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CHAPTER 1

Introduction

1.1 Overview of transcriptional regulation

1.1.1 Transcriptional programs
1.1.1.1 Gene regulatory structures and DNA-binding transcription factor
Transcription represents the first level of gene expression. Generally, the main
components of a protein-coding gene include the cis-regulatory element promoter and
the coding region. Enhancers are also cis-regulatory elements in the genome that
regulate gene expression in cooperation with promoters. For most eukaryotic genes,
introns segment the coding region into exons. After the entire gene is transcribed to an
RNA molecule, the exons are spliced to the mature mRNA as the template of protein
translation. The promoter is a DNA sequence to which the transcriptional machinery binds,
and can be separated into a core element and regulatory elements (Verrijzer et al., 1995).
The core promoter refers to the minimal elements required to mediate Pol Il
recruitment for transcription initiation (Roeder, 1996; Valen and Sandelin, 2011; Danino
et al., 2015; Haberle and Stark, 2018). TATA box (consensus sequence: TATAWAWR)
is the most characterized sequence of the core promoter that is recognized and bound
by TATA box-binding protein (TBP), a subunit of the general transcription factors TFIID
(Tanese et al., 1991; Chen et al., 1994). The TBP-DNA complex then recruits other
general transcription factors (TFIIA, -B, -E, -F, and -H) and Pol Il to the promoter to form

the preinitiation complex. While ~76% of human core promoters lack TATA-like elements,



other consensus DNA motifs, such as SCGGAAGY, GGGCGGR, and TGCGCANK are
identified as enriched in TATA-less promoters, suggesting novel DNA motifs might play
a selective role in TATA-independent transcription (Yang et al., 2006; Yang et al., 2007).

Apart from the core promoter, the regulatory element of the promoter contains
gene-specific sequences and controls the transcription initiation rate (Levine and Tjian,
2003). Transcription factors bind to the promoter regulatory element to facilitate
transcription by recruiting other transcription complexes. For example, a gene with E-box
(consensus sequence: CACGTG) in the promoter can be bound by a basic-helix-loop-
helix (bHLH) motif-containing protein, like c-Myc (Blackwell et al., 1990). More often, the
promoter regulatory regions are postulated to enable the communication of enhancers to
core promoters, and this communication also relies on transcription factors (Su et al.,
1991; Calhoun et al., 2002)

Enhancer is another type of cis-regulatory element, which are non-coding
sequences in the genome. The enhancers can be upstream or downstream of their target
promoters, in introns (typically the first intron of the gene), and even in the gene body of
another gene (Levine, 2010). The distance of enhancers to the target promoters also
varies. While some of the enhancers can be found near the promoter, some of the
enhancers can be very distantly localized, such as 1Mb away (Bejerano et al., 2006;
Borsari et al., 2021). The chromosome conformation capture (3C) methodology reveals
that the long-range looping interaction between genomic elements is common (van
Berkum et al., 2009). The regulation of distal enhancers is enabled by DNA looping or
genome folding to place the enhancers and promoters in physical proximity (Robson et

al., 2019; Schoenfelder and Fraser, 2019).



The mechanism of communication between promoters and enhancers over large
distances action is still poorly understood. The specific regions in the enhancer might
function differently according to the enhancer-promoter space. When a particular region
in a distal enhancer is critical for the enhancer to activate transcription, the region can
become unnecessary when this transcriptionally mutant distal enhancer is placed at a
more proximal position to the promoter (Swanson et al., 2010). In addition, the enhancer-
promoter interaction may exist before transcription is activated, or the contact might occur
after association with a transcription factor (Li et al., 2012; Jin et al., 2013; Krivega et al.,
2012).

The development of computational and functional genomic methods has enabled
the identification of putative enhancers and their locations across the genome. It is
generally accepted that transcriptionally active regions are less compacted chromatin to
allow transcription machinery binding. Therefore, assays of the chromatin accessibility
have been exploited to identify potential active regulatory regions, such as DNase |
hypersensitive sites sequencing (DNase-seq) and the Assay of Transposase-Accessible
Chromatin sequencing (ATAC-seq) (Wu et al., 1979; Song and Crawford, 2010;
Tsompana and Buch, 2014; Shlyueva et al., 2014). Histone modification patterns are also
widely used as signatures to identify active enhancers (Heintzman et al., 2007). Genome-
wide studies show that enhancers are generally marked by histone H3 lysine 27
acetylation (H3K27ac) and histone H3 lysine 4 monomethylation (H3K4me1), while
H3K4me1 and histone H3 lysine 4 tri-methylation (H3K4me3) are often present at the
promoter sites (Rada-Iglesias et al., 2011; Creyghton et al., 2011; Zentner et al., 2011;

Calo et al., 2013).



The discovery of a large number of putative enhancers raises the question of how
many enhancers are actually functional and whether a small number of enhancers are
essential in a particular cell type or condition. In the study of enhancer function, the term
super-enhancer is used to describe a cluster of enhancers that are densely bound by
transcription factors and have high levels of chromatin modification (Whyte et al., 2013).
The super-enhancers are defined as enhancers within 12.5 kb of each other and meet
the cutoff levels of enhancer signatures, like H3K27ac enrichment, or other transcription
coactivators (Di Micco et al., 2014). One postulated model of super-enhancer function is
that super-enhancers trigger condensates to facilitate the compartmentalization and
concentration of transcriptional components at their associated genes to ensure robust
transcription (Sabari et al., 2018).

In cancer, super-enhancers have been identified to be associated with critical
oncogenes (Loven et al., 2013; Hnisz et al., 2013; Chapuy et al., 2013; Mansour et al.,
2014). Super-enhancers associated with MYC are found in various cancer cell lines
(Loven et al., 2013; Hnisz et al., 2013). For specific genes, tumor cells are more likely to
associate with super-enhancers compared with the related healthy cells (Hnisz et al.,
2013; Loven et al., 2013). In some cases, genetic alterations in cancers, such as
rearrangement, encompass the super-enhancers or bring super-enhancer regions to
oncogenes (Affer et al.,, 2014; Walker et al.,, 2014; Hayday et al., 2014). Somatic
mutations in a super-enhancer can introduce new binding motifs to oncogenic
transcription factors to reinforce the expression of associated genes (Mansour et al.,

2014).



Transcription factors are the essential proteins that recognize promoters and
enhancers to regulate transcription. A prototypical DNA-binding transcription factor
contains a DNA-binding domain (DBD), a functional domain including a transactivation
domain (TAD) or repression domain, and an optional signal-sensing domain (SSD)
(Latchman, 1997). The DNA-binding domain forms a module that recognizes a specific
sequence within enhancer or promoter DNA sequences. Transcription factors in a family
with the same types of DNA-binding domains tend to have similar DNA-binding
specificities. The transactivation domain is also a module domain containing binding sites
for other transcription coregulators. These tend to be unstructured domains for facilitating
the flexibility binding of diverse proteins (Dyson and Wright, 2005; Minezki et al., 2006).

Transcription factors regulate gene expression by a variety of mechanisms. Some
transcription factors bind to DNA promoter sequences to help the formation of the
transcription initiation complex, while others bind to enhancer sequences to either
stimulate or repress transcription of the related gene (Yankulov et al., 1994; Yankulov et
al., 1995; Rahl et al., 2010; Zhou et al., 2012). DNA-binding transcription factors integrate
the communication between the promoter and distal enhancer to regulate transcription by
recruiting coactivating complexes (Wilson et al., 2010; Taatjes, 2010; Stadler et al., 2011;

Spaeth et al., 2011;).

1.1.1.2 Complexes recruited by DNA-binding transcription factors
The maijority of the DNA is wrapped onto histones to form the units of chromatin:
nucleosomes. The structure of local chromatin affects the access of transcription factors

to regulatory elements: enhancers and promoters. When a gene is being transcribed,



chromatin regulators need to be recruited to move, eject, or restructure nucleosomes,
thus exposing promoter and enhancer regions to allow access to proteins involved in
transcription. Also, during the transcription elongation, the transcription machinery needs
to overcome the nucleosome barriers and unwrap the DNA from nucleosomes to allow
the polymerase machinery to melt the DNA duplex and transcribe the coding strand. Once
accomplished, nucleosome integrity needs to be re-established (Lai et al., 2017).
Therefore, transcription factors recruit various proteins, including Mediator, SWI/SNF,
FACT, and histone modifying enzymes, to help the assembly and activity of the
transcription machinery.

Mediator of Pol Il transcription (Mediator) is a multiprotein complex identified as a
coactivator (Malik and Roeder et al., 2000). In human cells, up to 30 subunits in the
Mediator complex are required for transcription, and its structure is divided into four
modules: the head, middle, tail, and CDK8 kinase module (Bourbon et al., 2008; Tsai et
al., 2014). The head module subunit of Mediator (Med11) directly interacts with the
general transcription factor TFIIH, while Med17, and Med22 are required to recruit TFIIE
(Esnault et al., 2008). Other than initiation, subunit Med26 in the middle module of
Mediator can function to switch the interaction from TFIID to proteins involved in
elongation (Takahashi et al., 2011). The CDK8 kinase module regulates transcription
through phosphorylation and control of Pol Il binding with the middle module (Tsai et al.,
2013).

SWitch/Sucrose Non-Fermentable (SWI/SNF) is one of the essential classes of
chromatin-remodeling factors. SWI/SNF complex act to reposition nucleosomes through

the displacement of the histone octamer, thus providing access to the promoter and



enhancer (Cote et al., 1994; Kwon et al., 1994; Whitehouse et al., 1999). The model of.
SWI/SNF complex nucleosome remodeling is to slide or eject the nucleosomes that were
initially equally spaced (Saha et al., 2006; Kassabov et al., 2003). ARID1A is one of the
SWI/SNF subunits frequently mutated in cancers (Jones et al., 2010; Gui et al., 2010).
ARID1A mutations cause loss of SWI/SNF complex occupancy on chromatin and result
in loss of chromatin accessibility at enhancers followed by rapid downregulation of
transcription (Mathur et al., 2017; Blumli et al., 2021).

Facilitates chromatin transcription (FACT) complex, comprised of suppressor of Ty
16 (SPT16) and structure-specific recognition protein-1 (SSRP1), is also involved in
nucleosome remodeling, and is required for transcription (Orphanides et al., 1999).
During transcription, FACT destabilizes nucleosomes by the interaction of SPT16 to H2A-
H2B dimers and that of SSRP1 to H3-H4 tetramers (Belotserkovskaya et al., 2003). On
the other hand, FACT facilitates the nucleosome reassembly by maintaining the
tetrameric confirmation of H3-H4 and then DNA displaces FACT to bind the tetramer (Liu
et al., 2019). In addition to transcription, the FACT complex is also involved in DNA
replication and DNA repair (Charles Richard et al., 2016; Yang et al., 2016).

The modifications of the N-terminal tails of histones H2A, H3B, H3, and H4 are
also involved in the regulation of local chromatin structure to affect transcription.
Transcription factors recruit the proteins that can write, read, or erase these histone
modification marks to regulate local chromatin structure. Transcription factors and histone
modifications tend to co-localize at promoter and enhancer and different patterns of
histone modifications indicate the activation or repression of gene transcription (Costa et

al., 2011; Benveniste et al., 2014). For example, the histone acetyltransferase (HAT) p300



and CREB binding protein (CBP) are recruited and activated by transcription factors to
introduce H3K27ac (Ortega et al., 2018). H3K27ac neutralizes the positive charge of the
histone tail to attenuate the interaction of DNA and histone to presumably facilitate the
access of enhancers (Eberharter et al., 2002). H3K27ac is established as an essential
enhancer mark that distinguishes active enhancers from poised enhancers (Creyghton et
al., 2010). In comparison, the recruitment of histone methyltransferase enhancer of zeste
2 (EZH2) in the Polycomb repressive complex 2 (PCR2) catalyzes the H3K27me3 leading
to a more condensed chromatin state and transcription repression (Yoo et al., 2012; Cai

et al., 2021).

1.1.1.3 Transcription apparatus

RNA polymerase Il is the main enzyme for the transcription of protein-coding
genes and several no-coding nuclear RNAs. It is a 12-subunit enzyme and is conserved
throughout eukaryotes. The subunit Rpb1 contains a C-terminal domain (CTD) that plays
a vital role during the transcription cycle. The CTD consists of 52 consensus repeats of
Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7 in human cells. CTD is highly phosphorylated by
different kinases at specific positions throughout the transcription cycle.

There are three stages of transcription: initiation, elongation, and termination. The
transcription initiation begins when Pol Il and general transcription factors are recruited
to the promoter to form the preinitiation complex (PIC). The PIC is defined to consist of
eight factors including general transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF,
TFIIH), Pol Il, and Mediator (Hahn et al., 2004; Murakami el., 2013). Then the helicase

activity of TFIIH unwinds the double-strand DNA to allow the formation of the transcription



bubble. The CTD ser5 is phosphorylated by the TFIIH kinase cyclin-dependent kinase 7
(CDKT7) at the onset of initiation, and plays a critical role in the mRNA processing including
the nascent pre-mRNA 5’ terminus capping and co-transcriptional splicing (Lu et al., 1992;
Rodriguez et al., 2000; Nojima et al., 2018).

Shortly after initiation, TFIIB, TFIIF, and TFIIE dissociate from pol Il to allow the
binding of two factors: the 5,6-dichloro-1-p-d-ribofuranosylbenzimidazole (DRB)
sensitivity-inducing factor (DSIF) and the negative elongation factor (NELF) to the Pol II.
A post-initiation block of Pol Il occurs after the synthesis of ~30 nucleotide-long nascent
RNA, and Pol Il accumulates just proximal to the promoter (Figure 1.1). DSIF and NELF
were defined during the in vivo study of Pol Il elongation inhibition caused by DRB, which
is a kinase inhibitor ( Wada et al., 1998; Yamaguchi et al., 1999). The cryo-electron
microscopy (cryo-EM) structure analysis of paused elongation complex suggests that
NELF restrains Pol Il mobility, and the paused Pol Il helps prevent new initiation (Shao et
al., 2017; Vos et al., 2018).

After pausing, the paused Pol Il begins active elongation through the recruitment
and activation of positive transcription elongation factor b (p-TEFb) by phosphorylation of
the CTD Ser2 of paused Pol Il through its CDK9 catalytic subunit, as well as
phosphorylation of DSIF and NELF to dissociate NELF from Pol Il (Wu et al., 2003;
Adelman and Lis, 2012; Lu et al., 2016) (Figure 1.1). P-TEFb can be recruited by
transcription factors, Mediator proteins, and bromodomain protein BRD4 (Yang et al.,
2005; Donner et al., 2010). BRD4 interacts with the P-TEFb CDK9 subunit to release it
from the binding of the inhibitory subunit, thus stimulating the kinase activity of P-TEFb

for phosphorylation of Pol Il CTD (ltzen et al., 2014). The CTD Ser2 can also be



phosphorylated by CDK12 and CDK13 during the transcription of long genes with high
numbers of exons (Bartkowiak et al., 2010; Blazek et al., 2011). After the full length of the
gene is transcribed, the CTD coupled pre-mRNA 3’ end cleavage and polyadenylation
provide a signal for the transcription termination (Connelly and Manley, 1988; Batt et al.,

1994; de Almeida et al., 2008; Mayer et al., 2012).
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Figure 1.1. Mechanisms of Pol Il pausing and releasing. (A) A sequence-specific
transcription factor binds to chromatin and brings in chromatin remodelers to open
chromatin around TSS and render the promoter accessible for recruitment of the
transcription machinery. (B) Specific transcription factors facilitate the recruitment of a set
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of general transcription factors and Pol Il to form a Pre-Initiation Complex (PIC) to proceed
with the initiation of RNA synthesis. (C) Pol Il pausing occurs shortly after transcription
initiation and involves the association of pausing factors DSIF and NELF. The paused Pol
Il is phosphorylated on its CTD. (D) The recruitment of the P-TEFb kinase triggers pause
release by the transcription factor. P-TEFb kinase phosphorylate the DSIF/NELF complex
to release paused Pol Il. Phosphorylation of DSIF/NELF dissociates NELF from the
elongation complex and transforms DSIF into a positive elongation factor associated with
Pol Il throughout the gene. (E) The paused Pol Il proceeds to productive elongation and
another Pol Il enters the paused site, allowing for efficient RNA production.

1.1.2 Dysregulation of transcription in cancer

Transcription factors are frequently dysregulated in human cancer via various
mechanisms including gene amplification or deletion, point mutations, and chromosomal
translocation to alter gene expression. E2F1 is a cell cycle regulatory factor that is
amplified, whereas another cell cycle factor, FOXM1 is over-expressed in different types
of cancers (Xiao et al., 2007; Suh et al., 2008; Liao et al., 2018; Barger et al., 2019). The
tumor suppressor p53 mutation is the most frequently mutated gene in cancer (Muller and
Vousden, 2013; Mantovani et al., 2018). The mutations give rise to loss of function of p53
or dominant-negative activity by inserting into the p53 tetramer to inactivate the wild-type
counterpart. The dysregulation of TAL7 can be caused by either rearrangement to create
a STIL-TAL1 fusion, or by non-coding mutations to create an enhancer that is responsive
to oncogenetic transcription factor MYB (Mansour et al., 2014; Girardi et al., 2017).

Transcription factors are also often disrupted by chromosomal translocations in
cancer (Mitelman et al., 2007, Mertens et al., 2015). These translocations connect
enhancers to oncogenic transcription factors to cause aberrant expression of the
oncogene, like MYC, or create new transcription factors, like the t(8;21)-AML-ETO and

the 1(2;13)-PAX3-FOXO1 (Rowley JD. 1973, Turc-Carel et al. 1986) (Figure 1.2). Many
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of these translocations create fusion proteins containing functional domains of two
different transcription factors, making a new transcription factor with oncogenic activities
(Rabbitts, 1994). Mainly, the genes produce in-frame fusion proteins with new and altered
activities. Recently, a large genome study indented that there are 17% of tumors contain
oncogenic gene fusions, demonstrating that translocations are a common cause of

malignancy (Gao et al., 2018).

Aberrant Expression l \ Chimeric TFs

[enhancer | oncegenicTF ] [ TFL | TF2 ]
e.g. MYC e.g. AML1-ETO
PAX3-FOXO1

Figure 1.2. Model of chromosomal translocation target master transcription factors.

Other than transcription factors, nearly all components involved in transcription
control can be affected by different genetic alterations in cancer. The cis-regulatory
elements in enhancers and promoters can be mutated to cause abnormal binding sites
for oncogenic transcription factors, such as in the TAL1 enhancer (Mansour et al.,

2014). MED12 from the Mediator is found mutated in uterine leiomyomas and prostate
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cancer, and the different mutations of MED12 show different effects on the interaction
with other Mediator components (Mittal et al., 2015; Kampjarvi et al., 2016). Chromatin
writer proteins such as MLL have been reported to fuse with over 90 partners in acute
myeloid leukemia (AML) or acute lymphocytic leukemia (ALL) (Slany et al., 2005).
Chromatin reader protein, for example, BRD4 is reported to disrupt by translocation in
midline carcinoma to drive the stem cell-like proliferation (Wang et al., 2014). Pol I

mutation is also found to drive tumorigenesis in meningioma (Clark et al., 2016).

1.1.3 Targeting transcription in cancer therapy

Transcription programs are critical therapeutic targets for cancer treatment.
Chromatin regulators are enzymes that can influence gene transcription control and be
the target of cancer therapy. Examples of chromatin regulators that have been targeted
in the clinic include the inhibitors of “eraser” proteins such as histone deacetylases
(HDACs) and histone demethylase (Montalban-Bravo and Garcia-Manero, 2015; De
Souza et al., 2015; Johnston et al., 2020).

Kinase inhibitors that target CTD phosphorylation have been used to inhibit the
transcriptional process. Inhibitors of CDK7, such as THZ1, show sensitivity in T-cell acute
lymphoblastic leukemia (T-ALL) due to the inhibition of core transcriptional control of
transcription factor RUNX1 expression (Kwiatkowski et al., 2015). Also, CDK9 has been
shown to cause Pol Il pausing to slow the rate of elongation and trigger cell apoptosis in
t(8;21) AML (Sampathi et al., 2019; Mandal et al., 2021).

The bromodomain and extraterminal (BET) proteins that recruit P-TEFb are

promising therapeutic targets in cancer. BET consists of 4 family members including
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BRD2, BRD3, BRD4, and BRDT. These BET proteins bind to acetylated lysine in the tail
of histones as well as other non-histone proteins through two conserved N-terminal
bromodomains (Dey et al., 2003; Filippakopoulos and Knapp, 2012). Small molecule
inhibitors of BET proteins, such as JQ1, I-BET, and MS417 mimic the acetylated lysine
moiety and competitively bind to the two bromodomains (BD1, BD2) to displace BET
proteins from chromatin. Gene expression studies showed that BETi induced down-
regulation of mMRNAs including key oncogenes important for cell cycle progression, such
as MYC and E2F1, genes that control cell death such as BCL2, and lineage-specific
oncogenes such as BCL6 (Zhao et al., 2016).

Although DNA-binding transcription factors are thought of as ‘undruggable’ targets,
many of the fusion proteins in cancer are composed of domains from two transcription
factors, transcriptional co-regulators or non-enzymatic proteins. The main strategies to
modulate the activity of transcription factors with small compounds focus on inhibition of
protein/protein interactions to block the interaction between TFs and co-factors or
dimerization of TFs, or the approach is based on blockage of protein/DNA binding by
manipulating the transcription factor DNA binding domain or competing with TFs
(Hagenbuchner et al., 2016, Bushweller, 2019).

The development of proteolysis targeting chimera (PROTAC) makes it possible to
target transcription factors directly. PROTAC is a bifunctional small molecule composed
of two active domains and a linker (Sakamoto et al.,2001) (Figure 1.3). It requires high
selectivity of binding of its targets rather than inhibition of the protein function. The
development of PROTACSs that link transcription factors to ubiquitin E3 ligases to rapidly

induce the destruction of the protein has been applied to next-generation drug discovery
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in cancer. For CML with fusion oncoprotein BCR-ABL, the BCR-ABL-targeting PROTACs
are shown high potency to inhibit CML K562 cell growth. (Lai et al., 2016; Demizu et al.,
2016; Bruslem et al., 2019). The PROTAs target STAT3 efficiently inhibit STAT3, and
exhibit potent antitumor in cell line and mouse model studies (Zhou et al., 2019; Bai et al.,

2019).

Proteolysis Targeting
Chimera (PROTAC)
Enzyme PN ,‘ Protein
. . —«
binding : l - binding
domain ] domain
Linker
E3 ligase cannot T
ubiqutinate distant :
target protein . N‘ PROTAC brings E3 ligase

and target protein into
close proximity

Figure 1.3. Schematic model of selective PROTAC-induced targeted protein
degradation. PROTACSs are heterobifunctional small molecules composed of two active
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domains and a linker. The two functional domains are covalently linked protein-binding
molecules: one capable of engaging E3 ubiquitination, and another binds to a target
protein. E3 ligase cannot ubiquitinate distant target protein. When PROTAC brings E3
ligase and target protein into proximity, the E3 ligase targets protein and covalently
attaches the ubiquitin to the protein. After a ubiquitin chain is formed, the protein is
recognized and degraded by the 26S proteasome. The E1 ligase recycles the ubiquitin,
and the E1 ligase activates and conjugates the ubiquitin to the E2 ligase which forms a
complex with the E3 ligase.

For the molecular mechanism of transcriptional regulation, transcription factors are
often the last link in a signal transduction cascade and transcription can change within 15
to 30 minutes of such a signaling event (Swift et al., 2017). Rapid inhibition of the fusion
transcriptional factors is critical to understanding the mechanism(s) by which oncogenic
transcription factors facilitate tumor development by defining their direct transcriptional
targets. One of the challenges to studying fusion transcription factors is that it is difficult
to rapidly inhibit their function to assess the immediate targets, in the same way, that
kinase inhibitors have been used to define signal transduction cascades. While utilizing
PROTACs has been shown to degrade cancer-causing proteins successfully, it is still
challenging to synthesize PROTACSs to target every cancer driver protein.

Previous studies to define the gene network of transcription factors rely on genetic
inactivation through gene deletion or RNAi approaches, and the subsequent steady-state
mMRNA level changes. The obvious limitation of these approaches is timeliness. After days
of genetic inactivation, it is hard to distinguish direct transcriptional events from indirect
ones. Rather than genetic inactivation or inhibiting protein function, the degradation TAG
(dTAG) system is a tag-based strategy that enables the degradation of targeted proteins
(Nabet et al., 2018). The targeted protein expressing an FKBP12F36V chimera is linked to

the E3 ligases such as cereblon (CRBN) or von Hippel-Lindau (VHL) by small molecule
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degrader (Winter et al., 2015; Weintraub et al., 2017; Nabet et al., 2018). Compared to
traditional genetic approaches, dTAG system provides a rapid depletion of the protein-of-
interest with high selectivity.

The dTAG system has been employed to evaluate the function of factors in
transcriptional regulation. Degradation of ENL in MLL-AF4 rearranged AML reveals that
ENL suppressed the initiation and elongation of RNA Pol Il (Erb et al., 2017). Degradation
of Yin Yang 1 (YY1) shows that YY1 contributes to enhancer-promoter structural
interactions by forming dimers that facilitate the interaction of DNA elements (Weintraub
et al., 2017). The rapid degradation of endogenous AML1-ETO fusion protein suggests
that rather than maintaining or activating gene expression defined after several days of
AML1-ETO knockdown, AML1-ETO functions primarily as a transcriptional repressor and
represses only ~60 direct targets instead of hundreds to thousands of genes (Berget al.,

2008; Stengel et al., 2021).

1.2 Oncogenic transcription factor fusions in hematological malignancies

1.2.1 Chromosomal translocation in hematological malignancies

Leukemia is the most common type of pediatric cancer, around 30% of total cases.
Most fusion genes are identified in leukemias. Many of the translocations affect
transcription factors. t(15;17) translocation is found in acute promyelocytic leukemia
(APL), which accounts for 5-10% of AML. The fusion gene PML-RARA results from the
translocation of t(15;17) that fuses the gene for retinoic acid receptor alpha (RARA) with

promyelocytic leukemia (PML) (Grignani et al., 1993). In the absence of ligands, PML-
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RARA functions to repress the transcription of genes that are critical to myeloid
differentiation (Segalla et al., 2003; Noguera et al., 2016). All-trans retinoic acid (ATRA)
and arsenic relieve the block of myeloid differentiation by binding to RARA and PML,
respectively, and are associated with high clinical complete remission (CR) (Yoshida et
al., 1996; Zhu et al., 1999; Shen et al., 2004, Lalllemand-Breitenbach et al., 2008; Jeanne
et al., 2010).

Chromosomal translocations that connect enhancers to oncogenic transcription
factors can cause aberrant expression of the oncogene. For example, the translocation
between chromosome 14 and chromosome 8 was reported in Burkitt lymphomas
(Manolov and Manolova, 1972; Zech et al., 1976). One of the molecular targets of the
translocations is the transcription factor MYC, which binds to the enhancer box sequence
(E-box) to regulate transcription elongation (Grandori et al., 1997). The t(8;14)
translocation juxtaposes the c-MYC gene to the immunoglobulin heavy-chain (IgH)
enhancer loci and results in constitutive deregulation of MYC expression, and MYC
upregulation leads to activation of genes related to proliferation and apoptosis. (Dalla-
Favera et al., 1982; Taub et al., 1982; Hamlyn and Rabbitts, 1983).

While there is frequent involvement of transcription factors by chromosomal
translocations, kinases are also frequently affected by these translocations, such as the
proto-oncogene tyrosine-protein kinase (ABL7) gene on chromosome 9 and the
breakpoint cluster region (BCR) gene on chromosome 22 fuse to encode (BCR-ABL1)
oncogenic protein, which enhances the tyrosine kinase activity of BCR, and results in
maintenance of proliferation, inhibition of differentiation, and resistance of cell death

(Rowley, 1973; Collins, 1983; Kurzrock, 1988; Li, 1999).
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There are also translocations that fuse transcription factors with receptor tyrosine
kinases. The ETS family transcription factor ETS variant transcription factor 6 (ETV6) is
reported to be involved in different translocations with tyrosine kinases, such as ETV6-
PDGFBR (platelet-derived growth factor ) resulting from the t(5;12) balanced
translocation in chronic myelomonocytic leukemia (CMML), and ETV6-NTRKS3
(neurotrophic tropomyosin receptor kinase gene 3) resulting from t(5;12) in acute
lymphoblastic leukemia (ALL) (Golub et al., 1994; Knezevich et al., 1998; Roberts et al.,
2018). The function of these fusion proteins seems more dependent on the kinase activity.
The fusion proteins contain the dimerization domain of ETV6 and the tyrosine kinase
domain of PDGFBR and NTRK3 protein. The dimerization of fusion proteins mimics the
ligand-induced dimerization to cause continuous activation of phosphorylating tyrosine
residues to promote the growth, proliferation, and survival of cells (Golub et al., 1994;

Carroll et al., 1996; Knezevich et al., 1998).

1.2.2 AML1-ETO in AML

t(8;21) is the first chromosomal translocation discovered in AML (Rowley, 1973).
The translocation fuses the DNA binding domain of AML1 (or RUNX1) to nearly all the
ETO (or MTG8/RUNX1T1) (Miyoshi et al., 1991). While RUNX1 associates with multiple
DNA binding proteins and/or histone-modifying complexes to activate or repress
transcription, the presence of the ETO moiety skews the activity of the fusion protein
towards repression of RUNX1-regulated genes (Lutterbach et al., 1998; Linggi et al.,
2002). ETO associates with histone acetyltransferases, but recruits class | histone

deacetylases, and global studies of t(8;21) cells suggest that this latter effect is the
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predominant mechanism of action (Amann et al., 2001; Wang et al., 2011; Ptasinska et
al., 2014). However, ETO family members are associated with the “E proteins” HEB and
LYL1 (LYL1 basic helix-loop-helix family member) in a complex containing LDB1 (LIM
domain-binding protein 1), LMO2 (LIM domain only 2), and CDK9 (cyclin-dependent
kinase 9), making it possible that ETO family members regulate transcriptional elongation
(Zhang et al., 2004; Meier et al., 2006).

Previous studies sought to underlie the role of AML71-ETO in AML from the
transcriptional aspect by defining the core AML1-ETO transcriptional program. After days
of AML1-ETO knockdown or knockout, AML1-ETO down-regulation led to hundreds to
thousands of gene changes. While many existing studies indicate the transcriptional
repression function of AML1-ETO, numerous studies also reported that AML1-ETO
activates gene expression. However, with a more rapid endogenous AML1-ETO
degradation, Stengel et al were able to define a surprisingly small core network of ~60
genes that are directly regulated by AML1-ETO (Stengel et al., 2021). The network
includes critical mediators of myeloid differentiation and cell fate decision genes such as
CEBPA (CCAAT enhancer binding protein alpha), PLZF (promyelocytic leukemia zinc
finger), NFE2 (nuclear factor, erythroid 2), and MTG 16 (myeloid translocation gene 16).

Today, 1(8;21) is used to define a distinct subgroup of patients which is usually
considered a “good” prognostic marker. Around 6-8% of adult and 10% of pediatric cases
harbors this fusion gene (Nucifora et al., 1994). In mice, the expression of AML1-ETO
alone is not sufficient to cause leukemia (Rhoades et al., 2000; Yuan et al., 2001). When
investigating the secondary mutations that contribute to AML1-ETO-mediated

leukemogenesis, an alternatively spliced AML1-ETO isoform AE9a (alternative splicing
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at exon 9) is identified to strongly indeces leukemia development (Yan et al., 2004; Yan
et al., 2006; Link et al., 2016). The AE9a lacks the C-terminal of the NHR3/4 domain of
ETO, which is critical for NCoR/SMRT (nuclear receptor corepressor/silencing mediator
of retinoic acid and thyroid hormone receptor) interaction, therefore leading to the
differential regulation of AML1-ETO target genes, such as the p21 cell cycle inhibitor
CDKN1A (cyclin-dependent kinase inhibitor 1) to facilitate growth (Yan et al., 2004; Link
et al., 2016). Additionally, mutational landscape analysis shows that in cooperating with
t(8;21), somatic variants that might overcome the growth arrest induced by AML1-ETO
are detected in both diagnosis and relapse, including FLT3 (fms-like tyrosine kinase 3),
KIT (KIT proto-oncogene), NRAS (NRAS proto-oncogene), WT1 (Wilms’s tumor gene),
DHX15 (DEAH-box helicase 15), ASXL2 (ASXL transcriptional regulator 2), DNMT3A
(DNA methyltransferase 3 alpha), TET2 (tet methylcytosine dioxygenase 2), and RAD21
(double-strand-break repair protein rad21 homology) (Madan et al., 2018).

BETi show efficacy in preclinical models of AML, multiple myeloma, and certain
types of lymphoma as well as other cancer types (Bartholomeeusen et al., 2013;
Filippakopoulos et al., 2010; Delmore et al., 2011; Ott et al., 2012). AML containing
chromosomal translocations involving MLL appear to be especially sensitive to BET
inhibitor, perhaps due to the translocations that fuse the N-terminal domain of MLL with
components of the super elongation complex to stimulate the expression of key regulators
of hematopoietic stem cell self-renewal such as Hox family members. In the early studies,
t(8;21) showed the most pronounced sensitivity (Zuber et al., 2011). A recent study in
t(8;21) AML cells shows that BETi impairs RNA polymerases |l pausing the release of

over 1400 genes including the stem cell factor receptor tyrosine kinase KIT ((Zhao et al.,
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2016). BETi also shows the ability to repression of microRNAs that target the
antiapoptotic factor (MCL1), which suggests the BETi resistance mechanism and the
combination treatment with antiapoptotic protein inhibitor Venetoclax in AML (Ramsey et

al., 2021).

1.3 Oncogenic transcription factor fusions in solid tumors

For pediatric solid tumors, there are several fusion genes that are considered
oncogenic drivers of tumorigenesis in children, as well as diagnostic markers or new
therapeutic targets. One of the most described bones and soft-tissue tumors in children
is Ewing’s sarcoma. Over 90% of Ewing’s sarcomas contain a t(11;22) translocation
which fuses the EWS gene with the FLI1 genes generating a novel transcription factor
(Delattre et al., 1992). Apart from the common EWS-FLI1, the FUS-ERG (fused in
sarcoma/ETS transcription factor ERG) fusion gene resulting from t(16;21) is also been
observed in Ewing’s tumors. FUS rearrangement has also been reported in myxoid
liposarcoma (Rabbitts et al., 1993). FUS-DDIT3 (DNA damage-inducible transcript 3)
fusion is the signature onco-transcription factor which fuses the FUS N-terminal SYGQ-
rich low complexity domain to the full-length DDITS3.

There are also translocations been found in rare cancers associated with poor
survival like MLL4-GPS2 (1(5;8)) in spindle cell sarcoma, SS18-SSX1 (1(X;18)) in synovial
sarcoma, and CIC-DUX4 (t(4;19)) in undifferentiated round cell sarcoma (O’Meara et al.,
2014; Storlazzi et al., 2004; Kawamura-Saito et al., 2006). PAX3/7-FOXO1, which is due

to the translocation t(2;13), is a novel transcription factor with high transcriptional activity
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due to the translation of the transactivation domain of FOXO1 to the DNA binding domain

of PAX3 in certain subtypes of rhabdomyosarcoma (RMS) (Barr et al., 1993).

1.3.1 PAX3-FOXO1 in aRMS

1.3.1.1 Overview of RMS

Rhabdomyosarcoma (RMS) is one of the most common solid tumors in children,
accounting for approximately 50% of all soft tissue sarcomas or around 3-8% of all
pediatric cancers (Dagher et al., 1998, Ward et al., 2014). In the United States, about
400-500 people are diagnosed with RMS each year, and more than half of the patients
are under age 10. The overall 5-year survival rate is 70% for children under 15, and 50%
for teens over 15. Epidemiology and End Results database shows that 40% of all RMS
are diagnosed in adults over 20 years of age, with an overall survival rate of 30% (Sultan
et al., 2009).

RMS tumors are thought to originate from myogenic precursor cells of muscle, and
they show histologically aberrant muscle differentiation state (Dagher and Helman, 1999).
There is evidence showing that both myogenic and non-myogenic lineage can contribute
to the development of RMS-like tumors (Rubin et al., 2011; Hatley et al., 2012). Also, the
tumors arise from a variety of anatomic sites, and are not limited to skeletal muscle. Based
on the histology, the classification of RMS is listed as four subtypes: embryonal, alveolar,
pleomorphic, and spindle cell/sclerosing. Embryonal rhabdomyosarcoma (eRMS) and
alveolar rhabdomyosarcoma (aRMS) are the most common subtypes, they comprise ~60%

and ~30% of RMS cases respectively (Ognjanovic et al., 2009). ERMS has a more
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favorable prognosis, and the five-year survival rate of eRMS patients is greater than 85%.
ERMS cases are reported with mutations of p53 loss, RAS pathway activation, MYOD1
(myogenic differentiation 1) mutation, and VGLL2 (vestigial like family member 2)
rearrangement (Stratton et al., 1989; Taylor et al.,2000; Kohsaka et al., 2014).

ARMS is the other major subtype of RMS, which have a relatively low 5-year
overall survival, with a high chance of metastasis and relapse (Sorensen et al., 2002,
Missiaglia et al., 2012). In contrast to eRSM, the t(2;13) (PAX3-FOXO1) or t(1;13) (PAX7-
FOXO1) fusion gene is a signature genetic change of pediatric aRMS. Around 60% aRMS
cases harbor PAX3-FOXO1 fusion, and 20% with PAX7-FOXO1 fusion, while 20% of
tumors are fusion-negative aRMS. The patient outcome of aRMS is different between
patients with PAX3-FOXO1 fusion or PAX7-FOXO1 fusion. In non-metastatic patients,
the 5-year survival rate is 39% in PAX3-FOXO1 patients, 74% in PAX7-FOXO1 patients,
and 84% in fusion-negative patients. The survival rates vary even more strikingly in
patients with metastasis, 8% for PAX3-FOXO1 fusion contain patients and 75% for PAX7-
FOXO1 fusion contain patients (Sorensen et al., 2002; Kubo et al., 2015).

For the past decades, the treatment of aRMS had remained unchanged with both
local therapy, such as surgery and radiation therapy, and chemotherapy, which is toxic to
normal cells. However, approximately one-third of the tumors will relapse, and the relapse
rate rises to 70% for the metastatic cases (Pappo et al., 1999; Hibbitts et al., 2019). In
addition, there is a limited number of secondary genomic mutations in aRMS tumors,
which is 6.4 mutations per tumor and only 2.5 mutations are in a transcribed gene (Shern

et al., 2014). This makes it even harder to develop potential targeted therapy.
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1.3.1.2 PAX3-FOXO1
1.3.1.2.1 PAX3

The paired box gene 3 (PAX3) is a transcription factor. Characterized by a highly
conserved paired DNA binding domain, PAX family transcription factors are essential
regulators during the development of the nervous system and the formation of various
organs (Tremblay and Gruss, 1994). The PST-rich region of the C-terminus is the
transcriptional activation domain of PAX3 (Tanaka and Herr, 1990; Chalepakis et al.,
1994). For PAX3 and PAX7, the C-terminal transactivation domains appear to be potently
inhibited by a domain located in the first 90 N-terminal amino acid of PAX3 (Chalepakis
et al., 1994; Fredericks et al., 1995; Bennicelli et al., 1995; Bennicelli et al., 1999). As a
transcription factor, PAX3 has the capability to form homodimers (PAX3/PAX3) and
heterodimers (PAX3/PAXT7) (Schafer et al., 1994). PAX can also recruit other transcription
factors to regulate the downstream gene.

PAX3 dysregulation is found in different human diseases. PAX3 germline
mutations are reported in Waardenburg syndrome, and most of these mutations are
localized to exons 2 through 6, which affect the DNA binding domain of PAX3 (Hoth et al.,
1993; Pingault et al., 2010). High expression of wild-type PAX3 has also been reported
in cancer. Tumors related to neural tube-derived lineages are detected with high PAX3
expressions, such as melanoma, neurofibroma, and Ewing’s sarcoma (Schulte et al.,
1997; Gershon et al., 2005; He et al., 2010). Tumors associated with deregulation of
myogenic differentiation like Embryonal rhabdomyosarcoma also detected a high level of

PAX3 expression (Frascella et al., 1998).
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1.3.1.2.2 FOXO1

The forkhead box O (FOXO1) family includes four members: FOXO1, FOXO3,
FOXO04, and FOXO6, and they are characterized by a conserved DNA-binding domain
(forkhead domain). FOXO1 is the first identified member of the FOXO subfamily. It
consists of four domains: the highly conserved forkhead DNA-binding domain, a nuclear
localization signal (NLS), a nuclear export sequence (NES), and a C-terminal
transactivation domain. As a downstream target of AKT, FOXO1 is involved in the control
of cell cycle, apoptosis, metabolism, and adipocyte differentiation (Dowell et al., 2003;
Battiprolu et al., 2012; Song et al. 2015). FOXO1 can upregulate the negative regulators
of the cell cycle, such as p21, and p27, to arrest cells in GO/G1 phase, and this is also
responsible for the regulation of adipocyte differentiation (Huang and Tindall, 2007;
Adachi et al., 2007; Nakea et al., 2003).

The regulation of FOXOs is primarily through phosphorylation, and its
transcriptional activity is dependent on its phosphorylation state (Rena et al., 1999; Guo
etal., 1999). In its un-phosphorylated state, FOXO is localized to the nucleus. The nuclear
localization of FOXO proteins indicates transcriptional activity (Lin et al., 2001).
Posttranslational modifications are triggered under different types of environmental
stresses to lead to the nuclear translocation of FOXO proteins (Eijkelenboom and
Burgering, 2013). FOXO transcription factors are normally inactivated by sequestration
into the cytoplasm under homeostatic conditions. FOXO transcriptional targets are mainly
involved in the regulation of the cell cycle, apoptosis, oxidative stress resistance, and
metabolism in response to environmental changes to maintain homeostasis (van der

Horst and Burgering, 2007; Eijkelenboom and Burgering, 2013).
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FOXO1 plays an important role in tumorigenesis through the regulation of
apoptosis. Without a growth factor, the FOXO1 phosphorylation pathway
phosphatidylinositol 3-kinase (PI3K)-AKT is inactivated. The dephosphorylated FOXO1
in the nucleus triggers apoptosis (Brunet et al., 2004). Tumor suppressor PTEN
(phosphatase and tensin homolog) functions as an antagonist of the PISK-AKT pathway.
When PTEN is mutated in tumor cells, FOXO1 is constitutively phosphorylated and
apoptosis is inhibited (Nakamura et al., 2000). In contrast, a constitutively active of
FOXO1 relocates in the nucleus and restores its transcriptional activation to induce
apoptosis (Nakamura et al., 2000; Brunet et al., 2004). Furthermore, FOXO1 is found in
human cancers at chromosomal translocations, indicating an important role in the tumor

development of FOXO1 protein.

1.3.1.2.3 Protein structure of PAX3-FOXO1

PAX3-FOXO1 results from the stable reciprocal translocation of chromosomes 2
and 13, which fuses the DNA binding domain of PAX3 with the transactivation domain of
FOXO1 (Shapiro et al., 1993, Galili et al., 1993) (Figure 1.4). The breakpoint separates
most of the PAX3 transactivation domain and disrupt the forkhead DNA binding domain.
Therefore, the potent transactivation domain of FOXO1 in the fusion protein results in
increased activity at both functional and expression levels comparing to the wild type
PAX3 and FOXO1. It is possible that the the N-terminus of PAX3 is insensitive to inhibit
the FOXO1 activation domain (Chalepakis et al., 1994; Fredericks et al., 1995; Bennicelli
et al., 1995; Bennicelli et al., 1999). This is also supported by previous studies showing

that the PAX3-FOXO1 fusion protein is a stronger activator of genes with PAX3 binding
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sites (Bennicelli et al., 1995; Fredericks et al., 1995; Bennichelli et al., 1996). Therefore,
in aRMS, the resulting fusion protein of PAX3 and FOXO1 acts as novel transcription
factor with altered transcriptional functions, inducing aberrant expression of genes

containing the PAX3 DNA binding site (Linardic et al., 2009).
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Figure 1.4. Schematic model of protein domain structures of the wild-type PAX3,
FOXO1, and PAX3-FOXO1 fusion protein.

1.3.1.2.4 Contribution to tumorigenesis of PAX3-FOXO1

PAX3-FOXO1 contributes to tumorigenesis through multiple paths. The ectopic
expression of PAX3-FOXO1 in fusion-negative embryonal rhabdomyosarcoma (eRMS)
tumor cells resulted in an increased proliferation (Anderson et al., 2001). PAX3-FOXO1
containing aRMS having increased cell proliferation is also supported by the increased
expression of an immunohistochemical marker of proliferation (MIB1) in PAX3-FOXO1-
containing tumors (Collins et al., 2001). siRNA knockdown of PAX3-FOXO1 in human
aRMS cells shows the accumulation of cells in the G1 phase, inhibition of proliferation,

and reduction of cell motility (Kikuchi et al., 2008). In mouse C2C12 myoblasts, PAX3-

29



FOXO1 can induce cell cycling and promote proliferation while blocking myogenesis
(Wang et al., 1998). Also, PAX3-FOXO1 induced the angiogenic cytokine VEGF and
stabilized its high expression level (Wang et al., 1998).

PAX3-FOXO1 may contribute to the phenotype of aRMS by preventing terminal
differentiation. The study in mouse C2C12 myoblasts showed that PAX3-FOXO1 inhibited
differentiation (Wang et al., 1998). This may be due to the property of wild-type PAXS,
since PAX3 can inhibit myogenic differentiation of C2C12 myoblasts which is induced by
the condition of low serum, and the inhibition can be abolished by PAX3 DNA binding
domain mutation (Epstein et al., 1995). The inhibition of differentiation is confirmed in
transgenic mice expressing PAX3-FOXO1 in a later study. The myoblasts were unable to
complete myogenic differentiation might be due to the repression of the key cell cycle and
differentiation regulator CDKN1C (cyclin dependent kinase inhibitor 1C) by PAX3-FOXO1

(Roeb et al., 2007).

1.3.1.2.5 Pioneer factor activity of PAX3-FOXO1

Chromatin is compacted by linker histone H1 to block the access of transcription
factors to their target DNA sequence. Pioneer factors are a subset of transcription factors
that bind directly to condensed chromatin to affect transcription. They are important in
recruiting other transcription factors and histone modifying enzymes to the open
chromatin. The forkhead family proteins contain a conserved winged-helix DNA-binding
domain that mimics the structural features of histone H1 to disrupt H1-compacted

chromatin (Cirillo et al., 2002). As a member of the forkhead family proteins, FOXO1 also
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contains the conserved winged-helix DNA-binding domain to bind to and de-condense
linker histone H1-compacted chromatin (Hatta and Cirillo, 2007).

Among the identified pioneer factors, PAX7 functions to remodel chromatin to allow
the binding of other factors for gene activation (Budry et al.,, 2012). Introduction of
mutation impairing either the paired or homeodomain impaired this activity, indicating both
domains are required for PAX7 pioneer factor function (Pelletier et al., 2021). As a paralog
of PAX7, PAX3 might also have the pioneer factor function since PAX3 shows chromatin
binding behavior which is the ability to bind mitotic chromosomes (Wu et al., 2015). The
evidence that suggests PAX3-FOXO1 might have pioneer factor activity includes that
fusion protein PAX3-FOXO1 contains the PAX3 paired domain and homeobox domain
and part of the FOXO1 DNA-binding domain, and PAX3-FOXO1 is shown to bind to
compact chromatin (Sunkel et al., 2021). However, whether the binding to compact

chromatin could affect transcription or not still need to be further investigated.

1.3.1.2.6 PAX3-FOXO1 transcriptional targets

Because PAX3-FOXO1 is specific for aRMS and inhibition of fusion transcription
factors is challenging, the development of new drugs has focused on the transcriptional
targets of PAX3-FOXO1. Antibody-based PAX3-FOXO1 chromatin immunoprecipitation
and DNA sequencing (ChlP-seq), and ChlP-seq of active and repressive histone marks
identified more than one thousand potential PAX3-FOXO1 regulatory sites (Cao et al.,
2010; Gryder et al., 2017). These assays show that PAX3-FOXO1 predominantly binds
sites within either promoters or distal enhancers of the putative target genes (Cao et al.,

2010; Gryder et al., 2017; Sunkel et al., 2021). For example, apoptotic gene TFAP2B
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(transcription factor AP-2 bata) (Ebauer et al., 2007), and histone demethylase gene
JARIDZ2 (Jumoniji and AT-rich interaction domain containing 2) (Walters et al., 2014), are
reported as direct targets of PAX3-FOXO1 through binding to the promoter of these genes.
Since more than 99% of PAX3-FOXO1 sites are more than 2.5 kb distal from the nearest
transcriptional start site, RMS hallmark genes IGF2 (insulin like growth factor 2), MYC,
ALK (anaplastic lymphoma kinase), MET (MET proto-oncogene), FGFR4 (fibroblast
growth factor receptor 4), MYOD1 (myoblast determination protein 1), MYOG (myogenin)
are reported as targets of PAX3-FOXO1 through binding to the super-enhancer of these
genes (Cao et al., 2010, Gryder et al., 2017; Marshall et al., 2012, Souza et al., 2012).

However, the maijority of current studies have been done through gene expression
profiling after knock-in, exogenous expression of PAX3-FOXO1, or shRNA knockdown of
the endogenous PAX3-FOXO1. While knockdown or re-expression studies coupled with
RNA-seq analysis can identify genes with an altered expression such as PPP2R1A
(Akaike et al., 2018) and HES3 (Kendall et al., 2018), some of these changes could be
indirect or compensatory transcriptional changes resulting from chronic transcription
factor loss or re-expression.

Despite the lack of understanding of PAX3-FOXO1 contribution to tumorigenesis,
PAX3-FOXO1 in aRMS is associated with a worse outcome for the patient. The interfering
techniques to inhibit PAX3-FOXO1 not only influenced PAX3-FOXO1, but also the
endogenous PAX3, which makes the results hard to interpret. Moreover, the cell origin of
RMS is still unknown, as well as the difference between eRMS and aRSM. Therefore, to
address the detailed transcriptional mechanism of PAX3-FOXO1 to provide insight into

the cellular aspect of tumorigenesis and for the clinical significance aspect of therapy
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development, a comprehensive investigation of PAX3-FOXO1 in aRMS still needs to be

continued.

1.4 Scope of the dissertation

Given the critical role of oncogenic transcription factor fusion in cancer
development, these transcription factors and their regulatory targets are being developed
to define new therapeutic agents. In my dissertation work, | focused on two main
questions. First, in Chapter 3, | focused on investigating the action of BETi in 1(8;21) AML
cells. The data of this part has been published in J Cell Biochem (Zhang et al., 2018).
Chapter 4 focused on the mechanism of PAX3-FOXO1 transcriptional control in aRMS.
The data of this part is currently under revision by Molecular Cell. Chapter 5 provide an

overview of the conclusions and future directions.
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CHAPTER 2

Methods and materials

Materials Availability

All the materials generated in this study are accessible upon request.

Data Availability

All genomic datasets are available at GEO accession GSE153281. The reviewer token
is yhkfqqgghvstxil.

Cell lines

The cell lines were obtained from ATCC. Rh30 cells were cultured in RPMI-1640 (Corning
by Mediatech, Inc.) containing 10% FetalPlex (Corning by Mediatech, Inc.) and
supplemented with 1% L-Glutamine (Corning by Mediatech, Inc.) and 1%
penicillin/streptomycin (Corning by Mediatech, Inc.). Rh4 cells were cultured in RPMI-
1640 (Corning by Mediatech, Inc.) containing 10% FBS (Corning by Mediatech, Inc.) and
supplemented with 1% L-Glutamine (Corning by Mediatech, Inc.) and 1%
penicillin/streptomycin (Corning by Mediatech, Inc.). Kasumi-1 cells were cultured in
RPMI-1640 (Corning by Mediatech, Inc.) containing 15% FBS (Corning by Mediatech,
Inc.) and supplemented with 1% L-Glutamine (Corning by Mediatech, Inc.) and 1%
penicillin/streptomycin (Corning by Mediatech, Inc.). Drosophila S2 cells (Schneider
media supplemented with 10% FBS, 1% penicillin and streptomycin) were a gift from Dr.
Emily Hodges.

dTAG-47
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dTAG-47 was synthesized by the Vanderbilt University Medical Center (VUMC) Molecular
Design and Synthesis Center (VICB, kk-25-065) as described (Nabet et al., 2018), and
reconstituted in DMSO (Sigma).

Generation of endogenous PAX3-FOXO1-tagged Rh30 and Rh4 cell lines

The endogenous allele of PAX3-FOXO1 in Rh30 and Rh4 cells was engineered to
express C-terminal FKBP12F36V-2xHA, APEX2-2xHA, or 3X-FLAG tags using homology-
directed DNA repair (Layden et al., 2021). 180 bp upstream of the stop codon and 500
bp after the FOXO1 top codon were cloned into pUC19 containing FKBP12736V-2xHA-
P2A-mCherry derived from Addgene #104370 (pAW62(Weintraub et al., 2017)) using the
Gibson Assembly Cloning Kit (NEB #E5510S). The APEX2 sequence (Addgene #97421)
or a 3xFLAG tag was cloned into the HDR donor plasmids to create the FOXO71-APEX?2
and FOXO1-3xFLAG plasmids respectively. Cas9, gRNA and the HDR template plasmid
were delivered into Rh30 cells by electroporation. mCherry positive cells were sorted and
single cell cloning was performed to generate PAX3-FOXO1-tagged and FOXO1-tagged
clones.

Primers used to construct template plasmid are listed below:

Primers to generate 5 homology gene block:
F:GCCAAGTGGGTTGATGTCTGGTTTTTCCTTGAGAGAAGCTCCCAAGTGACTTGG
ATGGCATGTTC
R:GGGGAGATGGTTTCCACCTGCACTCCTCCGGATCCGCCTGACACCCAGCTATGT
GTCGTTGTCTTG

Primers to generate 3’homology gene block:
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Cherry-F:
ACTCCACCGGCGGCATGGACGAGCTGTACAAGTAAGGGTTAGTGAGCAGGTAAGT
TCACCCCAAT

BFP-F:
ACCTCCCTAGCAAACTGGGGCACAAGCTTAATTAAGGGTTAGTGAGCAGGTAAGTT
CACCCCAAT
R:CGGCCAGTGAATTCGAGCTCGGTACCCGGGGATCCCCAAGAAAACTAAAAGGG
AGTTGGTGAAAG

5’'Gibson Cloning Primers:
F:CAAGACAACGACACATAGCTGGGTGTCAGGCGGATCCGGAGGAGTGCAGGTGG
AAACCATCTCCCC
R:GAACATGCCATCCAAGTCACTTGGGAGCTTCTCTCAAGGAAAAACCAGACATCA
ACCCACTTGGC

3'Gibson Cloning Primers:

Forward:

CTTTCACCAACTCCCTTTTAGTTTTCTTGGGGATCCCCGGGTACCGAGCTCGAATT
CACTGGCCG

Cherry-R:
ATTGGGGTGAACTTACCTGCTCACTAACCCTTACTTGTACAGCTCGTCCATGCCGC
CGGTGGAGT

BFP-R:
ATTGGGGTGAACTTACCTGCTCACTAACCCTTAATTAAGCTTGTGCCCCAGTTTGCT

AGGGAGGT
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FOXO1 crRNA: 5-CAGGCTGAGGGTTAGTGAGC
Guide RNAs and primers used for enhancer knockdown is listed below:
KLF4 PAX3-FOXO1-regulated enhancer:

singe guide RNA _1: gcatttgggaaaaggtgagg

singe guide RNA_2: cttaagtaaaggaaagaact

genome PCR primer_F: agctgggttcagctttcact

genome PCR primer_R: tggaaactcagccaagaattg

KLF4 non-PAX3-FOXO1-regulated enhancer:

singe guide RNA_1: CTCTGCAGTTGGGCACACCC
singe guide RNA_2: cacacagctactaaaactcg

genome PCR primer_F: TGAGATGCAGAGTCCCCATT
genome PCR primer_R: gatcttgcggatcagagagg

gPCR primer_F: CAAGCCAAAGAGGGGAAGAC

gPCR primer_R: CGTCCCAGTCACAGTGGTAA

RUNX2 PAX3-FOXO1-regulated enhancer:

singe guide RNA_1: caccGCGGGCGGTGAGCTAACACAT
singe guide RNA_2: aaacATGTGTTAGCTCACCGCCCGC
singe guide RNA_3: caccGCAGTTGGATGAGATCAAGCA
singe guide RNA_4: aaacTGCTTGATCTCATCCAACTGC
genome PCR primer_F: CGGGCGGTGAGCTAACACAT
genome PCR primer_R: CAGTTGGATGAGATCAAGCA
RUNX2 non-PAX3-FOXO1-regulated enhancer:

singe guide RNA_1: caccGGCAGCTGTAGCCCGCGGTT
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singe guide RNA_2: aaacAACCGCGGGCTACAGCTGCC
singe guide RNA_3: caccGCTGATTCTGACGCCATCTG
singe guide RNA_4: aaacCAGATGGCGTCAGAATCAGC
genome PCR primer_F: GGCAGCTGTAGCCCGCGGTT
genome PCR primer_R: GCTGATTCTGACGCCATCT
gPCR primer_F: TGGTTACTGTCATGGCGGGTA

gPCR primer_R: TCTCAGATCGTTGAACCTTGCTA
ACTB gPCR primer_F: ACCTTCTACAATGAGCTGCG

ACTB gPCR primer R: CCTGGATAGCAACGTACATGG

Western Blot

Cells were collected and lysed with RIPA buffer (60 mM Tris pH8.0, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing protease inhibitor. After
sonication, lysates were cleared by centrifugation and subjected to SDS-PAGE and
electrophoretic transfer to membranes before incubation with antibodies directed against
HA (Abcam, ab18181), FLAG (Sigma, F1804), GAPDH (Santa Cruz, sc-365062), Lamin
B (Santa Cruz, sc-6217). Signal was visualized with secondary IR-Dye conjugated
antibodies (Licor) and detected using the Licor Odyssey imaging system.

Cell growth

Cells were seeded at a density of 2 x 10° cells/ml on day 0 in 6-well culture plates and
treated with DMSO or 500 nM dTAG-47. The cells were reseeded every 3 days at 2 x 10°
cells/ml and maintained in DMSO/dTAG-47 treatment for the duration of the assay. Viable

cell were counted with Trypan Blue dye exclusion every day for 9 days consecutive.
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Quantification was performed in triplicate and the values averaged and shown with
standard deviations.

Cell cycle analysis

Cells were treated with DMSO or dTAG-47 for 3, 6, and 9 days. Before staining, cells in
a 10-mm-dish at 80% confluence were pulsed with 20uM 5-bromo-2’-deoxyuridine (BrdU)
for 2 hours and fixed overnight with 70% ethanol at 4°C. Cells were stained with
fluorescein isothiocyanate (FITC)-conjugated anti-BrdU and counterstained with
propidium iodide (Pl) before analysis by flow cytometry. All flow cytometry figures were
generated using FlowJo software.

Apoptosis assay

Cells were treated with DMSO or dTAG-47 for 1, 2, and 3 days. Cells were stained with
FITC-AnnexinV/7-AAD Apoptosis detection kit (cat # 556547, BD Pharmingen). All flow
cytometry figures were generated by FlowJo software.

Soft Agar colony formation assay

Cells were treated with DMSO or dTAG-47 for 3, 6, and 9 days, and then were plated in
0.3% agarose medium. Cells were fed with culture media with DMSO/dTAG-47 once per
week. After 4 weeks, plates were stained with 0.005% Crystal Violet (Sigma), and
colonies were counted using a dissecting microscope.

Oxygen consumption rate and extracellular acidification rate measurements.

Cells were seeded on Cell-Tak adhesive coated Seahorse XF96 Cell Culture
Microplates to prepare adherent monolayer cultures. Seahorse XFe96 Extracellular flux
analyzer (Agilent, Inc.) was utilized to determine the oxygen consumption rate (OCR)

and extracellular acidification rate (ECAR) by measuring the concentration of oxygen
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and free protons in the medium surrounding the monolayer of cells in real-time. The XF
Cell Mito Stress Test Kit (Agilent, Inc.) was used to access the mitochondrial function
after serially injecting oligomycin, FCCP and a mix of rotenone and antimycin A to
measure ATP production, maximal respiration, and non-mitochondrial respiration,
respectively. The XF Glycolysis Stress Test Kit (Agilent, Inc.) was used to access the
glycolysis capacity after three sequential injections of glucose, oligomycin and 2-deoxy-
glucose (2-DG).

Optical Metabolic Imaging.

Multi-photon fluorescence lifetime imaging was performed on a Nikon Ti:E inverted
microscope equipped with time-correlated single photon counting electronics. NAD(P)H
and FAD fluorescence were excited with a titanium:sapphire laser (Chameleon Ultra Il,
Coherent, Inc.) tuned to 750 nm and 890 nm, respectively. A 400-480 nm bandpass
filter was used to isolate NAD(P)H fluorescence emission, and a 500 nm high pass
dichroic mirror and 500-600 nm bandpass filter were used to isolate FAD fluorescence
emission. Fluorescence signal was collected through a 40x% oil-immersion objective
across a 170 x 170 um field of view, capturing approximately 40-60 cells. Four fields of

view per sample were acquired, yielding 125-250 cells for each of three biological

replicates. Images were processed with custom software previously described34.
Briefly, the NAD(P)H and FAD intensities were calculated by integrating the
fluorescence lifetime decay within each pixel. Then, the ratio of NAD(P)H intensity
divided by FAD intensity (the optical redox ratio) was calculated at each pixel. Pixels
within the cell cytoplasm were averaged and statistical differences were calculated on a

per-cell level.
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Immunofluorescence

Cells were seeded on coverslips and treated with DMSO or dTAG-47 for 3, 6, and 9 days.
Cell were then fixed with 3.7% paraformaldehyde in PBS at room temperature for 15
minutes. The coverslips were then washed three times with phosphate buffered saline
(PBS) and the cells were permeabilized using 0.3% Triton X-100 in PBS at room
temperature for 30 minutes. In a humidified chamber, cells were blocked by adding 1%
serum in PBS for 30 minutes, and then incubated with primary antibodies (Myogenin,
Abcam, ab1835; Myosin Heavy Chain, R&D, MAB4470; HA, Cell Signaling, (C29F4)
#3724) with appropriate dilution in 0.5% NP-40 and 1% serum in PBS at 37 °C for 1 hour.
After washing 3 times with PBS, cells were incubated in Alexa Fluor secondary antibody
(Abcam ab150117, Invitrogen A-11034) with Phalloidin (Thermo Fisher Scientific, A12380)
and DAPI diluted in 0.5% NP-40, and 1% serum in PBS at 37 °C for 45 minutes.
Coverslips were mounted on slides with Prolong Gold Antifade reagent (Thermo Fisher
Scientific, P36930) and dried overnight in the dark. Images were collected using a Nikon
fluorescent microscope.

Nuclei isolation

30 million Rh30 cells were treated with DMSO or dTAG-47 and collected at indicated time
points. Cells were washed with ice cold PBS and lysed with cell lysis buffer (10mM Tris-
Cl pH7.4, 300mM sucrose, 3mM CaClz, 2mM MgClz, 0.5% NP-40, 5mM DTT, 1mM PMSF,
EDTA free protease cocktail inhibitor tablet) using dounce homogenization, nuclei were
pelleted by centrifugation and washed with nuclei storage buffer (50mM Tris-Cl pH8.3,

40% glycerol, 5mM MgCI2, 5mM DTT, 0.1 mM EDTA, 1mM PMSF, EDTA free protease
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cocktail inhibitor tablet). After counting, pelleted nuclei were resuspended in storage
buffer, and stored at -80 °C.

Precision nuclear run-on and sequencing (PRO-seq)

PRO-seq was performed in biological replicates as previously described using
approximately 20 million nuclei per run on with GTP, ATP, UTP, and biotin-11-CTP
(PerkinElmer) using 0.5% Sarkosyl (Fisher Scientific) to prevent transcription initiation
(Mahat et al., 2016; Zhao et al., 2016). RNA was reversed transcribed and amplified to
make the cDNA library for sequencing by the Vanderbilt University Medical Center
(VUMC) VANTAGE Genome Sciences Shared Resource on an lllumina Nextseq 500
(SR-75, 50 million reads). The sequences were aligned using bowtie2 (v2.2.2) before
using the Nascent RNA Sequencing Analysis (NRSA) pipeline (Wang et al., 2018) to
determine the gene body and eRNA changes.

RNA sequencing and data processing

All RNA-seq experiments were performed in biological duplicate. Total RNA was
extracted using TRIzol. RNA was submitted to the VUMC VANTAGE core for library
preparation and sequencing (lllumima NovaSeq, PE-150, 30 million reads). Adaptors
were trimmed using Trimmomatic-0.32 and aligned to the human genome (hg19) using
TopHat (v. 2.0.11) (Trapnell et al., 2012). Differential analysis was performed using
CuffDiff (v. 2.1.1) (Trapnell et al., 2013).

Cleavage under targets and release using nuclease (CUT&RUN)

CUT&RUN experiments were performed in biological duplicate as described (Skene and
Henikoff, 2017). Briefly, cells were treated with DMSO or dTAG-47 for the indicated times

and 250,000 cells were collected and incubated with Concanavalin A-coated beads
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(Bangs Laboratories, BP531) for 10 minutes at room temperature, and i with 0.01%
freshly dissolved digitonin. Anti-HA (Cell Signaling, (C29F4) #3724), anti-BRD4 (BETHYL,
#A301-985A50), anti-H3K4me3 (Abcam, ab12209), anti-MYOD (Santa Cruz, sc-377460),
anti-RUNX1 (Santa Cruz, sc-365644), anti-HEB (Santa Cruz, sc-357), anti-ARID1A (Cell
Signaling, (D2A8U) #12354), anti-SPT16 (Cell Signaling, D712K #12191), anti-CDK8
(Santa Cruz, sc-13155), and anti-PAX3 (Abcam, ab69856) primary antibodies were
added and incubated at 4 °C overnight, before washing and binding of secondary
antibody (anti-Rabbit, #ab31238, anti-Mouse, #ab46540) for 1hr. After washing, CUTANA
pAG-MNase (EpiCypher, #15-1116) fusion protein was added and incubated at 0 °C for
60-90 mins to digest targeted regions of the genome. DNA was then extracted using
phenol-chloroform(Skene and Henikoff, 2017) and sequencing libraries were generated
using the NEBNext Ultra Il DNA Library Prep Kit for lllumina (NEB #E7645S/L).
Sequencing was performed by the VUMC VANTAGE core lllumina NovaSeq (PE-150, 10
million reads).

Chromatin Immunoprecipitation Sequencing (ChIP-seq)

Cells were treated with dTAG-47 for 0, 2, 4, and 24 hours. Five million cells were used to
perform anti-H3K27ac ChlP-seq with Drosophila S2 cell spike-in. Cells were cross-linked
with 1% formaldehyde for 8 minutes and quenched with 125mM Glycine. Following nuclei
isolation, chromatin fragments within 300~600 bp range were generated by sonication for
25 cycles (30s-on, 30s-off) for 25 cycles with a Biorupter (Diagenode). Chromatin
fragments were immunoprecipitated with anti-H3K27ac (Abcam, #ab4729) plus Protein A

beads. NEBNext Ultra || DNA Library Prep Kit for lllumina was used to make the DNA
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libraries (NEB, #E7645S/L), which were sequenced on the Illlumina NovaSeq (PE-150,
30 million reads) at the VUMC VANTAGE Shared Resource.

CUT&RUN and ChiIP-seq data analysis

Raw FASTQ data were trimmed using Trimmomatic (v0.32) and paired end reads were
aligned to a concatenated human and E.coli genome (hg19 and ecK12MG1655) for
CUT&RUN, or Drosophila genome (hg19 and dm3) genome for ChIP-seq using Bowtie2
in very sensitive local mode (--local --very-sensitive-local --no-unal --no-mixed --no-
discordant --phred33 -1 10 -X 700) (Langmead and Salzberg, 2012). Peaks were called
using MACS2 with a threshold of g<0.01. Peaks were annotated to the nearest TSS using
HOMER. Differential analysis was performed using DiffBind and DESeq2. Significantly
changed peaks were defined by a 1.5-fold change threshold and FDR<0.05. BigWig files
were generated and normalized with the DESeq2 size factors using Deeptools. Heatmaps
were created by Deeptools using the DESeq2 size factor normalized bigwig files.

Assay for Transposase Accessible Chromatin using sequencing (ATAC-seq)
ATAC-seq was performed in biological duplicate using the ATAC-Seq Kit (Active Motif,
catalog No0.53150) (Buenrostro et al., 2015). Briefly, 100,000 Rh30 cells and 2,000
Drosophila S2 cells were used to isolate nuclei. Nuclei were incubated with tagmentation
Master Mix at 37 °C for 30 minutes after lysing the cells in ice-cold ATAC Lysis Buffer and
the DNA was purified with the DNA purification column. PCR amplification of tagmented
DNA was performed to make libraries with the appropriate indexed primers. After SPRI
bead clean-up, the DNA libraries were sequenced on the lllumina NovaSeq (PE-150, 50
million reads) at the VUMC VANTAGE core.

ATAC-seq data analysis
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Raw FASTQ data were trimmed by Trimmomatic (v0.32), and paired end reads were
aligned to a concatenated human and Drosophila genome (hg19 and dm3) using Bowtie2
(-X 2000 -q --no-mixed --no-discordant). Peaks were called using Genrich (v. 0.6.1)

(https://qgithub.com/jsh58/Genrich) with the following options -j -y -r -e chrM -q 0.01 -a 20.

Peaks were annotated to the nearest TSS using HOMER. Differential analysis was
performed using DiffBind and DESeqg2. Significantly changed peaks were defined by a
1.5-fold change threshold and FDR<0.05. BigWig files were generated and normalized
using the DESeq?2 size factors using Deeptools. Heatmaps were created by Deeptools
using the DESeq2 size factor normalized bigwig files.

APEX2 in-cell biotinylation

APEX2 in-cell biotinylation was performed as described (Hung et al., 2017). Briefly, 100
million cells were incubated with 500 um biotin phenol (Iris, LS-3500, dissolved in DMSO)
at 37 °C for 1 hour. Hydrogen peroxide (H202) was added for 1 minute. After quenching,
nuclei were isolated, lysed, and nuclear protein was harvested in RIPA buffer. Protein
concentration was determined using DC Protein Assay (BioRad). Biotinylated proteins
were purified with streptavidin beads (Thermo Fisher Scientific, #88817) and eluted by
boiling in Laemmli sample buffer. Parental Rh30 cells were used as negative control to
determine proteins specifically identified in Rh30-PAX3-FOXO1-APEX2 samples.
Proteins from parental Rh30 cells and Rh30-PAX3-FOXO1-APEX2 cells were analyzed
as biological triplicates that were processed independently.

FLAG affinity purification

Nuclei were isolated from 100 million cells per sample. The nuclei were then “extracted”

by incubating with Pierce Universal Nuclease (Thermo Fisher Scientific, #88701) in co-IP
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buffer (20 mM Tris pH 8, 150 mM NaCl, 2 mM MgCl., 0.1% NP-40, with protease inhibitors)
on ice for 1 hour. Cleared lysates were passed over a 0.45 um cellulose acetate column
(Corning) to remove any remaining particulates. Samples were incubated with 60 pl of
equilibrated EZ Red Flag M2 bead slurry (EZview by Millipore Sigma, F2426) at 4°C for
2hr in co-IP buffer, after washing, purified proteins were eluted twice with 50 ul of 1 mg/mi
3X flag peptide (Sigma) in co-IP buffer on the nutator for 10 minutes at room temperature.
Mass Spectrometry

Eluents from Apex or FLAG purifications were prepared for analysis via S-trap trypsin

digests using manufacturer’s protocol (S-Trap™ — ProtiFi). The peptides were separated

on a self-packed 100 um x 20 cm reversed phase (Phenomonex - Jupiter 3 micron, 300A)
column from which peptides were ionized directly via nano-electrospray into an Exploris
480 (Thermo-Fisher) mass spectrometer. Both full-scan and peptide fragmentation
(MS/MS) were collected over the course of a 70-minute aqueous to organic gradient
elution in a data-dependent manner using dynamic exclusion to reduce redundancy of
peptide acquisition. Resulting MS/MS spectra were searched using SEQUEST (Eng et
al., 1994) against a human database containing common contaminants and reversed
copies of each entry. Resulting identifications were filtered to a 5% false-discovery
threshold, collated back to the protein level, and compared across samples using Scaffold

(Proteome_Software). Filtered total spectral count values were used for fold-change

comparisons and p-value estimations.

46



CHAPTER 3

Mechanism of action of BETi in t(8;21) AML

3.1 Background

Inhibitors of the bromodomain and extra-terminal domain family (BETi) offer a new
approach of treating hematological malignancies. Intriguingly, in these early studies, the
t(8;21) cell line Kasumi-1 showed the most pronounced sensitivity (Zuber et al., 2011).
By using precision nuclear run-on sequencing (PRO-seq), we previously identified many
of the earliest targets of BET inhibitor action and demonstrated that these compounds
cause transcriptional pausing of drivers of the cell cycle and metabolic activity, and affect
eRNA synthesis in the MYC super-enhancer (Zhao et al., 2016). Here, we extended our
study by showing that t(8;21) AML are not only very sensitive to BETi, but rather than
induce cell death, treatment with JQ1 or MS417 dramatically reduced cell size and
induced cell cycle arrest. Cell cycle analyses and assessment of mitochondrial function
and glycolysis indicated that the BETi-induced cell cycle arrest was reversible. However,
the metabolic stress and impaired transcription of BCL2 after JQ1 treatment provides

further molecular rationale for combination therapy using BETi and venetoclax.

3.2 Results
3.2.1 BET inhibitors affect Kasumi-1 cell proliferation without inducing apoptosis.
High throughput screens of cancer cell lines identified the t(8;21) cell line Kasumi-

1 as the most sensitive cell type to the BET inhibitor (BETi) JQ1 using alamarBlue assays
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as a surrogate for cell proliferation (Zhao et al., 2016). Consistent with these previous
studies, we found that Kasumi-1 cells, as well as the t(8;21)-containing SKNO-1 cell line
that requires GM-CSF for growth (Matozaki et al., 1995), were more sensitive than
MOLM13, and MV4-11 that contain MLL disruptions (Fig. 3.1A) when using alamarBlue
assays. However, alamarBlue measures metabolic output, rather than cell death. When
we tested for cell death using JQ1 and another potent BET inhibitor, MS417 (Zhang et al.,
2012), which shares molecular and transcription targets with JQ1 (Zhao et al., 2016), both
JQ1 and MS417 only had minor effects on triggering apoptosis in Kasumi-1 cells, whereas
SKNO-1 showed more cell death at 48 hr (Fig. 3.1B). In addition, while MOLM13 and
MV4-11 cells required more BETi to show an effect in Alamar blue assays, MOLM13 cells
showed very little apoptosis, while BETi more robustly induced apoptosis in MV4-11 (Fig.
3.1B). Consistent with these observations and in contrast to the Alamar blue data, when
we manually counted viable cells using Trypan Blue dye exclusion, JQ1 and MS417 had
a cytostatic rather than cytotoxic effect on cell growth in Kasumi-1 cells but reduced the

number of viable cells in cultures of MV4-11 cells (Fig. 3.1C).
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Figure 3.1. BETi inhibit proliferation, but induce variable levels of cell death in AML
cell lines. (A) AlamarBlue assays show a dose-dependent loss of cellular metabolism
after JQ1 treatment of Kasumi-1, SKNO-1, MOLM13, and MV4-11 cells for 3 days (DO-
D3). Data are mean + SEM (n=3). (B) BETi induce variable levels of apoptosis. Kasumi-
1 cells were treated with 250 nM JQ1 or 125 nM MS417. SKNO-1 were treated with 250
nM JQ1. MOLM13 and MV4-11 were treated with 500 nM JQ1. The levels of dying cells
were quantified using Annexin V positivity (Ann+) and uptake of propidium iodide (PI).
Data are mean + SEM (n=4). (C) SKNO and Kasumi-1 cells were treated with 250 nM
JQ1 or 125 nM MS417, whereas MOLM13 and MV4-11 were treated with twice these
levels. Cell counts were determined by Trypan Blue dye exclusion. Data are mean £+ SEM

(n=4).
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BETi disrupts the communication between enhancers and RNA polymerases that
are paused just after transcriptional initiation. Inhibitors of pTEFb (that is, CDK9 inhibitors),
such as flavopiridol, also block RNA polymerase elongation and cause DNA damage.
However, we did not detect any phosphorylated H2AX in the nuclei of JQ1 or MS417
treated cells (Fig. 3.2). This indicated that BETi inhibited cell proliferation without DNA
double-strand breaks and without causing apoptosis in Kasumi-1 cells. Moreover, these
compounds did not trigger a DNA damage-dependent cell cycle arrest or apoptosis of
Kasumi-1 cells. These results raised the possibility that BETi directly or indirectly affected

the metabolic rate as measured by alamarBlue.
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Figure DNA damage analysis of BETi-treated Kasumi-1 cells.
Immunofluorescence to detect phosphorylated H2AX. Upper panels, cells treated with 2
mg/ml doxorubicin (Dox) for 18 hr as a positive control. Nuclei were counterstained with
DAPI for visualization.
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3.2.2 BET inhibitors reduce cell size

We extended this analysis by using propidium iodide (PI) staining of DNA, which
showed that Kasumi-1 cells treated with JQ1 and MS417 rapidly accumulated in the Go/G+
phase of the cell cycle (Fig. 3.3A). Interestingly, we noted that treatment with BETi led to
dramatic reductions in cell size in Kasumi-1 and SKNO-1cells within 24 hr of treatment
with JQ1, as assessed by diminished forward scatter in flow cytometry analysis (Fig. 3.3B).
JQ1 also reduced cell size in MOLM13 cells but the response was delayed (Fig. 3.3B)
relative to Kasumi-1 cells. While there were no apparent morphological changes toward
myeloid differentiation, Wright-Giemsa staining confirmed the smaller cell size and

condensed nuclei of Kasumi-1 cells (Fig. 3.4).

51



A 24 hr 48 hr 72 hr B
%G0/G1=60 |%GO/G1=61 %G0/G1=63 - 4
%S=23 [ %S=22 I %S=21 E
| %G2/M=11 ‘%GZIM=14 %G2/M=12 s
2 ﬂ - 2
= ‘| ' ‘ X
a |
I I | I
,,,,, ! AN B e W I | S, - |
ogl-
%G0/G1=74 %G0/G1=81 '%GOIG1=75 Z 5|
%S=11 %S=7.2 %S=8.9 5 Ol 1
e %G2/M=10 %G2/M=4.7 %G2/M=4.8 O|!
- ;
g3 |
o -
o | \ | o
| IL ‘| | " ". s
e e N e o e 6|
%G0/G1=75 , %G0/G1=81 | %G0/G1=72 =
’ %S$=9.6 %S=5.4 %S=7.0
": %G2/M=9.6 | %G2/M=4.5 %G2/M=3.1
< K| |
g | o |
(l ] | \[
———r
2N 4N 2N 4N 2N AN
DNA content >
C D Patient #1 Patient #2 Patient #3 Patient #4
2007 P<0.05 ~ l l
o I
8 150- ® | AnnV+ AnnV+ AnnV+ ‘ AnnV+
S = L 271% “ 1.47% | 6.31% | 6.73%
Q ' ‘
g 1004 | l T 'r
o k| e B g
= J
N \ | | | |
— , \
0 r T b | Annv+ ’ AnnV+ | Annv+ AnnV+
DMSO JQ1 S 15.65% . 5.22% 11.5% | 1435%
| \'-. “‘ |
T T e e -v——b‘ e R ——— —v—w-.\ eyt —r—r—
AnnV >
E ratient# Patient #2
A "
e — S N D
=]
S| Patient #3 Patient #4
" l'{'
FSC >

Figure 3.3. BETi induce cell cycle arrest and reduce cell size in t(8;21) AML cells.
(A) Cell cycle analyses of Kasumi-1 cells treated with BETi show cell cycle arrest with
modest cell death 24—-72 hr after treatment. Representative graphs of DNA content (2N
to 4N) are shown (n=4). (B) Flow cytometry analyses showing forward scatter plots
indicate that t(8;21) cells are distinctly smaller after treatment with 250 nM JQ1.
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Representative graphs are shown (n=4). Shaded area represents DMSO and white plots
represent JQ1. (C and D) High blast count t(8;21) AML patient samples (n=6) were treated
with 250 nM JQ1 for 3 days. AlamarBlue assays show the inhibition of cell growth p <
0.05 by two-sided Wilcoxon signed-rank test (C). (D) Shows the lack of Annexin V positive
cells for four of the samples in C. (E) Forward scatter plots of flow cytometry analyses
show that t(8;21) AML patient cells are distinctly smaller after JQ1 treatment for 3 days.
Representative flow cytometry plots are shown. Shaded area represents DMSO and
empty area represents JQ1.

Given the apparent sensitivity of (8;21) cell lines, we extended this analysis to
primary AML samples containing this translocation. Again, JQ1 inhibited cell growth as
measured by alamarBlue staining without inducing high amounts of Annexin V, and these

primary AML cells also showed a reduction in cell size (Fig. 3.3C-E).
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Figure 3.4. BETi cause Kasumi-1 cells to shrink. Kasumi-1 cells were treated with DMSO, JQ1
or MS417 for 3 days. Wright staining shows the smaller cell size upon BETi. (X200)

We further extended these observations to other leukemia/lymphoma cell lines,
including Raji, K562, and MOLT4. JQ1 treatment reduced cell size in all cell lines tested
(Fig. 3.5A and D). This reduction in cell size was associated with a robust cell cycle arrest
in all cell lines while the annexin V positive population was not greatly increased (Fig.
3.5B-C) in the first 48 hr. Taken together, our data suggested that BET proteins are
required for maintaining cell metabolism and cell size if the cells do not undergo rapid cell

death.
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Figure 3.5. BETi reduces cell size in leukemia and lymphoma cell lines. (A) Cell size
was assessed using forward light scatter in flow cytometry. (B) Cell cycle progression was
assessed using propidium iodide staining. Representative graphs are shown. (C)
Apoptosis was assessed using Annexin V (AnnV+) on viable cells. (D) Similar analyses
as in (A-C), but performed at day 3 with the indicated cell lines. Statistical analysis was
performed as described in Figure 2.

3.2.3 BET inhibitors reduce metabolic rate
The reduction in cell size is a classical phenotype associated with the loss of MYC

expression and we observed a rapid loss of MYC transcription in Kasumi-1 cells treated
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with JQ1 (Zhao et la., 2016). Western blot analysis confirmed that MYC levels dropped
within two hours in both Kasumi-1 cells and MV4-11 cells (Fig. 3.6A). Therefore, we used
pathway analysis tools to determine whether BET inhibitors affect the expression of MYC
targets and metabolic genes using our previously published precision nuclear run-on
sequencing (PRO-seq) data that were generated in Kasumi-1 cells with JQ1 or MS417
treatment for 1 and 3 hrs (Zhao et al., 2016). PRO-seq provides a high-resolution map of
the actively elongating RNA polymerases, which pinpoint the genes that are directly
affected by small molecule inhibitors of transcription. Genes that were inhibited by both
JQ1 and MS417 (GFOLD < -0.585) at 1 hr were enriched with signaling pathways
mediated by cytokines and/or growth factors regulating cell proliferation that drive the
accumulation of cell mass as the cells cycle (Fig. 3.6B). Genes inhibited at 3 hr were
enriched with metabolic pathways and ribosome biogenesis (Fig. 3.6B), which is
consistent with reduced metabolism and cell size. MYC controls many of these genes
regulating metabolism and ribosomal genes to control cell size (Mateyak et al., 1997;
Mateyak et al., 1999; Grewal et al., 2005; Graves et al., 2012). Gene set enrichment
analysis (GSEA) supported this idea and showed that genes inhibited by BET inhibitors
at both 1 and 3 hr were enriched with previously identified MYC target genes including
genes regulating ribosomal biogenesis (Fig. 3.6C) (Ji et al., 2011; Sabo et al., 2014; Walz
et al., 2014; Heaster et al., 2018). This suggests that BET inhibitors decrease the
expression of genes regulating cell metabolism and cell size by impairing the transcription

of MYC.
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Figure 3.6. Meta-analysis of PRO-seq data of Kasumi-1 cells treated with JQ1 for 1
or 3 hr. (A) MYC levels drop rapidly upon BETi treatment. Western blot analysis of
Kasumi-1 (left panel) and MV4-11 (right panel) cells treated with 250 or 500 nM JQ1 for

the indicated times. (B) KEGG pathway analysis of PRO-seq data31 showing genes in
which promoter- proximal pausing was increased after 1 hr (left) and 3 hr (right)

treatments. (C) Gene set enrichment analysis of PRO-seq data3'1 showed decreased
expression of MYC target genes including those genes regulating ribosomal biogenesis.

The role of BET inhibitors in reducing metabolism was further tested by directly
examining bioenergetics in Kasumi-1, SKNO-1, and MOLM13 live cells by assessing the
oxygen consumption rate (OCR) and extracellular acidification rates (ECAR) to track
mitochondrial respiration and glycolysis using the Aligent Seahorse system (Figure 3.7).

Cells were cultured in the absence or presence of BETi for 48 hr, and then assessed for
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20 min to establish the basal respiration rates prior to injection of oligomycin to disrupt
oxygen consumption and measure ATP production (Fig. 3.7, upper panels). BETi
pretreatment reduced the basal respiration rate to essentially the level of control cells
treated with oligomycin. Next, p-trifluoromethoxy carbonyl cyanide phenyl hydrazine
(FCCP) was injected to uncouple the respiratory chain from phosphorylation and assess
the maximal respiration rates. BETi-treated cells showed only a marginal response
compared to a robust response from the untreated control cells. Finally, Rontenone and
Antimycin A were injected to block respiration (Fig. 3.7, bottom panels). Overall, JQ1
dramatically impaired mitochondrial functions.

Cancer cells reprogram their metabolic pathways and are more dependent on
glycolysis as an energy source. Therefore, we assessed glycolysis in the absence or
presence of JQ1 (Fig. 3.7, upper panels). Cells were again treated with JQ1 for 48 hr prior
to a 15 min assessment of the basal non-glycolytic media acidification. Glucose was then
injected to assess glycolysis followed by an injection of oligomycin 20 min later to impair
ATP production. Untreated control cells showed a rapid burst of glycolytic activity upon
the addition of glucose, and oligomycin triggered a further step up in acidification
indicating that control cells had a further glycolytic reserve (Fig. 3.7, bottom panels). In
contrast, JQ1 treated AML cells showed a poor glycolytic burst with no further glycolysis

upon oligomycin injection (Fig. 3.7, upper panels).
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Figure 3.7. BET inhibitors reduce metabolic rate. (A) Oxygen consumption rate (OCR)
and extracellular acidification rates (ECAR) were measured after JQ1 treatment for 2 days
in Kasumi-1 cells, MOLM13 cells, and SKNO-1 (lower panels) cells. Decreased OCR and
ECAR indicate repression of both mitochondrial dynamics and glycolytic function. For
OCR, stage | injected oligomycin (5 mM), stage Il injected FCCP (1 mM), and stage Il
injected Rotenone/Antimycin A (0.5 mM). For ECAR, stage | injected glucose (10 mM),
stage Il injected oligomycin (5 mM), and stage Il injected 2-Deoxyglucose (50 mM).
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3.2.4 BET inhibitor-induced cell cycle arrest is reversible

The rapid onset of cell cycle arrest without apoptosis for the first 24-48 hr after
continuous drug treatment, suggested that even with daily dosing in patients the trough
levels might allow survival of some AML cells (Odore et al., 2016). To assess whether
JQ1-treated cells still possessed proliferative potential after drug removal, which could
ultimately cause leukemic cell repopulation and resistance to BET inhibitor therapy, we
treated Kasumi-1 cells for 24, 48, or 72 hr, washed out the drug, and then cultured them
in fresh media and monitored cell growth. Consistent with these drugs inducing Go/G1 cell
cycle arrest, but not senescence or cell death, Kasumi-1 cells treated for 24 or 48 hr were
rescued to some degree by removing the drug (Fig. 3.8A, left and middle panels).
However, longer treatments had a stronger effect on restricting cell proliferation, as the
cells treated for 3 days grew much slower during the first 3 days after drug removal (Fig.
3.8A, right panel). The cells treated for 48 hr prior to rescue became more metabolically
active three or five days after drug removal (RD3 and RD5; Fig. 3.8B) and returned to
normal size within 3 days after being transferred to fresh media (Fig. 3.8C), and eventually
began growing normally showing a rapid recovery of cell size and metabolism.
Next, we used optical metabolic imaging of single cells using two-photon microscopy and
time-correlated single photon counting to measure the optical redox ratio (NADPH/FAD).
This approach uses the autofluorescence of these co-enzymes within live cells and the
ratio of NADPH to FAD yields a relative redox ratio that distinguishes apoptotic cells from
proliferating, from Go/G1 cells (Heaster et al., 2018). JQ1 treated cells displayed a reduced
redox ratio beginning at 24 hr after treatment, which was exacerbated by 72 hr (Fig. 3.8D).

The use of single cell microscopy ensured that apoptotic cells did not confound this
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analysis. Together, the combined effects of BET inhibitors on cell cycle arrest, cell size,
and reduced metabolic rate suggested that the cells were not only being arrested in Gy,

but were perhaps entering a Go, quiescent-like, state.
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Figure 3.8. Metabolic effects of BETi are reversible. (A) Kasumi-1 cells were treated
with BETi for 24, 48 or 72 hr and the cells allowed to recover for 0, 1 or 3 days. Viable
cell numbers were graphed over time. (B) Oxygen consumption rate (OCR) and
extracellular acidification rates (ECAR) were measured after treatment of Kasumi-1 cells
for 2 days and allowed to recover in the absence of JQ1 for 3 or 5 days. For OCR, stage
| injected Oligomycin (5 mM), stage Il injected FCCP (1 mM), and stage lll injected
Rotenone/Antimycin A (0.5 mM). For ECAR, stage | injected Glucose (10 mM), stage Il
injected Oligomycin (5 mM), and stage lll injected 2-Deoxyglucose (50 mM) (C) Kasumi-
1 cells treated with BETi for 3 days (D3) and then allowed to recover for 3, 5 or 7 days
without BETi were tested for cell size using forward scatter in FACS. (D) Normalized
optical redox ratio (NAD(P)H/FAD) was assessed using optical metabolic imaging. A
minimum of 125 cells per sample in biological triplicates were measured for DMSO- and
JQ1-treated Kasumi-1 cells at 24—72 hours before washout (left panel) or for the 2472
hours after washout (recovery) of JQ1 (right panel). **, p<0.01; ****, p<0.0001; Mann-
Whitney test.

Finally, we arrested cells with JQ1 for 72 hr (a time when the cells were beginning
to die, Fig. 3.1 and 3.3), washed the cells to remove the compound, and cultured them in
fresh media lacking JQ1 for 12-24 hr before quantifying the number of cells entering S-
phase using BrdU incorporation. By 12 hr after drug removal, cells were beginning to re-
enter the early S phase and this trend continued through 24 hr (Fig. 3.9A, JQ1 panels;
and 2.9B, hashed bars). Intriguingly, it appears that some of the S phase-arrested cells
began incorporating BrdU (note that cells already synthesizing DNA do not incorporate
as much BrdU leading to a broadening of the band of cells in the 12, 18, and 24 hr samples,
Fig. 3.9A, JQ1 panels). Conversely, some cells with between 2N and 4N DNA content did
not incorporate BrdU (Fig. 3.9A, for example, see the oval in the 0 hr panel), suggesting
that these cells were actually arrested in the S phase or were dying. Nevertheless, even
after a 72 hr treatment with JQ1, there were cells that appeared to be quiescent, but still
capable of re-entering the cell cycle after drug removal, indicating a potential mechanism

of resistance to BETi.
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Figure 3.9. BETi induce reversible cell cycle arrest in Kasumi-1 cells. (A) Flow
cytometry plots of incorporated BrdU versus propidium iodide show that Kasumi-1 cells
treated with 250 nM JQ1 for 72 hr can recover and re-enter the cell cycle after drug
removal for the indicated times. Cells were gated as early, middle, and late S phases from

left to right. Oval indicates BrdU™ cells in the S phase. (B) Bar graph displays the
percentage of cells in the early S phase. Data are presented as mean + SEM (n=4). ** P
< 0.001 by two-sided Student’s T-test when 0 hr and 24 hr levels were compared.

3.2.5 BET inhibitors sensitize cells to BCL2 inhibitors

The finding that BET inhibitors can arrest the cell cycle without dramatic AML cell
killing suggested the need for combination therapy. The anti-apoptotic protein BCL2 is
often expressed in leukemia cells and our earlier study showed that BET inhibitors caused
promoter-proximal pausing of RNA polymerase Il and reduced the rate of transcription of
BCL2 and BCL-xL in Kasumi-1 cells (Zhao et al., 2016). Therefore, we tested the
combination of BET inhibitors and BCL2 inhibitors to target the residual BCL2. We pre-
treated Kasumi-1 cells with JQ1 for 2 days to bring down the expression of BCL2 and
BCL-xL and found that the addition of BCL2/BCL-xL (ABT-263) or BCL2-selective
(venetoclax; ABT-199) inhibitors quickly triggered apoptosis as measured by Annexin V

and PI staining (Fig. 3.10A). We next extended this co-treatment analysis to other cell
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lines (SKNO-1, MOLM13, and MOLT4) that also showed cell cycle arrest with little
apoptosis and found that inhibiting BCL2 family proteins following BET inhibitor pre-
treatment also induced cell death (Fig. 3.10B-D). This suggests that entering a reversible
cell cycle arrest induced by BET inhibitors may protect leukemia cells from quick cell
death and increase the chance of relapse, which necessitates a second drug (e.g. BCL2

inhibitor) to induce cell death for efficient killing of leukemia cells.
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Figure 3.10. BET inhibitors sensitize AML cells to BCL2 inhibitor-induced cell death.
AML cell lines were treated with BCL2 selective (ABT199) or BCL2/BCLxL (ABT263)
inhibitors for 6 hours after pre-treating with BETi for 2 days. Apoptotic cell population was
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detected by Annexin V positivity (AnnV+) and the absence of propidium iodide (PI)
staining. Data are mean + SEM (n=3). (A) Kasumi-1 cells and (B) SKNO-1 cells were
incubated with 125 nM or 250 nM JQ1 before BCL2 inhibitor treatment. (C) MOLT4 cells,
(D) MOLM13 cells were incubated with 250 nM or 500 nM JQ1 before BCL2 inhibitor
treatment.

3.3 Discussion

While there is justifiable excitement about the therapeutic efficacy of BETi in AML,
the therapeutic window appears to be due to the loss of MYC expression (Delmore et al.,
2011; Ott et al., 2012). However, as observed in Kasumi-1 cells, the rapid loss of MYC
was accompanied by a rapid cell cycle arrest, loss of metabolic activity, and reduced cell
size, which is reminiscent of quiescence rather than cell death. In standard assays that
use metabolism as a surrogate marker for cell viability, these compounds appear to work
well, yet these cells recovered after BETi removal, suggesting that cell cycle arrest could
be a mechanism of resistance to these compounds. The addition of a BCL2 inhibitor
could provide the additional push toward apoptosis needed, and this could be an
extremely safe and efficacious combination.

We identified this effect in 1(8;21) containing Kasumi-1 cells, yet the effect was not
limited to the 1(8;21), as cells that express MLL fusion proteins were similarly slow to die
in response to BETi. In addition, in a panel of diffuse large B cell lymphoma cell lines,
JQ1 strongly induced G+ cell cycle arrest, but only caused minor levels of apoptosis in
several of these cell types (e.g. Ly7, Toledo, and Ly19) (Chapuy et al., 2014). Poor
pharmacokinetic profile has been proposed as the cause of the much lower efficacy of
BETi in mouse models compared to in vitro studies with cell lines, but reversible cell cycle
arrest likely contributes. This may be a limiting factor for the usefulness of these

compounds as MYC activation is a later event in myeloid leukemias that are not triggered
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by a translocation or amplification directly affecting MYC. This is an important
consideration because when MYC was not the only oncogene driving AML development,
removal of MYC expression failed to prevent tumor recurrence (Rakhra et al., 2010; Choi
et al., 2010).

Mechanistically, MYC is perhaps the best known transcriptional regulator of
metabolism, cell cycle, and cell size (van Riggelen et al., 2010), as it controls the
production of ribosomes that control translational outputs. Thus, it is most likely that
suppression of MYC is the key event in the regulation of cell size in our studies. It is
notable that our PRO-seq analysis did not identify RNA polymerase Il promoter-proximal
pausing associated with ribosomal genes or pathways linked to metabolism until 3 hr after
JQ1 treatment (Fig. 3.6A), even though large numbers of genes were affected within 15-
30 min after treatment, including MYC (Zhao et al., 2016). Thus, the loss of metabolic
activity (Fig. 3.7-3.8) is likely a secondary consequence, which is consistent with the down
regulation of MYC in the first hour followed by the loss of MYC targets beginning at1 hr
and increasing 3 hr post drug treatment (Fig. 3.6). However, we also noted the loss of
expression of cyclin D1 (CCND1) and D2 (CCND2), CDK4, and CDKB6. In addition, we
detected an “E2F/retinoblastoma (RB) signature” of increased pausing ratio with E2F2
and E2F8 being directly affected within the first hour of treatment with BETi (Zhao et al.,
2016). Conversely, we noted a rapid up regulation of CDKN1A (p21°P), but this was not
associated with DNA damage (Fig. 3.2). Given that RB family-dependent repression is
associated with G4 arrest and quiescence and E2F family members control nucleotide
metabolism, these data suggest that the effects on metabolism and cell cycle control are

multi-factorial in nature.
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In addition to controlling cell size, MYC is a direct regulator of genes that control
glycolysis and mitochondrial biogenesis (Fig.3.7-3.8). MYC stimulates the expression of
glucose transporter-1 while also stimulating the genes that directly control glycolysis
(Osthus et al., 2000; Kim et al., 2004; Hu et al., 2011). Therefore, the loss of MYC
expression is consistent with the loss of glycolytic burst and glycolytic capacity in AML
cells treated with JQ1 (Fig. 3.7). At the same time, JQ1 treatment induced a loss of
mitochondrial functions including reductions in basal respiration, ATP-linked respiration,
and maximal respiration capacity (Fig. 3.7). Analysis of transcription at the early time
points suggested only defects in growth factor signal transduction, so these effects could
also be traced to reduced MYC expression by three hours post BET inhibitor treatment.

Given the loss of MYC expression and the large effects on metabolism, it is
somewhat surprising that AML cells survived and could re-enter the cell cycle (Figures 6-
7). An intriguing hypothesis is that the cells have entered a quiescent-like state in which
metabolic needs are greatly reduced. This possibility is consistent with the gene
expression profiles, the reduced cell size, and the ability of these cells to begin cycling
again after removal of JQ1. Nevertheless, the increased apoptosis upon addition of
venetoclax, was more than an additive effect in Kasumi-1 cells, indicating that the
suppression of BCL2 levels sets the stage for the induction of apoptosis. While the effects
were not as dramatic in other cell types (Fig. 3.10), this could be due to induction of MCL1,
whose levels increase after JQ1 treatment, possibly as a stress response. Given that
venetoclax is beginning to gain traction as a component of the standard of care for AML

(DiNardo et al., 2018; Konopleva et al., 2016), these data support a rational combination
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approach to the utilization of BET inhibitors with venetoclax in the clinic to avoid the use

of genotoxic agents such as hypomethylating agents or Cytarabine.
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CHAPTER 4

Mechanism of PAX3-FOXO1 transcriptional control in alveolar

rhabdomyosarcoma

4.1 Background

PAX3-FOXO1 is the critical driver of aRMS and an ideal therapeutic target. A
thorough understanding of PAX3-FOXO1 function is critical to define aRMS etiology as
well as to develop more innovative therapeutic strategies for this aggressive disease.
Moreover, defining with high certainty exactly where in the genome a transcription factor
acts allows a detailed dissection of its mechanism of action. A critical component of
understanding how oncogenic transcription factors such as PAX3- FOXO1 drive disease
is defining their direct transcriptional targets. However, the study of transcription factor
functions has largely been limited to overexpression or genetic deletion approaches after
days of altering transcription factor protein levels, while transcriptional control is a highly
dynamic process which is changing within the first hours in response to external stimuli
(Swift and Coruzzi, 2017).

Identification of direct targets can be further aided by assays of genome-wide
transcription factor binding. However, these are only correlations, and ChlP-Seq for
PAX3-FOXO1 identified many thousands of binding sites (Cao et al., 2010; Gryder et al.,
2017; Sunkel et al., 2021). Thus, while it is clear from these studies that PAX3-FOXO1
overwhelmingly associates with distal enhancer elements, identifying which enhancer

binding events drive changes in gene expression is a challenge. Therefore, accurate
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identification of both direct gene targets as well as identification of regulated enhancers
is critical for further elucidating the mechanism(s) by which PAX3-FOXO1 regulates gene
expression.

We used PAX3-FOXO1 as a model of a potent transcriptional activator to define
how an oncogenic transcription factor reorganizes transcriptional networks to cause
cancer. We used CRISPR-based engineering to integrate a degron tag (FKBP12) into the
endogenous PAX3-FOXO1 locus (Nabet et al., 2018). This allowed us to rapidly degrade
endogenous PAX3-FOXO1 to provide the temporal resolution required to identify direct
gene targets. This study identified just over a hundred high-confidence PAX3-FOXO1
gene targets that exhibited rapid loss of expression and were associated with a nearby

regulated enhancer.

4.2 Results
4.2.1 Model of endogenous PAX3-FOXO1 degradation

We used CRISPR-based genome editing to integrate a 2xHA-FKBP 1236V degron
tag into the last exon of the endogenous PAX3-FOXO1 (Davis and Barr, 1997; Linardic,
2008; Missiaglia et al., 2012) locus of the Rh30 and Rh4 aRMS cell lines (Fig. 4.1A). This
yielded a model for rapid PAX3-FOXO1 protein degradation following the addition of a
small molecule proteolysis-targeting chimera (PROTAC), dTAG-47 (Fig. 4.1B)
( Weintraub et al., 2017; Nabet et al., 2018). Western blot analysis confirmed that much
of the endogenous PAX3-FOXO1 protein was degraded by 2 hours after adding dTAG47,
although the protein did not completely disappear. To account for clonal variation, we

generated four PAX3-FOXO1-2xHA-FKBP12F36V-expressing clones in Rh30 cells and
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two PAX3-FOXO1-2xHA-FKBP123¢V-expressing clones in Rh4 cells (e.g., Fig. 4.1C).
RNA-seq was performed from all four Rh30 PAX3-FOXO1-FKBP clones in the absence
of dTAG-47, to demonstrate that the addition of the degron tag did not significantly alter
gene expression patterns relative to unedited cells. Differential expression analysis shows
that all clones clustered well with parental Rh30 with a high Pearson Correlation R-value
from 0.9 to 1.0 (Fig. 4.1D). Furthermore, heatmaps generated using all the expressed
genes showed that the PAX3-FOXO1-FKBP cell lines displayed similar transcriptional
profiles with parental Rh30 cells (Fig. 4.1E). Thus, the global gene expression patterns
from all clones were highly consistent, both with each other and with the parental Rh30

cell line.
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Figure 4.1. Analysis of PAX3-FOXO1-FKBP single cell clones. (A) Model of the
plasmid DNA template used to insert FKBP12F36V-2XHA-P2A-mCherry into the
endogenous PAX3-FOXO71 allele (upper panel). Model showing the derivative of
thalidomide (dTAG47) that binds to the FKBP module to link PAX3-FOXO1-FKBP to the
cereblon E3 ligase to cause rapid degradation of PAX3-FOXO1-FKBP. (B) Rh30 and Rh4
PAX3-FOXO1-FKBP cell lines were treated with 500 nM dTAG47, and western blot
analysis showing degradation of endogenous PAX3-FOXO1 in Rh30 and Rh4 cell clones.
(C) Western blot analysis of four Rh30_PAX3-FOXO1-FKBP clones and two Rh4_PAXS3-
FOXO1-FKBP clones. (D) Cluster heatmap of Pearson correlations from RNA-seq of four
different PAX3-FOXO-FKBP cell lines expanded from single cell clones and parental
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Rh30 cells. Each cell line has two biological replicates and data was normalized to total
counts. (E) Heatmap of log> normalized counts from RNA-seq across the four different
PAX3-FOXO-FKBP clonal cell lines and parental Rh30 cell line using all the expressed
genes. Each cell lines have two biological replicates.

4.2.2 PAX3-FOXO1 degradation triggers growth defect, cell differentiation,
apoptosis, and reduced growth in soft agar

Since PAX3-FOXO1 is thought to be the main cause for aRMS harboring this
translocation, we first examined how the loss of the fusion protein affected the cell viability
and proliferation of aRMS cells (Shern et al., 2014). After three days of treatment, all Rh30
and Rh4 clones expressing PAX3-FOXO1-FKBP exhibited a similar growth inhibition
following PAX3-FOXO1 degradation (Fig. 4.2A). This growth defect became even more
apparent from Day 4 to Day 9. Given the high similarity between all FKBP clones, we
chose Rh30 clone 10 and Rh4 clone 14 for further analysis.

Flow cytometry analysis after BrdU incorporation on day-3, 6, and 9 showed
degradation of PAX3-FOXO1 caused a Gi-phase cell cycle arrest (Fig. 4.2B).
Inconsistent with previous studies suggesting that apoptosis- or anti-apoptosis- related
genes were regulated by PAX3-FOXO1 (Ahn et al., 2013, Marshall et al., 2013), Rh30-
PAX3-FOXO1-FKBP cells showed an increase in cell death following PAX3-FOXO1
degradation as measured by annexin-V and 7-AAD (Fig. 4.2C). A hallmark of cellular
transformation is anchorage-independent growth, characterized by the ability to grow
independently of a solid surface. To determine if PAX3-FOXO1 is required for anchorage-
independent growth, we performed soft agar colony formation assays. After degrading
PAX3-FOXO1, soft agar colony formation was significantly reduced in the Rh30-PAX3-

FOXO1-FKBP clone 10 (Fig. 4.2D).
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Figure 4.2. Degradation of PAX3-FOXO1 triggers cell death and differentiation. (A)
Rh30 and Rh4 PAX3-FOXO1-FKBP clones were treated with 500 nM dTAG-47, and cell
counts were determined using Trypan Blue dye exclusion. Data are mean £ STD (n=3).
(B) Cell cycle analysis of Rh30 PAX3-FOXO1-FKBP cells. The cells were treated with
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500 nM dTAG-47 for the indicated times before flow cytometry analysis for BrdU
incorporation. Plots of BrdU versus propidium iodide (PI) show fewer cells in the S-phase
and accumulation of cells in the G1-phase after dTAG-47 treatment. The bottom bar

graph showing statistical analysis of biological replicates of cells in S phase from the
upper panel. Data are presented as mean = STD (n=3). (C) Apoptosis analysis of Rh30
PAX3-FOXO1-FKBP cells. The cells were treated with 500 nM dTAG-47 for the indicated
times before flow cytometry analysis for AnnexinV and 7-AAD staining. The bar graph on
the right showing percentage of early and late apoptotic cells. Data are presented as
mean + STD (n=3). (D) Growth in soft agar. Rh30_PAX3-FOXO1-FKBP cells were pre-
treated with 500 nM dTAG-47 for 6 days before being plated in soft agar. 4 weeks later
the number of colonies was counted using microscopy. Representative images show
colonies using an inverted microscope (10X). The bar graph displays colony counts with
the bar the mean £ STD (n=9). (p, independent T test. *: p <= 5.0e-02, **: p <= 1.e-02,
***. p <=1.0e-03, ****: p <= 1.0e-04).

The cell origin of aRMS is still obscure, but it is generally thought that aRMS
development is connected to a differentiation defect of stem or early progenitor cells
(Skrzypek et al., 2018; Keller et al., 2018). Consistent with these data, after PAX3-FOXO1
degradation for 3 days, cells showed morphological signs typical of myogenic
differentiation, as they developed a more elongated morphology (Fig. 4.3A and C). In
myogenic differentiation regulation, early and late regulators of normal myogenesis are
temporally expressed (Khan et al., 1998). Myogenin (MYOG) is one of the factors
responsible for terminal differentiation, and it was upregulated after PAX3-FOXO1
degradation (Fig. 4.3 B and D, right panel). In addition, the degradation of PAX3-FOXO1
caused increased expression of myosin heavy chain, which is involved in muscle
differentiation (Fig. 4.3 B and D, left panel). Taken together, our data suggested that
PAX3-FOXO1 fusion protein is required for aRMS cells to maintain a more stem cell-like

state that is more proliferative.
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Figure 4.3. Degradation of PAX3-FOXO1 triggers cell differentiation. Morphological
analysis of PAX3-FOXO1 cells after treatment with dTAG-47 for 6 days (20X). (A and C)
Immunofluorescence analysis of Myosin Heavy Chain (left) and Myogenin (right)
expression in Rh30 PAX3-FOXO1-FKBP clone 10 (B) and Rh4_PAX3-FOXO1-FKBP
clone 14 (D). Rh30 PAX3-FOXO1-FKBP cells were treated with 500 nM dTAG-47 for 6
days. DAPI was used to label nuclei (blue). Alexa 568-labeled Phalloidin was used to
mark actin filaments (red). Alexa 488 secondary antibody was used to visualize the
primary antibody against skeletal muscle differentiation markers Myosin Heavy Chain and
Myogenin (green; 20X).

4.2.3 Degradation of endogenous PAX3-FOXO1 triggers loss of expression of a
small number of genes

In order to understand how PAX3-FOXO1 contributes to aRMS, it is necessary to
identify its transcriptional targets. The inclusion of a 2xHA tag in the degron cassette
allowed for the robust detection of PAX3-FOXO1 chromatin association by CUT&RUN
(Skene and Henikoff, 2017). PAX3-FOXO1 binding was detected at 44,267 sites in Rh30

cells (Fig. 4.4A) and 27,635 sites in Rh4 cells (Fig. 4.4B). Levels of chromatin-bound
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PAX3-FOXO1 were reduced at nearly all identified peaks within 2hr of dTAG-47 treatment,
and maximal reduction of chromatin-bound PAX3-FOXO1 was observed after 4hr, while
any unchanged peaks were considered background. A comparison of Rh30 and Rh4
CUT&RUN peaks indicated that there were 21,401 in common (Fig. 4.4C). We also
compared our anti-HA CUT&RUN data with the previously published antibody-based
ChIP-seq (Sunket et al., 2021) of PAX3-FOXO1 chromatin association, the Venn
diagrams show a high degree of overlap (Fig. 4.4D). Also, the anti-HA CUT&RUN is more
robust with less background than the previously published ChIP-seq data.

K means clustering identified the most robust peaks within clusters 1 and 2. PAX3-
FOXO1 binds DNA through the combined action of the paired domain and the
homeodomain, which yields a larger consensus DNA binding site that is unusually
amenable to the motif analysis (Sunkel et al., 2021). De novo motif analysis indicated that
cluster 3 did not select for regions with robust PAX3-FOXO1 DNA binding motifs and
cluster 2 showed only a modest enrichment for this motif (e.g., 4.5% and 5.9%; Fig. 4.4E).
In contrast, the most robust peaks (cluster 1) also showed the greatest enrichment for the

PAX3-FOXO1 DNA-binding motif (Fig. 4.4E).
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Figure 4.4. PAX3-FOXO1 regulated sites are enriched for the best PAX3-FOXO1
binding sites. (A and B) K-means clustered heatmaps of PAX3-FOXO1 CUT&RUN
peaks after treatment with dTAG47 in Rh30 clone 10 (A) and Rh4 clone 14 (B). (C) Venn
diagram showing the overlap between PAX3-FOXO1 binding sites in Rh30 clone 10 and
Rh4 clone 14 cells. (D) Venn diagrams showing the overlap between the peaks defined
by ChlP-seq and CUT&RUN in each cell line. (E) Motif analysis (de novo) of transcription
factors predicted to reside under the 3 clusters of PAX3-FOXO1 genomic peaks in Rh30
clone 10 and Rh4 clone 14.

Given the thousands of PAX3-FOXO1 binding sites that were identified, we next
asked which transcripts require the presence of PAX3-FOXO1 binding to drive gene
expression. Most previous studies have been done through expression profiling after
knock-in or shRNA knockdown (Gryder et al., 2017, Walters et al., 2014). However, while
knockdown or over-expression coupled with RNA-seq analysis can identify genes with
altered expression, these approaches require days before transcriptional changes can be
measured. Thus, many of these changes could be indirect or compensatory
transcriptional changes resulting from chronic transcription factor loss or over-expression.
Importantly, we have demonstrated that by 3-6 days following PAX3-FOXO1 degradation,
cells are already undergoing cell cycle arrest and differentiation, highlighting the need to
monitor transcription at hours rather than days following PAX3-FOXO1 protein
degradation in order to define direct transcriptional events.

We performed precision nuclear run-on transcription sequencing (PRO-seq) in
Rh30 cells at short time points following PAX3-FOXO1 degradation to determine how
rapid loss of the PAX3-FOXO1 protein impacts gene expression. PRO-seq maps
transcriptionally engaged RNA polymerase across the genome, and provides a readout
of nascent transcription, as well as assessments of RNA polymerase pausing and

elongation (Kwak et al.,, 2013; Mahat et al., 2016). Relative changes in gene body

79



transcription were quantified using the nascent RNA-sequencing analysis (NRSA)
pipeline (Wang et al., 2018), which identified only 1 gene with increased transcription at
2hr and only 33 within 4hr of PAX3-FOXO1 degradation (Fig. 4.5A). In contrast, 158
genes exhibited decreased gene body transcription at 2hr following PAX3-FOXO1
degradation, and transcription of most of these genes remained reduced at 4 hours (Fig.
4.5A), which is consistent with the established role for PAX3-FOXO1 in transcriptional
activation. Moreover, the vast majority of down-regulated genes were associated with
nearby PAX3-FOXO1 CUT&RUN peaks (Fig. 4.5B; 149 genes at 2hr and 210 at 4hr).
Furthermore, the reduced polymerase activity detected by PRO-seq resulted in a
reduction of mature mRNA as detected by RNA-seq (Fig. 4.5C), nominating these genes
as direct PAX3-FOXO1 gene targets. CUT&RUN analysis found reduced H3K4me3 at
regulated promoters, further confirming the loss of gene expression (Fig. 4.5D). It is
notable that several transcription factors were turned off by degradation of PAX3-FOXO1,
including oncogenes and “stemness” factors (e.g., JUN, KLF4, RUNX2, ETS1, PRDM12,
and the co-repressor RUNX1T1), which likely trigger cascades of transcriptional changes.
For example, within 6hr of dTAG-47 addition, there were 717 significant changes by RNA-
seq with roughly 40% of these mRNAs increased rather than decreased (Fig. 4.5E).
These results emphasize the need to use nascent transcript analysis at early time points
after the inactivation of transcription factors to avoid the detection of secondary

transcriptional changes found by RNA-seq at later times.
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Figure 4.5. Transcription activation function of PAX3-FOXO1. (A and B) Venn
diagrams showing the PRO-seq signal quantified within the gene body with changes over
time, and the overlap between CUT&RUN and PRO-seq signal quantified within the gene
body as increased over time (A), or decreased over time (B). (C) Heatmap visualizing the
relative change of RNA-seq-detected mRNAs corresponding to the genes identified from
the PRO-seq analysis with gene body changes in at least one time point. Heatmap is
normalized by row Z-score to emphasize the changes in the RNA-seq data. (D)
Histograms of all H3K4me3 CUT&RUN peaks (upper panel) and the H3K4me3 peaks
annotated to genes showing transcriptional changes (lower panel) £3Kb around the
transcription start site (TSS). (E) Heatmap of RNA-seq plotted by the genes changed after
6hr of dTAG-47 treatment at indicated time points.

81



Next, we generated histograms depicting the PRO-seq signal across genes up-
regulated (33, Fig. 4.6A, upper) or down-regulated (248, Fig. 4.6A, bottom) in at least one
time point following PAX3-FOXO1 degradation. Interestingly, down-regulated genes
exhibited a clear reduction in gene body polymerase density, but maintained high levels
of paused polymerase just downstream of the transcription start site (Fig. 4.6A, bottom).
This pattern is indicative of a reduction in RNA polymerase pause release rather than a
significant change in transcription initiation.

In fact, most down-regulated genes showed an increase in RNA polymerase
pausing index, which reached statistical significance at 106 of 248 down-regulated genes
(Fig. 4.6B). Notably, those genes with a significant increase in pausing index were more
highly down-regulated than genes without changes in pausing index (Fig. 4.6C).
Examination of long genes such as NELL 1 further illustrates this phenomenon (Fig. 4.6D).
By 2hr following PAX3-FOXO1 degradation, there was a specific reduction of elongating
RNA polymerase at the 5’end of the gene, and by 4hr the elongating polymerase had
reached the 3’ end and the locus was maximally silenced (Fig. 4.6D, arrows). During this
time, levels of paused polymerase downstream of the TSS remained relatively unchanged
for both sense and antisense transcripts (Fig. 4.6D, shaded box).

In addition, we further mapped the total Pol Il, Pol II-S2, and Pol 1I-S5 at the genes
with decreased transcription and increased pausing index. The S2 phosphorylated Pol Il
was dramatically reduced, while the S5 phosphorylated Pol Il was increased at the TSS
(Fig. 4.6E). Thus, PAX3-FOXO1-regulated the transcription of many target genes by
promoting RNA pol Il pause release and transcription elongation. Taken together, these

results suggest that PAX3-FOXO1 functions mainly to activate transcription.
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Figure 4.6. PAX3-FOXO1 function to regulate transcription elongation. (A) Metagene
plots of PRO-seq reads of all genes with increased (upper) or decreased (bottom)
transcription. (B) Heatmap of Log> transformed fold change (log2FC) values of pausing
indices of all the genes with down-regulated transcription in at least one time point. (C)
Box plots displays the Log. transformed fold change (log2FC) values of PRO-seq at
indicated time points (Mann-Whitney U test, *: p <= 5.0e-02, **: p <= 1.0e-02, ***: p <=
1.0e-03, ****: p <= 1.00e-04). (D) Genome browser view of the NELL 1 gene locus showing
RNA polymerase pausing and the polymerase moving down the gene (arrows). Green
tracks are the CUT&RUN signal before and after degradation of PAX3-FOXO1, which
shows a peak at an enhancer within the 15t intron. (E) Metagene plots of ChIP-seq signal
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of Pol Il, Pol II-S2, Pol 1I-S5 of all genes with decreased transcription and increased
pausing index.

4.2.4 PAX3-FOXO1 maintains active enhancers

Greater than 80% of PAX3-FOXO1 CUT&RUN peaks were localized to intergenic
or intronic regions (Fig. 4.7A), suggesting that PAX3-FOXO1 functions at enhancers to
regulate gene expression. PRO-seq also detects non-coding nascent transcripts,
therefore, NRSA was used to quantify intergenic enhancer RNA (eRNA) transcription
following PAX3-FOXO1 degradation (Fig. 4.7B). Within the first 4hr of PAX3-FOXO1
degradation, 305 eRNAs were significantly down-regulated and 289 (96%) of these
overlapped with PAX3-FOXO1 binding sites identified by CUT&RUN (Fig. 4.7C). To begin
to address the mechanism of regulation at PAX3-FOXO1-regulated enhancers, we
performed ChlP-seq for histone H3K27ac (Fig. 4.7D), CUT&RUN for BRD4 (Fig. 3.7E),
and ATAC-seq to identify accessible regions (Fig. 4.7F), all of which are hallmarks of
active enhancers (Chapuy et al., 2013).

When examining all 44,267 PAX3-FOXO1 bound regions, there was no change in
H3K27ac levels, BRD4 occupancy, or chromatin accessibility (Fig. 4.7G, left). However,
when we focused on PAX3-FOXO1 peaks associated with changes in eRNA production,
we observed a rapid and dramatic reduction in H3K27ac, BRD4 binding, and chromatin
accessibility following PAX3-FOXO1 degradation (Fig. 4.7G, right panels). This was
despite a similar reduction of PAX3-FOXO1 binding at all sites (Fig. 4.7G, upper panels).
This indicated that while PAX3-FOXO1 associates with chromatin at many sites
throughout the genome, only a small number of those sites were associated with changes

in enhancer function following PAX3-FOXO1 degradation.
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Figure 4.7. PAX3-FOXO1 maintains active enhancers. (A) Pie chart showing
annotation of PAX3-FOXO1 peaks with genomic features using HOMER. (B) PRO-seq
reads around enhancer centers after PAX3-FOXO1 degradation. (C) Venn diagram
showing the overlap between PAX3-FOXO1 peaks and the down-regulated eRNA peaks
at 4hr. (D and E) MA-plots of H3K27ac (D) and BRD4 (E) peak changes from 2hr to 24hr
after degrading PAX3-FOXO1. (F) MA plots showing ATAC-seq peak changes; red (up)
or blue (down) (dTAG-47/DMSO, n = 2). (G) Average signal of PAX3-FOXO1, H3K27ac,
BRD4, and ATAC-seq over a 24hr time course of dTAG47 treatment over the regions
encompassing all P3F bound sites, those peaks associated with changes in eRNA
transcription.

of enhancers regulated by PAX3-FOXO1, because it does not include intronic enhancers



that confound the eRNA analysis due to the gene body transcription (Wang et al., 2018).
Therefore, given the rapid and robust reduction in chromatin accessibility observed upon
PAX3-FOXO1 degradation, we turned to ATAC-Seq to define enhancers regulated by
PAX3-FOXO1. At 2 hours following PAX3-FOXO1 degradation in Rh30 cells, loss of
chromatin accessibility was observed at 810 regulatory elements, while only 5 elements
exhibited an increase in accessibility (Fig. 4.7F). We obtained similar results in Rh4 cells
where 1100 sites lost accessibility following degradation of the fusion protein (Fig. 4.8A).

These 810 sites were nearly evenly split between intergenic and intronic
sequences (Fig. 4.8B) and showed a rapid and sustained change in accessibility over the
24hr time course of PAX3-FOXO1 degradation (Fig. 4.8C, right panel). Moreover, these
810 ATAC-seq peaks were predominately associated with the most robust PAX3-FOXO1
binding sites located within cluster 1 and cluster 2 (Fig. 4.8D&E). We then annotated
these sites to genes that were down-regulated upon PAX3-FOXO1 degradation and
found that 163 of the 810 ATAC-seq peaks showed a reduced signal (Fig. 4.8F). Thus,
we defined these 163 sites as high-confidence PAX3-FOXO1-regulated enhancers and
could associate them with 147 high-confidence PAX3-FOXO1 gene targets. Moreover,
these 163 PAX3-FOXO1-regulated enhancers were even further enriched for some of the
most robust PAX3-FOXO1 binding sites (Fig. 4.8E), and they highly overlapped with

enhancers showing loss of accessibility in Rh4 cells (Fig. 4.8G).
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Figure 4.8. Annotation of PAX3-FOXO1regulated elements. (A) MA-plot of ATAC-seq
changes in Rh4 clone 14 cells treated with dTAG-47 for 2hr. (B) Pie chart showing the
annotation of ATAC-seq peaks that change upon degradation of PAX3-FOXO1 to
genomic features in Rh30 cells. (C) Heatmaps of ATAC-seq signal over all PAX3-FOXO1
peaks in 10 bp bins + 3 Kb from the peak center over the 24hr time course after degrading
PAX3-FOXO1. (D) Heat map of the ATAC-seq changes over time from Rh30 cells plotted
with respect to the K means clustered PAX3-FOXO1 binding sites from Fig. 3.4A. (E) Pie
charts showing the ATAC- seq peaks down-regulated at 2hr after degradation of PAX3-
FOXO1 in Rh30 cells (left panel) or associated with the 147 gene changes (right panel)
segmented based on K means clustered PAX3-FOXO1 binding sites from Fig. 3.4A. (F)
Pie chart showing annotation of down-regulated ATAC-seq peaks with down-regulated
genes in PRO-seq. (G) Venn diagram showing the overlap between the 163 ATAC-seq
peaks associated with changed genes from Rh30 cells with ATAC-seq changes from Rh4
cells.
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PAX3-FOXO1 has been suggested to establish super-enhancers to drive
myogenic transcription networks (Gryder et al., 2020; Gryder et al., 2019b; Sunkel et al.,
2021). Therefore, we identified super-enhancers based on the BRD4 enrichment (Chapuy
et al., 2013; Loven et al., 2013; Pott and Lieb, 2015; Whyte et al., 2013) and asked
whether continued PAX3-FOXO1 expression was required to maintain these regulatory
structures (Fig. 4.9A). Our analysis identified many of the super-enhancers previously
associated with PAX3-FOXO1 function, but the degradation of PAX3-FOXO1 did not
affect the eRNA production or ATAC-seq peaks at the super-enhancers of MYOD1,
MYOG, and MYCN which were previously reported to be regulated by PAX3-FOXO1
(Gryder et al., 2017; Gryder et al., 2019b). Moreover, while we did observe PAX3-FOXO1
binding at all three of these super-enhancers (Fig. 4.9B-D), we observed no change in
MYCN transcription, an increase in MYOG transcription, and only a minimal decrease in
MYOD1 transcription at 4 hours, which did not result in altered MYOD71 mRNA levels by
RNA-seq. Moreover, the MYOD1, MYOG and MYCN super-enhancers persisted even 24
hours after PAX3-FOXO1 degradation (Fig. 4.9A), suggesting that PAX3-FOXO1 was not
required for their maintenance.

In contrast, we identified super-enhancers whose associated genes were rapidly
down-regulated following PAX3-FOXO1 degradation, including RUNX2, KLF4, FGGY,
and PRDM12 (Fig. 4.9A). Interestingly, these super-enhancers fell lower on the BRD4-
defined super-enhancer list over time, indicating reductions in BRD4 signal. Manual
inspection of each of these super-enhancers showed that they were bound by PAX3-
FOXO1, but rather than a complete collapse of the super-enhancer, there was a

disruption of select PAX3-FOXO1-bound enhancer elements upon degradation of PAX3-
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FOXO1. For instance, the region upstream of KLF4 and the intronic regions of FGGY
contained multiple enhancers marked by eRNA production, chromatin accessibility,
H3K27ac, and BRD4 binding. However, only one of the enhancer elements (box, Fig.
4.9E for FGGY and Fig. 4.9F for KLF4) showed a rapid reduction in H3K27ac and BRD4

binding upon PAX3-FOXO1 degradation.

89



w)

PAX3-

BRD4 H3K27%¢ ATAC-seq PROO-seq FOXO1-HA

90

Ohr  PrROMIZ2 € 24hr
E 3000 FGGY . 3 3000 MYOD,
8 MYOD 8 MYOG
RUNX2 PRDM12
22000 KLF4 : E’ 2000 E:g\églv:
MYOG 'g MYOD
's MYCN g 1000 FGGY:
N 1000 MYOD © RUNX2
g ERRFI1 g KLF4_ I\
5 0 z 0
z
0 10000 20000 0 10000 20000 0 10000 20000 0 10000 20000
Enhancers ranked by BRD4 enrichment
chr1:203,055,193-203,061,151 C chr2:16 363 247-16.408 741
5 . f \ s ,383, 408, .
 =|onr % A e T|ohr 317 A . )
ggzm{: e R—— ggzhr 317 A B
a il 4hr 04 - — = 8 4hr 317 e .

gon =~ . ot o] obr 51"" — . e

; 06 4 ;

82hr;“..v.' S gl2nr = - B A -~

o I <188

& B P . A a o 50

4hr — — - S 4hr — — - - A

Fom ur > g - T : i

B A A - o|onr me2 « A . N —

<[ 2hr 1922 — N A o . <| 2hr 1162 A

= = - - A .

<l 4hr 1922 - A A o . <| ahr 1162 A N "

3 5 . -~ -

o e A a flow 2 o aalee L e

®|4hr 75 . " —A: : g 2hr 32 | edeeaMhaa. e B

Tionhr 13 Plahr 32 o — A e m.

b3 -~ s <|onr o8 A A

S|2hr 1 a A a o 3[ 50 o8 -~ -

o 4hr 13 o A o 4 r - . o A A -
— 4 3 -~ A L -
<4—— MYOG 25kb MYCN super enhancer 5kb

chr2:17,670,155-17,675,504 chr2:17,704,870-17,721,403 10 kb % chr1:59,881,197-59,909 401

r 1 U J C r 1
Ohr 147 A W U n A e T I R - ~
2hr 147 “ . A . 39 2hr 59 - ~ ~ _
4hr 147 S R N - =@ 4hrf:‘ N . B
T ~ PR oh A || VU R ' S
Ohr B = ™ g hr e =y z§ =
_ o LA | Pl R —— L &
2hr o O % T - -
1337 R - A P | I A
4hr o B s =3 = ér 30 w 5 =
Ohr 2410 dad aal A e . (&l) Ohr 1922 A A A i
2hr 2410 il Al i~ o o A A A A
4hr 2410 4l AT A TR dhrve . A A A
ot [FTESENNSNINSURE SN, N S | N A Pt IO DA ah e -
2br 11 A el R " - g L T ., el
4hr 19 A . Ak Plahrgs  a . . S VS VoA
Ohr 7.7 Y A al 4L A . < onr 13 A 4
- e = - 3| 2hf i
2w 77 ol S E | ) - SR ) SR | S el -~ e - -
ahr 77 oW e i i al 4hr 4 - A -
[BETET - “ —
FGGY —» I5kb
MYOD1 >
< chr9:110,244,725-110,254,918 2.5kb chr9:110,492,915-110,518,090
1
STlOh B . o Ak 154 B S ]
ég 2hr28 e oo . 184 - -
a Oldhr2s____ . L 154 .
- ohr 102 L &7 A = - ‘-. -~
T vy > 18" i ~w T e
§ Ry ) TR T
o&[2hr 102 A [l — A -
& ET ek Sl "—’7'\' ET R o - RVt -
a
4hr 102 4 L —— - L
- KT i 7'1—' T R ad = _ -
Elonrs da 71 4. . a i
% 2hr23 T N — Lodaa ten ~ I RTVIORr T
Tlahras = e 77w e e . L
& |ohr a8 _ mA 19 gpesm ae AL NEN
Q 2hr 48 Y A0 e s . AL RS
2 4hr 48 A I e N e e
glohras_ .. M. 10 . . Tao A
% 2hr 4 10 A a
4hr 48 s 10 ~ -
o Ohr4oe A 400 ) " ! L i
& 2nra00 A 40 k. a id. s
<| 4hraos . A 400 | a A a
— -
5 kb
<— KiF4 KLF4 Super Enhancer



Figure 4.9. PAX3-FOXO1 is required to maintain super-enhancer structure of its
targets. (A) The putative typical-enhancers (light blue) and super-enhancers (dark blue)
in Rh30 cells were marked by BRD4 binding at 2, 4, and 24 hrs following P3F degradation.
Gold asterisks mark the examples of super-enhancers that are regulated by PAX3-
FOXO1, and black + marks the examples of previously identified super-enhancers that
were not regulated by PAX3-FOXO1 in our system. (B-F) IGV gene tracks showing the
PAX3-FOXO1 CUT&RUN, PRO-seq, ATAC-seq, H3K27ac ChlP-seq, and BRD4
CUR&RUN at the super-enhancers associated with the MYOG (B), MYCN (C), MYOD1
(D), FGGY (E), and KLF4 (F).

Furthermore, we disrupted the enhancers with or without loss of ATAC signal to
investigate if individual enhancers within a super-enhancer cluster contribute to target
gene expression. Our PRO-seq data indicates that the eRNA synthesis of each enhancer
within the super-enhancer cluster is down-regulated (Fig. 4.10A&B, PRO-seq track,
comparing enhancer_A and enhancer_B). We next used CRISPR/cas9 to delete a 200
bp-600 bp binding region of the indicated enhancer (Fig. 4.10A&B, enhancer_A and
enhancer_B), and verified the deletion by genomic PCR (Fig. 4.10C). After 72hrs of
deletion, gPCR was performed to examine the mRNA level of the target gene KLF4 and
RUNX2. Interestingly, we see that deletion of both types of enhancers affects the
expression of the associated gene (Fig. 4.10D). Meanwhile, the expression of KLF4 and
RUNX2 after enhancer deletion is comparable to PAX3-FOXO1 degradation. Further

indicating these genes are PAX3-FOXO1 transcriptional targets.
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Figure 4.10. Verification of PAX3-FOXO1 regulated enhancer. (A&B) IGV gene tracks
showing the PAX3-FOXO1 CUT&RUN, PRO-seq and ATAC-seq at the super-enhancers
of KLF4 and RUNX2. (C) Genomic PCR flanking the deleted enhancer region indicated
in A and B. Successful deletion generates a smaller PCR product. (D) The bar graph
reveals the relative mRNA expression of KLF4 and RUNX2 genes with indicated
treatment. Data are mean + SEM (n=3). (G-l) Motif analysis (de novo) of transcription
factors predicted to reside under all PAX3-FOXO1 binding sited from the CUT&RUN data.
(G), ATAC-seq peaks that were changed upon PAX3-FOXO1 degradation (H), or at the
147 putative direct targets in Rh30 cells (1).

The fact that we could only confidently assign a function to 163 out of greater than
44,000 PAX3-FOXO1 binding events was surprising. In order to address what might

confer functionality to PAX3-FOXO1 chromatin associations, we revisited the motif
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analysis and compared all PAX3-FOXO1 bound loci (44,267), those bound loci that
showed a reduction in chromatin accessibility (810), or those changes in chromatin
accessibility that annotated to PAX3-FOXO1-regulated gene targets (163). While the
PAX3-FOXO1 binding motif was only detected at 3% of total PAX3-FOXO1-bound loci,
that number increased to 20% at sites that showed reduced accessibility within 2hr of
fusion protein degradation, and climbed to 31% at the high-confidence enhancers (a 10-
fold enrichment over all binding sites; Fig. 4.10G-I). Thus, PAX3-FOXO1-regulated
enhancers were enriched for the best PAX3-FOXO1 binding sites. Moreover, using
functional assays for PAX3-FOXO1 (nascent transcription and accessibility) greatly
refined the genomic localization data and defined high confidence binding sites at which

PAX3-FOXO1 likely acts.

4.2.5 PAX3-FOXO1 recruits complexes involved in transcription

Having identified PAX3-FOXO1-regulated enhancers and target genes, we next
sought to define protein complexes that contribute to PAX3-FOXO1-mediated
transcription activation at these loci. Previous proteomic analyses of PAX3-FOXO1 relied
on overexpression of the fusion protein (Bohm et al., 2016). Therefore, we modified our
CRISPR homology-directed repair vector to generate an endogenous PAX3-FOXO1-
APEX2 protein fusion. APEX2 is an engineered peroxidase, which creates biotin-
phenoxyl radicals that covalently modify nearby proteins (<20 nm)(Hung et al., 2016; Lam
et al., 2015; Martell et al., 2012). Thus, proteins in close proximity to PAX3-FOXO1 were
purified using streptavidin beads and identified by liquid chromatography coupled with

mass spectrometry (LC-MS).

93



We identified over 500 significantly enriched proteins including components of
multiple transcriptional complexes, such as FACT and SWI/SNF, transcription elongation
factors (e.g. CDK9, CCNT1, NELFB), and components of a Mediator subcomplex that is
associated with transcriptional elongation (Donner et al., 2010) (MED12 and CDKS, Fig.
4.11A-B). Interestingly, while we did not identify an association with BRD4 (Gryder et al.,
2017), which was surprising given the colocalization observed at enhancers, we did
identify histone acetyltransferases that might place the marks bound by BRD4 (e.g.,
EP400) (Dey et al., 2003). We also identified other sequence-specific transcription factors,
which may cooperate with PAX3-FOXO1 to regulate gene expression, including MYOD,
HEB (TCF12), and RUNX1/CBFB (Fig. 4.11A-B). We also used CRISPR/Cas9 to
integrate a 3xFLAG tag into the endogenous PAX3-FOXO1 locus and confirmed a
number of these associations by affinity purification using the 3xFLAG tag and LC-MS

(Fig. 4.11C-D).
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Figure 4.11. PAX3-FOXO1 recruits complexes involved in transcription. (A) Volcano
plot showing log2-fold change (PAX3-FOXO1-APEX2/Parental) vs. -log10 of the p-value
generated from the mass spectrometry results of PAX3-FOXO1-APEX2-mediated
biotinylation (n=3, one-tail unpaired T-test). Blue dots, enriched in parental samples; red
dots, enriched in PAX3-FOXO1-APEX2 samples. (B) Heatmaps of selected PAX3-
FOXO1-APEX2 biotinylated proteins from the APEX2-mass spectrometry analysis. Total
spectral count is shown within each box. (A) Volcano plot generated from the mass
spectrometry results of PAX3-FOXO1-3XFLAG immunoprecipitation/mass spectrometry.
Proteins that purified with FLAG-M2 beads were plotted as log2 fold change (PAX3-
FOXO1-3xFLAG/Parental) vs. -log10 of the p-value. The absolute 1.5-fold change and p-
value 0.05 was used as the threshold (n = 3 biological replicates, p calculated using one-
tail unpaired T-test). Significant hits are depicted in blue and red to reflect proteins that
are enriched in parental samples and PAX3-FOXO1-APEX2 samples, respectively. (B)
Heatmaps of selected PAX3-FOXO1-associated proteins from the 3XFLAG analysis.
Spectral counts are shown within each box.

Next, we performed CUT&RUN for MYOD1, HEB (TCF12), RUNX1, ARID1A (a
SWI/SNF component), SPT16 (FACT component), and CDK8 (Mediator). There was an
enrichment of all of these factors at PAX3-FOXO1 binding sites confirming our proteomic
analysis (Fig. 4.12A). Therefore, we performed CUT&RUN analysis before and after
PAX3-FOXO1 degradation to determine if PAX3-FOXO1 was required to maintain the
APEX2-identified complexes at regulated enhancers. While we did not see a global
reduction of any of these factors from PAX3-FOXO1 binding sites following PAX3-FOXO1
degradation, we did observe the synchronous loss of all factors from specific PAX3-
FOXO1 binding sites associated with the 810 ATAC-seq peaks that were lost upon PAX3-
FOXO1 degradation (Fig. 4.12B). These effects were even more pronounced when
examining the 163 PAX3-FOXO1-regulated enhancers (Fig. 4.12C, right panels). The

enrichment of MYOD1, HEB (TCF12), RUNX1, SPT16, and CDK8 has also been verified
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by CUT&RUN in the Rh4 cell line, and there is a decent overlap of each factor in two cell

lines (Fig. 4.12D).
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Figure 4.12. CUT&RUN analysis of factors defined from proteomic data. (A) Venn
diagrams display the overlap of MACS2 identified peaks from CUT&RUN analysis
between PAX3-FOXO1 and the indicated factor in Rh30 cells. (B) Heatmaps of
CUT&RUN signal of the indicated factors around all the 810 changed ATAC-seq peaks
from Rh30 cells. (C) Histograms of the CUT&RUN signal of the indicated factors around
all PAX3-FOXO1 peaks and the regulated ATAC-seq peaks. (D) Venn diagrams display
the overlap of MACS2 identified peaks from CUT&RUN analysis between PAX3-FOXO1
and the indicated factor in Rh4 cells. (E) Venn diagram showing the overlap of PAX3-
FOXO1 peaks, PAX3 peaks, and down-regulated ATAC-seq peaks.

Given that the fusion protein binds to the same consensus motif as PAX3, we also
asked whether degradation of PAX3-FOXO1 affected DNA binding by PAX3. CUT&RUN
analysis using an antibody to the C-terminus of PAX3 showed that PAX3 bound to the
same sites as the fusion protein, including those enhancers that showed a decrease in
accessibility following PAX3-FOXO1 degradation (Fig. 4.12E). These data suggest that
unlike PAX3-FOXO1, PAX3 was not sufficient to maintain chromatin accessibility at these
enhancers (Fig. 4.12C). It is also worth noting that, compared with other transcriptional
complexes, PAX3 binding was only minimally affected by PAX3-FOXO1 degradation (Fig.
4.12C).

We were surprised to note that enhancer accessibility was so quickly affected at
regulated enhancers following dTAG-47 treatment. Therefore, we performed an even
shorter ATAC-seq and PRO-seq time course to precisely define how quickly loss of
PAX3-FOXO1 affected chromatin accessibility and enhancer activation (eRNA
production). While only modest changes in chromatin accessibility were observed 30 min
after dTAG-47 treatment, by 1hr chromatin accessibility was reduced at 272 sites and by
2hr the changes mirrored our previous ATAC experiment (909 vs. 810, compare Fig.

4.13A and Fig. 4.7F). In fact, when the sites affected at 2hr were plotted as a heat map
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alongside the 30min and 1hr timepoints (Fig. 4.13B), one can see that many of the 909
down-regulated peaks were losing accessibility within the first 30min, but had not reached
our significance cut offs (Fig. 4.13B). Similar to the ATAC-seq analysis, PRO-seq analysis
identified few changes in gene body transcription in the first 30min after dTAG-47
treatment, but by 1hr, significant changes in gene body transcription were observed (Fig.
4.13C). Combined, the proteomic and genomic data indicate that chromatin was rapidly
remodeled following PAX3-FOXO1 degradation, leading to the synchronous loss of
transcriptional complexes and the collapse of a small number of discrete enhancer
elements, such as that at the RUNX2 super-enhancer (Fig. 4.13D, shaded box) that

ultimately resulted in the loss of transcriptional elongation at PAX3-FOXO1 target genes.
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Figure 4.13. PAX3-FOXO1 is required for maintaining open chromatin structure at
the regulated enhancers. (A) MA plots showing ATAC-seq peak changes; red (up) or
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blue (down) (dTAG-47/DMSO, n = 2). . (B) Heatmap of significant changes in ATAC-seq
peaks after a time course of PAX3-FOXO1 degradation. Heatmap is plotted using the
peaks significantly changed after a 2hr dTAG-47 treatment. (C) Box plots display the Log2

transformed fold change (log2FC) values of PRO-seq at indicated time points (Mann-
Whitney U test, *: p <= 5.0e-02, **: p <= 1.0e-02, ***: p <= 1.0e- 03, ****: p <= 1.00e-04).
(D) Model integrating the proteomic and genomic data into a hypothetical model by which
PAX3-FOXO1 regulates transcription of its target genes. Created with BioRender.com.
4.3 Discussion

Given that transcriptional changes occur rapidly, traditional genetic approaches
have failed to effectively define the direct targets of sequence-specific transcription
factors, and therefore, have inadequately defined mechanisms of transcriptional control
by these proteins (Jaeger and Winter, 2021; Prozzillo et al., 2020). In addition, these slow
approaches might miss interpret the activation or repression function of transcription
factor action. The RNA-seq shows more than 1,000 genes changed after 24hr of PAX3-
FOXO1 degradation, and the changed genes include both up-regulated and down-
regulated genes with similar numbers. Thus, CRISPR-based addition of degron tags to
endogenous transcription factors has provided a technological breakthrough that is
greatly aiding the study of the transcription factor function (Luan et al., 2021; Muhar et al.,
2018; Nora et al., 2017; Stengel et al., 2021).

We have applied this approach to an oncogenic fusion transcription factor, PAX3-
FOXO1. While we identified over 40,000 PAX3-FOXO1 binding sites throughout the
genome, by combining rapid protein degradation with nascent transcript analysis by PRO-
seq and enhancer accessibility by ATAC-seq, we determined that PAX3-FOXO1 only
activates the transcription of approximately 147 high-confidence gene targets. Among the

high-confidence gene targets, there are several key targets that are important for the cell

phenotypes after PAX3-FOXO1 degradation. NELL1, RUNX1T1, and FGFR2 is
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associated with differentiation. FGF8 supports anchorage independent growth, and FGF8
is reported to be necessary and sufficient to induce PAX3-FOXO1-independent tumor
growth through an autocrine mechanism, and also contribute to proliferation and
transformation (Boudjadi et al., 2021). The cell cycle inhibition is at least due to the
downregulation of RUNX2 and KLF4.

Furthermore, we find that many of the PAX3-FOXO1 targets are regulated at the
level of RNA polymerase pause release rather than at the stage of transcription initiation,
which defines a new mechanism of PAX3-FOXO1 action. Both of the PRO-seq and Pol
Il ChlP-seq data show the increasing of paused Pol |l at near the transcription started site,
and loss of elongated Pol Il along the gene body. How PAX3-FOXO1 facilitates Pol Il
pause release, and the key factors that contribute to PAX3-FOXO1 mediated pause
release mechanism is still need to be defined.

Previous studies have postulated that PAX3-FOXO1 possesses pioneer activity,
facilitating the establishment of de novo enhancer elements that drive myogenic
transcriptional programs (Gryder et al., 2017; Sunkel et al., 2021). Indeed, we observed
the rapid loss of chromatin accessibility at regulated enhancers following PAX3-FOXO1
degradation. However, these regulated enhancers represented less than 3% of the PAX3-
FOXO1 binding sites. Given the high degree of overlap between ATAC-seq peaks and
PAX3-FOXO1 binding sites, it appears that PAX3-FOXO1 binds to nucleosome free
regions (NFR) throughout the genome, but that the vast majority of these sites do not rely
on continued PAX3-FOXO1 expression to maintain accessibility. This could be indicative
of a “hit and run” mechanism by which PAX3-FOXO1 establishes the accessible site and

then other factors maintain the accessibility, but such a hypothesis is difficult to test.
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Another possibility is that genome-wide methods for identifying binding sites for
transcription factors are too sensitive and pick up weak sites that are not regulatory. In
fact, motif analysis of the CUT&RUN data suggested that most of the binding sites were
of poor quality. Alternatively, it is possible that PAX3-FOXO1 works in an alternative
manner to open enhancers, possibly binding DNA in concert with other factors such as
RUNX1/2, HEB, and MYOD to recruit the SWI/SNF complex in a very selective manner.

We also detected the binding of PAX3-FOXO1 at super-enhancers (Fig. 4.9.
However, we did not observe the broad collapse of these super-enhancers following
PAX3-FOXO1 degradation, but rather a rapid loss of accessibility at specific enhancer
elements within the enhancer cluster. Surprisingly, disruption of a single enhancer at
PAX3-FOXO1-bound super-enhancers resulted in a significant loss of gene transcription
from the associated promoter (e.g., RUNX2, KLF4, PRDM12). In addition, in the same
super-enhancer cluster, the deletion of the enhancers without loss of accessibility also
results in a loss of gene transcription. We also detected down-regulation of eRNA
synthesis at each enhancer within the super-enhancer cluster. These findings are
consistent with CRISPR-mediated deletion of individual elements in super-enhancers that
identified a hierarchical organization of super-enhancers in which a “hub” enhancer was
the major determinant of super-enhancer function (Huang et al., 2018). Having identified
a cohort of genes directly regulated by PAX3-FOXO1, we are poised to further define
whether the fusion protein triggers the formation of higher order complexes (e.g., nuclear

condensates or transcription factories) or acts through individual enhancer elements.
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By engineering the endogenous PAX3-FOXO1 for proximity labeling, we identified
DNA binding factors and transcriptional complexes that are associated with PAX3-
FOXO1 (Fig. 4.11). Among the identified interacting proteins was ARID1A, which could
suggest that the continued recruitment of SWI/SNF may be required to maintain the NFR
at enhancers to allow full transcriptional complex assembly. Our data also suggests that
PAX3, which was bound at these same loci, was not sufficient to maintain open chromatin
at these regulatory elements. This raises the possibility that PAX3-FOXO1, and not PAXS,
possesses pioneer activity; however, future studies are needed to more rigorously test
this hypothesis.

Finally, these data indicate that PAX3-FOXO1 is continuously required to maintain
the expression of genes critical for blocking terminal differentiation and to maintain cell
viability such as RUNX2, KLF4, PRDM12, FGF8, and FGFRZ2 and further emphasize the

utility of PAX3-FOXO1 as a therapeutic target in rhabdomyosarcoma (Fig. 4.14).
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Figure 4.14. Model of PAX3-FOXO1 function at the regulated enhancers. Model
integrating the proteomic and genomic data into a hypothetical model by which PAX3-
FOXO1 regulates transcription of its target genes. Created with BioRender.com.
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CHAPTER 5

Conclusions and future directions

Transcription deregulation is a hallmark of cancer (Bradner et al., 2017).
Sequence-specific transcription factors are the essential regulators that recruit different
complexes to cause the assembly of the transcription machinery at a gene. In addition,
for certain types of cancer, such as aRMS driven by PAX3-FOXO1, the aberrant
transcription factor is the main driver, thus making PAX3-FOXO1 the most promising
therapeutic target for drug development. Due to the challenge of inhibition of transcription
factor, the alternative inhibitory strategies have focused on the transcriptional targets and
associated partners of the transcription factor. However, traditional genetic approaches
failed to effectively define the direct targets of transcription factors and the mechanism of
transcription regulation. This dissertation mainly focuses on a transcription activator,
PAX3-FOXO1, to define the mechanism by which it disrupts gene expression programs.

With a specific inhibition of endogenous PAX3-FOXO1 protein, we show that
PAX3-FOXO1 degradation triggers growth defect, cell differentiation, apoptosis, and
reduced growth in soft agar. These results suggest the development of therapeutic
proteolysis targeting chimera molecules of PAX3-FOXO1 for aRMS. In addition, many of
the transcriptional target genes defined by our system are associated with these
phenotype changes. For example, NELL1 (neural EGFL like 1), RUNX1T1 (RUNX1
partner transcriptional co-repressor 1), FGFR2 (fibroblast growth factor receptor 2) are

related to cell differentiation, KLF4 (kruppel-like factor 4) and RUNX2 (runt-related
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transcription factor 2) is responsible for cell cycle control, and FGF8 (fibroblast growth
factor 8) supports anchorage-independent growth of tumor cells (Mattila et al., 2001;
Hasebe et al., 2012; Zou et al., 2015; Choi et al., 2018; Tiwari et al., 2019; Zhai et al.,
2019; Han et al., 2019; Zou et al., 2020; Lee et al., 2021; Maehara et al., 2021).

RUNX1 is a transcription factor that is critical for the G1 to S cell cycle transition
(Bernardin et al., 2002; Bernardin-Fried et al., 2004), As a member of the same runt family
DNA-binding transcription factor with RUNX1, RUNX2 may also have an important role
during cell cycle regulation. In addition, RUNX2 is related to the gene associated with
phenotype changes mentioned above. NELL1 induces the phosphorylation of RUNX2 by
activating the MAPK (mitogen-activated protein kinase) signaling cascade (Bokui et al.,
2008). RUNX2 binds the FGFR2 promoter to regulate FGFR2 expression, while the
FGF/FGFR, such as FGFR2 and FGF8, can induce RUNX2 expression in turn (Kim et al.,
2003; Guenou et al., 2005; Omoteyama et al., 2009; Kawane et al., 2018). KLF4 is
reported to bind with the RUNX2 motif and a direct interaction between KLF4 and RUNX2
is detected (Kim et al., 2014). Therefore, RUNX2 can be a promising target of PAX3-
FOXO1 in the future investigation of its function in aRMS.

It is surprising that there are only around 200 genes that are regulated by PAXS-
FOXO1, rather than the thousands of genes previously reported, even though it binds
over 44,000 genomic sites (Fig. 4.4 and 4.5). In addition, after PAX3-FOXO1 degradation,
there are only ~800 regulatory elements that show a loss of chromatin accessibility, and
among these peaks, 163 sites are annotated to 147 genes with high confidence. For the
rest of ~ 600 regulatory elements that are defined by ATAC-seq and cannot be assigned,

their associated genes and how they contribute to target gene regulation are still unclear
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and need further investigation. One possible way might be that they regulated the
associated genes by 3D chromatin interaction which needs to be measured by Hi-C to
identify promoter-enhancer interactions.

The identification of 147 target genes from 43,000 genome binding sites, which
are annotated to 15,000 genes, suggests the importance of using functional assays to
study transcription factor regulatory mechanisms. On the other hand, the function of the
other 44,000 PAX3-FOXO1 binding sites is still unknown. It is possible that these PAX3-
FOXO1 binding sites are sensitively detected due to indirect effects such as enhancer-
promoter contacts. Since some of these sites are very robust (Fig. 4.4, cluster 1 and
cluster 2), it is also possible that they are involved in other regulatory mechanisms other
than transcription. It would be helpful if there is a way to distinguish the functional sites
by the DNA sequences. Therefore, statistical and machine learning-based methods might
be a great tool to predict the functional regulatory element of a transcription factor
(Mochida et al., 2018; Razaghi-Moghadam et al., 2020).

While PAX3-FOXO1 binds to multiple enhancer elements within super-enhancer
cluster, its continued presence was only required at individual enhancer elements (Fig.
4.9). In addition, the deletion of enhancers with or without loss of accessibility both results
in a loss of gene transcription (Fig. 4.10). The mechanisms of how individual enhancers
within super-enhancer affect each other, and how they function as a group to regulate
transcription need further studies to uncover how they act. A more detailed investigation
to delete every enhancer in the same cluster or outside the cluster, even a non-regulatory

element nearby would provide some hints for this question.
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There are ~500 more proteins that are associated with PAX3-FOXO1 in addition
to the DNA binding factors and transcriptional complexes reported in Chapter 4. Therefore,
more work is necessary to further narrow down the key partners that contribute to PAX3-
FOXO1-mediated transcriptional control. CRISPR-Cas9-mediated deletion could be used
to rapidly screen the key partners to identify of additional therapeutic targets. Aligning the
proteomic data with the RMS Dependency map (Dharia et al., 2021) has already provided
some clues for combination targeting, such as deleting several genes in the same
complex or genes in several different complexes according to the dependency scores.
Also, the identified PAX3-FOXO1 core target genes can be a group of reporter genes to
evaluate the effects of inhibiting therapeutic targets, as an alternative to examining the
cell growth defect or differentiation after days.

In conclusion, the endogenous PAX3-FOXO1 degradation using dTAG system
provides a system to study the detailed transcriptional regulation mechanism of almost
every transcription factor. With the identification of direct transcriptional targets of the
transcription factor, one can use these loci to define the molecular mechanism of action
of the factor. For fusion-positive aRMS, my data supports the idea that PAX3-FOXO1
contributes to aRMS tumor development, and that PAX3-FOXO1 is a critical regulator of
cell proliferation and impairs myogenic differentiation. It is primarily an activator of
transcription that works by recruiting SWI/SNF, mediator and elongation machinery to
tigger the expression of a small cohort of genes critical for tumor development. Most
importantly, my work establishes that PAX3-FOXO1 is a promising therapeutic target for

PROTAC development.
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