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Abstract
Mixed lineage leukemia (MLL) is often characterized by chromosomal translocations involving
the lysine methyltransferase 2A (KMT2A) gene with various partner genes, creating fusion proteins
that can mistarget DOTL1L to the homeobox A9 (HOXA9) gene, leading to HOXA9 expression.
Among the possible translocations with KMT2A, the fusion of KMT2A with myeloid/lymphoid or
mixed-lineage leukemia; translocated to 3 (MLLT3), also known as KMT2A-MLLTS3, is particularly
significant because it has been reported in more than 50% of pediatric and 25% of adult acute
myeloid leukemia cases. The KMT2A-MLLT3 translocation creates the fusion protein that
aberrantly recruits DOT1L (disruptor of telomeric silencing 1-like) and other chromatin-modifying
enzymes to the HOXAQ9 locus, resulting in increased HOXA9 gene expression. HOXA9 expression
disrupts normal hematopoietic differentiation and contributes to the development of mixed lineage
leukemia by promoting the proliferation and survival of leukemic cells. My research focuses on
unraveling the mechanisms that drive heightened DOTLL activity and its specific targeting to

HOXA9, which are pivotal for the robust transcription observed in MLL.

Our results showed that the HOXA cluster is marked by several active marks and chromatin-
modifying enzymes including H3K27ac, H3K4me3, H3K36me3, and H3K79me2, as well as
DOTLL and DNase I. The heavy decoration by these active marks and proteins indicates that
HOXAQ9 has an unstable chromatin structure, which reflects higher nucleosome turnover over the
HOXAQ9 region. Higher turnover makes the chromatin more accessible to the transcriptional
machinery, thereby increasing HOXA9 expression. Histone H3 has three forms: H3.1 and H3.2 as
canonical, and H3.3 as a variant. The H3.3 variant can be more incorporated into nucleosomes
with higher turnover, which can further enhance the transcription of the HOXA9 gene in MOLM-
13 cells.

Our results showed that the H3K79me2 level, which indicates DOT1L enzyme activity, is higher
in MOLM-13 cells with the KMT2A-MLLT3 translocation. Several studies have shown that
DOTLL activity depends on Histone H2B monoubiquitination at Lys 120 (H2BK120ub), a key
modification in transcription elongation. Our results also revealed that the level of H2BK120ub is
higher in MOLM-13 cells, which have increased DOTLL activity, suggesting a direct relationship
between H2BK120ub and DOT1L activity in these cells.




Bortezomib, an FDA-approved drug commonly used in clinical practice for multiple myeloma,
was employed to investigate its effect on epigenetic marks involved in transcription elongation
including the H3K79me2, H3K36me3, and H2BK120ub in MOLM-13 cells. Treatment with 5 nM
bortezomib demonstrated significant reductions in H2BK120ub levels, H3K79me2, and HOXA9
gene expression in MLL. My findings underscore the critical role of H2BK120ub in regulating
DOTI1L methyltransferase activity as well as HOXA9 expression in MOLM-13 cells. These
compelling results position bortezomib as a promising therapeutic avenue for treating MLL,

offering new hope for patients affected by this challenging disease.
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Preface
Leukemia is a group of blood cancers that typically begin in the bone marrow and result in the

production of high numbers of abnormal, immature blood cells. Leukemia can be classified as
acute or chronic based on the rate of proliferation, and as myeloid or lymphoid depending on the
cell of origin. The predominant subtypes include acute myeloid leukemia (AML), chronic myeloid
leukemia (CML), and acute lymphoblastic leukemia (ALL). Mixed lineage leukemia (MLL) is a
distinct subtype that encompasses both AML and ALL, characterized by chromosomal
rearrangements involving the KMT2A gene on chromosome 11g23. These rearrangements lead to
the production of fusion proteins that disrupt normal gene regulation, resulting in aggressive
leukemias with features of both myeloid and lymphoid lineages, contributing to a more complex
and challenging clinical presentation. A hallmark of MLL is the chromosomal translocations that
fuse the KMT2A gene with various partner genes, leading to the formation of fusion proteins that

dysregulate gene expression and drive leukemogenesis.

Among the dysregulated genes, HOXA9 plays a critical role in the development and progression
of MLL. The fusion protein continuously recruits DOT1L to the HOXA9 gene, sustaining its
expression and establishing an aberrant epigenetic landscape that contributes to the pathogenesis
of MLL. Consequently, DOTI1L is a key target for therapeutic intervention. While DOT1L
inhibitors like EPZ5676 have shown promise in early trials, challenges remain due to off-target
effects and toxicity concerns. Therefore, there is a continuing need to identify an effective and

low-risk method to target the HOXA9 gene and DOT1L enzyme activity.

My project primarily focuses on investigating the role of DOT1L in the epigenetic dysregulation
of the HOXA9 gene in mixed-lineage leukemia. In addition, I explored the involvement of histone
epigenetic marks, such as H3K36me3 and H2BK120ub, in the transcriptional elongation of the
HOXA9 gene, which may significantly impact HOXA9 gene expression in leukemic cells. The next
phase of my research involved using bortezomib, a proteasome inhibitor, to assess its effects on
H3K79me2 and other histone marks associated with HOXA9 gene expression. Bortezomib, an
FDA-approved drug widely used in clinical practice for treating multiple myeloma, has shown
promising results with minimal side effects in these patients. While bortezomib's role as a cytotoxic

agent against leukemia cells has been explored, its potential to influence epigenetic marks and




DOTLL remains largely unexplored. This study aims to address this knowledge gap and uncover

novel therapeutic insights.

In addition to my primary focus on DOT1L and HOXA9 gene expression, | investigated the levels
of histone H3s, including H3.1, H3.2, and H3.3 in leukemic cells, along with the K79me2
modifications level associated with H3s. Understanding these levels will provide critical insights
into the distribution and modification of H3 isoforms. Several studies have demonstrated that the
incorporation of histone variants, particularly H3.3, into nucleosomes can destabilize chromatin
structure. This destabilization may have significant implications for regulating HOXA9 expression

in leukemia, further elucidating the complex epigenetic mechanisms driving leukemogenesis.

1.1  Introduction to epigenetics and chromatin organization

1.1.1 Definition of epigenetics

The epigenetics field has a rich history, developing considerably throughout the ages. The modern
concept of epigenetics was first introduced by Conrad Waddington, a British developmental
scientist, in the 1940s. He used the term "epigenetics” to describe the study of heritable changes
in gene expression that do not involve alterations to the underlying DNA sequence (Waddington,
1942). In the early 1950s, researchers discovered the molecular mechanisms of epigenetic
regulation, such as DNA methylation and histone modification, which showed how gene
expression could be controlled without altering the DNA sequence. By the 1980s, the
understanding of epigenetic mechanisms was expanded more by studying the role of DNA
methylation in gene silencing and X-chromosome inactivation (Riggs, 1975). In the late 1990s,
scientists began paying close attention to genomic imprinting. This idea sheds light on how specific
genes are expressed differently based on whether they come from the mother or the father. This
finding significantly advanced our understanding of how genes are regulated during development
(McGrath & Solter, 1984). While there is still debate about epigenetics terminology, the best-
described definition of epigenetics is provided by the Canadian Institutes of Health Research
(CIHR), which defines epigenetics as the study of changes in gene activity and expression that are

not dependent on alterations in the DNA sequences.




1.1.2 Chromatin organization

The genome of eukaryotes is significantly large, and efficient packaging within the cell nucleus is
needed. This packaging is accomplished through the formation of chromatin, a complex of DNA
and protein. The fundamental unit of chromatin is the nucleosome, which consists of
approximately 147 bp of DNA wrapped around a set of eight proteins called octamer histones
(H2A, H2B, H3, and H4). This facilitates the compact organization of DNA, allowing it to fit
within the nucleus while also playing a crucial role in regulating gene expression and maintaining
genomic integrity. Chromatin is primarily categorized into two distinguishable categories:
euchromatin and heterochromatin. Heterochromatin is highly compact and has silenced and not
actively transcribed genes, while euchromatin is less compact, and contains a high number of genes

which actively transcribed (Huisinga et al., 2006; Tamaru, 2010).

1.1.3 Epigenetics and chromatin structure

Chromatin structure and function are controlled through various epigenetic modifications, most
notably histone post-translational modifications (PTMs) and DNA methylation. The histone PTMs
include acetylation, methylation, ubiquitylation, SUMOylation, glycosylation, ADP-ribosylation,
and many others. These histone PTMs play a crucial role in controlling the accessibility of
chromatin and also DNA by targeting the N-terminal tails, globular domains, and C-terminal

domains of histones, thereby affecting the regulation of gene expression (Strahl & Allis, 2000).

1.1.4 Epigenetic tools for histone PTMs

Histone PTMs are introduced by specific enzymes known as writers, removed by erasers, and
interpreted by readers. The schematic representation of epigenetics tools for histone PTMs is

shown in Figure 1.

1.1.4.1 Writers

Histone writers are enzymatic complexes responsible for catalyzing the addition of specific PTMs
onto histones, thereby modulating chromatin structure and gene expression. These writers include
various classes of enzymes, such as lysine acetyltransferases (KATS), lysine methyltransferases
(KMTSs), histone ubiquitin ligases, and many others. For instance, KATs add acetyl groups to

lysine residues on histone, promoting an open chromatin state and activating gene transcription.
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KMTs and protein arginine methyltransferases (PRMTs) can methylate histone lysine or arginine
residues, leading to diverse transcriptional outcomes depending on the specific methylation residue
and location. Together, histone writers dynamically regulate chromatin accessibility and gene
activity through the precise addition of PTMs, contributing to cellular identity and response to
environmental factors (Gillette & Hill, 2015).

1.1.4.2 Erasers

Erasers are enzymatic complexes that play a crucial role in the dynamic regulation of chromatin
structure by removing specific PTMs from histones. These erasers include various classes of
enzymes, such as histone deacetylases (HDACS), lysine demethylases (KDMs), deubiquitinases
(DUBs; also named USPs), and phosphatases. For example, HDACs catalyze the removal of acetyl
groups from lysine residues on histone, leading to a more compact chromatin structure that often
correlates with transcriptional repression. Similarly, KDMs can remove methyl groups from

histone lysine residues, influencing gene expression patterns.

1.1.4.3 Readers

Histone PTMs are regulated by writer and eraser enzymes, while their functional impact on DNA
transcription is facilitated by proteins referred to as "readers.” These reader proteins were initially
identified by experiments involving modified histone peptides aimed at pinpointing proteins
capable of selectively recognizing and interacting with specific histone PTMs. Readers are
classified into many types, including bromodomain, chromodomain, PHD Finger, SH2 domains,

and many others (Yun et al., 2011).
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Figure 1: Schematic representation of the role of epigenetic writers, erasers, and readers in
regulating histone post-translational modifications (PTMs). Writers add PTMs to histones. Erasers
remove these modifications. Readers detect and interpret the PTMs, influencing gene expression

and chromatin structure. Created with BioRender.com.

1.2  DNA methylation

DNA methylation is a fundamental epigenetic mechanism that plays a crucial role in regulating
gene expression and maintaining genomic stability. DNA methylation involves the addition of a
methyl group to the cytosine base of DNA by DNA methyltransferases (DNMTSs) (writer). Once
methylated, DNA can be recognized and bound by proteins called methyl-CpG binding domain
proteins, serving as "readers” of DNA methylation. DNA methylation typically can happen on
promoter and gene bodies which has distinct effects. Methylation of promoter regions is usually
associated with gene repression (Swigut & Wysocka, 2007). When promoters are heavily
methylated, transcription factors and the RNA polymerase complex have difficulty binding to the
DNA, leading to silence in the gene expression. However, gene body methylation is often

associated with active transcription (Newell-Price et al., 2000).
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1.3 Histone methylation

Histone methylation is a fundamental biological process involving adding methyl groups to lysine
and arginine within histones. Histone lysine methyltransferases (KMTs) and protein arginine
methyltransferases (PRMTSs) use S-adenosyl-L-methionine (SAM) as the methyl group donor,
respectively, to mediate histone methylation on lysine and arginine. Lysine can undergo mono-,
di-, and trimethylation, while arginine can be monomethylated, symmetrically methylated, or
asymmetrically methylated. Histone methylation can have both activating and repressive effects
on transcription, depending on the specific methylated lysine or arginine residue and the number
of methyl groups added (Bedford & Clarke, 2009).

1.3.1 Role of histone methylation in gene expression regulation

Certain methylations on lysines and arginines are often associated with active transcription. These
post-translational modifications (PTMs) are crucial in attracting or repelling specific protein
readers that influence chromatin dynamics. Examples of such histone methylations include but are
not limited to, mono-methylation on lysine 4 of histone H3 (H3K4mel) (Santos-Rosa et al., 2002),
trimethylation on lysine 36 of histone H3 (H3K36me3) (Wagner & Carpenter, 2012), and
dimethylation on lysine 79 of histone H3 (H3K79me2) (Schibeler et al., 2004). In contrast, certain
histone methylations, such as trimethylation of lysine 27 on histone H3 (H3K27me3) and
H3K9me3, are associated with transcriptional repression. These modifications inhibit access to the
transcriptional machinery, effectively silencing gene expression (Li et al., 2007). Therefore,
multiple histone methylations are associated with both gene activation and repression.
Understanding how these histone methylations collaborate to control transcriptional activity has
been challenging due to the intricate interplay and complex layering of combinatorial histone post-
translational modifications and their crosstalk.

The modification of lysine residues by histone lysine methyltransferases (KMTSs) serves a diverse
function in controlling gene expression. This epigenetic process significantly impacts gene

regulation by altering the structure of chromatin.

Some histone methylations can play a vital role in both the establishment and maintenance of

heterochromatin:




1. SUV39H family and EZH2 are essential in silencing gene expression, constitutive

heterochromatin formation, and genome stability.

H3K9me3, which, as a repressive mark, binds to the chromodomain of Heterochromatin Protein 1
(HP1). This binding event triggers chromatin condensation and effectively restricts access to DNA
(Campos & Reinberg, 2009). The interaction between HP1 and H3K9me3 can be disrupted by
certain histone PTMs. For instance, phosphorylation at serine 10 on histone H3 blocks the binding
of HP1 to H3K9me3. This disruption can lead to alterations in chromatin structure and,
consequently, impact gene expression patterns. In summary, these findings highlight the dynamic
nature of epigenetic regulation, where modifications of histones can influence the formation and
stability of heterochromatin, ultimately shaping gene expression outcomes (Fischle et al., 2005).
The H3K9me3 mark is removed by histone demethylases, such as Lysine Demethylase 4A
(KDM4A) and Lysine Demethylase 4B (KDM4B) (Fodor et al., 2006).

Another example is H3K27me3, which is involved in silencing gene expression. H3K27me3 is
primarily catalyzed by the histone methyltransferase known as Enhancer of Zeste Homolog 2
(EZH2). EZH2 is a critical component of the Polycomb Repressive Complex 2 (PRC2), a protein
complex that adds methyl groups to specific histone residues. H3K27me3 is a well-known
epigenetic mark associated with gene silencing and the formation of repressive chromatin
structures. It plays a central role in regulating gene expression and maintaining cellular identity
during various biological processes (Cao et al., 2002). JMJD3, a histone demethylase, catalyzes
the removal of the H3K27me3 mark (Malinczak et al., 2020).

On the other hand, several histone lysine methyltransferases are engaged in transcription activation

and have been found in transcriptionally active regions and genes.

2. SET1(KMT2), SET2 (KMT3A), and DOT1L (KMT4) significantly contribute to

activating gene expression pathways.

One prominent example of histone methylation that plays a crucial role in gene expression
activation is the H3K4me3. H3K4me3 is catalyzed by SET1/COMPASS complexes, and the
removal of tri-methyl groups from H3K4 is carried out by lysine demethylases, specifically the
Lysine Demethylase 5C (KDM5C ) family enzymes (Outchkourov et al., 2013). This modification

is often found near promoters of actively transcribed genes and serves as an epigenetic mark




associated with gene activation. H3K4me3 helps recruit transcriptional machinery and other

regulatory proteins to the gene, facilitating the transcription of genes (Shilatifard, 2008).

Another example is DOTIL / or KMT4 (Lysine Methyltransferase 4), the sole lysine
methyltransferase responsible for catalyzing mono-, di-, and tri-methylation of histone H3 at lysine
79 (K79mel, me2, or me3). H3K79me2 is decorated in the gene body of actively transcribed genes
and plays a crucial role in transcription elongation (Li et al., 2014). The enzyme that specifically
targets and removes methyl groups from histone H3 at lysine is the histone demethylase KDM2B
(Kang et al., 2018). Research studies have shown that DOTI1L plays an important role in
leukemogenesis involving KMT2A fusion proteins. A comprehensive discussion of DOT1L will
be provided later in this chapter.

Methylation of H3K36 is facilitated by SETD2 (KMT3A), NSD1 (KMT3B) , NSD2 (KMT3G),
NDS3 (KMT3F), and ASH1L (KMT2H) . In mammalian cells, SETD?2 is the only enzyme that
can catalyze H3K36 tri-methylation (H3K36me3). NSD1, NSD2, NDS3, and ASH1L are
responsible for catalyzing H3K36 mono- and di-methylations. H3K36me3 modification is
prominently localized within the gene body of actively transcribed genes and plays a pivotal role
in facilitating transcriptional elongation (Edmunds et al., 2008; Venkatesh & Workman, 2013).
H3K36me3 is removed by specific histone demethylases named KDM2A (Verrier et al., 2011). A

comprehensive discussion of SET2 will be provided later in this chapter.

Histone methylation not only plays a crucial role in regulating gene expression but also contributes
to other biological processes, including X chromosome inactivation (Heard et al., 2001) and
spatiotemporal patterning of Hox genes in mice (Heard et al., 2001; Minard et al., 2009). The
Figure 2 shows the PMTs including, H3K4me3, H3K79m1/2/3, H3K36me3, H3K9me2/3,
H3K27me3, and others distribution along the active genes and silent gene (Lim et al., 2010).

The dynamics of PTMs are crucial for the precise regulation of gene expression. By adding or
removing PTMs dynamically, cells can adjust gene expression levels in response to developmental
cues, stressors, or external stimuli. Proteins that interpret these modifications play essential roles
in translating PTMs into specific changes in chromatin structure and transcriptional activity. The
intricate interplay between different PTMs and their modifying enzymes forms a complex

regulatory network that ensures proper gene expression profiles necessary for cellular function.




Understanding the dynamic nature of PTMs is crucial for deciphering how cells maintain precise

gene expression patterns under different conditions.

Active gene Silent gene
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Figure 2: Distribution of various histone modifications across different regions of the genome in
active and silent genes. The genomic features shown include enhancers, CpG islands, promoters,
transcription start sites (TSS), and gene bodies. The figure was adopted with permission from (Lim

etal., 2010) .

1.4 HOXA gene family

The homeobox gene family was initially identified by genetic analysis of active genes involved in
the development of Drosophila (McGinnis et al., 1984). The HOX gene family plays a vital role
among the homeobox genes that code for transcription factors. These transcription factors are
proteins that attach to specific DNA sequences to control the activity of different genes. The HOX
gene family members all possess a shared characteristic that is highly conserved: a 61-amino-acid
section referred to as the homeodomain (Kessel et al., 1988; Wright et al., 1989). This

homeodomain contains a unique design known as a helix-turn-helix, allowing the proteins to attach
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to DNA and carry out their controlling roles. Mammals have a total of 39 HOX genes divided into
four clusters: HOXA on chromosome 7, HOXB on chromosome 17, HOXC on chromosome 12,
and HOXD on chromosome 2. In each group, 13 paralog genes were identified based on both their
sequence similarity and position. Each HOX gene contains two exons and one intron, with a
conserved homeobox domain encoded by a 120-nucleotide sequence in exon 2 (Aryal et al., 2023;
Holland et al., 2007).

1.4.1 HOXA9 gene regulation in normal hematopoiesis

In normal hematopoiesis, the majority of HOX genes that are expressed belong to HOXA, HOXB,
and HOXC clusters. These HOX genes are expressed at various stages during hematopoietic
development. HOXA9 expression is high in hematopoietic stem and progenitor cells (HSPC),
which are immature progenitor cells, whereas it is downregulated during differentiation. Different
HOX clusters are expressed in specific lineage-restricted patterns. For example, HOXA cluster
genes are normally expressed in myeloid cells, HOXB cluster genes in erythroid cells, and HOXC
cluster genes in lymphoid cells. HOXA5, HOXA6, HOXA7, HOXA8, HOXA9, and HOXA10 genes
are highly expressed in hematopoietic stem (HSC) and progenitor cells (HSPCs) and are crucial
for maintaining HSPCs (Argiropoulos & Humphries, 2007). The HOXA5-10 genes are
downregulated and epigenetically silenced as they differentiate and become fully mature by the
PRC1/PRC2 complex enzyme. HOXA9 is tightly regulated by the interplay of two master
regulators, KMT2A (MLL1) and Polycomb Repressive Complex 1 (PRC1) and Polycomb
Repressive Complex 2 (PRC2). KMT2A functions as a transcriptional activator by methylating
histone H3 at lysine 4 (H3K4), a modification that promotes the recruitment of transcriptional
machinery to the HOXA9 promoter, thereby enhancing its expression (Collins & Hess, 2016). In
contrast, PRC2 and PRC1 serve as transcriptional repressors by catalyzing H3K27me3 and
H2AK119 ubiquitination, leading to chromatin compaction and gene silencing (Rugo et al., 2020).
Moreover, HSC differentiation can also lead to the accumulation of DNA methylation at HOXA
5-10 cluster, mediated by de novo methyltransferases DNMT3A and DNMT3B, further ensuing
gene silencing and protecting aberrant HOX gene activation in more mature hematopoietic cells
(Bock et al., 2012). This dynamic regulation by KMT2A and PRC1/PRC2 ensures that HOXA9
expression is precisely controlled, facilitating proper cellular functions such as hematopoiesis and

differentiation while preventing aberrant gene activity (Figure 3). HOXA9 plays an important role
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in normal hematopoiesis (Abramovich & Humphries, 2005). In mice, overexpression of HOXA9
results in increased proliferation of HSC and myeloid progenitor cells, leading to leukemogenesis
in the long run (Alharbi et al., 2013). On the other hand, eliminating HOXA9 in mice reduces the
number of myeloid progenitors and leads to cell differentiation into the erythroid lineage with

maturation (Lawrence et al., 2005).
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Figure 3 : Schematic representation of dynamic regulation of HOXAY9 by KMT2A and
PRC1/PRC2. Created with BioRender.com
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1.4.2 HOXA9 gene in leukemia

Expression of HOXA?9 is found in about 70% of acute myeloid leukemia (AML) cases and 25% of
acute lymphoid leukemia (ALL) cases. In MOLM-13 cells which is the AML-MLL cell type, the
KMT2A fusion proteins continuously recruit DOT1L to HOXAOY, leading to its expression. The
oncogenic function of HOXA9 promotes cell proliferation and alters differentiation. Studies have
shown that removing HOXAQ can lead to arrested proliferation and enhanced apoptosis, especially
in MOLM-13 cells, highlighting its potential as a therapeutic target (Faber et al., 2009).

Targeting HOXAO directly as a transcription factor remains challenging. An alternative approach
involves understanding and targeting the key factors regulating HOXAQ9 transcription, such as the
DOTL1L enzyme and other chromatin-modifying enzymes like RNF20/40 complex, significantly
enhancing transcription elongation. It may be possible to develop targeted therapies to modulate
HOXA9 expression in diseases such as leukemia by manipulating these regulatory factors.
Moreover, high levels of transcription require increased nucleosome turnover. Nucleosome
turnover refers to the process of disassembling and reassembling nucleosomes, which is crucial
for transcriptional regulation. Studies have shown nucleosomes act as structural barriers to RNA
polymerase Il during transcription (Izban & Luse, 1991). For the HOXA9 gene, high transcriptional
activity necessitates frequent nucleosome remodeling to allow transcription machinery access to
the DNA. This dynamic process involves constantly removing and replacing nucleosomes along
the HOXA9 gene, contributing to its instability. High nucleosome turnover is particularly
pronounced at regulatory regions and is associated with active transcription. Bioinformatic
analyses of Chromatin Immunoprecipitation Sequencing (ChlIP-seq) data from MOLM-13 cells

indicate that HOXAQ9 has an unstable nucleosome structure (Sharma et al., 2022).

1.4.3 Mixed lineage leukemia and HOXA9 expression

Mixed lineage leukemia is an aggressive blood cancer that mainly occurs in pediatric patients.
MLL is often characterized by KMT2A rearrangement at 11923, which can fuse with over 80
different partner genes, including but not limited to AFF1/AF4, MLLT10/AF10, MLLT3/AF9,
and MLLT1/EN (Marschalek, 2016). The KMT2A-MLLT3 fusion protein, resulting from the
t(9;11)(p22;g23) translocation, is one of the most common and well-studied fusions in KMT2A-

rearranged leukemia. These rearrangements can fuse otherwise independent genes into a hybrid
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gene, resulting in fusion proteins containing domains initially encoded by separate genes. In MLL,
the KMT2A gene, which codes for an H3K4 lysine methyltransferase (Castiglioni et al., 2022),
fuses with another protein-coding gene, generating an oncoprotein (Britten et al., 2019). In this
fusion, KMT2A retains its N-terminus (KMT2AN), which is placed in frame with the C-terminus
of one of several fusion partners, creating an oncogenic chimeric protein (Yokoyama, 2021). In
this translocation, although KMT2A does not contain the H3K4 methylation SET domain, it does
contain a CXXC domain that can bind to nonmethylated CpG-rich promoter regions of target genes
of KMT2A like the HOXA9 gene (Figure 4). Upon binding the fusion protein to the CpG regions,
it can recruit DOT1L, the Super Elongation Complex (SEC), and other chromatin-modifying
enzymes involved in transcription elongation, thereby increasing HOXA9 expression (Sharma et
al., 2022). In mature blood cells, HOXA9 expression is generally very low or absent, which is
necessary for proper cell differentiation and maturation. Continuous expression of HOXA9 can
prevent the differentiation program from proceeding, resulting in uncontrolled proliferation and

contributing to leukemia harbor KMT2A rearrangement (Adamaki et al., 2015).
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Figure 4: Schematic representation of the KMT24 (MLLI1) and MLLT3 (AF9) gene translocation
in MLL. The KMT2A-MLLT3 fusion protein binds to unmethylated CpG islands within the

promoter regions of target genes such as HOXA9. Created with BioRender.com
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1.5DOTIL

1.5.1 DOTL1L has H3K79 methyltransferase activity

DOTILL (KMT4) is a non-SET domain histone lysine methyltransferase and the sole enzyme
responsible for catalyzing mono-, di-, and tri-methylation of histone H3 at lysine 79 (K79mel,
me2, or me3) using S-adenosyl methionine (SAM) as a cofactor (Feng et al., 2002; van Leeuwen
et al., 2002). The H3K79me2 modification is located within the gene body of active genes and is
associated with transcription elongation. The specific localization of H3K79me2 along the gene
body reflects its functional role in supporting transcriptional elongation and maintaining an open
chromatin state throughout the transcriptional process rather than being associated with
transcription initiation at promoters. H3K79me2 plays a chief role in several biological processes,
such as cell cycle regulation, DNA damage response, development, and hematopoiesis (Jones et
al., 2008; Yang et al., 2023). Studies highlight its pivotal role, with research indicating that loss of
DOTLL in mice leads to embryonic death. DOT1L plays a critical role in hematopoiesis
development, guiding the differentiation of pluripotent hematopoietic stem cells into multipotent
progenitors and ultimately into various mature cell types (Wille & Sridharan, 2022b). Research in
human and mouse models has elucidated its importance in hematopoietic development.
Interestingly, DOTLL also acts as a barrier during the reprogramming of somatic cells like mouse
neural stem cells and human fibroblasts into induced pluripotent stem cells (iPSCs). This suggests
that the presence of DOTLL or its activity can impede the successful reprogramming process.
Consequently, inhibiting DOT1L emerges as a promising strategy to facilitate the formation of
IPSCs (Wille & Sridharan, 2022a, 2022b).

Like other histone post-translational modifications, H3K79me2 is reversible. While the enzyme
responsible for removing H3K79me2 is still a topic of debate, research suggests that histone
demethylases KDM2B may play a role. These enzymes specifically target and remove methyl
groups from histone H3 at lysine 79, contributing to the dynamic regulation of chromatin structure

and gene expression (Kang et al., 2018).

Aberrant DOT1L activity is found in various types of leukemia, including mixed lineage leukemia
(MLL) with KMT2A gene rearrangements with various fusion partners. The exact mechanism of

DOTI1L function in these contexts remains elusive. However, the evidence shows that the KMT2A
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fusion protein, which results from rearrangements between KMT2A and fusion partners, mostly
AF10 (MLLT210), ENL (MLLT1), AF9 (MLLT3), can direct DOT1L to subsets of genes involved
in HSC development in various AML subtypes, including MLL. This includes the homeobox
HOXA genes, especially the HOXA9 gene (Arnold et al., 2022). The specific localization of
H3K79me2 along the gene body reflects its functional role in supporting transcriptional elongation
and maintaining an open chromatin state throughout the transcriptional process rather than being

associated with transcription initiation at promoters.

1.5.2 DotCom complex and Super elongation complex (SEC)

DOT1L functions as the central component of the DotCom macromolecular (~2 MDa), multi-
subunit complex, encompassing KMT2A (MLL1) translocation partners such as AF10 (MLLT10),
ENL (MLLT1), and AF9 (MLLT3) (Mohan et al., 2010). MLLT3 and MLLT1, besides
functioning as components of the DotCom complex, also act as subunits within the super

elongation complex (SEC), alongside other components such as AFF1, AFF4, and ELL.

The Super Elongation Complex (SEC) is an essential player in gene expression, specifically during
the elongation phase of transcription. This complex is made up of several important transcription
elongation factors, including ELL1-3, EAF1/2, P-TEFb, AFF1, AFF4, MLLT3 (AF9), and
MLLT1 (ENL) and Menin. These factors can be recruited to specific genes that facilitate the
transition from transcription initiation to elongation and recruit necessary RNA processing factors
(Brzezinka et al., 2020).

1.5.3 DOTL1L structure

DOTI1L comprises more than 1530 amino acids, containing an N-terminal histone
methyltransferase domain (aa 1-332, a non-SET domain catalytic domain) and a long C-terminal
region that may mediate interaction with fusion partners such as AF10, AF9 (MLLT3), and eleven-
nineteen lysine-rich leukemia (ENL). DOTIL is predicted to contain three separate MLLT3
binding motifs and four tandem coiled-coil (CC) domains (aa 419-670), which are involved in
AF10 binding (Zhang et al., 2018).
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1.6 Insights into crosstalks modulating DOT1L methyltransferase activity

Histone crosstalk refers to the interaction between different histone modifications that regulate
gene expression and chromatin structure. There are two primary types of histone crosstalk: trans
histone crosstalk and cis crosstalk. Trans-histone crosstalk involves interactions between histone
modifications that occur on different histone tails within a nucleosome. However, cis-histone
crosstalk involves interactions between histone modifications that occur on the same histone on

the same nucleosome (Figure 5).

K79 on histone H3 is situated in loop 1 of histone H3 fold in the nucleosome, positioned where it
is accessible to the solvent and located close to the junction connecting the H3/H4 tetramer with
the H2A/H2B dimer (Luger et al., 1997). Multiple studies have indicated that this distinct
placement of H3K79 within the nucleosome involves DOTLL in crosstalk with other histone
modifications, ultimately contributing to regulating DOT1L enzymatic activity. Several studies
have indicated that in trans histone crosstalk, DOT1L interacts with H2BK120ub, the basic region
of histone H4 tail, and the nucleosome acidic patch, impacting DOT1L methyltransferase activity

and functionality.

cis-histone trans-histone

—————— (internucleosome) trans-histone
(intranucleosome)

——————

Figure 5: Schematic representation of different types of histone PTMs crosstalk. The figure was

adapted with permission from (Lempidinen & Garcia, 2023).

1.6.1 Players can affect the activity of DOT1L

Research studies have shown that DOT1L methyltransferase activity can be affected by several
factors, including the monoubiquitination of H2B at lysine 120 (H2BK120ub), residues R15-R16-
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R17-H18-R19 on the histone H4 tail, and the acidic patch on the nucleosome. These factors will

be discussed in detail below.

1.6.1.1 Monoubiquitination of H2B (H2Bub)

While polyubiquitination designates proteins for degradation by the 26S proteasome,
monoubiquitination of histones serves as a signaling mechanism and can associated with
transcriptional activation, transcription elongation (Luger et al., 1997), DNA damage response
(Kari etal., 2011), DNA replication (Trujillo & Osley, 2012), positioning of nucleosome (Batta et
al., 2011), segregation of chromatin (Latham et al., 2011) and chromatin boundary and
transcription repression (Tamburri et al., 2020). Monoubiquitation on histone H2B involves
attaching a 76-amino acid protein, roughly 8.5 kDa in size, to histone H2B weighing approximately
13-15 kDa. While monoubiquitation of histone H2B can occur at different residues, such as lysine
34 and 125 (in vitro), the monoubiquitation of histone at lysine 120 has garnered significant
attention in recent years. Mono-ubiquitination of histones does not always affect transcriptional
progression and activation. For example, mono-ubiquitination of histone H2A (H2AK119ub),

catalyzed by PRC1 and PRC2, can repress transcription (Tamburri et al., 2020).

1.6.1.2 Monoubiquitination of H2B at lysine 120 (H2BK120ub)

Histone mono-ubiquitination and poly-ubiquitination are both ATP-dependent reactions that link
with ubiquitin-activating enzyme E1, ubiquitin-conjugating enzyme E2, and ubiquitin ligase E3.
In yeast, H2B is monoubiquitinated on lysine 123 (K123) by the E2 ubiquitin-conjugating enzyme
RADG6 and the E3 ubiquitin ligase BRE1. In mammals, this modification occurs on lysine 120
(K120) with RAD6's orthologs UBE2A and UBE2B as the E2 enzymes, and BRE's homologs
RNF20/RNF40 as the E3 ligase complex. H2BK120ub in mammals is mediated by the E3
ubiquitin ligase ring finger protein (RNF20-RNF40) complex. RNF20 and RNF40 exist as a
heterodimeric complex containing two copies of each polypeptide (Zhang et al., 2018). Both
RNF20 and RNF40 contain a carboxyl-terminal RING domain, which is essential for ubiquitin

ligase activity and the formation of heterodimeric complexes RNF20/RNF40 (Wood et al., 2003).

H2BK120ub involves the recruitment of the RNF20-RNF40 complex to chromatin via the human
PAF1 (RNA polymerase Il1-associated factor 1) complex. The PAF1 complex associates with RNA

polymerase Il on the chromatin of actively transcribed genes, playing a critical role in transcription
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initiation, elongation, and 3’-end processing. During transcription elongation, RNA polymerase |1
pauses upon encountering a nucleosome, which acts as a physical barrier. This pause facilitates
the recruitment of factors such as the PAF1 complex and the RNF20-RNF40 complex. These
factors, including the FACT complex (Facilitates Chromatin Transcription), promote the
displacement of one H2A/H2B dimer from the nucleosome, forming a hexasome that Pol 1l can
more easily traverse, thereby enhancing transcriptional efficiency. This mechanism is repeated on
successive nucleosomes, thereby increasing overall transcription efficiency during each round of
transcription (Belotserkovskaya et al., 2003; Fu et al., 2021; Orphanides et al., 1998).

Like various other modifications to histones, H2BK120ub is reversible and relies on a harmonized
interplay between enzymes responsible for adding this modification (writers) and those involved
in its removal (eraser). The balance between H2B and deubiquitination is crucial for regular cell
growth, maintaining the proper physiological function of the cells, and preventing cryptic
transcription. Ubiquitin attached to H2B can be cleaved off by a category of thiol proteases
recognized as deubiquitylating enzymes (DUBs). In mammals, USP3, USP7, USP12, USP22,
USP44, USP46, and USP49 are all recognized to play a role in the deubiquitylation of H2B (Fuchs
& Oren, 2014; Joo et al., 2011; Nicassio et al., 2007; van der Knaap et al., 2005; Zhang et al.,
2008). Among these enzymes, USP22 stands out as a specific deubiquitinase, demonstrating
precision in removing a mono-ubiquitin molecule from H2BK120ub (Jeusset & McManus, 2017;
Zhang et al., 2008). USP22 is a key subunit of the human SAGA complex (hNSAGA), a multiprotein
transcriptional cofactor complex that is required for the transcription activators in eukaryotes (Lee
& Workman, 2007). SAGA (Spt-Ada-Gcnb5 acetyltransferase) is a highly conserved transcriptional
coactivator that consists of two distinct enzymatic activities, histone acetylation, and
deubiquitylation, establish specific epigenetic patterns on chromatin and thereby regulate gene
expression. the Gen5 subunit of SAGA possesses histone acetyltransferase (HAT) activity,
catalyzing the acetylation of histones which promotes an open chromatin structure that facilitates
transcriptional machinery access to DNA. Moreover, USP22 which is a component of the SAGA
complex, plays a crucial role in transcriptional regulation by precisely controlling the levels of
H2BK120ub (Cheon et al., 2020).
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1.6.1.3 The role of H2BK120ub on DOTL1L enzyme activity

Research studies have shown that the methylation of histone H3K79 by DOTLL is a distinctive
feature of actively transcribed genes, relying on the H2BK120ub and Lys34 (H2BK34ub). Cryo-
EM structures have shown that H2BK120ub secures the DOT1L methyltransferase to
nucleosomes, increasing the methylation of histone H3K79 (Figure 6). The ubiquitin on H2B
anchors Dot1L at one edge of the nucleosome, enabling the enzyme to assume a poised or active
state (Worden et al., 2019). Furthermore, the structural analysis has demonstrated that H2BK34ub
prompts an almost identical orientation and binding pattern of DOT1L on the nucleosome, similar
to the effect of H2BK120ub. This affects the positioning of DOT1L into a productive conformation
through direct ubiquitin-enzyme contacts (Ai et al., 2022).

DOTLL can interact with the Ser-2 and Ser-5 phosphorylated C-terminal domain of actively
transcribing RNA polymerase Il through a region uniquely conserved in multicellular DOT1
proteins. Genome-wide profiling analyses indicate that DOT1L occupancy largely overlaps with
RNAPII at actively transcribed genes in embryonic carcinoma NCCIT cells. These analyses also
reveal that actively transcribed genes exhibit both H3K79 methylation and H2BK120ub signal
enrichment distributed similarly in these cells. This suggests that DOT1L and H2BK120ub are

involved in transcription elongation and can increase the transcription rate (Kim et al., 2012).

Depletion of histone H2BK120ub ubiquitination reduces H3K79me2 levels along the HOXA9 gene
after using proteasome inhibitors like bortezomib. This further demonstrates that DOTLL activity
relies on H2BK120ub and that both play a role in transcription elongation, particularly in leukemia
and HOXA9 gene expression (J. L. Kamens et al., 2023).
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Figure 6: The role of H2BK120 ubiquitination in stabilizing DOTIL and enhancing its
methylation activity on H3K79. On the left, DOTIL is shown in a flexible conformation when
bound to an unmodified nucleosome, resulting in lower H3K79 methylation activity. On the right,
the presence of ubiquitinated H2BK 120 (H2BK120ub) stabilizes DOT1L, positioning its active
site directly over H3K79. This stabilization promotes higher H3K79 methylation. The figure was
adopted with permission from (Worden et al., 2019).

1.6.1.4 The role of the basic region in histone H4 tail in DOT1L enzyme activity

The N-terminal tail of histone H4, specifically amino acids 15 to 19, can further interact with and
enhance DOT1L methyltransferase activity. This interaction is especially effective when DOT1L
is already stabilized on the nucleosome by the presence of H2BK120ub. This concurrent binding
of the H4 tail and ubiquitin to DOTL1L positions the enzyme's catalytic site directly over H3K79,
ensuring specificity for this residue. The synergistic effect of H4 tail interaction and H2BK120ub
highlights the complex regulation of DOTLL activity, crucial for precise histone methylation and
proper gene expression (Worden et al., 2019). Moreover, acetylation of lysine 16 on histone H4
directly stimulates the catalytic activity of DOT1L on nucleosomes. While H4K16ac alone
promotes the catalytic conformation of DOTLL, the presence of H2BK120ub further enhances this
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activity. This allosteric regulation by H2BK120ub and H4K16ac optimizes the catalytic rate of
DOTLL, facilitating the di- and trimethylation of H3K79 (Lee et al., 2018).

1.6.1.4 The role of nucleosome acidic patch in DOTLL enzyme activity

The term "acidic patch™ on the nucleosome refers to a negatively charged region formed by
aspartate (D) and glutamate (E) residues on histones H2A and H2B. Specifically, the acidic
residues include Aspartate (D89, D90) and Glutamate (E91) on histone H2A, and Aspartate (D77,
D78) and Glutamate (E79, E80) on histone H2B. These acidic residues contribute to the overall
negative charge of the patch. The acidic patch serves as an anchoring site for various biological
molecules, including transcription factors, chromatin-binding proteins, and enzymes. These
interactions are pivotal in regulating the accessibility of DNA within the nucleosome, influencing
the structural organization of chromatin, and ultimately governing gene expression. The structure
revealed that DOT1L anchors to the acidic patch, which aids DOT1L in stabilizing the nucleosome

and assuming a conformation poised for methylation (Worden et al., 2019).

1.7  Histone H3K36 methylation

Histone H3 can be methylated at lysine 36 (H3K36) with mono-, di- and tri-methylations
(H3K36mel/me2/me3) by using S-adenosyl methionine (SAM ) as a cofactor. Trimethylation of
histone H3 at lysine 36 is involved in DNA damage repair and multiple transcriptional-related
events, such as the regulation of transcriptional activity, transcription elongation, and pre-mRNA
alternative splicing (Bhattacharya et al., 2021; Li et al., 2013; Nilsen & Graveley, 2010; Yoh et
al., 2008). Evidence has shown that in mammalian cells, mono- and di-methylating H3K36 can be
mediated by several redundant enzymes, including NSD1 (KMT3B ) (Rayasam et al., 2003),
NSD2 (KMT3G) (Li et al., 2009), NSD3 (KMT3F) (Rahman et al., 2011), ASH1L (KMT2H)
(Tanakaetal., 2007), SETD3 (Eometal., 2011), SETMAR (Lee et al., 2005), and SMYD2 (Brown
etal., 2006; Sun et al., 2020). However, SET2 is the only enzyme that can trimethylate histone H3
at lysine 36 (Edmunds et al., 2008). SETD2 is recruited by the Ser2-phosphorylated C-terminal
domain (CTD) of RNA polymerase Il during the elongation phase of transcription to the genes and
is distributed in the gene body at the 3-end. SETD?2 is recruited to the RNAPII elongation complex
via SPT6S in mammalian cells (Sun et al., 2020; Youdell et al., 2008). The SRI domain located in
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the C terminal of the SET2 enzyme is involved in mediating the interaction with the Ser2
phosphorylated C-terminal domain of RNAPII (Kizer et al., 2005; Morris et al., 2005).

H3K36me3 plays a multifaceted role in gene expression, enhancing transcription elongation and
gene activity while crucially preventing cryptic transcription within genes. By marking actively
transcribed regions, H3K36me3 helps maintain transcriptional fidelity by preventing RNA
polymerase from initiating transcription at inappropriate sites within genes. In mammals,
H3K36me3 on gene bodies acts as a repressor of aberrant intragenic transcription by facilitating
the recruitment of DNMT3B, a DNA methyltransferase that prevents cryptic gene activation
(Weinberg et al., 2019). Moreover, H3K36me3 plays an important role in alternative splicing
regulation, a process by which different combinations of exons are joined together to produce
multiple mRNA variants from a single gene. Studies have shown that alternative splicing
regulation is mediated through the recruitment of specific splicing factors to H3K36me3-marked
regions of the genome. H3K36me3 acts as a binding platform for splicing factors and other
associated proteins. As an example, MRG15/MORF4L1 is a highly conserved protein in
eukaryotes that contains a chromodomain (CHD) recognizing methylation of lysine 36 on histone
H3 (H3K36me3) in chromatin. MRG15 can interact with splicing factors such as PTB
(polypyrimidine tract-binding protein), facilitating their recruitment to chromatin (Devoucoux et
al., 2022). H3K36me3 is removed by specific histone demethylases named KDM2A (Verrier et
al., 2011).

1.7.1 Crosstalk between H3K36me3 and other active histone modifications

The RNA polymerase Il elongation complex not only recruits SET2 but also the RNF20/40
complex through PAF1, which ubiquitinates H2BK120, indicating a potential interplay between
these two histone modifications (Silvija Bilokapic & Mario Halic, 2019; Song & Ahn, 2010).
There have been reports of extensive crosstalk between the SETD2-dependent H3K36me3 and
other histone marks, such as H2BK120 ubiquitination and H3K79me2 (Silvija Bilokapic & Mario
Halic, 2019; Anna Skucha et al., 2018) . H3K36me3 and H2BK120ub are both found in the gene
bodies of active genes and are associated with transcription elongation. Evidence indicated that
SET2 interacts with H2BK120ub, implying that ubiquitin facilitates the placement of SET2 on the

nucleosome. The biochemical research, which compares H2BK120 ubiquitinated nucleosomes to

24



https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/rna-polymerase-ii

unmodified nucleosomes and demonstrates elevated SET?2 tri-methylation activity, supports this
observation (S. Bilokapic & M. Halic, 2019; Vlaming et al., 2014).

Moreover, a strong correlation was shown between the localization of the H3K36me3 and
H3K79me2 marks in the HOXA9 gene body in acute myeloid leukemia. They showed that the
HOXA9 gene exhibits an H3K36me3-H3K79me2 signature on its gene bodies (Anna Skucha et
al., 2018). This suggests SETD2-dependent H3K36me3 modification is coupled with H3K79me2
in the HOXA9 gene in acute myeloid leukemia. We should keep in mind that ChlP-Seq data
provide valuable insights into the distinct distribution patterns of different histone modifications
across the gene body. H3K79me2, a mark associated with active transcription, is enriched in
regions starting around the transcription start site (TSS), extending through the gene body, and
diminishing towards the 3' end. On the other hand, H3K36me3 shows a distinct pattern, with peaks
beginning towards the 3' end of genes. Therefore, these two marks do not completely overlap
throughout the gene body. Although these two modifications can coexist in the gene bodies, they

do not overlap completely over the gene bodies.

Discovering interaction partners of SET2 offers crucial insights into its function in transcription
elongation, especially within MOLM-13 cells, which represent mixed lineage leukemia.
Understanding this role not only clarifies the role of SETD?2 in transcription processes but also

sheds light on its potential influence on HOXA9 expression in mixed lineage leukemia.

1.8 Proteasome

The 26s proteasome is a large proteolytic complex that is responsible for the degradation and
recycling of proteins, a process requiring metabolic energy. It recognizes, unfolds, and cleaves
proteins that are destined for removal, usually by prior attachment to polymers of ubiquitin,
consisting of 76 amino acids, and has a molecular mass of approximately 8.5 kDa. This tagging
process is called ubiquitination and involves a cascade of enzymes: E1 (ubiquitin-activating
enzyme), E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin-ligase enzyme). The 26S
proteasome macromolecular machine comprises two subcomplexes, the 19S regulatory particle
(RP) and the 20S core particle (CP), which contain at least 33 different subunits. The 20S

proteasome characterizes the catalytic part of the 26S proteasome involved in the proteolysis of
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proteins marked for degradation by the ubiquitin system (Figure 7) (Hershko & Ciechanover,
1998).
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Figure 7: Schematic representation of the 26s proteasome macromolecular machine is composed
of two subcomplexes, the 19S regulatory particle (RP) and the 20S core particle (CP), which

together contain at least 33 different subunits. Created with BioRender.com

Proteosomes can be classified into two main groups:

1. Constitutive Proteasome

2. Immunoproteasome

The constitutive proteasome exists in almost all cell types and is responsible for the degradation
of intracellular proteins under normal physiological conditions. It contains three distinct catalytic
B subunits: B1 (Y, PSMB6), B2 (Z, PSMB7), and B5 (X, PSMB5), which are known to cleave

peptide bonds after acidic, basic, and hydrophobic residues, respectively.

However, the immunoproteasome is a specialized form of the proteasome found predominantly in
immune cells, such as lymphocytes and antigen-presenting cells (Frih et al.,, 1994).

Immunoproteasome has three active sites, including B1i (LMP2, low molecular weight protein 2,
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PSMB9), B2i (MECLI1, multi catalytic endopeptidase complex-like 1, PSMB10), and B5i (LMP7,
low molecular weight protein 7, PSMB8), respectively (Tanaka, 1998).

1.9 Proteasome inhibitor

Proteasome inhibitors can block the activity of the proteasome complex responsible for degrading
intracellular proteins. By inhibiting the proteasome, the breakdown of proteins that regulate cell
cycle progression, apoptosis, and other critical cellular processes are blocked, accumulating these
proteins and ultimately affecting cell viability. This mechanism is specifically efficient against
cancer cells, which rely more on the proteasome for their fast growth and survival. Proteasome

inhibitors primarily target the 20S core of the 26S proteasome complex (Figure 8).
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Figure 8: Subunit composition and inhibitors targeting constitutive and immunoproteasomes. A)

20S core proteasome. B) fully assembled immunoproteasome with various cap proteins. C)
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Clinically active and experimental inhibitors of constitutive- and/or immunoproteasome. The

figure was adapted with permission from (Verbrugge et al., 2015).

1.9.1 Bortezomib

Bortezomib is a proteasome inhibitor that targets both constitutive and immunoproteasomes. It
inhibits active sites of the B-subunits (particularly B5) within the 20S core particle, thereby
preventing the degradation of ubiquitinated proteins and leading to their accumulation within the
cell, ultimately inducing cell death. Bortezomib, a boronic acid peptide, was approved for the

treatment of therapy-refractory multiple myeloma about a decade ago.

1.9.2 Bortezomib in clinical trials and clinical practice

Bortezomib has shown significant apoptotic-inducing activity in many tumor cell lines and animal
models. The molecular formula of bortezomib is C19H2sBN4O4 and its chemical IUPAC name is
[3-methyl-1-(3-phenyl-2-pyrazin-2-ylcarbonylamino-propanoyl) amino-butyl] boronic acid.
Bortezomib can be distributed into tissues from the plasma within 10 minutes after intravenous
which is a very short time. Its half-life is also about 40 hours (Schwartz & Davidson, 2004).
Cytochrome p450 enzymes are primarily responsible for metabolizing the bortezomib in the body.
Pharmacodynamic research showed that administering bortezomib to patients in doses ranging
from 0.13 to 2.0 mg/m2 (milligrams per square meter of body surface area) caused a dose-
dependent inhibition of proteasome activity. One hour after administration, proteasome inhibition
in whole blood samples peaked at 75% or higher (Papandreou et al., 2004). Because bortezomib
is a reversible inhibitor of the 26S proteasome, it usually becomes undetectable 72 hours after

administration and the inhibited proteasome activity recovers.

Bortezomib-induced cell growth inhibition and apoptosis induction were observed in vitro in many
different kinds of malignant cells, including multiple myeloma, prostate cancer, pancreatic cancer,
renal cell carcinoma, and squamous cell carcinoma (Adams, 2002; Jagannath et al., 2005;
Kondagunta et al., 2004; Richardson et al., 2005; Shah et al., 2001). Bortezomib effectively
inhibits cell proliferation in multiple myeloma cell lines, with 1C50 values ranging from 3 to 20
nanomolar (nM). It exhibits strong growth-inhibitory effects on both drug-sensitive and drug-

resistant human multiple myeloma cells (Hideshima et al., 2001).
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1.9.3 Impact of proteasome inhibition on HOXA9 gene expression and H2BK120ub level

Proteasome inhibitors can reduce ubiquitinated histones, especially uH2B, which is essential for
proper transcription elongation. The loss of uH2B significantly disrupts transcription. This finding
underscores that the ubiquitination of histone H2B is intricately linked to the transcription process
(Fierz et al., 2011), supporting the evidence that uH2B is associated with active transcription
(Davie & Murphy, 1990).

Bortezomib, as a proteasome inhibitor, can indirectly affect H2BK120ub, in addition to its direct
effects on apoptosis and cell growth inhibition in tumors. When the proteasome system is
inhibited, such as by bortezomib, the cellular ubiquitin pool becomes depleted due to the
accumulation of ubiquitinated proteins in the cytoplasm awaiting degradation. Under normal
conditions, ubiquitin is recycled from degraded proteins by the proteasome, maintaining a
sufficient supply for various cellular functions. However, proteasome inhibition disrupts this
recycling process, leading to a shortage of free ubiquitin in the cytoplasm. To compensate for this
shortage, ubiquitin is mobilized from other cellular compartments, including the nucleus. Histones,
which are ubiquitinated at specific residues like H2BK120, serve as a significant source of
ubiquitin within the nucleus. The depletion of ubiquitin in the cytoplasm results in ubiquitin being
removed from these histones, leading to a reduction in histone ubiquitination. This de-
ubiquitination process allows ubiquitin to move freely from the nucleus to the cytoplasm,
attempting to restore the balance needed for the tagging of cytoplasmic proteins. The loss of
ubiquitin from histones disrupts crucial epigenetic marks that are vital for chromatin structure and
transcriptional regulation. Histone ubiquitination, particularly at H2BK120, plays a key role in
transcription elongation, and its reduction can lead to altered gene expression. In the context of
leukemia, this disruption may affect the expression of oncogenes such as HOXA9, further linking
proteasome inhibition to broader epigenetic changes that contribute to disease progression. Studies
utilizing bortezomib have shown a decrease in H2BK120ub levels (Figure 9), resulting in
subsequent reductions in H3K79me2 levels in acute lymphoblastic leukemia (ALL) and HOXA9
gene expression (Jennifer L Kamens et al., 2023).
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Figure 9: Schematic representation of the effect of active proteasome complex and blocked
proteasome  complex on  histone mono  ubiquitination of  histone = H2B.

Created with BioRender.com.

1.10 Histone variants

Histones can be classified mainly into two groups:
e Replication and cell cycle-dependent (RD) or canonical histones
e Replication and cell cycle-independent (RI) or variants

The following briefly describes the distinctions between the canonical histones (RD) and histone
variant (RI):

RD histones, produced during the S-phase, are replication-dependent, while histone variants are
replication-independent and expressed continuously throughout the cell cycle. In animals, genes
encoding RD histones are typically in multiple copies and recognized as highly conserved proteins.
The genes encoding the RD histone tend to be grouped together in the genome across metazoans.
In mammals, two primary loci encompass multiple histone genes. The larger cluster, HISTL, is

situated on human chromosome 6 and encompasses 55 histone genes. Correspondingly, the Histl
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cluster on mouse chromosome 13 also contains 51 histone genes. The smaller cluster, HIST2, is
positioned on chromosome 1 in humans and Hist2 on chromosome 3 in mice, housing at least six
RD histones. In every species, there are typically between 10 to 20 genes encoding each of the
core RD histones (Wang et al., 1997). Conversely, histone variant genes are often found as single
or double copies and display significant variability among species. Unlike RD histone genes that
lack introns, histone variant genes might contain introns and usually possess a polyadenylated

MRNA tail at the end, differing in structure from canonical histones.

The process of RI histone integration into chromatin differs from RD. While RD histones
incorporate into new nucleosomes during the S phase, Rl assembly replaces existing nucleosomes,
influencing the structure and function of chromatin. This replacement can result in changes to the
local chromatin environment, affecting gene expression and other cellular processes. Therefore,
RD histones are initially involved in nucleosome formation, and later, RI histones can be
incorporated into these nucleosomes, impacting the dynamics and properties of the chromatin
structure (Henikoff & Smith, 2015). Research has revealed diverse histone variants within the core
histones (H2A, H2B, H3) and the linker histone (H1).

1.10.1 Histone H3s

In mammals, cells express numerous histone H3s, including H3.1, H3.2, H3.3, CENP-A, H3.Y,
H3t, and H3.X, which possess crucial regulatory roles within somatic cells. The H3.1 and H3.2
are predominantly expressed during the S phase of the cell cycle and are categorized as replication-
dependent histones (RD). While H3.3, CENP-A, H3.Y, H3t, and H3.X are H3 variants whose
expression takes place continuously across the cell cycle without dependence on replication (RI).
H3.1 and H3.2 share a 99% sequence identity and a 96% sequence similarity with H3.3 variant.
The difference lies in only five residues: four residues (amino acids 87-90) in the globular region
and one residue at position 31 in the tail (S31) (Figure 10) (Goldberg et al., 2010).

The genes responsible for the replication-dependent (RD) histone H3s are grouped in clusters that
contain several gene copies. In humans, there are three copies of genes encoding H3.2 situated
within a histone cluster on chromosome 1, while ten copies of genes encoding H3.1 are clustered
on chromosome 6p22. These genes lack introns, and their resulting transcripts do not undergo

polyadenylation (Marzluff et al., 2002). The arrangement of these genes in a sequence enables
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H3.1 and H3.2 to be expressed at the same time, helping in the production of the large quantity of

histone necessary for duplicating the genome in the S phase.

In contrast, the genes encoding the histone variant H3.3, represented by H3F3A and H3F3B in
humans, are located outside the histone gene clusters. Similar to most other eukaryotic genes, these
genes contain introns, and their messenger RNAs (mMRNAS) are characterized by poly(A) tails. The
histone variant H3.3 remains one of the most conserved proteins found among various eukaryotic
species, displaying an identical protein sequence across all examined vertebrates. Despite the H3.3
protein sequences from H3F3A and H3F3B being identical in amino acid composition, differences
emerge in their codon usage. Notably, the codon usage in H3F3A seems more aligned with genes
linked to cell proliferation, while H3F3B codon usage resembles genes associated with
differentiation. These data suggest that through evolutionary changes, H3f3a and H3f3b might
have undergone optimization for distinct transcriptional programs (Klein & Knoepfler, 2023;
Malik & Henikoff, 2003; Muhire et al., 2019).

31 87 8 90 96
H3.1 A §—V~-M—C—— 135aa
H3.2 A §—V—M—S—— 135aa
H3.3 S A—-B 65— 1350

Figure 10: Schematic representation of histone H3 structure differences: H3.1 and H3.2 share 99%
sequence identity and 96% sequence similarity with the H3.3 variant. The differences lie in only
five residues: four residues (amino acids 87-90) in the globular region and one residue at position

31 in the tail (S31).
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1.10.2 The genomic distribution of H3s

H3.1/H3.2 exhibits consistent distribution across both active and inactive genes throughout the
genome in the S phase of the cell cycle in a replication-linked pathway manner. In contrast, the
H3.3 variant selectively inserts into actively transcribed genes and specific regions of constitutive
heterochromatin, such as telomeres and pericentric heterochromatin, throughout the entire cell

cycle, based on its specific requirements.

1.10.2.1 H3.3 variant in constitutive heterochromatin regions

H3.3 was initially recognized as a component exclusive to active chromatin (Ahmad & Henikoff,
2002). However, it was subsequently discovered that H3.3 is not only incorporated into active
chromatin but also deposits within constitutive heterochromatin, playing a significant role in both

euchromatin and heterochromatin contexts.

Previous sections mentioned that the histone H3.3 variant differs from H3.1/2 at five positions,
including a serine at position 31. Studies have indicated that this serine residue undergoes
phosphorylation (H3.3S31Ph) within constitutive heterochromatin sites, such as telomeres and
pericentric repeats (Wong et al., 2009). This modification of serine 31 in H3.3 plays a vital role in
regulating heterochromatin accessibility during replication by modulating the activity of the
KDM4B histone demethylase. KDM4B, identified as lysine (K)-specific demethylase 4B and
recognized for its demethylating activity on H3K9, specifically binds to H3.3K9me3 at telomeres
in mouse embryonic stem cells (ESCs). This interaction leads to removing this modification,
ultimately enhancing chromatin accessibility and aiding in the facilitation of replication processes.
The absence of KDM4B leads to replication stress and DNA damage within telomeric
heterochromatin in mouse ESCs (Udugama et al., 2022). It is worth noting that H3.3S31Ph also
plays a role in active chromatin, stimulating the activity of the acetyltransferase p300, which can

lead to the acetylation of enhancers(Martire et al., 2019).

1.10.2.2 H3.3 in euchromatic regions

Histone H3.3 is mainly incorporated into nucleosomes within active regulatory elements, such as
promoters and enhancers, in mammalian genomes (Martire & Banaszynski, 2020). These specific

nucleosomes are suggested to possess distinct physical characteristics that could potentially
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destabilize the nucleosome core particle, creating a potential "window of opportunity™ for the
transcriptional machinery to access the DNA. Studies have demonstrated that without H3.3,
regulatory elements near promoters become less accessible. This reduced accessibility is
associated with lower levels of transcription factor binding and footprinting, a decrease in
chromatin modifications linked to transcription factor activity, and reduced engagement of RNA
polymerase Il at these promoters. Therefore, incorporating H3.3 into active promoters can increase
DNA accessibility and promote the binding of transcription factors in mouse embryonic stem cells
(Tafessu et al., 2023). Additionally, loss of H3.3 leads to a reduction in chromatin accessibility, a
decrease in the activity of the transcriptional coactivator p300, diminished histone H3 acetylation
at lysine 27 (H3K27ac), and a reduction in the presence of the BRD4 (acetyl lysine reader) at
promoters (Martire & Banaszynski, 2020). Active histone PTM marks, including H3K79me2,
H3K4me3, H3K4me2, H3K9%ac, and H3K14, were also enriched on H3.3 in the Drosophila
system. Surprisingly, H3.3 was depleted in H3K9me2 (McKittrick et al., 2004).

1.10.3 Chaperoning of histones: Facilitating nucleosome deposition

Different chaperone complexes deposit histone H3s to form nucleosomes, which will be discussed

below.

Accurate incorporation of both RD and RI histones into euchromatin and heterochromatin is
facilitated by three important chaperone complexes: HIRA, ATRX/DAXX, and CAF-1.

Histone chaperones play a crucial role in facilitating chromatin assembly and disassembly. The
term 'chaperone’ refers to proteins that prevent or correct inaccurate interactions arising from the
exposure of interactive surfaces to the cellular environment. Because histones possess a notably
high positive charge, histone chaperones serve as a protective barrier, preventing nonspecific
interactions with negatively charged molecules like DNA, RNA, and other proteins with a negative
charge. Many histone chaperones play a role in both assembling and disassembling chromatin.
These chaperones can be categorized based on their histone binding preferences. FACT, Napl,
and Chz1 are among the chaperones responsible for facilitating the assembly of histone H2A-H2B
complexes. Histone H3/H4 chaperones include the HIRA complex, CAF-1 (chromatin assembly
factor 1), Asfl (anti-silencing factor 1), Rtt106 (regulation of Tyl transposition), Spt6, Vps75, and
Napl.
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Histone chaperones play a crucial role in chromatin structure through either replication-dependent
or replication-independent machines. For instance, histone chaperones CAF-1 operate through a
replication-dependent pathway, whereas the HIRA complex functions in a replication-independent
manner. Certain histone chaperones, like Asfl and Rtt106, are observed to participate in both
pathways (Amin et al., 2013).

This section discussed the importance of three histone chaperone systems: HIRA, CAF-1, and
FACT.

1.10.3.1 HIRA chaperone mediates replication-independent nucleosome assembly in

active and inactive regions

HIRA is a histone chaperone that is evolutionarily conserved and plays a crucial role in assembling
nucleosomes independently of replication. HIRA plays a crucial role in nucleosome organization.
Depletion of HIRA in cells results in a global reduction in nucleosome occupancy at gene
sequences. HIRA is essential for maintaining nucleosome architecture in both euchromatic and
heterochromatic loci. The Electrophoretic Mobility Shift Assay (EMSA) demonstrated the binding
preference of the HIRA complex, specifically associating with histones H3-H4 and not with
H2A/H2B. This specificity highlights the distinct function of the HIRA complex as a chaperone
specifically involved in the facilitation of nucleosome assembly for histones H3-H4. In mammals,
the HIRA complex comprises three fundamental subunits: HIRA, UBN1 (Ubinuclein 1), and
CABINL1 (calcineurin-binding protein 1)(Gal et al., 2015).

The mechanism of H3.3 deposition in the active region involves HIRA. The HIRA complex
collaborates in placing the newly synthesized H3.3 into the euchromatic areas. It interacts with
two more subunits, UBN1 and CABIN1. The UBN1 subunit within the HIRA complex has a
critical function in the specific and direct binding of H3.3, thereby facilitating the precise
distribution of H3.3 across the chromatin landscape. Moreover, the HIRA complex plays a role in
reusing H3.3 during gene transcription. This mechanism relies on interacting with the chaperone
anti-silencing function protein 1 (ASF-1). As discussed earlier, H3.3 is not only incorporated into
euchromatin but also in constitutive heterochromatin regions with a different chaperoning system
known as the ATRX/DAXX complex (Torné et al., 2020).
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1.10.3.2 CAF-1 chaperone mediates replication-dependent nucleosome assembly

Chromatin Assembly Complex 1 (CAF-1) is an evolutionarily conserved histone chaperone
responsible for depositing (H3-H4), tetramers during the replication-dependent chromatin
assembly process. CAF-1 is a protein complex made up of three subunits (p150, p60, and p48) in
human cells and plays a vital role in multicellular organisms. Depletion of CAF-1 results in
developmental arrest during the early embryonic stage in mice. In the context of human cells, the
absence of CAF-1 disrupts S-phase progression, causing cells to undergo arrest in the early or mid-

S phase.

Histone H3.1 and H3.2 employ the chaperone CAF-1 to facilitate the assembly of nucleosomes
that are dependent on replication during the S-phase. CAF-1 guarantees the placement of
H3.1/H3.2 during the active replication phase at specific replication locations, and even when the
cell is not in the replication phase, it helps position these histones at sites involved in DNA repair
(Adam et al., 2016; Tagami et al., 2004).

1.10.3.3 FACT (Facilitates Chromatin Transcription) chaperone mediates replication-
dependent and replication-independent nucleosome assembly

FACT is a histone chaperone widely conserved and named for its capacity to enhance RNA Pol |1
elongation through nucleosomes in vitro. The structure and function of FACT are extensively
conserved across all eukaryotes, consisting of two subunits, SPT16 (Suppressor of Ty 16) and
SSRP1 (Structure Specific Recognition Protein 1). Both components of FACT, Spt16 and Pob3,
possess regions at their C-termini, characterized by high acidity. The presence of an acidic feature
in the C-terminal regions of both Sptl6 and Pob3, a trait commonly observed in histone
chaperones, contributes to their ability to bind to histones H2A and H2B. This facilitates the
incorporation of these histones into the nucleosome structure. FACT is actively involved in
nucleosome assembly/disassembly processes, specifically in incorporating histones H2A and H2B
into the nucleosome structure. It plays a crucial role in transcription, virus infection, DNA

replication, DNA repair, chromatin maintenance, and cell differentiation (Kemble et al., 2015). s
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1.11 Hypothesis
Genes crucial for driving leukemia exhibit higher activity of DOT1L and RNF20/40. These factors

collectively contribute to increased transcriptional elongation and accelerated transcription of
leukemic genes like HOXAQ.

1.12 Aims

1.12.1 Determine whether genes important to mixed lineage leukemia are marked with
H3K79me2

To determine the association of H3K79me2 and DOT1L with genes crucial in leukemia,
particularly focusing on HOXA9, which plays a significant role in leukemogenesis, especially in
leukemia harbor KMT2A-rearrangement, we conducted bioinformatic analyses of the broad
H3K79me2 domains across various leukemic cell lines. Histone modification H3K79me2 is
known to be enriched at actively transcribed genes, and its specific distribution on key leukemia-
associated genes can provide insights into their regulatory mechanisms and potential therapeutic

targets.

1.12.2 Determine DOT1L transcript, protein, and modification levels in MOLM-13 and
K562 cell lines

Investigation into DOT1L aims to deepen our understanding of its role in the MOLM-13 which is
mixed linage leukemia cell lines. K562 cell line was used as a reference cell line. For this aim, |
utilized cell lysis and acid-extracted histone techniques, along with immunoblotting and RT-gPCR
analyses, to precisely quantify DOTI1L protein level, product level, and transcript level across

different cell line models.

1.12.3 Determine the level of H2BK120 monoubiquitination in MOLM-13 and K562 cell

lines

This study seeks to uncover how this specific histone modification is regulated differently in
distinct types of leukemia by comparing the levels of H2B K120 monoubiquitination between
MOLM-13 and K562 cell lines. I utilized acid-extracted histone and immunoblotting techniques

to determine the level of H2B K120 monoubiquitination.
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1.12.4 Determine the impact of bortezomib on H2BK120ub, H3K79me2, and H3K36me3
modifications and HOXA9 gene expression after treatment with bortezomib in MOLM-13

cell line

| chose to investigate the impact of bortezomib on H2BK120ub, H3K79me2, H3K36me3
modifications, and HOXA9 gene expression in the MOLM-13 cell line. Previous studies have
demonstrated that proteasome inhibitors can reduce ubiquitinated histones, particularly uH2B,
essential for proper transcription elongation. The loss of uH2B significantly disrupts transcription
(Fierz et al., 2011). This underscores the intricate link between H2B ubiquitination and the
transcription process, highlighting uH2B's association with active transcription (Davie & Murphy,
1990). Motivated by this understanding, | began exploring the impact of proteasome inhibitors on
uH2B and other histone modifications linked to transcription. In 2022, Dr. Davie and | decided to
integrate bortezomib, an established FDA-approved treatment for multiple myeloma, into our
research. In 2023, a study examined bortezomib’s effects on histone modifications, specifically its
impact on uH2B and HOXA9 expression. Although the study revealed that bortezomib affects
these modifications, such as H2BK120ub and H3K79me2, it focused on ALL rather than MLL.

Thus, my investigation aims to fill this knowledge gap by providing crucial data specific to
MOLM-13, shedding light on how bortezomib influences these epigenetic markers and gene
expression patterns in the context of mixed lineage leukemia. Understanding these effects is
essential for uncovering unique vulnerabilities and potential therapeutic strategies tailored to
KMT2A-MLLT3 leukemias.

In this aim, | utilized acid-extracted histone, immunoblotting, and RT-gPCR techniques to
determine the impact of bortezomib on H2BK120ub, H3K79me2, and H3K36me3 modifications
and the HOXAQ transcript level.
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1.12.5 Determine the concurrent presence of H3K79me2 and H3K36me3 on the same

histone (Cis-histone pattern) in leukemic cells

Analyzing ChlP-seq data using Partek Flow, it became apparent that these two PTMs, H3K79me2
and H3K36me3, might co-occur throughout part of the HOXA9 gene body. My approach aims to
explore whether they are present on the same histone H3. By understanding how these PTMs
interact in MOLM-13, this study aims to uncover novel epigenetic mechanisms underlying

leukemia pathogenesis.

In this aim, | utilized the histone Coimmunoprecipitation ( Co-1P) / immunoblotting techniques to

determine the concurrent presence of H3K79me2 and H3K36me3 on the same histone.

1.12.6 Determine the levels of histone H3s (H3.1, H3.2 and H3.3) and the H3K79me2

modification level in H3s in leukemia cell lines

Investigating the levels of histone H3s (H3.1, H3.2, and H3.3) and their associated H3K79me2
modification in leukemia cell lines is critical for understanding their roles in chromatin dynamics
and gene regulation. Histone H3s, such as H3.1, H3.2, and H3.3, possess distinct incorporation
patterns and influence chromatin structure, thereby impacting gene expression in leukemia. The
H3K79me2 modification, regulated by DOTIL, is pivotal in transcriptional regulation and has
been implicated in leukemogenesis. In this study, | used the acetic acid-urea-Triton X-100
polyacrylamide gel electrophoresis (AUT-PAGE)/ immunoblotting techniques to determine the

level of H3s and K79me2 levels in these histones.

Integrating the hypothesis: | hypothesize that increased activity of DOT1L and RNF20/40 leads
to enhanced transcriptional elongation of leukemic genes like HOXA9. Each aim of my project is
designed to test different aspects of this hypothesis, from identifying key histone modifications
(H3K79me2 and H2BK120ub) associated with the HOXA9 gene to understand how manipulating
these histone marks (with bortezomib) impacts HOXA9 gene expression. Collectively, these aims
will provide comprehensive insights into how the interplay of DOT1L, RNF20/40, and their

associated histone modifications drives leukemia.
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Chapter 2

2. Material and methods




2.1 Cell Culture

2.1.1 Cell lines
The human leukemic cell lines MOLM-13 and K562 cell lines were used in this study. MOLM-13

cells were obtained from DSMZ (Leibniz Institute - DSMZ German Collection of Microorganisms
and Cell Cultures GmbH). K562 cells were obtained from ATCC (ATCC.ORG). MOLM-13 and
K562 cells were used from passage numbers 3 to 5. Detailed information about the cell lines is

summarized in Table 1.

Table 1: Cell lines used in this study are summarized in this table.

Cell line Leukemia type Patient age Patient gender
K562 Chronic myelogenous leukemia 53-year-old female
MOLM-13 Acute myeloid leukemia 20-year-old male

2.1.2  Cell culture conditions
All cells were cultured in suspension within 175 cm? tissue culture flasks, using 14 mL of RPMI

1640 medium and 10 mL of cell suspension per flask. The flasks were maintained within a 37°C
incubator with 5% (v/v) carbon dioxide (CO2) and a standard oxygen (O2) level of 20% (v/v).
RPMI 1640 medium, supplemented with L-glutamine (2 mM final concentration) and 25 mM
HEPES, was used for subculturing and culturing MOLM-13 and K562 cell lines. The medium was
fortified with 10% (v/v) fetal bovine serum (FBS) from Corning®, and 1% Antibiotic-Antimycotic
solution, which included 10,000 units/ mL penicillin G, 10,000 pg/ mL streptomycin, and 250 ng/

mL amphotericin B, from Gibco®.
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2.1.3 Cell passaging
The confluent cells were sub-cultured after reaching approximately 90% confluency, indicating

nearly complete coverage of the culture surface with cells. Typically, the cells were cultivated in
a T175 flask with a volume of 25 mL. Once the cell density reached 1 x 108 cells/mL, indicative
of optimal growth, they were sub-cultured by transferring 10 mL of cells into a new flask.
Subsequently, 14 mL of fresh medium was added to promote continued growth and maintain
optimal conditions. The T175 flask was then placed back into a 37°C incubator for 3 to 4 days to
facilitate further cell proliferation before further analysis or experimentation. Notably, MOLM-13
cells typically require 3 to 4 days to reach a density of 1 x 10° cells/mL, while K562 cells typically
achieve this density within 2 to 3 days.

2.1.4 Cell counting
The Olympus Model R1 Cell Counter (Cambridge Scientific ID: 26640) was used for cell counting

(Figure 11). Trypan blue is a dye used in cell biology to distinguish between viable (live) and non-
viable (dead) cells in a population. Viable cells have intact cell membranes that exclude the dye,
appearing clear or slightly refractive under a microscope. In contrast, non-viable cells have
compromised membranes that allow the dye to penetrate, resulting in a blue stain. To perform the
assay, a 10-microliter cell suspension was mixed with an equal volume of Gibco™ Trypan Blue
Solution, 0.4% (Catalog N0.15250061), and thoroughly combined for 1-2 minutes. Subsequently,
this mixture was applied to the Olympus cell counting slide. Cell counting procedures followed
the manufacturer's instructions to determine the precise cell concentration. The number of viable
or live cells (unstained) and non-viable or dead cells (blue-stained) were recorded. Cell viability
was measured as a percentage of viable cells out of the total cell count. Cells were also examined

using a Zeiss microscope luminaire with 10x magnification.
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Cell Counting Slides

Figure 11 : The Olympus Model R1 Cell Counter (Cambridge Scientific ID: 26640 ) and Olympus
cell counting slide were shown.

2.1.5 Cell storage and recovery
Cells were grown in culture for the cryopreservation of cells until they reached 90% confluency.

Before initiating the cryopreservation procedure, cryovials were labeled with details, including the
cell type, passage number, number of cells per vial, initials, and the labeling date. The process of
cell counting using the Olympus automated cell counter and Gibco™ Trypan Blue Solution, 0.4%
(Catalog N0.15250061) (1:1) was thoroughly explained in the preceding section. A 10-microliter
cell suspension was mixed with an equal volume of Gibco™ Trypan Blue Solution, 0.4% (Catalog
N0.15250061), and completely combined for 1-2 minutes. Subsequently, this mixture was applied
to the Olympus cell counting slide. Cell counting procedures followed the manufacturer's
instructions to determine the precise cell concentration. The number of viable or live cells
(unstained) and non-viable or dead cells (blue-stained) were recorded. Cell viability was measured
as a percentage of viable cells out of the total cell count. Following labeling the vials, the cells
were centrifuged at 200 g using a microcentrifuge for 10 minutes at room temperature. The
supernatant was carefully removed without disturbing the cell pellet. Subsequently, the cell pellet
was resuspended by flicking the tube in a freezing medium comprising 95% (v/v) appropriate

medium and 5% (v/v) dimethyl sulfoxide (DMSO) (Sigma). One milliliter of the cell suspension
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(1 x 108 cells/mL) was then aliquoted into cryovials (Thermo Fisher Scientific) and promptly
transferred into a Styrofoam cooler for transportation and storage in a -80°C freezer. After 24 hours

of storage at -80°C, the cells were transferred to a liquid nitrogen tank for long-term preservation.

For cell revival, the appropriate medium was first prewarmed in a 37°C water bath. Then, 9 mL of
prewarmed medium was transferred into a 15 mL tube. The vial of cells was then removed from
the -80°C freezer or liquid nitrogen and transferred into a cooler full of ice to the cell culture room.
The cryovials of frozen cells were fast-thawed in a 37°C water bath and closely observed until the
cells were mostly defrosted. The surface of the vial was immediately decontaminated by spraying
70% ethanol. The content of the vial was quickly transferred into the prepared 15 mL centrifuge
tube containing 9 mL of the appropriate medium and centrifuged at 150 g for 10 minutes at room
temperature. The supernatant (media and DMSO) was aspirated without disturbing the pellet, and
the pellet was resuspended in 5 mL of growth medium. The entire amount of the suspension was
then transferred to a 25 mL cell culture flask. The cells were allowed to revive in the 25 mL flask
through overnight incubation at 37°C. The cells were checked daily until they reached the required

confluency for passaging.

2.1.6 Treatment conditions
Bortezomib, a class of drugs known as proteasome inhibitors, was used to treat the cells. Cells at

80-90% confluence were employed in the treatment study. Cell counts were obtained before and
after treatment using the Olympus Model R1 automated cell counter. The cells were treated with
5 nM of bortezomib inhibitor for 2 and 4 hours. Subsequently, histone extraction for western blot
analysis and RNA extraction for gene expression measurement were performed. Bortezomib was
provided in powder form and dissolved in 100% DMSO to create a 10.84 M stock solution. To
achieve a final concentration of 5 nM, intermediate stock solutions of 10 mM and 10 uM were
made. The calculated volume was taken from the 10 uM stock and added to the cells to reach a 5
nM concentration. DMSO (0.1%) was added to the control cells for the control vehicle. To prepare
the 0.1% DMSO solution, a 1% DMSO stock was first prepared, from which the 0.1% DMSO
working solution was made and used for the control cells. DMSO was passed through a filter to

ensure the removal of any potential particulate contaminants before use.
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2.2 Protein-Based Techniques
This study utilized various protein-based methods, including histone extraction, cell lysate

preparation, Bradford assay, BSA assay, SDS-PAGE and western blotting, AUT-PAGE and

western blotting, and two-dimensional gel electrophoresis.

2.2.1 Histone extraction
A minimum of 50 million MOLM-13 or K562 cells were collected and harvested by centrifugation

at 300 g and 4°C using a Thermo Scientific ST16R Refrigerated Centrifuge for 10 minutes to form
a pellet. PMSF (phenylmethylsulfonyl fluoride), a serine protease inhibitor, was added directly to
the MOLM-13 cells before centrifugation to reduce protease activity, which is particularly high in
MOLM-13 cells and can cause clipping of histone H3. The final concentration of PMSF in total
cells was 2mM. After centrifugation, the supernatant was discarded, and the pellet was retained.
Next, the cell pellet was washed once with 10 mL of ice-cold 1X PBS buffer containing protease
and phosphatase inhibitors (137 mM NaCl, 2.7 mM KCI, 10 mM NazHPOs, 1.8 mM KH2POs, 5
mM sodium butyrate, pH adjusted to 7.4) and spun for 10 minutes at 300 g at 4°C in the Thermo
Scientific ST16R Refrigerated Centrifuge. After this wash, the supernatant was discarded.

As the first lysis step, the cell pellet was resuspended in 1 mL of 1X PBSB with 0.5% (v/v) Triton
X-100 buffer containing protease and phosphatase inhibitors (Catalog number A32961,
ThermoFisher). The resuspended cells were homogenized 10 times using a homogenizer with a
Teflon or glass pestle. The homogenized sample was then transferred into a 15 mL centrifugation
tube. The cell suspension was passed through a syringe with a 22-gauge needle 5 times. Cells were
then centrifuged at 10,000 g for 10 minutes at 4°C using an Eppendorf™ 5424 Microcentrifuge,
and the supernatant was discarded. As the second lysis step, the pellet containing the nuclei was
resuspended in 1 mL of RSB buffer (3 mM MgCI2, 10 mM Tris-base, and 10 mM NaCl) ina 1.5
mL microcentrifuge tube and passed through a syringe with a 22-gauge needle 5 times. Then, 111
pL of 4 N H2SO4 was added to the solution (containing the nuclei pellet and RSB buffer) and
mixed well to reach a final concentration of 0.4 N H2SO4 in 1 mL. Histones and other basic proteins
are soluble in H2SO4, while DNA and most cellular proteins are not. The sample was then left on
ice for 20 minutes. The sample was centrifuged at 16,000 g for 10 minutes using an Eppendorf™
5424 Microcentrifuge at 4°C. The supernatant was retained, and 25% (w/v) TCA (trichloroacetic
acid) was added to the supernatant. To achieve 25% (w/v) TCA, 370 pL of 100% TCA was added
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to the RSB solution containing 0.4 N H2SO4. The samples were left on ice for a minimum of 20
minutes or incubated overnight in the refrigerator. The samples were then centrifuged at 16,000 g
for 10 minutes using an Eppendorf™ 5424 Microcentrifuge at 4°C. The pellet containing histones
was washed as follows: after each wash, the samples were centrifuged at 16,000 g for 5 minutes
using an Eppendorf™ 5424 Microcentrifuge at 4°C, and the supernatant (acetone) was carefully
removed without disturbing the histone-precipitated pellet. The pellet was washed twice in 1 mL
acetone and air-dried for 20 minutes at room temperature. The air-dried pellet (histones) was then
resuspended in 40 to 50 pL of ddH20. Histones were quantified using the Bradford assay. Histones
are very basic proteins and have a high concentration of lysine and arginine amino acids. The
Bradford assay relies on the ability of the Coomassie Brilliant Blue dye to effectively bind to these

residues, offering a reliable assessment of their concentration.

2.2.2 Total cellular lysate
About 30 million cells were cultured and collected. PMSF was added directly to the MOLM-13

cells before pelleting down (2 mM final concentration of PMSF). Then, the cells were pelleted
down at 300 g using Thermo Scientific ST16R Refrigerated Centrifuge for 10 minutes. The
supernatant was carefully discarded, and the pellet was retained. Subsequently, the cell pellet was
washed once with 10 mL of ice-cold 1X PBSB buffer containing protease and phosphatase
inhibitors (137 mM NaCl, 2.7 mM KCI, 10 mM Na2HPO4, 1.8 mM KH2PO4, 5 mM sodium
butyrate, pH adjusted to 7.4). The supernatant was discarded after spinning for 10 minutes at 300g
with Thermo Scientific ST16R Refrigerated Centrifuge. The pellet was then resuspended in RIPA
buffer (50 mM Tris-HCI, 150 mM NaCl, 2 mM EDTA, 10% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS) and incubated in a cold room on a rotator for 20 minutes. Subsequently,
the sample was centrifuged at 13,000 g for 10 minutes at 4°C using Eppendorf™ 5424

Microcentrifuge, and the supernatant was collected.

2.2.3 Bradford assay
The standards were prepared according to Table 2 (adapted from the "Coomassie Plus (Bradford)

Assay Reagent, Catalog Numbers 23238), based on the desired working range. Instead of albumin,
histone calf thymus 2 pg/pL was used for making standards. Standards (calf thymus) and unknown

samples were diluted in 1.5 mL microcentrifuge tubes as per.
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Table 2: Preparation of diluted calf thymus histones standards for test tubes (Normal assay).

Working range 100 — 2,000 pg/ mL

Tube Vol of ddH20 Vol of calf Conc calf thymus histone Final conc Final
(Standards) (ub thymus histone 2 (ug/ul) in stock calf thymus | Vol (ul)
ug/ul (ul) histone
(ug/ul)
A 0 30 2 2 30
B 7.5 225 2 1.5 30
C 15 15 2 1 30
D 22.5 7.5 2 0.5 30
E 18 12 0.5 (Made from 2ug/ul 0.2 30
stock)
F 24 6 0.5 (Made from 2ug/ul 0.1 30
stock)
G 30 0 0 0 30

Ten uL of each prepared standard was pipetted into different wells of a 96-well plate. Each well
was then added with 300 pL of the Coomassie Plus Reagent and thoroughly mixed. For unknown
samples, a total volume of 30 pL was achieved by adding 29 pL of water and 1 pL of histones.
Subsequently, 10 pL of each unknown sample was pipetted into the wells of the 96-well plate.
Three hundred pL of the Coomassie Plus Reagent was added to each well and mixed well. The
samples were incubated for 10 minutes at room temperature (RT). A microplate reader,
SpectraMAX M3, was used for absorbance measurement. The selected protein quantification
method was the 96-well plate, Bradford. The standards, blank, and unknown samples were defined
on the plate, and absorbance was measured at 595 nm. The absorbance measurements were
recorded, and a standard curve was prepared by plotting the average blank-corrected 595 nm
measurement for each protein standard against its concentration in pg/pL. The protein

concentration of each unknown sample was determined using the standard curve.
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2.2.4 BCA assay
The BCA assay was used to determine the protein concentration in lysate. The standards were

prepared based on Table 3, which was adapted from the Pierce™ BCA Protein Assay Kit (Catalog
Numbers XB338070), according to the desired working range. The Pierce™ BCA Protein Assay
Kit comprises three components: BCA Reagent A, BCA Reagent B, and Albumin Standard
Ampules (2 pg/pl).

Table 3: BSA standard dilution scheme for the microplate procedure and the test tube procedure

using the standard protocol (working range = 25-2,000 png/mL)

Final
Tube Vol of ddH20 | Vol of Albumin The concentration of Concentration Final
(Standards) (ul (ub Albumin (ug/ul) stock of Albumin Vol (ul)
(ug/ul)
a 0 50 2 2 50
b 12.5 37.5 2 1.5 50
c 25 25 2 1 50
d 37.5 125 2 0.5 50
e 45 5 2 0.2 50
0.5 (Made from 2 ug/ul 50
f 40 10 BSA stock) 0.1
g 45 5 0.05 50
0.5 (Made from 2 ug/ul 50
BSA stock)
H 475 ”e 0.5 (Made from 2 ug/ul 0.025 50
BSA stock)
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Procedure

Mix BCA reagent A with BCA reagent B at a 50:1 ratio (50:1, Reagent A: B) to create a working
reagent. Two hundred pL of each prepared working reagent was pipetted into different wells of a
96-well plate. To each well, 25 pL of sample or standards was added and mixed well. For unknown
samples, a total volume of 50 puL was achieved by adding 49 pL of water and 1 pL of the unknown
sample. The 96-well plate was then incubated for 30 minutes at 37°C. Absorbance was measured
at 562 nm using a microplate reader, SpectraMAX M3. The selected protein quantification method
was the 96-well plate BCA method. Standards, blanks, and unknown samples were defined on the
plate, and absorbance was measured at 562 nm. Absorbance measurements were recorded, and a
standard curve was prepared by plotting the average blank-corrected 562 nm measurement for
each protein standard against its concentration in pg/pL. The protein concentration of each

unknown sample was determined using the standard curve.

2.3 Electrophoresis techniques

2.3.1 Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Sodium dodecy! sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a widely employed

technique for the separation of protein mixtures based on their molecular weights. This method
starts by denaturing the proteins, which means it unfolds and disrupts their native structures. This
denaturation step ensures that the proteins are uniformly charged and coated with SDS molecules,
allowing them to migrate primarily based on their size when subjected to an electric field during

electrophoresis (Laemmli, 1970).

2.3.2 SDS-PAGE and Western Blotting
Acid-extracted histones and total cellular lysate were denatured with 2X SDS loading buffer,

consisting of 0.0625 M Tris-HCI (pH 6.8), 5% glycerol, 2% SDS, 0.1% bromophenol blue, and
2.5% B-mercaptoethanol (Laemmli, 1970). After adding the SDS loading buffer, samples were
heated to 95°C for 5 minutes and then loaded onto polyacrylamide gels with varying percentages
(10%, 12%, or 15%) based on the molecular weight of target proteins. The gel was run at 200V
for 1 hour using a running buffer containing 25 mM Tris, 192 mM glycine, and 0.1% SDS.
Following electrophoresis, proteins were transferred from the gel to either a 0.45 pm nitrocellulose
(NC) or PVDF membrane using the Trans-Blot Turbo Transfer System (Bio-Rad). NC and PVDF
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membranes can be used for different reasons. NC is mostly used for histones due to its high protein
binding capacity, low background noise, and strong retention of small (<25 kDa) and basic
proteins. PVDF is used for higher molecular weight proteins (>25 kDa) and has a higher binding
capacity for hydrophobic and dipole proteins. It is also resistant to harsh chemicals. PVDF
membranes need activation in methanol before use, which involves soaking the membrane in
methanol for about 1 minute, making the hydrophobic PVDF membrane more hydrophilic,
improving protein binding, and ensuring efficient transfer. After transferring the gel onto the NC
or PVDF membrane, the membrane was stained with 0.5% Ponceau S and 5% acetic acid for 5
minutes. The membrane was then destined in 1X TBST buffer and blocked with 5% skim milk
powder in 1X TBST for 1 hour at room temperature on a rocking platform. After blocking, the
membrane was incubated overnight at 4°C with a primary antibody, appropriately diluted in 3%
skim milk in 1X TBST, as per the manufacturer’s instructions. The membrane was washed three
times with 1X TBST for 10 minutes each at room temperature. Subsequently, the membrane was
incubated for 1 hour at room temperature with the corresponding horseradish peroxidase-
conjugated anti-1gG secondary antibody diluted in 3% skim milk. Following secondary antibody
incubation, the membrane was washed three times for 15 minutes with 1X TBST at room
temperature. Finally, the target protein bands on the membrane were visualized using Thermo
Scientific™ Pierce™ ECL Western Blotting Substrate (Catalog No. P132106). In the AZURE400
machine, the "chemiblot” option was selected, followed by the chemiluminescence with ECL
option. The membrane was placed on the black tray and on the upper shelf. In the AZURE400
machine, the "chemiblot" option was selected, followed by the chemiluminescence with ECL

option. Images were taken with different exposure times, and the TIF files were saved.

2.3.3 Acetic acid-urea-Triton-X100 polyacrylamide gel (AUT) electrophoresis

AUT gels can separate basic histones and their subtypes based on charge, mass, and
hydrophobicity (Waterborg, 2002). Fifteen % polyacrylamide AUT (acetic acid/ 6 M urea/ /0.375
% Triton X-100) minilab gel was prepared using the following recipe, which is summarized in
Table 4 and Table 5.

50




Table 4: Recipe for 1mm plate (separating gel)

Thiodiglycol

Materials Gel (1 mm) stock
3.2¢9 649
Urea
. . 4ml 80 ml
Acrylamide/bis(30:0:8)
o 1ml 20 ml
4% Temed/43.1 Acetic acid
0.8 ml 16 ml
0.004 % Riboflavin
. 160 pl 3ml
0.2 M Triton X-100
80 pl 1.6 ml

8 mL (per gel)

160 mL (total stock)

Table 5: Recipe for 1mm plate (stacking gel)

Materials Gel (1 mm) stock
Urea 0.8gr 329r
Acrylamide/bis(30:0:8) 0.5ml 20 ml
0.004 % Riboflavin 0.25 ml 10 ml
0.2 M Triton X-100 0.2 ml 8ml
Thiodiglycol 40 pl 1.6 ml
3M KAc (pH 4) 20 ul 0.8 ml

2 mL (per gel)

80 mL (total stock)
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Procedure

First, the gel was poured with separating buffer and placed in front of a light box for approximately
2 to 3 hours. Next, isopropanol was added to the gel to prevent drying. Riboflavin is the catalyst
for polymerization. After polymerization of the separating gel, isopropanol was removed, and the
stacking gel was poured on top of the separating gel. The stacking gel was allowed to polymerize
for about 1 to 2 hours in front of the lightbox. Then, the acid-extracted histones were mixed with
2X AUT-sample buffer (0.75 M KAc pH 4.0, 30% (w/v) sucrose, 0.1% (w/v) pyronin Y) and
loaded onto an AUT gel. A running buffer of 0.9 N acetic acid was used, and the gel was
electrophoresed at 200V for 2 hours at room temperature (can be done in a cold room at 4°C). It
is crucial to correctly attach the electrical leads between the power supply and the electrophoresis
system during the electrophoresis process to ensure proper separation of proteins. Specifically, you
should connect the positive (+) lead to the upper reservoir and the negative (-) lead to the lower
reservoir. This configuration is opposite to the standard setup used in SDS-PAGE electrophoresis,
where the positive lead is usually attached to the lower reservoir and the negative lead to the upper

reservoir.

Then, the gel was stained with a solution containing 0.25% Coomassie Blue G-250, prepared with
a mixture of 45% methanol and 9% acetic acid. The gel was initially in a strong destaining buffer
comprising 10% acetic acid, 30% methanol, and 60% distilled water (ddH20) for at least 4 hours
on a shaker. This was followed by a weak destaining solution consisting of 10% methanol, 5%
acetic acid, and 85% distilled water (ddH20). (Delcuve & Davie, 1992). Finally, the destained gel
was imaged with AZURE400. In the AZURE400 machine, the 'Protein Gels with Dyes' option was
selected, and the gel was placed on top of the Orange Tray or Trans White Table. The 'Auto Image'

option was then used, and the TIF file was saved.

2.3.4 Acetic acid-urea-Triton-X100 polyacrylamide gel (AUT) electrophoresis western
blotting

The acid-extracted histones were mixed with 2X AUT-sample buffer (0.75 M KAc pH 4.0, 30%
(w/v) sucrose, 0.1% (w/v) pyronin Y) and loaded onto an AUT gel. A running buffer of 0.9 N
acetic acid was used, and the gel was electrophoresed at 200V for 2 hours at room temperature (it
can be done in a cold room at 4°C). It can also be run in a cold room at 4°C as an alternative
(Delcuve & Davie, 1992).
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AUT western blotting is quite similar to SDS-PAGE immunoblotting. However, to achieve a
satisfactory transfer of basic proteins from AUT gels to nitrocellulose, polyacrylamide gels need
to be equilibrated in two steps. First, the gel was submerged in glacial acetic acid (50 mM) and
0.5% SDS (equilibration buffer 1; 2 x 30 minutes) to displace Triton X-100 and to allow histone
to bind SDS, followed by a 2 x 30-minute incubation in a Tris-SDS buffer (equilibration buffer 2;
1 M Tris-HClI at 62.5 mM pH 6.8, 2.3% SDS, 5% B-mercaptoethanol). After equilibration, the gel
was transferred to a nitrocellulose (NC) membrane using the Trans-Blot Turbo Transfer System
(Bio-Rad). The membrane was stained with 0.5% Ponceau S and 5% acetic acid for 5 minutes.
The membrane was then destined in 1X TBST buffer and blocked with 5% skim milk powder in
1X TBST for 1 hour at room temperature on a rocking platform. After blocking, the membrane
was incubated overnight at 4°C with a primary antibody, appropriately diluted in 3% skim milk in
1X TBST. The following day, the membrane was washed three times with 1X TBST for 10 minutes
at room temperature. Subsequently, the membrane was incubated for 1 hour at room temperature
with the corresponding horseradish peroxidase-conjugated secondary antibody, diluted in 3% skim
milk in LX TBST milk. Following secondary antibody incubation, the membrane was washed three
times for 15 minutes with 1X TBST at room temperature. Finally, the target protein bands on the
membrane were visualized using Thermo Scientific™ Pierce™ ECL Western Blotting Substrate
(Catalog No. P132106). In the AZURE400 machine, the "chemiblot™ option was selected, followed
by the chemiluminescence with ECL option. The membrane was placed on the black tray and on
the upper shelf. Images were taken with different exposure times, and the TIF files were saved.

2.3.5 Two-dimensional gel electrophoresis
The two-dimensional gel system consists of acetic acid-urea-triton polyacrylamide gel (AUT-

PAGE) analysis in the first dimension and standard sodium dodecyl sulfate polyacrylamide gel
(SDS-PAGE) in the second dimension. This method allows for high-resolution separation of

modified histone species and histone variants in relatively short periods.

First, a (Imm width) 15% AUT-PAGE gel was prepared (please refer to the AUT-PAGE section
for detailed preparation notes). The acid-extracted histones were mixed with 2X AUT-sample
buffer (00.75 M KAc pH 4.0, 30% (w/v) sucrose, 0.1% (w/v) pyronin Y) and then loaded onto the
15% acetic acid-urea minilab gel, and electrophoresis was conducted at 200 V for 2 hours in room

temperature (can be done in a cold room at 4°C). The gel was then stained with 0.25% (w/v)
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Coomassie Blue G-250 in 45% (v/v) methanol and 9% (v/v) acetic acid and destained by diffusion
in the strong destained buffer (please refer to the AUT-PAGE section for details).

Next, the track of interest was cut from the gel and equilibrated for 20 to 30 minutes in buffer 0
(10% glycerol, 5% B-mercaptoethanol, 2.3% sodium dodecy! sulfate, and 62.5 mM Tris-HCI, pH
6.8). A 1.5 mm width 15% polyacrylamide-SDS gel was then cast without a comb (standard SDS
gel with separating and stacking parts; please refer to the SDS-PAGE section for details). The track
of interest from the AUT-PAGE gel was applied horizontally to the top of the second-dimension
polyacrylamide-SDS stacking gel and gently pushed down. It was then sealed with melted 1%
agarose in buffer 0 and allowed to solidify. Electrophoresis was performed for 2 hours at 200 V
room temperature (could also be run in cold room 4c). The gel was stained and destained as
previously described (with Coomassie Blue and destaining using strong and then weak buffers).
Finally, the destained gel was imaged with AZURE400. In the AZURE400 machine, the 'Protein
Gels with Dyes' option was selected, and the gel was placed on top of the Orange Tray or Trans
White Table. The 'Auto Image' option was then used, and the TIF file was saved. Please keep in
mind that the width of the SDS gel should be greater than that of the AUT gel so that it can be
inserted into the plate easily. Cast the AUT gel at 1 mm and the SDS-PAGE gel at 1.5 mm. The

instructions for making the 2D gel are summarized in Figure 12.

The track of interest from the AUT-PAGE gel was applied

the track of interest was cut from the gel horizontally to the top of the second-dimension polyacrylamide-
SDS stacking gel. It was then sealed with melted 1% agarose in
buffer 0

Figure 12: The instructions for making the 2D gel are shown in Figure.
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2.3.6 Agarose gel electrophoresis
One percent (1%) agarose gel was used to separate the DNA according to bp size PCR product

analyses. For 1% agarose gel, 0.5 g of agarose (Invitrogen) was dissolved in 50 mL of 1X TAE
buffer (40 mM Tris base, 20 mM Acetic Acid, and 1 mM EDTA pH 8.0). Once mixed, it was
heated in the microwave for 2 minutes until agarose completely dissolved in 1X TAE. Then let it
cool down for seconds and then 5 uL. of SYBR Safe DNA gel stain (Invitrogen) was added to the
mixture and let it solidify. One volume of loading Dye was mixed with 5 volumes of DNA sample
and loaded into the 1% agarose gel. The gel was run for 1 hour at voltage 120, and a 1X TAE
buffer was used as a running buffer for the electrophoresis of the agarose gel. The gel was
visualized using the AZURE400 imaging machine. In the AZURE400 machine, the Nucleic acid
gels with Dyes option was selected, and the gel was placed directly on the bottom of the machine

(no tray is needed). The 'Auto Image' option was then used, and the TIF file was saved.

2.4 Immunoblotting antibody list
Acid-extracted histones from MOLM-13 and K562 cell lines were resolved using 15% SDS-PAGE

and 15% AUT gels to PTMs and histone H3.3 variants. An 8% SDS-PAGE gel was also used to
determine DOTLL protein levels in MOLM-13 and K562 cell lines. Immunoblotting analyses were
performed with specific antibodies to detect histone PTMs, histone variants, and proteins

summarized in Table 6.

Table 6: list of antibodies that were used in this study

Antibody Company Catalog No

H3K79me2 Active motif 91399

H3.3 Millipore 09-838
H3K36me3 Thermofisher MAS-42755
Ubiquitinated Histone H2B Millipore MABE1785

(Lys123)
B-Actin antibody Millipore A5316
DotlL Abcam ab239358
Histone H3 Sigma-Aldrich 07-690
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2.4.1 Dot blot
First, the nitrocellulose membrane was labeled accordingly. Various concentrations (from 1 pg/mL

to 10 pg/mL) of protein were applied to the membrane and allowed to air-dry at room temperature
for several minutes. The membrane was then baked between Whatman filter papers for 30 minutes
at 65°C in an oven. Next, the membrane was blocked with 1X TBST buffer containing 5% skim
milk for 30 minutes. Three washes with 1X TBST followed this, each lasting 5 minutes. The
membrane was then incubated overnight in a cold room with the primary antibody ina 1X TBST
solution containing 3% skim milk. The primary antibodies targeted both H3.1K79me2 and
H3.3K79me2 to distinguish between the two and determine if the K79me2 modification occurs at
the same levels in both histone variants. The following day, the membrane was washed again in
1X TBST and then incubated for one hour with the secondary antibody in a 1X TBST solution
containing 3% skim milk. The incubation with the secondary antibody was performed in a plastic
bag to ensure even distribution, and the membrane was wrapped accordingly to avoid drying out.
After the incubation, the membrane was washed with 1X TBST. Finally, the membrane was
visualized using Thermo Scientific™ Pierce™ ECL Western Blotting Substrate (Catalog No.
P132106) for 10 minutes with AZURE 400. For imaging, from the available protocols on the
machine, the chemiblot option was selected, followed by the chemiluminescence with ECL option.
Peptides were aliquoted to a stock concentration of 1 pL/mL. From 1 pL/mL stock, 5 pL, 2 pL,

and 1 pL aliquots were taken and added to the blot to determine their respective concentrations.

2.5 RNA-Based Techniques

2.5.1 Total RNA extraction and cDNA synthesis
Before initiating RNA extraction, the entire workspace was thoroughly cleaned using RNaseZap

to ensure an RNase-free environment and prevent RNA degradation due to RNase contamination.
Approximately 10 million cells from each cell line were grown at 90% confluence and then
harvested by centrifugation at 300 g at 4°C for 10 minutes using a Thermo Scientific ST16R
Refrigerated Centrifuge. The media were discarded, and the cells were washed with 10 mL of ice-
cold 1X PBS, followed by centrifugation at 300 g at 4°C for another 10 minutes using a Thermo
Scientific ST16R Refrigerated Centrifuge. Total RNA extraction was performed using the RNeasy
Plus Mini Kit (Cat#74134, Qiagen, Germany) following the manufacturer's instructions. After
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washing the cells with 1X PBS, the pellet was lysed with RLT buffer containing -mercaptoethanol
(10 uL per 1 mL of RLT buffer) to denature proteins and prevent RNA degradation. Then, the
lysate was then processed through a QIAshredder column by centrifugation at maximum speed
(13,500 rpm) for 2 minutes using an Eppendorf™ 5424 Microcentrifuge. Next, the supernatant
was collected and mixed with 70% ethanol and passed through an RNeasy mini-column, repeating
the process if necessary to ensure complete sample passage. RNeasy mini-column is used to elute
the purified RNA from the silica membrane. Then, the column was washed twice with the provided
washing buffer, and RNA was eluted with RNase-free water and stored at -80°C. RNA
concentration and purity were assessed using the A260/A280 and A260/A230 ratios with a
Nanodrop 2000 (Thermo Fisher Scientific). Following RNA isolation and purification, DNase |
treatment was performed using the RQ1 kit (Thermo Fisher Scientific) to remove any genomic
DNA, by incubating the RNA sample with DNase and reaction buffer at 37°C for 30 minutes,
followed by the addition of DNase stop solution and incubation at 65°C for 10 minutes.
Subsequently, cDNA synthesis was conducted using the iScript Reverse Transcription Supermix
for RT-gPCR (Bio-Rad, USA) according to the manufacturer's instructions, with the PCR protocol
set at 25°C for 5 minutes, 46°C for 20 minutes, and 95°C for 1 minute, followed by a cool-down
step at 4°C.

2.5.2 Primer design and primer sequencing
The gene transcripts were obtained from Ensembl (https://www.ensembl.org/), and the transcript

variant that best suited the experimental needs was selected. Once identified, the transcript
sequence was retrieved. The primer design, involving the use of the transcript sequence to design
primers for RT-gPCR, is detailed in Table 7. The key factors in primer design include GC content,
melting temperature (Tm), primer length, and avoiding secondary structures such as hairpins or
dimers. Specific forward and reverse primers targeting the gene of interest were designed using
IDT PrimerQuest. Subsequently, primer specificity was ensured using tools like Primer-BLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Following primer design, a gradient real-time

PCR was performed to confirm the absence of primer dimers for each primer, with annealing
temperatures selected based on melt curve peak and Cq values. Finally, PCR products were run on
a 1% agarose gel to verify the absence of primer dimers. To validate the amplicon sequence after
RT-qPCR, the PCR product was first purified using a PCR purification kit to remove contaminants.
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The purified DNA was then quantified and submitted for sequencing. After sequencing, the
obtained sequence data confirmed the accuracy of the amplification and the fidelity of the RT-

gPCR process.

2.5.3 Quantitative PCR (gPCR)
For each PCR sample, a mixture was prepared by combining 10 microliters of SYBR Green master

mix (Fisher Scientific), 1 microliter each of forward and reverse primers, 7 microliters of nuclease-
free water, and 1 microliter of previously synthesized cDNA, resulting in a total reaction volume
of 20 microliters. The mixture was then thoroughly mixed. Following preparation, 96-well plates
were utilized, and the QuantStudio™ thermocycler from Thermo Fisher Scientific was employed
for amplification. The PCR conditions were set as follows. Initially, the reaction mixture was
subjected to an initial denaturation step at 95°C for 2 minutes, followed by denaturation at 95°C
for 30 seconds, annealing at 60°C for 30 seconds for 40 cycles, and extension at 72°C for 1 minute.
Subsequently, a melt curve analysis was performed by heating the samples to 95°C for 15 seconds,
followed by annealing at 50°C for 1 minute and final denaturation at 95°C for 15 seconds. These
temperature cycles allowed for the amplification of specific DNA fragments and subsequent
analysis of the PCR products. The time and temperature profiles are shown in Figure 13.
Quantitative or real-time polymerase chain reaction (QRT-PCR) was conducted in triplicate. The
cycle threshold (Ct) values obtained were normalized to the corresponding GAPDH or B-actin
expression using the ACt method, wherein higher ACt values indicated lower amounts of the
transcript. In certain experiments, the levels of targets were determined using the AACt method,
where ACt values for each cell line were normalized to an appropriate control. Fold changes were

calculated using the 2*AACt formula.
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Figure 13: The time and temperature profile needed for quantitative or real-time polymerase
chain reaction (QRT-PCR)

Table 7: List of primers used for RT-qPCR analysis (5’ to 3”)

primer

Sequences

DOT1L

F.:GGAGAAGCTGTTGAAGGAGAAG
R:GCTCTTCTCTAGCTCCACAATG

HOXA9

F:CCCATCGATCCCAATAACCCA
R:AGTTCCAGGGTCTGGTGTTT

GAPDH

F:CAACAGCGACACCCACTCCT
R:CACCCTGTTGCTGTAGCCAAA

B-actin

F: TGGAACGGTGAAGGTGACAG
R:AACAACGCATCTCATATTTGGAA
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2.6 Histone Co-Immunoprecipitation (Co-1P)

Cells were cultured, and approximately 50 million cells were used for the experiment. PMSF was
added directly to the MOLM-13 cells before pelleting down (2 mM final concentration of PMSF).
The cells were then pelleted and washed in PBS 1X before being centrifuged at 300 g at 4°C for
10 minutes using a Thermo Scientific ST16R Refrigerated Centrifuge. Following this, the cells
were resuspended in cell lysis buffer containing (5mM HEPES pH 8.0, 85 mM KCI, 0.5% (w/v)
NP-40 supplemented with protease and phosphatase inhibitor cocktails (PhosSTOP and cOmplete,
Mini, EDTA-free; Roche Diagnostics). The suspension was incubated with shaking at 4°C for 10
minutes and then centrifuged at 2000 g for 10 minutes using an Eppendorf™ 5424
Microcentrifuge. The resulting nuclear pellet was resuspended in 1-2 mL of micrococcal nuclease
(MNase) digestion buffer (10 mM Tris-HCI, pH 7.5, 0.25 M sucrose, 75 mM NaCl), also
supplemented with the phosphatase/protease inhibitor cocktails, and the absorbance at 260 nm
(A260) was measured. To fragment the chromatin, 2.5 units of MNase per A260 of nuclear
suspension was added in the presence of 3 MM CaCl2 and incubated at 37°C for 25 minutes. The
MNase buffer was prepared using a stock solution with a concentration of 22.5 units per microliter.
The amount of MNase buffer added to the lysed cells was determined based on the A260
absorbance measurement of the lysed cell sample. Then, the reaction was stopped by the addition
of EDTA at pH 8.0, to a final concentration of 5 mM. Subsequently, the nuclei were lysed by the
addition of SDS to a final concentration of 0.5% and rotation at room temperature for 60 minutes,
leading to the dissociation of histones from DNA. Insoluble material was removed by
centrifugation at 2000 g for 10 minutes using Thermo Scientific ST16R Refrigerated Centrifuge,
and the soluble material was diluted to 0.1% SDS with RIPA buffer (10 mM Tris-HCI, pH 8.0, 1%
Triton-X-100, 0.1% SDS, 0.1% sodium deoxycholate), supplemented with phosphatase/protease
inhibitors. This will serve as the INPUT.

Then, 2 mL of the input was precleared with a 50% slurry of protein A/G Plus agarose
(HiTrap® NHS-activated). After centrifugation at 2000 x g for 10 minutes, the beads were
removed, and the A260 was measured. Subsequently, 1 pg of antibody per A260 of precleared
extract was added and incubated overnight at 4°C. Anti-H3K36me3 (Recombinant Rabbit
Monoclonal Antibody (RM155), ChlIP-Verified) and isotype-specific nonrelated IgG as negative
control (EMD Millipore) were used. After overnight incubation, 60 pul of hydrated Dyna beads
Protein A/G per mL of Input sample (diluted in RIPA buffer) was added to the extract. (Firstly,
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the beads were washed with RIPA buffer and resuspended again in RIPA to be added to the
incubated input sample with the target Ab). Then, the input sample with the target Ab and hydrated
Dyna beads Protein A/G was incubated at 4°C for 3 hours with rotation in the cold room. After
incubation, the target protein bound to Dyna beads was separated using a magnetic stand, which
allowed the beads with bound proteins to adhere to the magnet, leaving the unbound proteins in
the supernatant. The supernatant, containing proteins that were not bound to the Dyna beads, was
carefully transferred to a new tube. This process is crucial for immunodepletion (ID), where
specific proteins of interest are selectively removed from the sample. The immunodepleted sample
(ID) refers to the supernatant that remains after this process, enriched with proteins that were not
bound to the Dyna beads and devoid of the targeted proteins originally bound to the beads. This
will be the IMMUNODEPLETED or (ID). The remaining beads were washed with RIPA buffer.
This will serve as the IMMUNOPRECIPITATED (IP). The INPUT, ID, and IP were resuspended
in the 2X sample buffer and were loaded on SDS-PAGE and Immunoblotting experiments (refer
to SDS-PAGE and Western Blot methodology) for IP efficiency and western blotting (Khan et al.,
2017).

2.7 Staining methods

2.7.1 Ponceau staining
The proteins transferred to the nitrocellulose or PVDF membrane were stained with Ponceau S

stain, which contained 0.5% (w/v) Ponceau S dissolved in 1% (v/v) acetic acid for 1 minute on a

rocker. Then the membrane was washed with 1X TBST for 5 minutes.

2.7.2 Coomassie blue staining
The SDS or AUT gel can be stained with 0.1% (w/v) Coomassie Blue G250 in 40% methanol and

10% acetic acid to determine the quality of extracted proteins or histones, or for quantification.

2. 8 Bioinformatic analysis

2.8.1 ChIP Sequence analyses
To map genes associated with the broadest active histone mark of H3K79me2, as well as DOT1L

and DNase I, available ChlP-seq data were analyzed by Dr. Davie.
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Data Collection: Analyses were conducted using publicly available ChlP-Seq data from the Gene
Expression Omnibus (GEO) database. The GEO files for the H3K79me2 ChlP-Seq files for the
following cell lines were as follows: MOLM-13 (GSE149183, GSE43063, GSE113191), MOLM-
14 (GSE76745), K562 (GSE29611), Loucy (GSE96166), DND-41 (GSE29611), MV4-11
(GSE79899), and THP-1 (GSE79899). The GEO files for the DNase 1-Seq files for MOLM-13
were from GSE149183. DOTL1L ChIP-Seq files for MOLM-13 were from GSE149183. RNA-Seq
files for the leukemic cell lines were from the following sources: K562, GSE90239, GSE78556,
GSE140322; Loucy, GSE155337; DND-41, GSE173867, GSE116873; MOLM-13, GSE113191,
GSE181003.

ChIP Sequence analyses (MACS2): FASTQ files were obtained from the European Nucleotide
Archive and downloaded to the Partek Flow analytical program (Partek Incorporated, 100
Chesterfield Business Parkway, Chesterfield, Missouri 63005). The Bowtie 2 aligner was used,
with sequences being aligned against the human hg38 assembly. ldentification of broad
H3K79me2 peaks was carried out using the MACS2 broad-peak function. The peaks were
annotated using Ensembl transcript release 91.

Broad H3K79me2 Domain: The top 5% of the broadest domains were extracted from the
H3K79me2 peaks identified by the MACS2 peak caller. We used the online tool VENNY 2.1 to
classify genes per cell type and to identify the genes that were unique to each cell line. The VENNY
2.1 tool was then applied to identify the unique genes with the broadest H3K79me2 domains. We
extracted these exclusive genes and performed gene ontology (GO) (biological process) with
Enrichr.

2.8.2 RNA Sequence Analyses
RNA-Seq files for the leukemic cell lines were from the following sources: K562, GSE90239,

GSE78556, GSE140322; MOLM-13, GSE113191, GSE181003. FASTQ files for the cell lines
were obtained from the European Nucleotide Archive and downloaded to the Partek Flow
analytical program (Partek Incorporated, 100 Chesterfield Business Parkway, Chesterfield,
Missouri 63005). The HISAT 2.1.0 aligner was used, with sequences being aligned against the
human hg38 assembly. Quantification was completed using the Partek Flow “quantify to
annotation model (Partek E/M)” and the Ensembl transcript release 104. Normalization was carried

out using the TPM method.
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Chapter 3

3. Results




3.1 Cell lines selection
In this project, two leukemic cell lines were used: MOLM-13, which represents the mixed lineage

leukemia (MLL) and contains the KMT2A-MLLT3 fusion protein, and K562, a chronic myeloid
leukemia cell line. The MOLM-13 cell line was chosen because it exemplifies mixed lineage
leukemia (MLL) with the presence of the KMT2A-MLLTS3 fusion protein, which leads to the
expression of the HOXA9 gene. HOXA9 expression is a key factor in leukemogenesis and is
associated with poor prognosis in patients with KMT2A-MLLT3 fusion protein. Using MOLM-
13 cells, we can specifically investigate how KMT2A-MLLT3 fusion protein contributes to
leukemia development and progression. On the other hand, the K562 cell line was selected as it
represents chronic myeloid leukemia (CML) and does not contain the KMT2A-MLLT3 fusion
protein nor express HOXA9. This cell line was used as a reference, allowing us to explore the
differences in cellular and molecular pathways between leukemias with and without the KMT2A-
MLLT3 fusion protein.

3.2 Selection and validation of antibodies for H3K79me2 detection
In this study, the main antibody that | used to detect H3K79me2 was the AbFlex® Histone

H3K79me2 antibody from Active Motif, which passed my quality control tests (QC) successfully.
| have tried at least two other H3K79me2 antibodies that failed QC. | have listed the antibodies

that underwent QC in Table 8 and mentioned the results of the test.

Table 8: List of the antibodies that underwent QC in this study

Name of antibody/company Catalog No Fail/Pass
H3K79me2 Invitrogen PAb5-117746 Fail / Detected histone H4
and H3
H3K79me2 Active Motif 39143 Fail/ Detected histone H4
H3K79me2- AbFlex®-Active Motif 91399 Pass/ Detected histone H3
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3.2.1 AbFlex® Histone H3K79me2 antibody QC

3.2.1.1 Western blot analysis
Histone H3K79me2 antibody from Active Motif with catalog number 91399 did pass the QC. The

first step in testing the antibody was immunoblotting with acid-extracted histones resolved by
SDS-PAGE to ensure that the antibody specifically detected histone H3. The H3K79me2 antibody
from Active Motif with catalog number 91399 successfully detected the H3 band at 15 kDa.

3.2.1.2 Dot blot analysis with specific peptide
Specific peptides corresponding to the histone variants H3.3 and canonical H3.1 were designed to

evaluate the unbiased detection of K79me2 in H3.1 and H3.3.

Rationale: Histone H3.3 and H3.1, despite their high sequence similarity, exhibit several structural
differences that may impact antibody recognition and binding specificity. Notably, H3.3 differs
from H3.1 at multiple amino acid positions, including positions 31, 87, 89, 90, and 96 (see Figure
10 in the Introduction). The sequence differences in H3.1 and H3.3 can potentially change the
accessibility of epitopes recognized by antibodies specific to modifications such as H3K79me2.
Testing the antibody against peptides derived from both H3.1 and H3.3 helps evaluate whether the
antibody recognizes the K79me2 equally well on both H3.1 and H3.3 or if there are differences in
binding affinity. This approach provides valuable insights into the antibody's specificity and

suitability for experimental applications involving different histone variants.

Despite contacting the manufacturer, we did not have access to the epitope information for the
H3K79me2 antibody. Therefore, we designed peptides encompassing amino acids 78 to 92 for
both H3.1 and H3.3, which include residue 79, the target of the antibody, and cover the most
significant structural differences between H3.1 and H3.3. We designed peptides for unmodified
H3, H3K79mel (mono-methylated H3K79), H3K79me2 (di-methylated H3K79), and H3K79me3
(tri-methylated H3K79) for both H3.1 and H3.3 for this purpose. The results indicated a preference
for antibody binding to the H3.1K79me2 over H3.3K79me2. Moreover, the antibody specifically
recognized the dimethylation of K79 in both H3.1 and H3.3 and did not recognize the unmodified,
monomethyl, and trimethyl forms, demonstrating its high specificity (Figure 14).
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Figure 14: The dot blot results using unmodified, H3K79mel, H3K79me2, and H3K79me3
peptides for H3.1 and H3.3, along with immunoblotting using the H3K79me?2 antibody. This was
done to assess the antibody's specificity and determine its equal recognition of H3K79me2

modifications on both H3.1 and H3.3.

3.3 Confirmation of histone transfer and quantity consistency using Ponceau S staining
Ponceau S staining was employed to confirm histone transfer onto blots and ensured uniform

histone quantities across samples. This method reliably validated the transferring of histones onto

the blot and ensured consistent loading of histones in each sample.

3.4 Determine whether the HOXA9 gene, which is important in leukemogenesis, is marked

with H3K79me2 in leukemic cell lines

This aim explores the critical association of H3K79me2 and DOT1L within the HOXA9 gene,
crucial in leukemogenesis, particularly in leukemias containing the KMT2A-MLLT3 fusion
protein. We performed bioinformatic analyses of the H3K79me2 domains in MOLM-13 cell lines
harboring the KMT2A-MLLT3 fusion protein to elucidate this relationship.
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3.4.1 In silico analyses of RNA sequencing (RNA-Seq) data

Rationale: The rationale for this experiment is to explain the transcriptional landscape of HOXA9
in leukemic cell lines with distinct genetic backgrounds. By comparing the expression of HOXA9
in MOLM-13 (with the KMT2A-MLLT3 protein) and K562 (without the KMT2A-MLLT3
protein), we aim to determine the impact of the KMT2A-MLLT3 fusion on HOXA cluster
expression, especially HOXA9. Given that HOXA9 plays a critical role in leukemogenesis,
understanding its expression profile in different leukemic contexts will provide insights into its
regulatory mechanisms and its contribution to the pathogenesis of leukemias harbor KMT2A-
MLLTS3 fusion protein. This analysis helps to pinpoint HOXA9 as a potential therapeutic target

and biomarker for specific leukemia subtypes, like mixed lineage leukemia.

Dr. Davie conducted data analyses on publicly available RNA sequencing (RNA-Seq) data from
MOLM-13 and K562 cells using Partek Flow. Further analyses of the Excel spreadsheets on
transcript levels in the cells were conducted by me. The results showed that HOXAQ9 is expressed
in MOLM-13, which has the KMT2A-MLLT3 fusion protein, but not in K562. The results also
revealed that HOXA9, HOXA10, and HOXA11 had the highest transcript level in the HOXA cluster
in MOLM-13 cells (Figure 15). RNA-Seq data for the leukemic cell lines were obtained from the
Gene Expression Omnibus (GEO) database. The GEO accession numbers for each cell line are as
follows: K562 (GSE90239, GSE78556, GSE140322), and MOLM-13 (GSE113191, GSE181003).
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Figure 15 : The RNA-Seq alignment data for two leukemia cell lines, K562 and MOLM-13,
focusing on the HOXA cluster. The first track shows RNA-Seq alignment data for the K562 cell
line. The second track shows RNA-Seq alignment data for the MOLM-13 cell line. The y-axis of
each track represents the number of reads aligning to the genome, indicative of the expression

levels of the genes in this region.

3.4.2 In silico analyses of chromatin immunoprecipitation (ChlP-Seq) data

The rationale for this experiment is to investigate the epigenetic landscape of the HOXA cluster,
exclusively the HOXA9 in MOLM-13 cells, focusing on the specific histone modifications and
chromatin interactions that regulate its expression. By analyzing the association of DOT1L and
H3K79me2 within HOXA9 in MOLM-13 cells, we can understand the role of these epigenetic
marks in maintaining an active transcriptional state of HOXA9 in the presence of the KMT2A-
MLLT3 fusion protein. Furthermore, examining DNase | hypersensitivity provides insight into the
chromatin accessibility and regulatory potential of the HOXA9 locus. This comprehensive analysis
will shed light on the epigenetic mechanisms that drive HOXA9 expression in leukemias with

KMT2A-MLLT3 fusion, offering potential avenues for targeted epigenetic therapies.
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Dr. Davie analyzed the association of DOT1L with the entire HOXA cluster in the MOLM-13 cell
line using the available ChIP-Seq data. The result showed that the entire HOXA including the
HOXA9 gene was associated with DOT1L and H3K79me2 in the MOLM-13 cell line.
Furthermore, DNase | hypersensitivity covers the entire HOXA cluster including the HOXA9 broad
H3K79me2 domain and regions on either side of the domain. This observation suggests that
HOXA9 has an unstable chromatin structure (Figure 16) (Sharma et al., 2022). Analyses were
conducted using publicly available ChIP-Seq data obtained from the Gene Expression Omnibus
(GEO) database. The GEO accession numbers for the H3K79me2 ChIP-Seq files for the MOLM-
13 cell line are as follows: GSE149183, GSE43063, and GSE113191. The GEO files for the DNase
I-Seq files for MOLM-13 were also sourced from GSE149183, and the DOT1L ChIP-Seq files for
MOLM-13 were obtained from GSE149183 as well.
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Figure 16: The ChIP-Seq tracks of H3K79me2, DOT1L, and DNase I hypersensitivity within the
HOXA cluster in MOLM-13. Tracks from top to bottom: DNase I hypersensitivity (green): This
track shows regions of open chromatin, identified by DNase I hypersensitivity, and the y-axis
represents the signal intensity of DNase I hypersensitivity. DOT1L binding (pink): This track
represents the binding sites of the histone methyltransferase DOT1L. The y-axis indicates the
signal intensity of DOT1L binding. H3K79me2 modification (orange): This track illustrates the
distribution of the H3K79me2 histone modification, an indicator of active transcriptional
elongation. The y-axis shows the signal intensity of H3K79me2 modification, with peaks
indicating regions enriched with this histone mark. The x-axis denotes the genomic coordinates,
ranging from approximately 26,948,873 to 27,379,093, covering the HOXA cluster region in the
human genome. The gene annotations show various HOXA genes, including HOXAI, HOXA2,
HOXA3, HOXAS5, HOXA6, HOXA7, HOXA9, HOXA10, HOXA1l, and HOXAI3. Non-coding
RNAs such as HOTTIP are also annotated. HOXA9 is marked in blue.
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3.5 Determine DOTLL transcript, protein, and H3K79me2 levels in MOLM-13 and K562 cell

lines

3.5.1 DOTLL transcript level

Rationale: To further elucidate the role of DOT1L in leukemias involving KMT2A-MLLTS3 fusion
proteins, it is essential to determine the levels of DOTIL transcript, protein, and its histone
modification product (H3K79me2) in MOLM-13 and K562 cell lines. Our previous bioinformatic
analyses revealed the distribution of DOT1L along the HOXA9 gene in MOLM-13 cells. However,
understanding the differences in DOT1L expression and activity at the transcript, protein, and
modification levels between MOLM-13 (with KMT2A-MLLT3 fusion ) and K562 (no KMT2A-
MLLT3 fusion) cells can provide deeper insights into the molecular mechanisms driving

leukemogenesis in these distinct leukemia types.

DOTIL transcript levels were assessed in both cell lines using reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). GAPDH served as the reference gene to normalize the
expression levels, ensuring accurate comparison between samples. The RT-gPCR protocol
included the extraction of total RNA from the cells, followed by the synthesis of cDNA using
reverse transcriptase. Specific primers for DOT1L and GAPDH were designed and validated to
ensure amplification efficiency and specificity. The PCR reactions were performed in three
biological replicates, with each biological replicate having three technical replicates, to account
for technical variability. Biological repeats involve using multiple, independent samples to account
for variability within a population, ensuring that results are representative and not specific to a
single sample. Technical repeats involve performing the same experiment multiple times on the
same sample to assess and correct for procedural variability and measurement errors, thereby
ensuring the accuracy and consistency of the results. Quantification of DOTL1L transcript levels
was conducted using the comparative Cq (threshold cycle). Delta Cq values, which denote the
difference in cycle threshold (Cq) values between a target gene and a reference gene, were
compared to evaluate gene expression levels in quantitative PCR. The average Cq values for the
technical repeats of each replicate are presented in (Table 9) for K562 and (Table 10) for MOLM-
13. The data indicated that the DOTLL transcript levels were comparable between the two cell
lines, suggesting no significant differential expression of this gene under the conditions tested
(Figure 17).
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Table 9 : The average Cq values for the technical repeats of each replicate of K562 are shown in

this table
K562 Average Cq | Average Cq | Average Cq
Replicate 1 | Replicate 2 | Replicate 3
GAPDH 20.48 20.57 20.01
DOTI1L 26.58 27.40 27.05

Table 10: The average Cq values for the technical repeats of each replicate of MOLM-13 are

shown in this table

MOLM-13 J Average Cq J Average Cq | Average Cq
Replicate 1 § Replicate 2 | Replicate 3
GAPDH 20.83 20.98 20.52
DOTI1L 27.52 28.10 27.78
6 Cq relative to GAPDH
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7 i 655
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Figure 17: The relative expression levels of DOTIL in K562 and MOLM-13 cell lines, normalized
to the housekeeping gene GAPDH. The y-axis represents the delta Cq values, which indicate the
difference in quantification cycles (Cq) between DOTIL and GAPDH. The error bars represent the
standard error of the mean (SEM).

3.5.2 DOTI1L protein level

Rationale: Measuring the protein level of DOTLL is essential because transcript levels do not
always directly correlate with protein expression due to various regulatory mechanisms in the cell.
While transcript levels provide valuable information about gene expression, assessing protein
levels is crucial to fully understand the functional implications of DOT1L. Integrating transcript

and protein level data offers a more comprehensive view of gene expression regulation.

Proteins (100 ug) from MOLM-13 and K562 were resolved by 15% SDS-PAGE (electrophoresis
at 200 V) followed by immunoblotting using a DOT1L antibody. The results show that the protein

levels of DOTLL were similar in both cell lines (Figure 18).

MOLM-13 K562

DOTI1L | m m 185 kDa

B-Actin “ 42kDa

Figure 18: Protein levels of DOTLL, detected at 185 kDa, were measured in MOLM-13 and
K562 cells. B-Actin, used as a loading control, was detected at 42 kDa.
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3.5.3 DOT1L product (H3K79me2) level

To determine the level of H3K79me2, the product of DOT1L enzyme, in MOLM-13 and K562
cell lines, immunoblotting was performed with the H3K79me2 antibody.

Acid-extracted histones (6 pg) from MOLM-13 and K562 cell lines were resolved by 15% SDS-
PAGE (electrophoresis at 200 V) following electrophoresis, immunoblotting was performed using
H3K79me2 and H3 antibodies. The results indicated that the H3K79me2 modification level, a
product of DOTLL activity, was higher in MOLM-13 compared to K562 (Figure 19).

MOLM-13 K562

e = 8
H3K79me2 —
Clipped H3
H3 a e

Figure 19 : The level of H3K79me2 in MOLM-13 and K562. Total H3 was used as a loading
control. The clipped H3 band was detected.
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3.7 Determine the level of H2BK120ub in MOLM-13 and K562 cell lines

Rationale: The critical role of histone H2B lysine 120 mono-ubiquitination (H2BK120ub) in
regulating the methyltransferase activities of DOT1L and SET2 has been shown. This
modification, facilitated by the RNF20/40 complex, is crucial for directing DOT1L and SET2 to
nucleosomal sites, where they catalyze the formation of H3K79me2 and H3K36me3 marks,
respectively. Investigating the levels of this modification in MOLM-13 and K562 cells will
provide insights into how its abundance influences epigenetic regulation and potentially impacts

DOTLL activity in these leukemia cell lines.

Acid-extracted histones (6 pug) from MOLM-13 and K562 cell lines were resolved by 15% SDS-
PAGE (electrophoresis at 200 V) following electrophoresis, immunoblotting was performed using
immunoblotting using an antibody specific for ubiquitinated histone H2B at lysine 120
(H2BK120ub). The results indicated that MOLM-13 cells, which exhibit higher DOT1L activity
than K562 cells, showed elevated levels of H2BK120ub (Figure 20).

MOLM-13 K562

H2BK120ub

Ponceau S staining
of core histones

Figure 20: The level of H2B (K120) mono-ubiquitination in MOLM-13 cells compared to K562

cells. Ponceau S staining of core histones is also included.
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3.8 Determine the impact of proteasome inhibitor (bortezomib) on modifications that

play a role in transcription elongation in MOLM-13 cells

Rationale: Bortezomib, a well-known proteasome inhibitor, not only directly affects the
proteasome but also indirectly influences histone modifications such as H2BK120ub. Reduced
proteasome activity leads to decreased levels of H2BK120ub, which is essential for proper
transcription elongation and chromatin structure, thereby affecting gene expression. Studies have
demonstrated that proteasome inhibitors like bortezomib reduce H2BK120ub levels, resulting in
subsequent decreases in H3K79me2 levels along the HOXA9 in acute lymphoblastic leukemia
(ALL). These findings underscore the critical role of H2BK120ub in regulating DOTLL activity
for HOXA9 gene transcription (Jennifer L Kamens et al., 2023). | aimed to see how bortezomib,
as a proteasome inhibitor, affects key modifications like H2BK120ub, H3K79me2, and
H3K36me3, all of which play a role in transcription elongation. | conducted each part of the

experiment with three replicates to ensure the results were reproducible.

For this aim, | turned my attention to MOLM-13 cells, which stand out for their high H2BK120ub
and H3K79me2 levels. These cells were treated with a low dose of 5 nM bortezomib for 2 and 4
hours. Cell viability was measured before and after treatment for control, 2h, and 4h treatments.
The acid-extracted histones were used to determine the level of H2BK120ub, H3K79me2, and
H3K36me3 before and after treatment.

3.8.1 Determine the impact of proteasome inhibitor (bortezomib) on H2BK120ub in
MOLM-13 cells

About fifty million MOLM-13 cells were treated with 5 nM bortezomib for 2 and 4 hours, after
which histones were extracted. Acid-extracted histones (control, 2h, and 4h conditions) from
MOLM-13 were resolved by 15% SDS-PAGE (electrophoresis at 200 V) following
electrophoresis, immunoblotting was performed using an antibody specific to ubiquitinated
histone H2B at lysine 120 (H2BK120ub). Ponceau S-stained with histones labeled is shown. Cell
viability, measured before and after treatment, did not change significantly. The results showed
that treatment with 5 nM bortezomib for 2 and 4 hours significantly reduced H2BK120ub levels
(approximately 2-fold) in MOLM-13 cells (Figure 21).
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Figure 21: The levels of H2BK120ub were measured in control, 2-hour, and 4-hour treatments
with 5 nM bortezomib. Ponceau S staining is also included. The concentration of DMSO was

0.000046% in control, 2-hour, and 4-hour treatment groups.

3.8.2 Determine the impact of proteasome inhibitor (bortezomib) on H3K79me2 levels in

MOLM-13 cells

Acid-extracted histones (control, 2h, and 4h conditions) from MOLM-13 were resolved by 15%
SDS-PAGE (electrophoresis at 200 V) following electrophoresis, immunoblotting was performed
using an H3K79me2 antibody. The results showed that H3K79me2, a product of the DOT1L
enzyme, exhibited a decrease after 4 hours of treatment with 5 nM bortezomib (about 2-fold)
(Figure 22).
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Figure 22 : The levels of H3K79me2 were measured in control, 2-hour, and 4-hour treatments
with 5 nM bortezomib. Ponceau S staining is also included. The concentration of DMSO was

0.000046% in control, 2-hour, and 4-hour treatment groups.

3.8.3 Determine the impact of proteasome inhibitor (bortezomib) on H3K36me3 levels in

MOLM-13 cells

Acid-extracted histones (control, 2h, and 4h conditions) from MOLM-13 were resolved by 15%
SDS-PAGE (electrophoresis at 200 V) following electrophoresis, immunoblotting was performed
using an H3K36me3 antibody. The results showed that treatment with 5 nM of bortezomib for 2
and 4 hours did not change the level of H3K36me3, a product of the SETD2 enzyme (Figure 23).
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Figure 23 : The levels of H3K36me3 were measured in control, 2-hour, and 4-hour treatments
with 5 nM bortezomib. Ponceau S staining is also included. The concentration of DMSO was

0.000046% in control, 2-hour, and 4-hour treatment groups.

3.8.4 Determine the impact of proteasome inhibitor (bortezomib) on HOXAQ9 transcript levels
in MOLM-13 cells

HOXA9 transcript levels were measured by RT-qPCR before and after treatment with 5 nM of
bortezomib for 14 hours, using f-actin as the reference gene for normalization. Cell viability was
also assessed. The results showed that bortezomib reduced HOXA9 gene expression (fold change
of 0.46). The fold change of 0.46 in the expression of HOXA9 indicated downregulation of this
gene in response to bortezomib treatment. Fold change is a measure used in quantitative PCR
(gPCR) to compare the expression levels of a gene between different experimental conditions. It
is calculated using the AACt method, where the threshold cycle (Ct) values of the target gene (in
this case, HOXAQ9) are normalized to a reference gene (such as s-actin) and then compared between
treated and untreated samples. It is worth mentioning that initially, | used GAPDH as the reference
gene for both the treatment and control conditions. However, the Cq values were inconsistent, and
there were significant variations between the control and treatment groups, which is not ideal for
RT-gPCR. The reference gene should be consistent before and after treatment. For this reason, |

used p-actin instead, with B-actin showing more consistent levels in control and treated samples.
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In this experiment, the ACt for HOXAQ in the control sample was 6.33, while in the treated sample,
it was 7.44. The difference in ACt values (AACt) was 1.11. The fold change was then calculated
as 2”(-AACt), which equals 2”(-1.11), resulting in approximately 0.46. A fold change of less than
1 indicates a reduction in gene expression, as the negative exponent signifies a fractional decrease
(Figure 24). This downregulation suggests that bortezomib suppresses the transcription of
HOXA9, which could be relevant to understanding the molecular mechanisms of its therapeutic

effects.

HOXA?9 fold change graph
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Figure 24: HOXA9 fold change in control and 5 nM bortezomib-treated conditions after 14 hours
of treatment. Fold changes were measured using -actin as the reference gene. Error bars represent

SEM.

3.9 Determining the concurrent presence of H3K79me2 and H3K36me3 on the same histone
in MOLM-13 and K562 cells

3.9.1 In silico analyses of ChlP-Seq data

Rationale: Previous studies have demonstrated a strong correlation between H3K36me3 and
DOT1L-dependent H3K79me2 marks on gene bodies of HOXA9 in acute myeloid leukemia
(AML) (A. Skucha et al., 2018). This relationship suggests that the SETD2-dependent H3K36me3
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modification is intricately linked with H3K79me2 in the HOXA9 gene in acute myeloid leukemia.
To investigate the crosstalk between H3K79me2 and H3K36me3 along the HOXA9 in MOLM-13
cells, which are a model of mixed lineage leukemia is poorly investigated. It is crucial to first
analyze available ChlIP-seq tracks to observe the patterns of distribution of H3K36me2 and
H3K79me2 along the HOXA9 gene in MOLM-13. Subsequently, histone Co-IP experiments can

be performed to determine if these two modifications coexist on the same histone.

Dr. Davie analyzed the association of H3K79me2, H3K36me3, H3K27ac, H3K4me3, DOTLL,
and DNase | hypersensitivity within the entire HOXA cluster in MOLM-13 cells. Analysis of the
available ChiP-seq data reveals that the HOXA9 gene in MOLM-13 cells, which carry the
KMT2A-MLLT3 fusion protein, exhibits enrichment not only of H3K79me2 but also of
H3K36me3 and other active marks (Figure 25). The GEO files for H3K36me3, DOTLL,
H3K4me3, and H3K27ac were from the following sources: H3K36me3 (GSE189894), DOT1L
(GSE149183), H3K4me3 (GSE113191) , H3K27ac (GSE173600) , H3K79me2 ( GSE149185) and
DNase | (GSE149183).

Typically, H3K79mez2 initiates immediately after the transcription start site (TSS), extends through
the gene body, and diminishes towards the 3' end, whereas H3K36me3 predominantly marks the
3'end of the active gene bodies. While both modifications decorate gene bodies, their distributions
only partially overlap. The coexistence of H3K79me2 and H3K36me3 within the HOXA9 gene
body in MOLM-13 cells suggests a potential crosstalk mechanism that could enhance the
transcription rate of the HOXA9 gene in MOLM-13 cells. Upon closer examination of Figure 25,
the entire HOXA cluster, encompassing HOXA1-11 genes, as well as long non-coding and
intergenic regions, also shows enrichment of H3K79me2. This pattern suggests an unusual spread
of H3K79me2 across the entire region; typically, H3K79me2 begins at gene promoters and extends
towards the 3' end. Conversely, H3K36me3 specifically decorates HOXA9 and HOXAL0 gene

bodies emphasizing its role in regulating HOXAZ9 transcription.
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Figure 25 :The ChIP-Seq tracks for H3K79me2, H3K36me3, H3K27ac, H3K4me3, DOTIL, and
DNase I hypersensitivity are shown. Tracks in order from top to bottom as shown in the image:
DNase I Hypersensitivity (peaks in pink), showing regions of open chromatin. DOT1L (peaks in
green), showing the binding sites of the DOTIL protein within the HOXA cluster. H3K4me3
(peaks in red), showing trimethylation of histone H3 at lysine 4, within the HOXA cluster.
H3K27ac (peaks in purple), showing acetylation of histone H3 at lysine 27, within the HOXA
cluster. H3K36m (peaks in green), showing trimethylation of histone H3 at lysine 36, within the
HOXA cluster. H3K79me2 (peaks in blue), showing dimethylation of histone H3 at lysine 79,
within the HOXA cluster.
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3.9.2 Determining the concurrent presence of H3K79me2 and H3K36me3 on the same
histone (Cis-histone pattern) in MOLM-13

Analysis of the available ChlP-seq data reveals that the HOXA9 gene in MOLM-13 cells, which
carry the KMT2A-MLLT3 fusion protein, exhibits enrichment not only of H3K79me2 but also of
H3K36me3 thus, the histone Co-IP was used to investigate whether these two modifications can

coexist on the same histone H3 in leukemic cells.

Approximately 50 million cells were used for the histone Co-IP experiment. A portion of the
samples (80 ug each), including Input, ID (immuno-depleted), and IP (immunoprecipitated with
H3K36me3 antibody) samples, were resuspended in 2X sample buffer and loaded onto a 15%
SDS-PAGE gel. This gel was used to assess IP efficiency using the H3K36me3 antibody which is
shown in Figure 26A. | was specifically looking for a clear enrichment of H3K36me3 in the IP
sample compared to the Input and ID samples, as this would indicate successful
immunoprecipitation of H3K36me3 marked histones. Additionally, a control 1gG antibody was
used as a negative control. The IgG antibody was added to an input sample, immunoprecipitated,
and run on the gel, followed by immunoblotting with the H3K36me3 antibody. The results showed
no IP band in the 1gG control, indicating that the H3K36me3 antibody was specific and not binding
non-specifically. After confirming that the antibody successfully pulled down H3K36me3, the
remaining samples from INPUT, ID (immuno-depleted), and IP (immunoprecipitated with
H3K36me3 antibody) were used for immunoblotting with an H3K79me2 antibody (Figure 26B).

The results showed that H3K79me2 and H3K36me3 are concurrent in the same histone H3 in
MOLM-13 cells. The presence of IP bands in the immunoblotting with the H3K79me2 antibody
after initial immunoprecipitation with the H3K36me3 antibody indicates that MOLM-13 cells
carry both H3K36me3 and H3K79me2 modifications (Figure 26B). This suggests that these two
histone modifications co-occur on the same histone H3. However, the IP efficiency with
H3K36me3 showed some presence in the ID (immuno-depleted) sample, indicating that the
antibody was not 100% efficient in pulling down all H3K36me3. In the immunoblotting with the
H3K79me2 antibody, the ID band is stronger than the IP band, suggesting that a significant portion
of histones marked with H3K79me2 are not associated with H3K36me3. This implies that while
some histones have both H3K36me3 and H3K79me2 modifications, a considerable amount of
H3K79me2-modified histones are not associated with H3K36me3.
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Figure 26. (A) The IP efficiency for H3K36me3 in MOLM-13 cells. A control IgG antibody was

used as a negative control. (B). Immunoblotting the Input, ID (immuno-depleted), and IP

(immunoprecipitated with H3K36me3 antibody) with an H3K79me?2 antibody in MOLM-13 cells.
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3.9.3 Determining the concurrent presence of H3K79me2 and H3K36me3 on the same

histone (Cis-histone pattern) in K562 cells

Approximately 50 million cells were used for the histone Co-IP experiment. A portion of the
samples (80 ug each), including Input, ID (immuno-depleted), and IP (immunoprecipitated with
H3K36me3 antibody) samples, were resuspended in 2X sample buffer and loaded onto a 15%
SDS-PAGE gel. This gel was used to assess IP efficiency using the H3K36me3 antibody which is
shown in Figure 27A. | was specifically looking for a clear enrichment of H3K36me3 in the IP
sample compared to the Input and ID samples, as this would indicate successful
immunoprecipitation of H3K36me3. The remaining samples from INPUT, ID (immuno-depleted),
and IP (immunoprecipitated with H3K36me3 antibody) were used for immunoblotting with an
H3K79me2 antibody (Figure 27B).

The results showed that H3K79me2 and H3K36me3 are concurrent in the same histone H3 in
K562 cells (Figure 28B). The presence of IP bands in the immunoblotting with the H3K79me2
antibody after initial immunoprecipitation with the H3K36me3 antibody indicates that K562 cells
carry both H3K36me3 and H3K79me2 modifications. This suggests that these two histone
modifications co-occur on the same histone H3. However, the IP efficiency with H3K36me3
showed some presence in the ID (immuno-depleted) sample, indicating that the antibody was not
100% efficient in pulling down all H3K36me3. In the immunoblotting with the H3K79me2
antibody, the ID band is stronger than the IP band, suggesting that a significant portion of histones
marked with H3K79me2 are not associated with H3K36me3. This implies that while some
histones have both H3K36me3 and H3K79me2 modifications, a considerable amount of
H3K79me2-modified histones are not associated with H3K36me3 in K562 cells. These findings
suggest that the co-occurrence of H3K79me2 with H3K36me3 is minimal, likely due to the
intrinsically low levels of H3K79me2 in K562 cells.
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Figure 29: (A) The IP efficiency for H3K36me3 in K562 cells. A control IgG antibody was used
as a negative control. (B) Immunoblotting the Input, ID (immuno-depleted), and IP
(immunoprecipitated with H3K36me3 antibody) with an H3K79me2 antibody in K562 cells.

3.10 Determine the levels of histone H3 variants and H3K79me2 in H3 variants in MOLM-
13 and K562 cells

3.10.1 Determine the protein levels of canonical histone H3 (H3.1 and H3.2) and H3.3

variant

The levels of histone H3.1, H3.2, and H3.3 in MOLM-13 and K562 cells were determined using
AUT gel electrophoresis. Acid-extracted histones (9 pg) from each cell line were prepared by
mixing with 2X AUT-sample buffer. Human histone standards, which included purified H3.1,
H3.2, and H3.3 proteins, were used to validate the migration positions of the histone H3s. The
samples and histone standards were loaded onto an AUT gel and subjected to electrophoresis at
200 V for 3 hours. Following electrophoresis, the gel was stained with Coomassie Blue and

destained to visualize the bands corresponding to histone H3s. The results indicated that H3.1
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exhibited the highest levels in both MOLM-13 and K562 cell lines, while H3.3 showed the lowest
levels in both cell types (Figure 28). The levels of the histone H3s followed the order of H3.1 >
H3.2 > H3.3 in both MOLM-13 and K562 cell lines.

MOLM-13 K562 H3.1 H3.2 H3.3

H2A
H3.1
H3.2
— .-
H33 SN - -
H — > " .

HB —— > -

H — > A

Figure 30 : Histones (canonicals and variants) from MOLM-13 and K562 cells alongside human
histone standards, specifically purified H3.1, H3.2, and H3.3 proteins, which were used to verify
the migration positions of the H3.1, H3.2, and H3.3.

3.10.2 Two-dimensional gel electrophoresis used for high-resolution separation of histone
H3s

The two-dimensional gel system consists of acetic acid-urea-triton polyacrylamide gel (AUT-
PAGE) analysis in the first dimension and standard sodium dodecyl sulfate polyacrylamide gel
(SDS-PAGE) in the second dimension. This method allows for high-resolution separation of
modified histone species and histone variants in relatively short periods. MOLM-13 acid-extracted
histones were used in this 2D gel PAGE study (Figure 29).
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Figure 31: Two-Dimensional (2D) PAGE system consisting of acetic acid-urea-triton
polyacrylamide gel (AUT-PAGE) analysis in the first dimension and standard sodium dodecyl
sulfate polyacrylamide gel (SDS-PAGE) in the second dimension. The MOLM-13 histones were
labeled.

3.10.3. Protein level of H3.3 in MOLM-13 and K562 cells

To determine the level of histone H3.3 variant more specifically, AUT immunoblotting was used
to confirm the level of H3.3 variant in MOLM-13 and K562 cell lines. Acid-extracted histones (6
ng) from MOLM-13 and K562 cell lines cell lines were prepared by mixing with 2X AUT sample
buffer. The samples were then loaded onto an AUT gel and subjected to electrophoresis at 200 V
for 3 hours. After electrophoresis, the gel was transferred to nitrocellulose and then immunoblotted
using an H3.3 antibody. The results showed that the level of H3.3 is similar in MOLM-13 and
K562 cell lines (Figure 30).
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Figure 32: The level of histone H3.3 variants in MOLM-13 and K562 cell lines. Ponceau S
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3.10.4. Determine whether H3.3 is preferentially dimethylated at K79 in MOLM-13 and
K562 cells

AUT immunoblotting was used to determine the levels of H3.1 K79me2, H3.2 K79me2, and H3.3
K79me2. As mentioned earlier, the protein level of histone H3.3 is the lowest compared to H3.2
and H3.1 in both cell lines. However, the AUT immunoblot using the H3K79me2 antibody showed
that the H3.3K79me2 level is similar to that of H3.2K79me2. Considering the lower protein level
of H3.3 but modified at the same level as H3.2K79me2, this indicates that H3.3 is preferentially

dimethylated at K79 in MOLM-13 and K562 cell lines (Figure 31).
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Figure 33: The level of H3.1K79me2, H3.2K79me2, and H3.3K79me2 in MOLM-13 and K562

cell lines.
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Chapter 4

4. Discussion




4.1 Quality control (QC) and importance of QC in studies dependent upon antibodies

Selecting an antibody that is specific for detecting post-translational modifications is a significant
challenge, as | encountered many issues in finding one that specifically detects H3K79me2. Most
of my results rely on the H3K79me2 antibody, which is why finding a good one was a priority.
After testing several antibodies that failed to meet the required specificity and reliability, 1 found
success with the AbFlex® Histone H3K79me2 antibody from Active Motif, which had passed
quality control (QC) tests, including immunoblotting and peptide specificity. This antibody
successfully detected dimethylation of H3 at K79, without recognizing unmodified, monomethyl,
or trimethyl states. The AbFlex® Histone H3K79me2 antibody showed a preference for binding
to H3.1K79me2 over H3.3K79me2. This preference suggests that the H3K79me2 antibody has a
higher affinity for H3.1K79me2. Consequently, the levels of H3.3K79me2 might be
underestimated in the immunoblot results due to the antibody's lower affinity for this variant.

For the H3K36me3 antibody, QC was performed using AUT gel and SDS gel immunoblotting.
However, peptides corresponding to H3K36me3 were not available to check the antibody's
specificity. Despite this, the H3K36me3 antibody successfully detected the H3 band in both SDS
gel and AUT gel immunoblots.

The H2BK120ub antibody was also tested via SDS gel-immunoblotting and the detected

H2BK120ub band with the correct molecular mass.

4.2 Analysis of RNA-Seq, ChIP-Seq, and histone Co-IP in leukemia cell lines, MOLM-13 and
K562

We realized and confirmed that HOXAQ is expressed in MOLM-13 cells but not in the K562 cell
line. HOXA9 expression was also measured in MOLM-13 and K562 cells using RT-qPCR by me
and our lab member, Sadhana R.N. Sudhakar. The results showed that HOXA9 was expressed in
MOLM-13 and not detected in the K562 cell line (Cq > 35), confirming the RNA-Seq analyses
further.

The presence of the KMT2A-MLLT3 translocation in MOLM-13 cells was confirmed using
chromosome painting by Dr. Sabine Mai’s lab. Additionally, our lab verified the presence of the
KMT2A-MLLT3 fusion transcript in MOLM-13 cells through RT-gPCR, led by Dhanvi Prajapati.
These studies support the presence of fusion protein resulting from the KMT2A-MLLT3
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translocation. Numerous studies have demonstrated the significant role of the KMT2A-MLLT3
fusion protein in mixed lineage leukemia (Milne, 2017). This fusion protein is known to hijack
transcriptional machinery (for example, the super elongation complex, SEC), leading to
dysregulated expression of critical genes such as HOXA9, pivotal in mixed lineage leukemia

development (Figure 32).
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Figure 34: Sequential events through which the KMT2A-MLLT3 fusion protein hijacks the
transcriptional machinery and chromatin-modifying enzymes, including the SEC complex,
DOTI1L, RNF20/40, Menin, and others, to the HOXA cluster, forming a macromolecular
condensate region in the nucleus of MLL cell. The HOXA gene cluster located on chromosome 7
has been shown in the figure. The CpG islands (green bars) indicate regulatory regions that
KMT2A-MLLT3 is recruited to and binds. In the top right corner, DOT1L with Super Elongation
Complex (SEC), is shown being recruited to the HOXA cluster by KMT2A-MLLT3, facilitating
transcriptional elongation and dysregulating target genes such as HOXA9. Menin, a reader of
H3K79me2 marks, is also depicted as attached to the N-terminus of KMT2A and recruited to the

93




HOXAQ cluster, where it can read H3K79me2 marks and exert its effects. The RNF20/40 complex
enzyme is also recruited to the HOXA9 cluster, ubiquitinating H2B at lysine 120 (H2BK120ub),
which can increase DOT1L methyltransferase activity. Both H3K79me2 and H2BK120ub
facilitate transcriptional elongation of HOXA cluster genes, especially HOXA9. The steady state of
the two PTMs, H3K79me2, and H2BK120ub, is shown in the bottom right-hand corner,
determined by the enzymes adding the mark and the enzymes removing the mark. USP22, part of
the SAGA complex, is recruited to this region to deubiquitinate H2BK120ub and remove this
mark. The potential involvement of KDM2B in demethylating H3K79me2 is also suggested.

We observed that the HOXA cluster in MOLM-13 cells is decorated with several active marks,
including H3K79me2, H3K4me3, H3K27ac, and H3K36me3, while in K562 cells, there are no
active marks associated with the HOXA cluster. In MOLM-13 cells carrying the KMT2A-MLLT3
fusion protein, a hallmark of mixed lineage leukemia, we found a striking enrichment pattern of
H3K79me2 across the entire HOXA cluster, spanning from HOXA1 to HOXA11 genes, non-coding
RNAs, and intergenic regions. Typically, H3K79me2 marks genomic regions beginning
downstream of the transcription start site (TSS), extending through the gene body, and diminishing
towards the 3' end. However, in the HOXA cluster in MOLM-13 cells, the widespread decoration
of H3K79me2 suggests a regulatory complexity beyond conventional models (Figure 32).
Although H3K4me3 and H3K27ac, both active marks, are present in this domain, they are not as
extensive as the H3K79me2 domain. This H3K79me2 cluster also shows the presence of DOT1L
and DNAase | hypersensitivity throughout the domain, indicating an unstable nucleosome
structure. This instability could be attributed to multiple factors, including nucleosomes with
various histone PTMs such as H3K4me3, H3K27ac, H3K36me3, and others, as well as chromatin

remodelers (ATP-dependent complexes), writers (DOT1L), and readers (Menin).

| postulate that the HOXA H3K79me2 domain in MOLM-13 cells is in a macromolecular
condensate in which DOT1L and complexes involved in transcription elongation (e.g. Super
Elongation Complex, SEC) are present in high concentrations (Figure 32). The fusion protein
would play a role in forming this condensate. This exciting possibility will need to be explored

further through imaging methods that visualize unusual structures in the nucleus.
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Regarding the H2BK120ub modification, although we did not find ChIP-Seq data for H2BK120ub
in MOLM-13 cells, tracks in THP-1 cells, another MLL line with the same KMT2A-MLLT3
fusion protein, showed that H2BK120ub and H3K79me2 have similar distributions along active
genes, especially within the HOXA gene cluster (Eric Wang et al., 2013). Together, these
modifications create an environment conducive to gene activation, potentially transforming the

HOXA cluster into a central hub for transcriptional machinery (Figure 32).

My results uncovered that MOLM-13 cells exhibit higher levels of H2BK120ub compared to K562
cells. This groundbreaking finding highlights, for the first time, the varying levels of H2BK120ub
across different leukemia cell lines. It also demonstrates that cell lines harboring KMT2A-MLLT3
and elevated DOTLL activity correspondingly show increased H2BK120ub levels. Research has
demonstrated that RNF20 is essential for KMT2A fusion-mediated leukemogenesis. Suppressing
RNF20 expression leads to the inhibition of cell proliferation. Furthermore, RNF20 knockdown
results in reduced expression of KMT2A-fusion target genes, including HOXA9 (E. Wang et al.,
2013). These findings suggest that higher levels of H2BK120ub in MOLM-13 cells may be
associated with enhanced recruitment and activity of the RNF20/40 complex to active regions like
HOXA9, contributing to the maintenance and expression of KMT2A fusion target genes, thereby
supporting leukemic cell proliferation. However, further research is needed to clarify the specific
role and impact of H2BK120ub and RNF20 in KMT2A fusion-driven leukemogenesis.

H3K36me3 and H3K79me2 are both elongation-related marks found along the gene bodies of
active genes. The tracks revealed that H3K36me3 and H3K79me2 both decorate the HOXA9 gene
in MOLM-13 cells. However, these two marks are out of synchronization because the H3K79me2
mark usually starts before the H3K36me3 mark along the gene body. For the HOXA cluster on
MOLM-13 cells, the H3K36me3 has the most intensity over the expressed gene bodies. The tracks,
however, do not prove that H3K79me2 and H3K79me2 are on the same histone H3. My histone
Co-IP and immunoblot study results showed that some nucleosomes have H3 with K36me3 and
K79me2 in MOLM-13 and K562 cells. These two PTMs are located in different nucleosome
regions and are unlikely to recruit a reader recognizing both marks. The more likely scenario is
that each PTM recruits its reader; Menin for H3K79me2 (Lin et al., 2023) and MRG15 and many
others for H3K36me3 (Sharda & Humphrey, 2022).
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4.3 Histone PTM dynamics

The steady-state level of histone PTMs reflects the balance between adding and removing these
modifications by writer and eraser enzymes in a cell which is crucial for maintaining normal gene
expression (Figure 32). Disruptions in this balance can lead to abnormal gene expression,
contributing to disease development. Therefore, studying the steady-state levels of PTMs provides
valuable insights into cellular mechanisms and can help identify potential therapeutic targets for

treating diseases associated with PTM dysregulation, such as mixed lineage leukemia.

H3K79me2 modification, found in active regions and linked to transcriptional elongation, is
deposited by DOTLL, removed by KDM2B (Kang et al., 2018), and recognized (reader) by Menin
(Lin et al., 2023) (Figure 32). Considering all these factors is crucial for understanding the

dynamics of this epigenetic mark.

My result showed that DOT1L protein and transcript levels were similar in MOLM-13 and K562
cells. However, higher levels of H3K79me2 were observed in MOLM-13 cells compared to K562
cells, indicating increased DOTLL activity in MOLM-13. The higher activity of DOT1L might be
due to several reasons including, specific recruitment to the genome by fusion protein, the altered
SEC complex that has the KMT2A-MLLT3 fusion protein, the presence of H2BK120ub, the lower
activity of the H3K79me2 eraser, and the higher presence of its reader. I will explain each of these

in detail below.

The higher levels of H3K79me2 in MOLM-13 cells compared to K562 cells are likely due to
differences in how DOTLL is recruited to specific genomic sites, influenced by the fusion protein,
and its increased enzymatic activity. It seems that in MOLM-13 cells, DOTL1L is more effectively
recruited to genomic regions associated with genes like HOXA9 because of the KMT2A-MLLT3
fusion protein that exists in MOLM-13 cells. My findings also revealed that MOLM-13 cells
exhibit elevated levels of H2BK120ub compared to K562 cells. Thus, increased H2BK120ub
facilitates DOT1L's proper positioning on the nucleosome and its activity, leading to elevated
H3K79me2 levels in MOLM-13 cells. This underscores the pivotal role of the H2BK120ub in
regulating DOT1L methyltransferase activity to produce H3K79me2. Both DOTIL and
H2BK120ub are crucial for transcription elongation, making them essential for activating HOXA9
gene expression in mixed lineage leukemia. DOTL1L has a role in destabilizing the nucleosome
without its enzymatic activity as well (Jang et al., 2019). Together, H2BK120ub, which
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destabilizes the nucleosome structure (Cao et al., 2020; Jang et al., 2019), and DOT1L may render
a nucleosome unstable and result in rapid nucleosome dissolution and reassembly. These events
may result in transient nucleosome-free stretches along the HOXA H3K79me2 domain that is
detected by DNase |I.

Considering the dynamics of PTMs, it is crucial to explore enzymes responsible for removing
H3K79me2. Although the literature suggests KDM2B may demethylate H3K79me2, uncertainties
remain (Figure 32). Lower demethylase activity in MOLM-13 compared to K562 cells might
contribute to increased H3K79me2 persistence. Thus, evaluating KDM2B activity in both cell

lines would provide clarity on this aspect.

H3K79me2 is recognized by the reader protein called Menin, which is believed to be a component
of the Super Elongation Complex crucial for transcriptional regulation (Yokoyama et al., 2005)
(Figure 32). Menin also binds to the N-terminal part of KMT2A (Brzezinka et al., 2020).
Assessing Menin levels could reveal differential patterns between MOLM-13 and K562 cells. In
the case of KMT2A-MLLT3, which is recruited to the HOXA9 gene, Menin can be robustly
recruited there through Menin’s binding to the N-terminal part of KMT2A. Since DOT1L and
H3K79me2 are also present at this HOXA9, Menin can recognize more H3K79me2, potentially
amplifying the H3K79me2 effect and enhancing transcriptional regulation. Exploring Menin
further could provide valuable insights into the dynamics of H3K79me2 in MOLM-13 and K562

cells.

The H2BK120ub modification, found predominantly in active genomic regions associated with
transcriptional elongation, is catalyzed by the E3 ubiquitin ligase complex RNF20/RNF40 and is
erased by the deubiquitinates including USP22, USP44, and USP3 (Figure 32). My findings
indicate a higher level of H2BK120ub in MOLM-13 cells compared to K562, suggesting enhanced
recruitment and activity of the RNF20/40 complex in MOLM-13. This higher H2BK120ub level
aligns with the elevated activity of DOT1L in MOLM-13 cells, as H2BK120ub is known to
enhance DOT1L's methyltransferase activity. Thus, these results suggest that H2BK120ub
facilitates DOT1L's localization to the MOLM-13 genome, potentially leading to increased
H3K79me2 methylation compared to K562. It's important to note that H2BK120ub turnover is
rapid, indicating active removal by deubiquitination enzymes like USP22 (Figure 32). However, |
have not examined the levels of USP22 in MOLM-13 and K562 cells. Understanding USP22 levels
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could provide insights into the regulation of H2BK120ub dynamics and its impact on DOT1L-

mediated H3K79me2 methylation in these cell lines.

4.4 Canonical and variant histone H3
My research studies have shown that levels of H3 canonical (H3.1 and H3.2) and variant H3.3 are

similar in K562 and MOLM-13 cells. However, ChIP-Seq studies would be needed to determine
the genomic location of H3.3. It is expected that H3.3 will be located in the expressed regions of
the genome. H3.3 is considered a replacement histone, and it can be used to rebuild nucleosomes
that are displaced by the elongation machinery, transcription factors, and/or chromatin remodelers.
Thus, | predict that H3.3 will be present throughout the HOXA H3K79me2 domain in MOLM-13
cells but not in this region in K562 cells. Moreover, H3.1, H3.2, and H3.3 have K79me2, with the
levels of this PTM being greater in MOLM-13 than in K562 cells. This result suggests that
expressed regions in MOLM-13 cells, such as the HOXA cluster, will have nucleosomes with
several possible combinations. For example, one nucleosome may likely have a combination of

one of the canonical H3 variants (H3.1 or H3.2) and one H3.3 variant.

More importantly, | observed that H3.3 had more K79me2 than H3.1 or H3.2 which revealed that
the histone variant H3.3 is preferentially dimethylated at lysine 79 (K79). Methylation at K79 of
histone H3, particularly dimethylation, is associated with active transcription (elongation) and
plays a role in regulating gene expression. The dimethylation of H3.3 at K79 could enhance the
transcriptional activity of genes in regions where H3.3 is incorporated, thereby promoting gene
expression necessary for leukemic cell functions. This modification could contribute to the
transcriptional activation of oncogenes or other genes involved in cell proliferation and survival,
driving leukemogenesis. Considering the usable chromatin structure and high transcriptional
activity at the HOXA9 gene in MOLM-13, it is likely that H3.3 is incorporated more in that region.
This could facilitate nucleosome turnover and chromatin instability, further promoting HOXA9
gene expression. More information is needed to confirm these findings, and a ChIP-Seq
experiment to map H3.3 distribution along the HOXA9 gene could be crucial in understanding
H3.3's role in HOXA9 expression in MOLM-13 cells.

| also demonstrated that there is a preference for the K79me2 antibody binding to the H3.1K79me2
peptide over the H3.3K79me2 peptide. This suggests that the K79me2 antibody has a higher
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affinity for the H3.1K79me2 modification. Consequently, the levels of H3.3K79me2 might be
higher than observed in my study.

4.5 Bortezomib
Treatment of MOLM-13 cells with Bortezomib, a proteasome inhibitor, results in the rapid

deubiquitination of the histones. My results showed the rapid loss of H2BK120ub in Bortezomib-
treated cells. | reason that the activity of the deubiquitinases (DUBSs) to remove ubiquitin from
H2BK120ub and the lack of nuclear ubiquitin for RNF20/40 to put ubiquitin back into H2BK120
resulted in the loss of H2BK120ub. | speculate that the loss of H2BK120ub may cripple elongation,
resulting in the decline of HOXAQ9 transcripts. This idea is consistent with my observations that
there is a decline in HOXAQ transcripts in the Bortezomib-treated MOLM-13 cells.

| observed a decline in the H3K79me2 level in the Bortezomib-treated MOLM-13 cells. The loss
of H2BK120ub which attracts and enhances the activity of the DOT1L enzyme, is the likely
explanation for the decline in H3K79me2 levels. The decline in H3K79me2 is slower than that of
H2BK120ub because of the low activity of the H3K79me2 erasers or other events that result in the
removal of nucleosomes with H3K79me2. Both H2BK120ub and H3K79me2 are marks of
elongation, and the loss of these PTMs could result in the decline of the transcriptional activity of
expressed genes. Moreover, H2BK120ub and H3K79me2 both are marks of elongation, and the
loss of these PTMs could result in the decline of transcriptional activity of expressed genes like
HOXA9.

4.6 Significance of study
Developing effective treatments with lower side effects for mixed lineage leukemia remains a

formidable challenge despite substantial research efforts. This leukemia subtype, characterized by
the KMT2A-MLLT3 fusion protein, presents a complex pathogenesis contributing to its poor
prognosis. Novel therapeutic strategies are urgently needed to address the unique molecular
features and treatment resistance mechanisms associated with MLL harboring KMT2A-MLLTS3,
aiming to significantly improve outcomes for affected patients. We know that MLL patients with
KMT2A-MLLTS3 exhibit heightened transcriptional activity, largely driven by the overexpression
of HOXA9. Transcriptional elongation control is a crucial regulatory step in HOXA9 gene

expression. Therefore, targeting and disrupting the transcriptional machinery presents a novel
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approach to tackling the elevated gene expression in MLL. This is why | chose to use proteasome
inhibitors like bortezomib to manipulate key transcriptional elongation markers such as
H2BK120ub and H3K79me2. By disrupting these markers, we aim to diminish HOXA9
expression, offering a promising strategy to combat MLL. My study delves into the fundamental
mechanisms of mixed lineage leukemia using the MOLM-13 cell line, a model that accurately
mimics the disease in a controlled laboratory setting. Utilizing cell lines instead of patient samples
makes the research more cost-effective and manageable, allowing for detailed mechanistic
insights. However, future investigations with patient samples are essential to validate these
findings and understand their real-world applicability, ensuring that our research translates
effectively to patient care.

| discovered that bortezomib, an FDA-approved drug for treating multiple myeloma, effectively
reduces HOXAQ9 gene expression and lowers the H3K79me2 level in MOLM-13 cells at clinically
relevant concentrations (5 nM). This efficacy is promising for clinical application, as it may
minimize side effects due to the lower concentration required. Our findings suggest that exploring
bortezomib further could lead to novel treatment approaches for mixed lineage leukemia. By
uncovering these insights, my study aims to contribute to the development of targeted therapies
that could significantly improve the management and outcomes for patients with mixed lineage
leukemia.

DOTLL inhibitors like EPZ5676 have shown promise in early trials but faced challenges due to
off-target side effects and toxicity concerns. There is still a critical need for effective DOT1L
inhibitors that can advance through clinical trials successfully. Other approaches can also be
considered to mitigate the effects of histone post-translational modifications. One such strategy
involves using inhibitors that block the 'readers’ of specific histone modifications. These readers
are proteins that recognize and bind to specific histone PTMs, thereby influencing gene expression
and other chromatin-related processes. For example, Menin, a protein that acts as a reader of
H3K79me2, can be targeted with specific inhibitors. By blocking Menin's ability to recognize and
bind to H3K79me2 and KMT2A, it is possible to disrupt the downstream effects mediated by
fusion protein and H3K79me2. This approach can be particularly useful in the context of diseases
like mixed lineage leukemia, where Menin can bind to the KMT2A and can be recruited to the
HOXA gene. Moreover, targeting the fusion protein itself presents a promising therapeutic

strategy. In mixed lineage leukemia, the fusion protein aberrantly targets CpG islands within the
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HOXA cluster, which might lead to the formation of macromolecular condensates. These
condensates facilitate the recruitment of various epigenetic modifiers, such as DOT1L, which
catalyzes the methylation of H3K79, thereby promoting gene expression and contributing to
leukemogenesis (Figure 32). By inhibiting the binding of the fusion protein to CpG islands or by
misdirecting the fusion protein away from these critical regions, it may be possible to disrupt the
formation of these macromolecular condensates. This, in turn, could reduce the recruitment and
activity of DOT1L at the HOXA cluster, diminishing the aberrant gene expression that drives MLL.
Another option is using combination therapy for leukemia. Several studies have shown that
combining different inhibitors can achieve better outcomes than using a single inhibitor alone. For
example, combining bortezomib with HDAC inhibitors and Menin inhibitors could be a promising

approach to tackling MLL.
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