple
aggressive pancreatic cancer models and, importantly, was well-tolerated.63 Based on

such studies, we speculate that combining BMI1 inhibition with standard-of-care
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chemotherapeutic regimens in RMS may both be well-tolerated and result in greater
inhibition of tumor growth. However, further studies are needed to investigate this

hypothesis.

While the current study delineates the impact of BMI1 on cell cycle progression
and evasion of apoptosis, BMI1 has been implicated in multiple hallmarks of cancer,
including DNA repair and self-renewal, among others.1°8 In melanoma, BMI1 expression
was correlated with an invasive signature and promoted multiple aspects of melanoma
metastasis, including anoikis, invasion, migration, and chemoresistance.07 Might BMI1
contribute to metastatic dissemination in ARMS, and could disruption of its function
impede metastatic dissemination? Finally, while our studies focused on ARMS, we find
that BM1I1 is broadly expressed in multiple pediatric and adult sarcomas (Fig. 2.1), raising
the possibility that BMI1 may shape the initiation, maintenance, and progression of
diverse sarcoma histotypes. To facilitate such studies, it would be of substantial interest
to investigate the impact of BMI1 overexpression and deletion on various genetically

engineered sarcoma mouse models (GEMMs).

In addition to proposing a role for BMI1 in ARMS, our studies also reveal the
influence of BMI1 on Hippo signaling and raise further mechanistic questions. For
example, we find that inhibition of BMI1 results in increased levels of LATS1/2
phosphorylation at Thr1079/Thr10o41, which is associated with LATS1/2 activation.201
However, inhibiting BMI1 does not appear to influence either the expression or

phosphorylation of MST1, which lies upstream of LATS1 (Fig. S4A). It is possible that
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BMI1 epigenetically represses an unidentified kinase of LATS1/2, or perhaps BMI1
engages with LATS1/2 through protein-protein interactions (Fig. 2.6D). This would be
especially novel, considering the canonical role of BMI1 almost exclusively acting through
epigenetic mechanisms. More investigation will be necessary to define the upstream
mechanism of action by which BMI1 influences Hippo signaling. Looking downstream,
we find that YAP protein levels decrease upon BMI1 inhibition, and several downstream
canonical YAP/TAZ targets (AXL, CYR61, and CTGF) all decrease at the protein level (Fig.
2.6C). This is consistent with our hypothesis that BMI1 suppresses Hippo pathway
activation.1°8 We additionally rescued the effects of BMI1 inhibition by PTC-028 by
knocking down LATS1, LATS2, and LATS1/2, confirming that YAP levels increase and
negate the anti-proliferative effects of BMI1 inhibition (Fig. 2.6E-G). We performed a
complementary experiment wherein we overexpressed YAP directly and found similar
results (Fig. 2.6H-J), further confirming the significance of Hippo signaling in ARMS
through BMI1. Interestingly, there is evidence for the deregulation of the Hippo pathway
and subsequent activation of YAP/TAZ in undifferentiated pleomorphic sarcomas.202 It is
intriguing to posit a broad role for BMI1 involvement in the Hippo pathway across
sarcomas and to speculate that BMI1 inhibition may provide a method of activating the

Hippo pathway in these malignancies.

In conjunction with further dissection of BMI1-Hippo signaling, it will be essential
to define the entire repertoire of genes influenced by BMI1 using both RNA-seq and ChIP-
seq approaches and to see how BMI1-influenced genes converge and diverge from other

malignancies by analyzing target gene expression states.!18162,194 Furthermore, it will be
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of substantial interest to determine if BMI1 acts through its canonical role as a member
of the PRC1 complex, or by associating with other complexes to control gene expression
in ARMS. There are six canonical PRC1 complexes (and even more non-canonical), each
with a different PCGF (BMI1 is PCGF4). It would be interesting to determine if the
inhibition of other PRC1 complexes would have similar effects to targeting BMI1.11t
Perhaps combining inhibitors of different PRC1 complexes could have a synergistic effect,
as it is possible that PRC1 groups could compensate for another if one or more is lost.
Moreover, what effects does BMI1 inhibition have on global chromatin changes?
Additional ChIP-seq experiments investigating where BMI1/PRC1 localizes in ARMS,
then further exploring the impact of BMI1 inhibition on repressive histone marks such as
H2AK119Ub and H3K27me3, along with active marks like H3K27ac, will help clarify the

molecular mechanisms by which BMI1 influences the malignant phenotype.

2.5 Conclusions

Our studies propose a novel role for BMI1 signaling in ARMS, connect BMI1 to the
Hippo pathway, and raise additional questions regarding BMI1 function and signaling.
They provide a strong foundation for investigating the utility of BMI1 inhibition in ARMS
and should spur further investigations of BMI1 and other PRC1/2 proteins as potential

dependencies in RMS and other sarcomas.
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ARMS tumors from patients and a negative control normal pediatric cerebellum. BMI1 is
brown (DAB). The nuclear counterstain for BMI1-negative cells is purple (hematoxylin).
The first number refers to the percentage of tumor cell nuclei expressing BMI1, while the
second number is the strength of the staining, which ranges from o (negative) to 3 (strong
staining).186 (D) Western blot of ARMS cell lines Rh28, Rh30, Rh41 and CW9o019 showing

BMI1 protein expression with a Ku8o loading control.



A Rh28
— 4x108—
@
=
-]
g 3x106 "= *p=0.0155
5 1 p = 0.0254
(2]
£ 2x10°4 .
E T
3
2 +
= 1x106+
£
]
S
0 T T T
N
%QCJ @\'\ \X\\\
N4
=) =)
BMI1 | s
Ku80
C
Rh28
7 419 o = 0.0087
=}
2 3x108 |
3
wy
2 2x1084
E
3
= 1%105
£
®
- o—T
o N
< ég\%@
Rh28
&
B < 0.0001
REE N — I
a
&
<
=
€ 054
S
g
5]
2

00—7—71—

N "
£

m

—. 8x108+

Viability (Luminescence Units

57

Rh30

%106 % *p=0.0055
1 p =0.0092

4x105

2x106

BMI1 g s w8

Ku80 p— -~
D
Rh30
7 #7107 p = 0.0073
i =
2
2
£ 4x1084
£
3
Z 2x10°+
£
o
- e
&N
& 9@.
Rh30
c
2 E p < 0.0001
g 1.0
5
&
<L
=
% 0.5+
g
©
[oh])
@
00——7T—T71 —
> N
£ ‘}q,\@

Figure 2.2 Genetic knockdown of BMI1 leads to reduced cellular
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(A) Rh28 (A) and Rh3o0 (B) cell lines were infected with control lentiviruses or lentiviruses
expressing two independent shRNAs directed against BMI1. Cell proliferation in control
and BMI1-depleted cell lines as assessed by Cell-TiterGlo. Western blotting of BMI1 and
Ku80 in corresponding cell lines. (C-D) Rh28 (C) and Rh30 (D) cells were transfected
with control siRNAs or pooled siRNAs directed against BMI1. Cell proliferation was
assessed by Cell-TiterGlo, with corresponding siCtl and siBMI1 RT-PCR data depicted
below. Standard deviation bars shown. Results are representative of at least three

independent experiments. P-values are shown in the figure.
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(A-D) Cell lines Rh28 (A), Rh3o (B), Rh41 (C), and CW9o019 (D) were treated with a 7-
log dose range of PTC-209. Graphs display cell viability measured with CellTiter-Glo with
varying concentrations of PTC-209. E. Dose-response curve of PTC-209 ranging from 10~
1M — 105 M. (F-I) Cell lines Rh28 (F), Rh30 (G), Rh41 (H), and CW9o019 (I) were treated
with a 7-log dose range of PTC-028. Graphs display cell viability measured with CellTiter-
Glo at varying concentrations of PTC-028. (J) Dose-response curve of PTC-028 ranging
from 10t M — 105 M. (K) Table summarizing IC50 values of PTC-209 and PTC-028.
Standard deviation bars depicted. Results are representative of at least three independent

experiments.
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on the y-axis with 7-AAD on the x-axis. (C) Flow cytometry analysis of Annexin V/PI
staining in Rh28, Rh30, and Rh41, with PTC-028 treatment ranging from o - 100 nM for
72 hr. (D) Representative example of flow cytometry data illustrating apoptosis with
Annexin V (y-axis) and propidium iodide (x-axis). (E) Rh3o was treated with PTC-028
for 72 hr, with western blot depicting cleaved PARP and actin. Standard deviation bars
depicted. Results are representative of at least three independent experiments. P-values

are shown in the figure.
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vivo

Rh30 xenografts were treated with vehicle or PTC-028 (15 mg/kg 2x/weekly). (A)
Response of tumor volumes to vehicle and PTC-028. (B) Weight change from baseline on
study arms. (C) Kaplan-Meier analyses for Rh30 xenografts. (D) Representative western
blot of BMI1 and Ku80 in control and PTC-028 treated tumors. (E) Western blot of
cleaved PARP levels with GAPDH as a loading control. Standard deviation bars are

included. P-values are shown in the figure.
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Hippo activated
BMI1 inhibited

Nucleus

Sample PTC-028 IC50 (nM)
Rh28 siCtl 1477
Rh28 siLATS1 2786
Rh28 siLATS2 2987
Rh28 siLATS1/2 3853
Rh30 siCtl 23.82
Rh30 siLATS1 114.6
Rh30 siLATS2 89.84
Rh30 siLATS1/2 1295

Sample PTC-028 IC50 (nM)
Rh28 Empty Vector 102.8
Rh28 +YAP 3358
Rh30 Empty Vector 63.82

Rh30 +YAP

1107

(A) Rh28 and Rh3o cells were treated with PTC-028 at respective IC5 or IC50

concentrations for 72 hr, with DMSO as a control. Western blot of BMI1 and Hippo

pathway members YAP, TAZ, TEAD1, LATS1, p-LATS1/2, and Ku80/GAPDH as loading

controls. (B) Rh3o0 cells were transfected with an siRNA pool against BMI1, and western

blot analyses were performed after 72 hr. Western blot of BMI1 and Hippo pathway

members YAP, TAZ, LATS1, p-LATS1/2, and GAPDH as loading controls. (C) Rh30 cells

were treated with PTC-028 at respective IC5, IC50, or IC90 doses, with DMSO as a

control. Western blot of AXL, CYR61, and CTGF with histone H3 as a loading control. (D)
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Model of BMI1 involvement in the Hippo pathway. In ARMS, BMI1 inhibits Hippo
signaling, decreasing LATS1/2 phosphorylation, allowing YAP/TAZ/TEAD to transcribe
genes related to growth, survival, and cell cycle progression. When BMI1 is inhibited
pharmacologically or genetically, LATS1/2 are phosphorylated, leading to YAP
degradation and diminishing the transcription of YAP/TAZ/TEAD target genes. (E) Rh28
and Rh30 cells were transiently transfected with pooled siRNAs against LATS1, LATS2,
or both, with a non-targeting pool as a control (siCtl). Western blot shows protein levels
of LATS1, LATS2, YAP, with GAPDH as a loading control. (F) Dose-response curve of
PTC-028 ranging from 10 M - 105 M, using transiently transfected siCtl, siLATS1,
siLATS2, siLATS1/2 cells from (E). (G) Table summary of PTC-028 IC50s from (F). (H)
Western blot representing stably lentivirus-transduced cell lines Rh28/Rh30 pGAMA-
Empty (Empty) and Rh28/Rh30 pGAMA-YAP. pGAMA-YAP contains mCherry-tagged
YAP (mCh-YAP), which runs at a higher molecular weight (= 85 kDa) than endogenous
YAP (= 65 kDa). GAPDH as a loading control. (I) Dose-response curve of PTC-028
ranging from 10* M - 105 M, using stable cell lines Rh28-Empty, Rh28+YAP, Rh3o0-
Empty, and Rh30+YAP from (H). (J) Table summary of PTC-028 IC50s from (I). Results

are representative of at least three independent experiments.
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(A-B) BMI1 mRNA expression from Gibault (A) and Henderson Sarcoma (B). Human
exome array data from the Oncomine database.3¢ Y-axis is Log2 median-centered

intensity. (C) Data from the OncoGenomics database.4© BMI1 expression on the y-axis

(Log2) from RNA-seq from FP-RMS and FN-RMS PDX models.
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Supplementary Figure S 2.2, related to Figure 2.3. Pharmacologic inhibition
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(A) Rh30 cells were treated with a range of PTC-209 and PTC-028 doses and harvested
after 72 hr. Western blots were performed, and BMI1 levels were analyzed. Ku80 serves
as a loading control. (B) Rh30 cells were treated with DMSO, 100 nM PTC-028, or 1 uM
PTC-028 and harvested after 12 hours. Western blots were performed, and BMI1 levels
were analyzed. Samples treated with lambda phosphatase indicated by +AP. GAPDH as a
loading control. (B) Brightfield microscopy images (scale bar = 100 um) of Rh3o0 cells
treated with DMSO, 50 nM PTC-028, or 100 nM PTC-028 after 72 hr. (C) Images of
crystal violet stained Rh30 or CW9o019 cells treated with either DMSO or PTC-028 after

10 days of colony formation.
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Supplementary Figure S 2.3, related to Figure 2.4. Targeting BMI1 decreases

cell cycle progression and increases apoptosis in FP-RMS
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(A) Rh28 and Rh30 cells were transduced with two separate BMI1 (2 and 4) shRNAs
compared to a nontargeting shRNA shCtl. Relative Caspase-Glo data measured in relative
luminescence (y-axis) compared to shCtl. Western blotting as depicted in Figure 2.4A-B.
(B) Rh28 and Rh30 cells were transfected transiently with an siRNA pool against BMI1.
After 72 hr, the Caspase-Glo assay was performed and measured in relative luminescence
(y-axis). RT-PCR as depicted in Figure 2.4C-D. (C) Annexin-V/PI staining was performed
on siRNA transfected cells after 72 hr, and total apoptotic cells were calculated. Standard

deviation bars depicted. Experiments were performed in duplicate.
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(A). Western blot of CDKN2A levels across a range of PTC-028 doses in Rh30 cells. Cells

were harvested after 72 hr. GAPDH as a loading control. (B). Western blot of MST1 and

p-MST1 levels across a range of PTC-028 doses in Rh28 and Rh30 cells. GAPDH and H3

as loading controls. (C) Western blot of siRNA transfected cells of MST1 and p-MST1

levels in Rh30 cells. Western blotting of BMI1 as depicted in Figure 2.6C. GAPDH as a

loading control.



Supplementary Table 2.1

List of antibodies, sources, and dilutions used in all western blot assays.
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Antibody Company Dilution
BMI1 Cell Signaling Technology 1:1000
Ku80 Cell Signaling Technology 1:5000
Cleaved PARP Cell Signaling Technology 1:1000
B-Actin Cell Signaling Technology 1:1000
GAPDH Cell Signaling Technology 1:5000
MST1 Cell Signaling Technology 1:1000
p-MST1/2 (Thr183)/(Thr180) Cell Signaling Technology 1:500
LATS1 Cell Signaling Technology 1:1000
p-LATS1/2 (Thr1079)/(Thrio41) | Cell Signaling Technology 1:500
YAP/TAZ Cell Signaling Technology 1:500
AXL Cell Signaling Technology 1:500
CYR61 Cell Signaling Technology 1:500
CTGF Cell Signaling Technology 1:500
CDKN2A (p16-INK4A) Proteintech 1:1000
Histone H3 Abcam 1:1000
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Abstract

Purpose: This study aims to identify novel targets in the rare pediatric cancer, fusion-
positive rhabdomyosarcoma (FP-RMS), and examine differences/similarities in FP-RMS
tumor responses to BMI1 (B lymphoma Mo-MLYV insert region 1 homolog) inhibition.
Methods: FP-RMS cell lines Rh28 and Rh30 were treated with DMSO (vehicle) or PTC-
028, a BMI1 inhibitor, and RNA was collected after 24 or 48 hr in triplicate. RNA-seq was
performed, and gene expression data were analyzed through Gene Ontology (GO) and
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analyses. Data from
OncoPPi and the STRING database were also utilized in this study.

Results: Both Rh28 and Rh30 had some overlapping pathways affected by PTC-028,
notably downregulation of cell cycle progression, the DNA damage response, and
cholesterol biosynthesis. Rh30+PTC-028 had more genes containing TEAD-motifs
downregulated compared to Rh28+PTC-028. Rh28 and Rh30 also had differing changes
in expression in kinases of LATS1/2, EPHA2, and PDGFRA.

Conclusion: Overall, these results bring new insights into pathways influenced by BMI1

expression and contrasting inter-tumoral drug responses in FP-RMS.
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3.1 Introduction

Rhabdomyosarcoma (RMS) is the most common pediatric soft-tissue sarcoma.24.25
There are two main histological subtypes: alveolar rhabdomyosarcoma (ARMS) and
embryonal rhabdomyosarcoma (ERMS).24 Typically, ARMS encompasses fusion-positive
RMS (FP-RMS), which express the fusion proteins PAX3/7-FOXO1, while ERMS is
fusion-negative (FN-RMS).24 Patients with FP-RMS have worse outcomes than patients
with FN-RMS; those with FP-RMS have a ~60% 5-year survival rate and an even lower
survival rate if there is metastatic dissemination.24.25 There are currently no available
targeted therapies for patients with FP-RMS; therefore, novel therapeutic opportunities

need to be investigated.

In the United States, the first line of treatment for FP-RMS is a multi-modal
approach that includes surgery, a combination of chemotherapies vincristine,
actinomycin-D, and cyclophosphamide (VAC), and radiation.2429.203 These aggressive
chemotherapies disrupt microtubule formation and prevent protein synthesis by
disrupting transcriptional elongation and DNA and RNA alkylation. There is a significant
knowledge gap as to why some patients with FP-RMS respond to treatment and others do
not, why primary FP-RMS tumors metastasize to specific sites (lungs, bone marrow, bone,
lymph nodes), and why FP-RMS tumor recurrence/relapse is so frequent.24.26,29,203-205
Tumor heterogeneity at the cellular and gene expression level may give rise to
inconsistent responses to treatment, tumor progression, and recurrence.!38:206 Thus, it is
imperative to understand the cellular and gene regulatory events that occur in response

to anti-cancer agents.
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Epigenetic therapy is an emerging treatment approach that aims to restore gene
expression to healthy, non-cancer levels and inhibit cancer cell behavior. For instance, 5-
azacytidine, which inhibits DNA methyltransferase, is one of the first successful, FDA-
approved epigenetic therapies in myelodysplastic syndromes (MDS) and significantly
improves patient outcomes.207-209 Another druggable chromatin protein is known as
BMI1 (B lymphoma Mo-MLV insertion region 1 homolog), a Polycomb Repressive
Complex 1 (PRC1) member, is overexpressed several types of cancer6s:106,108,110,139,148,189
and can be blocked with small molecule inhibitors such as PTC-028. Previously, we have
shown that FP-RMS cell lines are sensitive to inhibition of BMI1.2:0 We observed that FP-
RMS cells treated with PTC-028 undergo activation of the tumor-suppressive Hippo
pathway and apoptosis. Hippo pathway proteins LATS1/2 showed increased
phosphorylation in PTC-208-treated cells, suggesting a role for BMI1 at the post-
translational level. However, BMI1 and its complex PRC1 are best known for regulating
the transcription of genes in the nucleus. Therefore, in this study, we used a global
expression analysis to explore how BMI1 inhibition by PTC-028 affects the transcription

levels of genes in FP-RMS cells.
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3.2 Materials & Methods
3.2.1 Cell culture

The Rh28 cell line was obtained from the Children’s Oncology Group, and the
Rh30 cell line was obtained from the Children’s Hospital of Philadelphia (Dr. Margaret
Chou). Cell line authentication (STR profiling) was performed by the Emory Integrated
Genomics Core. Mycoplasma testing was performed regularly using a Mycoplasma test
kit (PromoCell, PK-CA91-1024). Cells were cultured in a humidified incubator at 37°C
with 5% CO-. Rh30 was passaged every 2 days in DMEM (Corning, Bedford, MA, USA),
and Rh28 was passaged every 2-3 days in RPMI 1640 (Corning). All media was
supplemented with 10% FBS (Corning) and 1% (2 mM) l-glutamine (Gemini, West

Sacramento, CA, USA). No antibiotics or antimycotics were added to the media.

3.2.2 RNA-seq study design

Cells were treated with PTC-028 at their respective IC50s (Rh28 = 117 nM Rh3o0 =
40 nM)=21° for 24 or 48 hrs, or with DMSO (24 hrs) as a control. Three biological replicates
were collected for each condition. RNA was extracted using guanidinium-phenol (TRIzol)
and the RNAeasy mini kit (Qiagen, Hilden, Germany). mRNA libraries were prepared by
Novogene Co., Ltd (Beijing, China) and sequenced on a NovaSeq (PE150, 50-60 million

reads per sample).

Downstream analysis was performed by Novogene using a combination of
programs including STAR, HTseq, Cufflink, and wrapped scripts. The reference genome
(hg38) and gene model annotation files were downloaded from the genome website

browser UCSC directly. Indexes of the reference genome were built using STAR, and
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paired-end clean reads were aligned to the reference genome using STAR (v2.5). STAR
used Maximal Mappable Prefix (MMP), which generates a precise mapping result for
junction reads. HTSeq v0.6.1 was utilized to count the reads mapped to each gene, and
FPKM (Fragments Per Kilobase of transcript per Million mapped reads) of each gene was
calculated.2* Alignments were parsed using Tophat, and differential expressions were
determined via DESeq2/edgeR. GO, and KEGG enrichments were determined by
ClusterProfiler. Novogene processed RNAseq data (FPKM) were clustered using the
hierarchical clustering distance method with the function of heatmap, SOM (Self-
organization mapping), and kmeans using silhouette coefficient to adapt the optimal
classification with default parameter in R (hclust). Differential expression analysis
between DMSO versus PTC-028 (24 or 48 hrs) treated cells (three biological replicates
per condition) was performed using the DESeq2 R package (2_1.6.3). The resulting P-
values were adjusted using Benjamini and Hochberg’s approach for controlling the False
Discovery Rate (FDR). Genes with an adjusted P-value <0.05 found by DESeq2 were

assigned as differentially expressed.

3.2.3 Data analyses and graph production

Data analyses were performed in R, Graphpad Prism 9, and Microsoft Excel.
Heatmaps were produced in R and Graphpad Prism 9. Volcano plots and boxplots were
produced in Graphpad Prism 9. GO/KEGG bar charts were produced in R. Protein

interaction networks were created in Cytoscape 3.8.2.
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3.3 Results
3.3.1 BMI1 inhibition influences global gene expression in FP-RMS

We have previously identified BMI1 as a therapeutic vulnerability in FP-RMS.
Importantly, we illuminated a mechanism whereby BMI1 negatively regulates
phosphorylation of LATS1/2 and YAP, thus suppressing Hippo pathway activation. In
BMI1-inhibited, Hippo-activated cells, YAP becomes phosphorylated and is degraded,
and YAP becomes unavailable to interact with Transcriptional enhanced associate
domain (TEAD). As a result, TEAD target genes, which promote cancer growth, survival,
and cell cycle progression, lose expression. Previously we observed reduced protein levels
for a few key TEAD targets (AXL, CTGF, and CYR61).21° To investigate the broader impact
of BMI1-inhibition on gene regulation, we profiled the entire transcriptome in PTC-028-

treated FP-RMS cells.

We performed RNA-seq on two FP-RMS cell lines, Rh28 and Rh30, which harbor
the same PAX3-FOXO1 fusion proteins. We treated Rh28 and Rh30 samples in triplicate
with PTC-028 at their respective IC50s for 24 or 48 hrs or with DMSO for 24 hrs as a
control. Hierarchal clustering of the differentially expressed genes (DEGs) within the
samples showed less variability of replicates within treatment groups than between
groups, as expected (Fig. 3.1A). Principal component analysis (PCA) (Supplementary
Figure S3.1) showed that one sample (Rh30 48 hrs, R30_48) did not cluster with the
other two replicates, so this outlier sample was removed from further analyses. The
striking difference in the overall expression profiles of control-treated Rh28 and Rh30
suggest differences in basal gene expression states. Differential expression analysis

showed that very few genes were up- or down-regulated (e1.5 fold change, adjusted p-
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value (padj) < 0.05) in the Rh30+PTC-028 24 hrs group (down = 7, up = 10) compared
to the Rh28+PTC-028 24 hrs group (down = 103, up = 100). Then, in the 48 hrs groups,
fewer genes were downregulated in both cell lines (100 - 300) versus upregulated (600 -
700). This suggests that treatment time may influence the total number of affected genes,
and more genes are being upregulated upon PTC-028 treatment than downregulated.
Overall, the results show that while the two FP-RMS cell lines have different basal gene
expression profiles, both are sensitive to epigenetic perturbation with the BMI1 inhibitor

PTC-028.

3.3.2 Gene ontology and pathway analyses reveal downregulation of DNA
replication and activation of cellular differentiation during BMI1 inhibition

To understand the biological significance of the gene transcription changes we
observed with RNA-seq, we analyzed gene ontology (GO) enrichment terms!2:213 of the
differentially expressed genes (top DEGs in Supplementary Table 1). First, we examined
downregulated genes because we expect BMI1 inhibition to reduce the expression of
TEAD targets involved in cell growth, survival, and cell cycle.2:° The top five enriched GO
terms in PTC-028-treated Rh28 are related to DNA replication (GO: 0006260) (Fig.
3.2A). KEGG pathway enrichment identified ribosomal components (hsao3010) and
DNA replication (hsa03030) as the most significantly affected pathways. In Rh30, the top
five enriched GO terms involve RNA processing (GO: 0006396) (Fig. 3.2A), which is
consistent with the enriched KEGG pathways that involve the spliceosome (hsa03040)

and RNA transport (hsa03013).
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Next, we investigated the upregulated genes to determine how the activation of
biological activities might contribute to the cells’ sensitivity to BMI1. Up-regulated genes
in Rh28 and Rh30 were enriched for GO biological processes related to muscle
differentiation (G0:0042692) and contraction (GO:0006936), respectively, which
suggests the induction of pathways that promote differentiation rather than plasticity and
proliferation (Fig. 3.2B). KEGG pathway enrichment showed upregulation of p53
signaling (hsao4115) in Rh28, suggesting the reactivation of the tumor-suppressive p53

pathway. We found no significantly enriched KEGG pathways in Rh3o0.

To identify commonly affected biological processes in PTC-028-treated Rh28 and
Rh3o0, we identified shared up- or down-regulated genes (Fig. 3.2C). Only 2 common
genes were downregulated in both Rh28 and Rh3o: MVD and LOC102724250. MVD
encodes mevalonate diphosphate decarboxylase, while LOC102724250 encodes
Neuroblastoma Breakpoint Family Member 1 (NBPF1). The downregulation of MVD
indicates that BMI1 influences the early stages of cholesterol biosynthesis in FP-RMS. The
upregulated group showed 66 co-upregulated genes in Rh28 and Rh30, so we performed
GO analyses using PANTHERdD.214 The upregulated group shows that actin-myosin
filament sliding (45-fold enrichment) and skeletal muscle contraction (44-fold
enrichment) are enriched upon PTC-028 treatment. These results agree with the previous
indication that muscle differentiation/muscle contraction was upregulated in Rh28 and
Rh3o (Fig. 3.2A). Our gene ontology and pathway analyses suggest that BMI1 inhibition
might disrupt overall plasticity in both FP-RMS cell lines while also affecting distinct
pathways in a context-dependent manner, i.e., DNA replication in Rh28 and RNA

processing in Rh3o0.
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3.3.3 TEAD-regulated gene expression in Rh3o0 is more sensitive to BMI1 and
Hippo pathway inhibition

Although Rh28 and Rh30 were selected to represent the same disease!92, they
possess phenotype and karyotype differences that might correspond with differences in
gene regulation that could influence how each cell line responds to BMI1 inhibition. For
instance, Rh28 is near-tetraploid2:5, and Rh30 is near-triploid.2:¢ In our previous study,
we found that BMI1 inhibition led to activation of the Hippo pathway, a tumor-
suppressive pathway involved in tissue regeneration, self-renewal, and organ
development, which is often dysregulated in cancer.200.217.218 When the Hippo pathway is
active, YAP/TAZ remains in the cytoplasm and cannot enter the nucleus and bind
TEADSs.197:219.220 When deactivated, YAP/TAZ enter the nucleus, and YAP/TAZ/TEAD
complexes bind to and activate the promoters of several genes related to cell growth,
proliferation, and cell cycle progression.197:219.220 To further understand how the Hippo
pathway is affected by BMI1 inhibition, we examined the downstream targets of the Hippo

pathway.

To test the hypothesis that TEAD target genes lose expression during BMI1
inhibition, we searched for TEAD binding motifs within the promoters of all differentially
expressed genes (DEGs) in PTC-028 treated Rh28 and Rh3o0 cells. We identified TEAD1,
TEAD3, and TEAD4 binding sites in 7.8 - 9.8% of all DEGs (|log2(fold change)| > 0, padj
< 0.05, 262 of 3,336 in Rh28 and 2,678 in Rh30) using the Transcription Factor Target
Gene Database22! (see Supplementary Table 2 for TEAD motif ID codes), which combines
2,331 DNA motifs with empirical data such DNase I footprints and ChIP-seq data from

8.4 million loci collected from 41 cell lines/tissues. TEAD motif-containing genes (TMGs)
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in Rh3o are downregulated (71%) upon PTC-028 treatment, which supports our
hypothesis (Fig. 3.3A). However, most (63%) of the genes in Rh28 appear to become
upregulated, as well as several (29%) of TEAD targets in Rh3o0 (Fig. 3.3A). Differences in
basal expression levels of the TMGs might underlie their responses to BMI1 inhibition.
We observed that the upregulated gene groups show lower median levels when expression
is compared between untreated Rh28 and Rh3o0 cells (Fig. 3.3B). To determine whether
differential gene responses affect protein product levels, we performed western blots on
the products of canonical YAP/TAZ/TEAD targets for which reliable antibodies were
available. Consistent with the mRNA transcript levels (Fig. 3.3C), AXL, CYR61, and CTGF
protein levels were reduced in Rh30 and were increased or did not change in Rh28
(Supplementary Figure S3.2).197:200.210 These results show that BMI1 inhibition can
decrease or increase the expression of YAP/TAZ/TEAD target genes and that most of the

genes are affected in a cell line-specific manner.

3.3.4 BMI1 inhibition increases the expression of distinct LATS1/2 kinases in
Rh28 and Rh3o

Next, we set out to explore how direct regulation of genes by BMI1, a Polycomb
chromatin protein, might affect the function of the Hippo pathway during
pharmacological BMI1 inhibition. Our previous data showed that LATS1/2
phosphorylation increases upon BMI1 inhibition by PTC-028 treatment, thus activating
Hippo signaling. Since BMI1 has no known kinase activity, we surmised that BMI1,
through its role in PRC1, epigenetically suppresses a gene that encodes a kinase that
phosphorylates LATS1/2. We set out to test the hypothesis that BMI1-inhibited cells show

increased expression of a gene that encodes a LATS1/2 kinase.
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To identify putative kinases of LATS1/2, we downloaded information from the
OncoPPi database222, which uses data from time-resolved fluorescence resonance energy
transfer (TR-FRET) experiments and curated published experimental data from STRING.
223 LATS2 was used as the primary hub since OncoPPi had data for LATS2 and not LATS1.
The interaction network linked 11 kinases to LATS2. These kinases might also
phosphorylate LATS1 because the kinase and activation loops of LATS1 and LATS2 have
very similar sequences (85% similarity).197:224 Integration of the interaction network with
our RNA-seq data (in Cytoscape) (Figs. 3.4A, 3.4B) identified EPHA2 (Ephrin type-A
receptor 2) (log2(fold change) = 1.5) and PDGFRA (Platelet-derived growth factor
receptor alpha) (log2(fold change) = 1.3) as upregulated kinases that interact with
LATS1/2 in Rh28 and Rh30, respectively. Evidence from TR-FRET experiments agrees
with the hypothesis that EPHA2 and PDGFRA could bind and phosphorylate LATS1/2.222
These results support the idea that epigenetic upregulation of kinases may lead to

increased phosphorylation of LATS1/2 and activation of the Hippo pathway.
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3.4 Discussion

Discerning differential tumor responses to drug treatment remains a challenge in
oncology. Our study examined the effects of a small molecule inhibitor of BMI1, PTC-028,
on two FP-RMS cell lines: Rh28 and Rh3o. Our previous work showed that BMI1
inhibition through genetic knockdown or PTC-028 treatment leads to cell cycle arrest and
apoptosis in FP-RMS cell lines. However, by further dissecting how PTC-028 influences
oncogenic signaling, we reveal both similar and contrasting treatment responses in Rh28

and Rh3o0 at the level of gene transcription.

Both Rh28 and Rh30 harbor the PAX3-FOXO1 fusion and were derived from
metastatic tissue from patients with FP-RMS by the lab of Dr. Edwin Douglass at St.
Jude’s Children’s Research Hospital (Memphis, TN).192 Rh28 was obtained from an
axillary node metastasis, and Rh30 from bone marrow metastasis. Both patients were
previously untreated, young (16/17-years-old), and race information is unavailable. Rh28
cells are near-tetraploid2:s, and Rh30 cells are near-triploid.22¢ There are genetic
differences between these two cell lines, such as Rh3o having an amplification of the
CDK4 locus225 and a heterozygous TP53 mutation.216 These features could contribute to
differences in basal expression levels and the different cellular pathways affected in PTC-

028 treated cells.

Our RNA-seq study reveals that genes affected by BMI1 inhibition belong to
pathways associated with muscle differentiation, DNA replication, and RNA processing.
We found that hundreds of genes are affected by BMI1 inhibition by PTC-028 (Fig. 3.1).

First, we analyzed upregulated genes, as PRC1 is mainly repressive; thus, BMI1 inhibition
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results in gene activation. We observed that muscle differentiation and pathways in
cancer (DNA instability and p53 activity) are upregulated upon PTC-028 treatment (Fig.
3.2). This result suggests that BMI1 plays a role in DNA damage repair and may repress
p53 signaling. This also indicates that the FP-RMS cells are likely becoming more
differentiated and less proliferative upon treatment with PTC-028. While the primary role
of PRC1 is repressive, secondary genetic effects may occur through the activation of
transcriptional repressors and miRNAs. Thus, we next examined downregulated genes
and observed that genes related to DNA replication were downregulated in Rh28, and
RNA splicing was downregulated in Rh30 (Fig. 3.2). This result suggests that PTC-028
treatment leads to a loss of cell proliferation, a finding that is corroborated by our
previous work. We combined DEGs from Rh28 and Rh30 to find similarities in PTC-028
response in the FP-RMS cell lines and found that muscle contraction and focal adhesion
processes were upregulated. The process of myogenic differentiation may increase the
number of focal adhesions and slower-moving cells, such as in myotube formation.226-228
Next, only two downregulated DEGs were identified in Rh28 and Rh3o: MVD
(Mevalonate Diphosphate Decarboxylase) and LOC102724250 (Fig. 3.2). MVD catalyzes
the decarboxylation of mevalonate-5-diphosphate to produce isopentenyl diphosphate,
which is necessary for the synthesis of isoprenoids229, such as cholesterol which is
particularly important in dividing cancer cells.23° Increased levels of cholesterol
biosynthesis are associated with many cancers, particularly in glioblastoma
multiforme.23t We have discovered that BMI1 regulates pathways related to
differentiation and metabolism in FP-RMS cells, a finding which has not been previously

reported.
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In our previous work, we discovered that BMI1 suppresses Hippo signaling.2© Our
previous study showed that BMI1 inhibition (PTC-028 treatment) increased LATS1/2
phosphorylation. The exact mechanism for this observation is unclear because BMI1 has
no known kinase activity. In our current study, we identified putative kinases of LATS1/2
that BMI1 may epigenetically regulate. Data from OncoPPi222 and our RNA-seq analysis
suggest that the receptor tyrosine kinase EPHA2 (Ephrin type-A receptor 2) regulates
increased phosphorylation of LATS1/2 in Rh28 cells and that receptor tyrosine kinase
PDGFRA (Platelet-derived growth factor receptor alpha) carries out this activity in Rh3o
cells (both kinases are also wild-type in these cell lines.232 Protein-protein interactions
identified through high throughput TR-FRET experiments support the interaction of
EPHA2 and PDGFRA with LATS2.222 It will be essential to confirm the activity of these
kinases in FP-RMS by genetically knocking down EPHA2 or PDGFRA and observing the
loss of LATS1/2 phosphorylation and gain of resistance against PTC-028. Additionally,
chromatin profiling should be done to map BMI1 and associated chromatin features at
the EPHA2 and PDGFRA genes. Since LATS1/2 phosphorylation prevents YAP/TAZ from
entering the nucleus/binding TEAD to form YAP/TAZ/TEAD complexes and
transcriptionally activate TMGs, we expected BMI1 inhibition to reduce the expression of
highly-expressed TMGs. Our previous study observed downregulation of a few (3)
canonical TEAD targets via western blot. In our current RNA-seq study, we identified 262
differentially regulated TMGs. While many TMGs showed downregulation as expected,
others became upregulated, and we observed cell-line specific differences for most of the
genes (155 of 262 total TMGs) (Fig. 3.3). For instance, canonical TEAD targets AXL,
CTGF, and CYR61 showed lower mRNA and protein levels in PTC-028-treated Rh30 but

higher levels in Rh28 (Supplementary Figure S3.2). Our results suggest that distinct
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subsets of TEAD targets are highly transcribed in different FP-RMS cell lines.
Inconsistent responses to BMI1 inhibition suggest a complex regulatory system where
BMI1 might support activation (through Hippo) or repression (through PRC1) of TMGs

in a locus-specific manner.

In conclusion, we discovered distinct gene expression profiles for two FP-RMS-
derived cultured cell lines, that BMI1 inhibition induces anti-cancer gene expression
states and cellular pathways. Hippo-regulated genes are affected by inhibition of BMI1 in

a locus-specific and cell-line-specific manner.
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Figure 3.1 BMI1 inhibition influences global gene expression in FP-RMS
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(A) Hierarchical cluster map of DMSO and PTC-028 treated Rh28 and Rh3o0 triplicate
samples. Samples cluster according to cell line and condition as expected. Expression
refers to the Z-score. (B) Volcano plots of Rh28 and Rh3o PTC-028 24/48 hrs vs. Rh28

DMSO, -log1o(padj) on y-axis and log2(fold change) on x-axis.
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Figure 3.2 Gene ontology analyses reveal pathways and biological activities

affected by BMI1 inhibition
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(A) Bar charts of gene ontology (GO) biological processes affected in PTC-028 treated
Rh28 and Rh30 cells. x-axes are -log10(padj). (B) Bar charts of KEGG pathway enriched
in PTC-028 treated Rh28 and Rh30 cells. x-axes are -log1o(padj). (C) Venn diagrams of
significant differentially expressed genes (DEGs) with fold changes of greater than 1.5 in

Rh28 PTC-028 48 hrs vs. DMSO and Rh30 PTC-028 48 hrs vs. DMSO.
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Figure 3.3 Gene expression in Rh30 is more sensitive to BMI1 and Hippo

pathway inhibition

(A) Heat map of PTC-028 treated Rh28 and Rh30 cells. All genes are TEAD-motif-
containing genes. They are grouped into sections: <o in Rh30 and Rh28, <0 in Rh30 >0

in Rh28, >0 in Rh30 <0 Rh28, >0 Rh30 >0 Rh28. Expression is log2(fold change). (B)
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Box and whisker plot of TEAD-motif-containing genes in untreated Rh28 vs. untreated
Rh30 in log1o(FPKM). Stratified by groups in (A). (C) Heatmap of YAP/TAZ/TEAD
canonical targets in PTC-028 treated Rh28 and Rh30. Expression is log2(fold change).

YAP/TAZ canonical targets include AXL, CYR61, and CTGF.
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Figure 3.4 BMI1 inhibition differentially affects expression of LATS1/2

kinases in Rh28 and Rh3o

(A) Network of proteins that interact with LATS2 based on OncoPPi data222 (black
lines for direct interactions, dotted lines for indirect interactions), with added edges from
the STRING database223 (gray lines). RNA-seq (log2(fold change)) Rh28+PTC-028 gene
expression data is overlaid. (B) Network of proteins that interact with LATS2 based on
OncoPPi data (black lines for direct interactions, dotted lines for indirect interactions),
with added edges from the STRING database (gray lines). RNA-seq (log2(fold change))

Rh30+PTC-028 gene expression data is overlaid.
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Supplementary Table 3.1 Top differentially expressed genes (DEGs) in PTC-

028 treated Rh28 and Rh3o0 cell lines

List of the top 10 DEGs in Rh28 PTC-028 48 hr vs. Rh28 DMSO (downregulated and

upregulated) and Rh3o PTC-028 48 hr vs. Rh3o DMSO (downregulated and

upregulated). DEGs are sorted by log2(fold change).

Rh28 PTC-028 48 hr vs Rh28 DMSO

Downregulated DEGs

Gene Name log2FoldChange p-value adjusted p-value
ACO008013.3 | -2.357142908 0.00939 0.048321
SLC6A3 | -1.808506459 6.70E-09 1.90E-07
AC009054.2 | -1.781969048 0.003267 0.020922
OR9K1P | -1.523868299 0.001877 0.013477
AC141557.2 | -1.389780951 0.002698 0.017982
HFM1T | -1.326109723 0.002082 0.014625
AC098969.1 | -1.296318722 0.001865 0.013412
AC093797.1 | -1.29619215 0.004746 0.027896
AC242376.2 | -1.283772722 0.004743 0.027892
BASP1-AS1 | -1.280536545 0.006906 0.037867

Rh30 PTC-028 48 hr vs Rh30 DMSO

Downregulated DEGs

Rh28 PTC-028 48 hr vs Rh28 DMSO
Upregulated DEGs

Gene Name log2FoldChange p-value adjusted p-value
MNRAP | 5.061972482 0.000306 0.002979
KCNJ12 | 4216074147 4 T4E-45 1.97E-42
DKK1 | 3.981093668 2 92E-06 4.94E-05
RBFOX1 | 3.952900369 2 29E-06 3.99E-05
PHLDAZ | 3.943885282 0.000187 0.001946
HKDC1 | 3.865835491 1.43E-08 3.84E-07
XIRP1 | 3.574560907 8.10E-16 5.59E-14
AL359195.2 | 3.502876641 0.001614 0.011892
CDHS5 | 3.502435058 8.34E-05 0.000964
APOC1T | 3.298739642 1.39E-10 5.13E-09

Rh30 PTC-028 48 hr vs Rh30 DMSO
Upregulated DEGs

Gene Name log2FoldChange p-value  adjusted p-value
AC092881.1 | -2.032686106 0.001003 0011779
AC044802 1 | -2.02248179 0.001675 0.016911
CALBZ2 | -1.96801154 0.003156 0.026241
STARD13-A5 | -1.898552378 0.000902 0.010895
EDNZ2 | -1.700970122 557E07 391E-05
SNORD12B | -1.669253278 0.007467 0.047371
EGR1|-1.587916428 0.000302 0.005002
LRRC32 | -1.525886351 0.000647 0.008565
GPA33 | -1.494674432 0.002204 0.020466
LINCO1963 | -1.465875535 1.02E-07 9.6TE-06

Gene Name log2FoldChange p-value  adjusted p-value
FRG2B | 2.944340252 1.14E-10 2.8BE-08
CALY | 2.829136371 7.92E-07 D5.27E-05
NOXA1 | 2763665363 0.000317 0.005194
COXBAZ | 2727803552 2.05E-06 0.000105
PDK4 | 2574678736 224E-08 263E-06
MARCHFZ2 | 2.464567809 1.08E-07 1.01E-05
AZM | 2.389397289 7.59E-13 3.71E-10
BCRP4 | 2.375037137 0.001354 0.014521
SIGLECT1 )| 2298531747 0.002509 0.022492
ABCG1T | 2.286642532 0.000931 0.0111865
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Supplementary Table 3.2 TEAD-motif IDs

List of TEAD1, TEAD3, and TEAD4 motif IDs from the transcription factor binding site

database (TFBS).221

Gene TFBS ID code

TEAD1 TEAD1_MAo0090.1, TEAD1_TEA_full_monomeric_10_1,
TEAD1_TEA_full_dimeric_17_1

TEAD3 | TEAD3_TEA DBD_monomeric_8_1, TEAD3_TEA_DBD_dimeric_17_1
TEAD4 TEAD4_TEA_DBD_monomeric_10_1
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Supplementary Figure S 3.1 Principal component analyses plot of RNA-seq

samples

(A) 3D principal component analyses (PCA) of DMSO and PTC-028 treated (24 hrs
and 48 hrs) Rh28 and Rh30 samples. Samples cluster according to group except for one

outlier (R30_48).
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Supplementary Figure S 3.2 Western blot of YAP/TAZ targets in Rh28 and

Rh3o

(A)  Western blots of AXL, CYR61, and CTGF in DMSO and PTC-028 treated (72 hrs)

Rh28 and Rh30 cells. Histone H3 as a loading control.
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4. Discussion and future directions
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4.1 Summary of findings in Chapters 2 and 3

FP-RMS is a rare, aggressive pediatric malignancy with no targeted therapies
available. To date, efforts to target the PAX-FOXO1 fusion protein directly have not been
clinically fruitful. Treatment options are limited to resection, multiagent chemotherapy,
and radiation, which can have significant late effects on pediatric patients. Relapse and
recurrence of FP-RMS is frequent in many patients as well; thus, novel therapies must be

explored.

In Chapter 2, we hypothesized that the epigenome could be a potential target in
FP-RMS. We began by searching for epigenetic targets that were overexpressed in RMS
and other sarcomas. We defined BMI1 as highly expressed in RMS patient samples, PDX
models, and cell lines to establish its potential as a target. We found that BMI1 was highly
expressed, as is common in adult histotypes but more poorly defined in pediatric
cancers.106,108,110,122,139,148,149 To demonstrate the effectiveness of BMI1 inhibition, we
knocked down BMI1 using shRNA and siRNA and showed that BMI1 inhibition resulted
in a loss of viability in FP-RMS. Next, we utilized two independent pharmacological small
molecule inhibitors PTC-209 and PTC-028 across a panel of FP-RMS cell lines and
calculated the IC50s. These IC50s were in line with the effectiveness of PTC-209 and PTC-
028 in other cancer types.!7:159 To further understand how BMI1 inhibition was affecting
FP-RMS cells, we examined the cell cycle and apoptosis and found that the cells had a
dose-dependent increase in the number of cells in early and late apoptosis (Figure 2.4)
upon PTC-028 treatment and a decrease in the number of cells in S phase (Figure 2.4).
These results are consistent with the literature showing that BMI1 controls the G1/S

transition through inhibiting levels of CDKN2A (Cyclin-Dependent Kinase inhibitor 2A,
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encodes p16-INK4a/p14-ARF). We then moved in vivo and tested the effectiveness of
PTC-028 in a subcutaneous xenograft model of Rh30, which is an aggressive model of FP-
RMS. Tumor burden was significantly reduced in mice, and there was an increase in
progression-free survival. PTC-028 treatment reduced overall levels of BMI1, similar to
other models. Finally, we hypothesized that BMI1 influenced the Hippo pathway based
on the importance of this pathway in FP-RMS and the previously published data that
BMI1 interacts with YAP in Ewing sarcoma. Our work has strengthened and broadened
this finding in sarcomas, with implications for other cancer types as well. Through a series
of experiments, we discovered that BM1I1 suppresses phosphorylation of LATS1/2, leading
to repression of Hippo signaling and activation of YAP/TAZ/TEAD targets, a novel
finding that had not previously been reported. We also found that knocking down
LATS1/2 or overexpressing YAP resulted in a rescue of BMI1 inhibition by PTC-028,
suggesting that the Hippo pathway may represent one key target of BMI1 in RMS. BMI1
does have a role in regulating the Hippo pathway. Several questions remain unanswered,
notably 1) how exactly BMI1 influences the Hippo pathway and 2) how BMI1-regulated
pathways shape the malignant phenotype in ARMS. To begin to answer these questions,

we turned to RNA-sequencing.

Thus, in Chapter 3, we investigated how BMI1 inhibition impacts the
transcriptome of FP-RMS cells through RNA-sequencing. Inhibition of BMI1 resulted in
the activation and repression of hundreds of genes in FP-RMS cells. We identified what
pathways were being upregulated in response to BMI1 inhibition and observed alterations

» &

in gene networks corresponding to “muscle differentiation,” “muscle contraction,” and

“p53 signaling.” Loss of plasticity and proliferation by BMI1 inhibition, as it is a stem cell
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marker, is not surprising and is consistent with the literature. Genes related to “DNA
replication,” “Cell cycle,” and “RNA splicing” were downregulated, indicating that BMI1
promotes cell proliferation, one of the seminal hallmarks of cancer. In both cell lines,
Rh28 and Rh30, genes related to “Ribosome” and “Ribosome biogenesis” were
downregulated as well, suggesting that translation may be inhibited by PTC-028
treatment. Our previous hypothesis and work demonstrated that BMI1 suppresses
LATS1/2 phosphorylation, and so we examined the expression levels of genes containing
TEAD-motifs. We expected the expression of TEAD targets to decrease since, upon BMI1
inhibition, Hippo was reactivated, and YAP/TAZ/TEAD are not able to form a complex
and transcribe TEAD target genes. We found that Rh28 had higher expressions of TEAD
targets upon PTC-028 treatment, while Rh30 had lower expressions as we hypothesized.
To understand why, we looked at baseline expression levels of TEAD targets in both cell
lines and saw that Rh28 generally had lower baseline expression of TEAD targets. This
indicates that Rh28 may not be as reliant on the pro-growth and survival genes
downstream of Hippo suppression compared to Rh3o. Future work could model this
across more RMS cell lines and patient-derived xenograft (PDX) models, seeking to
understand the complex oncogenic signaling that is occurring. Then, to answer the
question as to how BMI1 could be influencing LATS1/2 phosphorylation, we created a
protein-protein interaction network to identify kinases of LATS1/2 and found that two
different kinases (EPHA2 and PDGFRA) were upregulated in Rh28 and Rh30, suggesting
that these two kinases could interplay with LATS1/2. However, further experiments

would need to be carried out to begin to examine this hypothesis.
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Our work has shown that BMI1 is a novel target in FP-RMS. Mainly, our research
focused on exploring the effects of BMI1 inhibition by PTC-028 and examining the effects
on cell proliferation, apoptosis, and the Hippo pathway, as well as nominating new
pathways of interest through transcriptomics. However, it is well appreciated that cancer
is characterized by multiple hallmarks. With this in mind, we will discuss the influence of
BMI1 on some of these, including DNA damage repair, metabolism, and
invasion/metastasis. Next, we will broaden our focus and consider the roles of other
PRC1/2 protein members in RMS. Finally, building on the identification of BMI1 as an
oncogenic vulnerability, we will outline how BMI1 may be combined with other therapies

to improve the therapeutic arsenal within FP-RMS.

4.2 DNA damage repair

Genome instability and genetic mutations are hallmarks of cancer.9 DNA damage
can alter the genome and result in mutations that can confer advantages in
subpopulations of cells, such as mutations in genes that monitor genomic integrity
(TP53). This can potentiate the development of pre-cancerous and cancerous cells. Cancer
cells also need to manage replication stress, as overexpression of oncogenes (MYC)
and/or DNA damage results in re-replication and replication fork stalling.233 There are
multiple types of DNA damage, both from endogenous and exogenous sources. DNA
damage can arise from oxidative damage from reactive oxygen species (ROS), base
alkylation and base loss, DNA crosslinking, and bulky adduct formation. Ionizing
radiation can also lead to base damage, single-strand breaks, and double-strand breaks.

Indeed, PRC1is known to play a role in repairing double-strand breaks and catalyzing the
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monoubiquitination H2AK119, which is subsequently repaired through the homologous
repair pathway. Accordingly, BMI1 is a necessary component for maintaining DNA
damage repair in cells. High, sustained expression of BMI1 may provide an advantage for
tumor cells by protecting them from replication stress.234.235 Radiotherapy is sometimes
used in FP-RMS treatment; however, the effectiveness can be limited due to
radioresistance.24236.237 It would be of interest to see if BMI1 inhibition could synergize

with radiotherapy.

In keeping with this hypothesis, in Chapter 3, we noted that upon BMI1 inhibition,
pathways related to DNA replication were significantly downregulated in FP-RMS cells.
In Chapter 2, our data supported that G1/S transition was also downregulated, which is
consistent with the regulation of CDKN2A by BMI1. CDKN2A had increased expression
at the protein level (Supplementary Figure S2.4A), however there was no significant
change in mRNA level detected by our RNA-seq experiment. This could be due to
temporal differences: the RNA for RNA-seq was collected at 48 hr of PTC-028 treatment,
and the protein was collected at 72 hr of PTC-028 treatment. Another explanation could
be various post-transcriptional mechanisms not captured by RNA-seq. There are DNA
damage checkpoints throughout the cell cycle, including at the G1/S checkpoint. To
confirm if DNA damage occurs in PTC-028 treated cells, future experiments could involve
performing a comet assay, which can measure the amount of DNA fragments in a cell
through single-cell gel electrophoresis. It would be interesting to evaluate DNA damage
and determine whether BMI1 disruption affects DNA repair. BMI1 has mainly been
reported to contribute to the repair of double-strand breaks, specifically homologous

recombination. To test if double-strand breaks are occurring, we could treat FP-RMS cells
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with PTC-028 and/or ionizing radiation and examine if yH2AX (a marker of double-
strand breaks?42) foci form through immunofluorescence assays. We could also confirm if
BMI1 co-localizes with the yH2AX and if this is lost upon PTC-028 treatment. It will be
of interest to see if BMI1 inhibition sensitizes cells in vitro and in vivo to DNA damage by

ionizing radiation in RMS and other sarcomas.

4.3 Intersection of BMI1 with metabolic pathways

Oxidative stress through reactive oxygen species (ROS) can also result in DNA
damage and genome instability. Oxidation can damage the sugar-phosphate backbone of
DNA and lead to DNA double-strand breaks. ROS can also oxidize nucleosides directly,
resulting in a G-T or G-A transversion, ultimately leading to DSBs if not correctly
repaired. BMI1 was found by Liu, et al. (2009) to suppress ROS through PRC1 repressing
several genes involved in ROS generation and/or mitochondrial functions, such as
ATOX5, CYP24A1, PMAIP1, and others.238 Inhibiting BMI1 leads to upregulation of
expression of these genes and a subsequent increase in ROS, leading to oxidative stress
and cancer cell death.238 Results from our RNA-seq data in Chapter 3 demonstrate that
BMI1 does influence genes involved in metabolism. From our RNA-seq data, we found
that BMI1 promotes cholesterol biosynthesis. This finding is corroborated by
Dibenedetto, et al. (2017), who revealed that BMI1 overexpression in human myoblasts
derived from Duchenne’s muscular dystrophy patients increases levels of cholesterol
biosynthesis.239 Cholesterol integrates into lipid raft domains on cell membranes, which
regulate signal transduction by raft proteins. Increased cholesterol levels and numbers of

lipid rafts are associated with increased tumor growth and phosphorylation of
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Akt.230,240,241 Further research such as label-free liquid chromatography coupled to mass
spectrometry-based metabolomics (LC-MS) in DMSO vs. PTC-028 treated FP-RMS cells
could reveal more specific effects of BMI1 inhibition on the biosynthesis of
isoprenoids/sterol synthesis. Combining this with ChIP-seq in normal and BMI1
inhibited cells could elucidate further details as to how BMI1/PRC1 influence the

metabolic states of FP-RMS tumors.

4.4 Invasion and metastasis

BMI1 plays a crucial role in proliferation and survival and has also been implicated
in regulating invasion and metastasis in the context of other malignancies. BMI1 was
discovered by Ferretti, et al. (2016) to be a necessary component of melanoma metastasis
in vivo. Deletion of BMI1 significantly decreased the number of lung metastases.107 The
epithelial-to-mesenchymal transition (EMT) is often considered a necessary process for
invasion and metastasis. Epigenetic modifiers have been reported to interact with EMT
transcription factors and promote the expression of genes involved in invasion.44.169.242
While sarcomas, already being of mesenchymal origin, do not go through the “traditional”
EMT that is most studied in carcinomas, they can progress through a similar EMT-like
program. Sarcomas can have a mix of epithelial-like, metastable, or mesenchymal-like
cells.243 These metastable cells can transition to more epithelial-like or more
mesenchymal-like depending on the environment and go through MET or EMT-like
processes.243 Various EMT-associated transcription factors, such as SNAIL, TWIST, and
ZEB1/2, still contribute to EMT in sarcomas, including RMS.243-247 Both PRC1 and PRC2

are essential regulators of EMT.44242 Our data from Chapter 2 and Chapter 3 primarily
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focused on proliferation, apoptosis, and the Hippo pathway. YAP promotes EMT through
its role in the Hippo pathway binding TEAD and promoting factors related to growth,
proliferation, and migration.196.197,220,248-251 Cel] lines that have high YAP/TEAD activity
typically have higher metastatic potential.2st Much further investigation into BMI1
inhibition in the context of EMT and invasion/metastasis should be done in FP-RMS and
other sarcomas. In vitro modeling of scratch-wound assays and Boyden chamber assays
with BMI1 inhibitors could reveal if BMI1 regulates invasion in FP-RMS. Next, in vivo
modeling of metastatic disease in FP-RMS could involve tail vein injections of cell lines

such as Rh30 and then treatment with a BMI1 inhibitor.252

4.5 Further modeling of PRC1 and BMI1 in FP-RMS

Our studies have revealed that BMI1 inhibition decreases cell proliferation and
increases apoptosis in FP-RMS cells. We have discussed future directions to examine
other hallmarks of cancer. However, our studies involving Hippo signaling in Chapter 2
and RNA-seq study in Chapter 3 demonstrate that BMI1 inhibits Hippo activation
through suppressing LATS1/2 phosphorylation. The primary question that remains is:
how is BMI1 regulating the Hippo pathway? The canonical role of BMI1 is through its role
in PRC1, contributing to H2AK119 monoubiquitination and gene repression. Further
studies could involve ChIP-seq and exploring where PRC1/2 localizes with and without
PTC-028 treatment by examining H2AK119Ub, H3K27me3, BMI1, and EZH2 localization
across the genome. While a majority of studies have focused on BMI1 as an epigenetic
regulator, it has additional functions. Pulldown studies of BMI1 in Ewing sarcoma?79

showed that BMI1 directly interacts with YAP. BMI1 has also been found to bind the
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androgen receptor in the nucleus of prostate cancer cells.194 In Chapter 3, we nominated
EPHA2 and PDGFRA as potential kinases of LATS1/2, with our hypothesis being that
BMI1 suppresses the expression of these kinases through PRC1. Once BMI1 is inhibited,
EPHA2 and PDGFRA show increased expression and may phosphorylate LATS1/2,
activating Hippo signaling and preventing YAP/TAZ from entering the nucleus, binding

TEAD, and then transcribing TEAD targets (Figure 4.1).

However, BMI1 could be interacting physically with other proteins or even directly
with LATS1/2 in the cytoplasm. BMI1 is primarily a nuclear protein, though it has been
reported to interact with E4F1 in the cytoplasm of cells.253 It is possible that BMI1 could
bind LATS1/2 to block phosphorylation/activation of Hippo signaling. To determine if
this hypothesis is accurate, we could immunoprecipitate BMI1 and perform western blots
for LATS1/2. Additional experimentation such as tandem mass spectrometric analysis of
BMI1 and LATS1/2 could reveal if they bind each other and other unknown proteins. A
follow-up kinase assay of LATS1/2 with EPHA2 and/or PDGFRA and titration of BMI1
may also indicate if BMI1 prevents LATS1/2 phosphorylation through protein-protein

interactions.

Our work primarily focused on BMI1; however, there are many other canonical PRC1
(PRC1.1-1.6) and variant PRC1 complexes that could be potential targets in FP-RMS as
well (Figure 4.2). Other Polycomb complexes could compensate for the loss of PRC1.4
through BMI1 inhibition, and thus combining inhibition of PRC1 and PRC2 complexes
may synergize to prevent compensation. A targeted CRISPR knockout screen of PRC1.1-

6 and PRC2 components could demonstrate other necessary components that regulate
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oncogenic signaling in FP-RMS and whether the effects of BMI1 inhibition we saw in our
research are BMI1-specific or relate to PRC1. Combination therapies of BMI1 inhibition
and EZH2 inhibition have been investigated in glioblastoma by Jin, et al. (2017) and were
more effective than either single agent alone.!18 Since both glioblastoma and FP-RMS are
heterogeneous solid tumors, this may apply to FP-RMS. Inhibition of other necessary
PRC1 components, such as CBX proteins, have also been studied in numerous
cancers.!29:254-256 CBX proteins contain chromodomains which are required to recognize
H3K27me3 marks placed by PRC2.111 Further studies of the inhibition of CBX proteins in

FP-RMS could reveal more information about PRC1 regulation in this cancer.

4.6 Combining BMI1 inhibition with other translatable targets

We have established BMI1 as a potential target in FP-RMS with clinical promise.
PTC-596, the newest version of BMI1 inhibitor, is currently in several active clinical trials,
including other pediatric cancers (DIPG). However, the issue of single-agent resistance is
a significant problem in cancer.!52:206.257 Tumor cells can overcome small molecule
inhibitors over time through selection and molecular responses, such as upregulating
drug efflux pumps.206:258 Genome instability in heterogeneous cancers can also provide a
growth/survival advantage to tumors, as tumor cells could acquire mutations of the target
of the small molecule, which has been studied in EZH2 inhibition.257:259 Bisserier and
Wajapeyee (2018) developed EZH2-inhibitor-resistant DLBCL cell lines and discovered
that EZH2 acquired secondary mutations and upregulated several survival pathways,

such as PI3K and MEK signaling.25 Their results suggest that continued treatment with
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single-agent therapies, such as BMI1 inhibition alone, may not be sufficient for the

complete elimination of highly heterogenous malignancies like FP-RMS.

Our in vivo study in Chapter 2 used PTC-028 as a single agent therapy in a
subcutaneous xenograft model and found that tumor burden was reduced. While these
results are promising, future studies should combine BMI1 inhibition with standard of
care chemotherapy like vincristine. However, another issue is chemoresistance in FP-
RMS, in which subpopulations of cancer stem-like cells are resistant to chemotherapy
and lead to relapse and recurrence.26:205 Targeting cells that highly express BMI1 has been
shown to largely eliminate residual stem-like cells in other cancer models!10.155.156 though
we have not yet investigated this FP-RMS. Future work could combine BMI1 inhibition
with standard of care chemotherapy (such as vincristine) in chemoresistant models of FP-
RMS. With in vitro studies, we could create chemotherapy-resistant FP-RMS cell lines
and treat cells with BMI1 inhibitors to determine efficacy. Additionally, Slemmons, et al.
(2021) pioneered a new FP-RMS cell culture method (based on previous work in FN-
RMS260) in which cell lines form a spheroid called a rhabdosphere.26r These
rhabdospheres are reported to be more chemoresistant than 2D culture. Testing the
effectiveness of BMI1 inhibition on rhabdospheres could support the hypothesis that
BMI1 inhibitors target cancer stem-like cells and thus may be extremely valuable in

preventing FP-RMS relapse or recurrence.

Another exciting avenue of future research could be the combination of BMI1
inhibition and immunotherapy. Previous work by Jia, Zhang, and Wang (2020)

demonstrated that BMI1 inhibition by PTC-209 after anti-PD1 therapy resulted in a
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decrease in cancer progression and prevention of tumor relapse in a 4-Nitroquinoline 1-
oxide (4NQO) mouse model of HNSCC.155 Anti-PD1 therapy with cisplatin briefly
abrogated tumor burden, but recurrence was frequent. When combined with PTC-2009,
tumor recurrence and lymph node invasion drastically decreased. PTC-209 treatment led
to an upregulation of type 1 interferon chemokines and increased CD8+ T-cell infiltration
into tumors. Increased CD8+ T-cell infiltration could be extremely valuable in the context
of FP-RMS. Typically, pediatric solid tumors have cold (non-inflammatory) tumors with
low levels of T-cell infiltration compared to adult tumors.29:262 Combining epigenetic
drugs with immunotherapy may synergize to restructure the tumor microenvironment
and mount an effective anti-cancer response, thus overcoming immunotherapy
limitations for difficult to treat solid tumors. Combination therapies of epigenetic
inhibitors and immunotherapies could be expanded to other sarcomas, particularly

others with high BMI1 levels and low immune infiltration, such as osteosarcoma.89,263

4.7 Final conclusions and thoughts

In conclusion, this dissertation has established BMI1 as a potentially translatable
target in FP-RMS. We have established novel connections of BMI1 to Hippo signaling and
remarked on differential intertumor responses in FP-RMS that should be considered
when exploring targeted cancer therapies to anticipate possible mechanisms of
resistance. Further investigation should focus on the potential of combining BMI1
inhibition with other treatments to avoid resistance and consider the possibility of other

PRC1/2 proteins as dependencies in RMS and other sarcomas.
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Figure 4.1 Hippo pathway schematic. Image adapted from Boopathy and Hong
(2019).264 Representation of the Hippo pathway. The left side shows Hippo ‘ON’
wherein outside signaling influences the phosphorylation of MST1/2, then MST1/2
phosphorylates LATS1/2, resulting in phosphorylation of YAP/TAZ and sequestration of
YAP/TAZ by 14-3-3 proteins or ubiquitination and proteasome degradation. TEAD is
not able to transcribe target genes in the nucleus without YAP/TAZ. The right side
shows Hippo ‘OFF’. MST1/2 and LATS1/2 remain unphosphorylated, and YAP/TAZ
enter the nucleus, form a complex with TEADs, and promote transcription of pro-

growth and proliferation target genes.
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