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SYNOPSIS

1. Introduction

Epigenetics is the study of the change in gene expression pattern which does not involve change
in the nucleotide sequence of DNA. The term epigenetics was coined by Waddington in 1942
and was derived from the Greek word “epigenesis” which originally described the influence of
genetic processes on development. Epigenetic studies were initially focused on DNA
methylation; however, subsequent studies elucidated the role of histones in regulating gene
expression pattern [1].

Histones are a class of highly conserved basic proteins and packaging the genome was the
primary function previously attributed to them. The core histones comprise of H2A, H2B, H3
and H4, form an octameric protein core around which ~147bp of DNA is wrapped to form the
nucleosome core particle (NCP) [2]. Further compaction is achieved with the aid of linker

histone H1 [3]. The canonical histone genes are synthesized during the S-phase and to meet up
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with their high demand during DNA replication, their encoding genes are present in clusters.
There exists other class of histones known as ‘Histone variants’, which are non-allelic isoforms
of canonical histones, synthesized throughout cell cycle and exist as individual genes. The
histone variants owing to their sequence dissimilarities undergo unique post translational
modifications and thus may bring about the change in chromatin organization by influencing
the histone-DNA interactions [4].
Earlier studies from our lab have shown the differential expression of two major H2A variants,
H2A.1 and H2A.2 further, these variants were found to be associated with undifferentiated
hepatocyte. The two variants differ in their identity by only three residues: T16S, L51M and
R99K. These observations were found in liver tissues of normal and hepatocellular carcinoma
(HCC) induced by N-nitrosodiethylamine (NDEA) in Sprague Dawley rats. Also, similar
results were obtained in cell lines CL44 (pre-neoplastic) and CL38 (neoplastic) derived from
the same animal model system.
In the current study, we aim to understand the differential binding partners of histones H2A
variants at chromatin (histones within the nucleosome) and nucleosolic (histone chaperones)
level. The study is essential because the biochemical properties of hetero-nucleosomes and
homo-nucleosomes are different and can potentially influence the stability of the nucleosomes,
global chromatin architecture and gene transcription. Also, histone assembly onto DNA is
brought about by histone chaperones, which guide the gene-specific deposition/eviction of
histones. Hence, study on nucleosolic binding partners will provide the information of any
possible differential histone chaperone association with histone H2A variants.
2. Objectives
In the light of the above hypothesis the following objectives were laid down;

I.  Identification of the binding partners of H2A.1 and H2A.2

II.  To understand the role of binding partners in chromatin mediated processes.
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3. Work Plan

To answer the above objectives, we raised the following questions and employed the below

detailed work plan.

3.1. Identification and characterization of the nucleosolic binding partners of H2A.1 and

H2A4.2

. Immunoprecipitation using nucleosolic fractions to identify the specific association of

histone chaperone, nucleosome assembly protein (NAP1) with H2A.1 and H2A.2.
Biophysical characterization of rat NAP1 by using gel filtration chromatography, circular
dichroism (CD spectroscopy) and Dynamic light scattering (DLS).

Biochemical characterization of casein kinase-2 (CK2) phosphorylated NAP1 using native

PAGE and histone binding assays.

3.2. Ildentification of the chromatin binding partners of H2A.1 and H2A.2 and their effect

on nucleosomal organization

1.

Global expression profiling of H3 variants in rat liver normal, HCC and cell lines at
transcript (Real time PCR) and protein level [Acetic acid-Urea-triton - PAGE and reverse
phase coupled high pressure liquid chromatography (RP-HPLC)].

Mononucleosomal immunoprecipitations and molecular dynamic simulations (MDS) for
analysis of nucleosomes - H2A.1/H3.2, H2A.1/H3.3, H2A.2/H3.2 and H2A.2/H3.3 to
understand their relative association and stability.

Global profiling of H3 PTMs followed by mononucleosomal immunoprecipitation and
western blotting of various H3 variants separated by RP-HPLC for identification of
alterations in specific PTMs with emphasis on ‘activation’ and ‘repressive’ marks.
Micrococcal nuclease assay and pulse chase in vifro transcription assay for assessing the

global changes in chromatin organization and gene transcription in HCC.
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3.3. Delineating the transcriptional regulatory mechanisms governing the differential

1.

expression of H2A and H3 variants.

Effect of DNA methyl transterase (DNMT) - 5Aza-C and histone deacetylase (HDAC) -
Trichostatin A (TSA) inhibitors on H2A and H3 variant expression.

Methyl DNA (MeDIP) and Hydroxyl-methyl DNA immunoprecipitation (hMeDIP) assays
to delineate the methylation pattern on H2A.1, H2A.2, H3.2 and H3.3 promoters in normal

liver tissue, HCC and cell lines.

3.4. Understanding the importance of H3 variants on cell physiology

Cell proliferation and colony formation assay to study the effect of ectopic overexpression
of H3.2 and H3.3 variants.

shRNA mediated knock down of H3.3 and its effect on cell proliferation, cell cycle
analysis, microccocal nuclease assay and in vifro transcription assay.

Chromatin immunoprecipitation (ChIP) followed by qPCR to monitor the association of

H3.3 and H3.2 with tumor suppressor genes.

3.5. Delineating the significance of H3 chaperones in cellular processes

. Global expression changes in H3.2 and H3.3 specific histone chaperones in normal liver

and HCC.
Cell proliferation, cell cycle analysis, microccocal nuclease assay and in vitro transcription

assay to understand the effect of knock down of P150.

3.6. Expression profiling of H3 variants in human cancer cell lines

Monitoring the expression status of H3 variants, H3.2, H3.3 and H3.1 by real time PCR in

various human cancer cell lines (Liver, Skin and Breast) in comparison to their immortalized

counter parts.
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3.7. Profiling of histone PTM marks and modifiers by liquid biopsy and their potential in

clinics

1. Development of protocol for isolation of serum histones.
2. Comparative analysis of changes in histone PTMs profile of serum with paired HCC and
other non-target organs.
3. HDAC assay on paired rat tumor tissue lysate and serum samples.
4. Results

4.1. NAP1 interacts with both histone variants H2A.1 and H2A.2

Nucleosolic immunoprecipitation of histone variants, H2A.1 and H2A.2 revealed NAP1 as an
interacting partner for both. However, MDS analysis suggests, H2A.1/H2B/NAP1 is more
stable than H2A.2/H2B NAP1 complex. Interestingly, bacterially purified rat NAP1 (rNAP1)
showed a tendency to form higher oligomeric species in comparison to yeast NAP1 (yNAP1).
Gel filtration chromatography and DLS of INAP1 indicate that the protein exists as a complex
mixture of multimeric species even at 500mM ionic strength. The solution-state complexity
remains unchanged even at higher ionic strength. Equilibrium unfolding (AG 14.6 kcal mol™)
shows that INAP1, both dimeric and oligomeric species, follow two-state model of unfolding
with no detectable intermediates. MDS analysis of the two structures also reveals that INAP1
dimer is more stable owing to extensive hydrogen bonding compared to yNAP1. In vitro kinase
assay using CK2 show that phosphorylation of INAP1 favors its oligomerization with no effect
on histone variants, H2A.1 and H2A.2 binding capacity.

4.2. Global changes in H3 variant profile correlates with change in gene transcription in

hepatocellular carcinoma

Histone profiling in rat liver normal and HCC revealed a decrease in H3.3 and increase in H3.2

respectively at both protein and transcript level. These changes were further validated and
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quantified at protein level through separation of H3 variants by RP-HPLC. Western blot
analysis for global changes in H3 PTMs with site-specific antibodies revealed an increase in
‘repressive’ marks and decrease of ‘activation’ marks. Further, mononucleosomal
immunoprecipitations and western blot analysis of H3 variants, separated by HPLC confirmed
that H3.2 is enriched with ‘repressive’ marks whereas H3.3 with ‘activation” marks. These
changes also bring about of global chromatin compaction with a decrease in global gene
transcription. Interestingly, immunoprecipitation analysis revealed that H2A.1/H3.2,
H2A.1/H3.3, H2A.2/H3.2 and H2A.2/H3.3 combinatorial nucleosomes exists in cellular
system. However, these nucleosomes differ in their stability, with H2A.1/H3.2 being the most
stable and H2A.2/H3.3 least stable as observed by MDS analysis.

4.3. DNA methylation, a key epigenetic component governs the expression changes of

H2A and H3 variants

Differential expression of H2A variants, H2A.1 and H2A.2 have been associated with HCC
and also in maintenance of undifferentiated state of hepatocyte [5][6]. Also, we observe an
increased expression of H3.2 and subsequent decrease of H3.3 in HCC. Together, the data
suggests a possibility of an overlapping mechanism of transcription regulation of H2A and H3
variants. Moreover, in silico analysis of the promoters have shown that H2A.1 and H3.2 contain
multiple CpG sites whereas, H2A.2 and H3.3 contain CpG island, suggesting these might be
epigenetically regulated. Indeed, treatment with 5-Aza-C and TSA increased the expression of
H2A.2 and H3.3 with no significant change in H2A.1 and H3.2 levels in CL38 cell line.
Further, MeDIP and hMeDIP coupled with qPCR of specific CpG regions near transcriptional
start site revealed hypo-methylation and hyper-methylation of H2A.1, H3.2 and H2A.2, H3.3

respectively in HCC compared to normal liver tissue.
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4.4. Histone H3 variant specific chaperones are dysregulated in HCC

The increased expression of H3.2 and downregulation of H3.3 correlates with levels of their
respective histone chaperones, in HCC and cancer cell lines compared to normal. The
expression of H3.2 associated chaperone complex components - P150 and P60 increases,
whereas a decrease in H3.3 chaperone -HIRA complex was observed, concomitant to the
expression changes in H3.2 and H3.3. In addition, the expression status of these chaperones
correlated well with expression of H3 variants in various rat normal tissues. In accordance,
ectopic overexpression of H3 variants does not have any phenotypic or PTM changes,
suggesting that the balance between levels of variants and their respective chaperones is
important for their enrichment onto chromatin.

Inducible knockdown of P150 in CL38 cell line leads to arrest of cells in S-phase after 72h of
doxycycline treatment. This affects the cell proliferation and decreases the clonogenic potential
of the cells. Interestingly, P150 knock down led to increase in H3.3 transcript, histone
‘activation” PTM marks and global gene transcription. However, the elevated transcriptional
activity of P150 knock down cells can also be partly attributed to their increased residence in
S-phase of cell cycle.

4.5. shRNA mediated knock down of H3.3 leads to decrease in tumor suppressor gene

expression

H3.3 knock down increased cell proliferation, with no major changes in cell cycle progression.
Further, an increase of H3.2 and H3.1 was observed at both transcript and protein level which
compensates for the knock down of H3.3. The deposition of H3.2 increased chromatin
compaction thus leading to global transcriptional repression. Further, ChIP-qPCR analysis
revealed the enrichment of H3.3 to be more than H3.2 on tumor suppressor genes. Thus, tumor

suppressor gene expression was severely hampered owing to loss of H3.3 in HCC and knock
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down cell line. Conclusively, H3.3 knock down recapitulates the similar phenotype as of cancer
cells.

4.6. Differential expression of H3.2 and H3.3 in human cancer cell lines

Our observations in rat hepatocellular carcinoma prompted us to investigate the expression of
H3 variants - H3.2, H3.3 and H3.1 in human cell lines. The expression profiling on cell lines
of liver (HepG2), breast (MCF7) and Skin (A431) origin and their immortalized untransformed
counterparts, that is, HHLS5 (liver), MCF10A (breast) and HACAT (skin) suggests an increase

in the relative expression of H3.2 in all transformed cell lines with decrease of H3.3.

4.7. Serum histone PTM matches with paired tumor tissue pattern

A cost-effective and time-efficient protocol for isolation of circulating histones from serum

was developed. Their identity was confirmed by mass spectrometry and western blotting.

Profiling of PTMs on serum purified histones showed a comparable pattern of modifications

like acetylation (H4K16Ac), methylation (H4K20Me3) and phosphorylation (y-H2AX and

H3S10P) to paired HCC and is different with respect to non-target organs. Further, the

observed hypo-acetylation of histone H4 in tissue and serum samples of tumor bearing animals

corroborated with the elevated HDAC activity in both samples compared to normal.

Interestingly, human normal and tumor serum samples also showed elevated HDAC activity

with no significant changes in HAT activity.

5. Summary

v’ Histone H2A/H2B chaperone, NAP1 follows a two-state model of unfolding. CK2
mediated  phosphorylation governs its oligomerization potential.  Further,
rNAP1/H2A.1/H2B complex is more stable than INAP1/H2A.2/H2B complex.

v" Histone H3 variants, the nucleosomal binding partners of H2A show significant changes in

their expression profile in cancer cells. The levels of H3.2 increases with decrease of H3.3
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in HCC compared to normal liver tissues. Similar changes in expression profile are also
observed in human cancer cell lines of liver, breast and skin.

The dynamic alterations of DNA methylation govern the expression changes of the histone
H2A and H3 variants - H2A.1, H2A.2 and H3.2, H3.3 respectively in HCC. This
coordinated regulation of expression leads to increase in quantity of nucleosomes
containing H2A.1/H3.2, the most stable nucleosome, thus may contribute towards the
changes in chromatin organization and influencing the transcriptional status of genes.
Expression changes of histone H3 variants H3.2 and H3.3 correlated with the increase in
‘repressive’ and decrease in ‘activating” PTM marks respectively. Interestingly, the levels
of H3 variants specific chaperones — CAF-1 and HIRA show a direct correlation with
expression of H3.2 and H3.3 respectively. All these changes contribute to an attainment of
condensed chromatin architecture and thus a global suppression of gene transcription in
HCC.

H3.3 is associated with many tumor suppressor genes and its knock down decreases the
expression of these genes, elevates cell proliferation and recapitulates the similar changes
as observed in HCC.

The changes in histone PTMs and modifier seen in tumor tissue can also be observed in
paired serum samples and hence can be used for determining epi-drug based patient

treatment regime and thus contributing to disease prognosis.

Conclusively, the DNA methylation mediated deregulation of histone H2A and its binding

partner H3 variants, in association with their respective chaperones aids in acquirement of

unique ‘chromatin signature’ which brings a decrease in expression of tumor suppressor

genes. These changes affect the proliferative potential of cells and thus contributes to

carcinogenesis. Further, ‘real time’ monitoring of serum based ‘cancer specific epigenetic
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marks’ can be used for prognostication, also aid in sub-grouping of patients for targeting by

DNMT & HDAC inhibitors and thus assisting in better clinical management of cancer.

GRAPHICAL ABSTRACT: H3 variants, a nucleosomal binding partner of H2A
A master regulators of altered tumor suppressors gene expression.
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Chapter 1

1. Introduction
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1.1. Overview

The primary function of histone proteins is compaction of DNA. This is achieved by formation
of nucleosomes that are the basic repeating units of the chromatin and consists of a protein
component, comprised of an octameric core of histones and a nucleic acid component, which
is ~147bp of DNA'. Histone genes, though are highly conserved, sequence divergence is
observed within them. Broadly owing to these dissimilarities they can be classified into two
groups, histone isoforms and histone variants. Histone isoforms constitute the group of histones
synthesised and deposited in a replication dependent manner and are present in clusters
whereas histone variants are dispersed across the genome and are synthesised in a replication
independent manner °.

Epigenetic changes are present in all human cancers and are now known to cooperate with
genetic alterations to drive the cancer phenotype. These changes involve DNA methylation,
histone modifiers and readers, chromatin remodelers, microRNAs, and other components of
chromatin. Cancer genetics and epigenetics are inextricably linked in generating the malignant
phenotype; epigenetic changes can cause mutations in genes, and, conversely, mutations are
frequently observed in genes that modify the epigenome. Especially, histone PTMs and/or
isoforms, variants - all components are now established to be deregulated in cancer. Over the
past decade accumulated evidences indicate towards the strong association of aberrant histone
variant mutations termed as ‘oncohistones’ and histone PTMs, termed as ‘histone onco-
modifications’ with cancer. Further, available literature has suggested that the alteration in the
global histone variant and PTMs in multiple cancers can be explored as prognostic markers for
better management of cancer patients. However, many studies have emphasised individual role
of these components and a unified study connecting these all is lacking.

Histone isoforms have been reported to be differentially expressed in various patho-

physiological states >**°. The distinct functional effects of replication-dependent histone H2A
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isoforms have been demonstrated »’, and their mechanistic basis of the non-redundancy in part
is attributed to their property to confer differential nucleosome stability’. However, it is still
not clearly understood, whether the deposition of these isoforms is brought about by the same
histone chaperones and whether they show any differential interaction with other histones. The
work done in this dissertation investigated the interaction of H2A.1 and H2A.2 isoforms, which
differs from each other by only three amino acids. The results obtained have been divided

into three chapters.

Chapter 3 entitled ‘Nucleosolic binding partners of histones H2A.1 and H2A.2" discusses the
possibility of differential chaperones for H2A isoforms. NAP1 (Nucleosome assembly protein
1), a major H2A/H2B histone chaperone interacts with both H2A.1 and H2A.2 enabling us to
conclude that histone isoforms may have a similar set of chaperones aimed for their chromatin
deposition. Further, the work done elucidates that the inherent stability of histone chaperone
NAP1 is different between yeast and higher vertebrate species rat NAP1, highlighting that
primary sequence differences contribute to significant changes in protein stability. Another
interesting observation that emerged from this study is that phosphorylation favors
oligomerization of NAP1 proteins. Further, the implications of PTMs occurring on chaperone

complexes in terms of effecting their distribution inside the cell has been discussed.

The work done in the context of understanding the other histone binding partners of H2A.1 and
H2A.2 have been highlighted in Chapter 4 entitled ‘Chromatin binding partners of histones
H2A.1 and H2A.2'. Profiling for global alterations of other histones revealed changes in H3
variants, H3.2 and H3.3 with former being upregulated and later downregulated in tumor
samples similar to H2A.1 and H2A.2 respectively. Further, the work done shows that both H2A
isoforms interact with these H3 variants thus, indicating for a similar transcriptional regulation
of histones. Indeed, DNA methylation pattern at promoters of H2A isoforms and H3 variants

was seen to be regulating their coordinated expression pattern as seen in HCC. Interestingly,
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any alterations in H3 variant levels and their chaperones can modulate chromatin dynamics by
undergoing differential ‘active’ and ‘inactive’ PTMs thus influencing global transcription
profile. In addition, on attempting to understand the role of H3 variants in cancer progression

we discover, they regulate tumor suppressor gene expression.

Chapter 5 entitled ‘Identification of epigenetic alterations in serum and its clinical
implications’ emphasizes the importance of histone PTM changes in terms of biomarkers. A
novel, simple and robust protocol to purify histones from serum has been developed to explore
histone PTM changes for their value as tumor liquid biopsy markers. Our study for the first
time also provides a basis for patient sub grouping by measuring HDAC (Histone deacetylase)
activity in serum. Further, the correlation of HDAC activity values with established serum

biomarkers has been discussed.

1.2. Epigenetics

The genetic information combined in the zygote after fertilization is transmitted to every single
somatic cell within an organism. Still, the dramatic morphological, cytological and
physiological differences that evolve during development cannot be attributed alone to
information embedded in the DNA sequence. Conrad Waddington coined the term ‘epigenetic
landscape’ in 1953 to describe this process of cellular differentiation during embryogenesis®.
A more recent definition considers all mitotically and/or meiotically heritable changes in
phenotype and gene expression that occur without an apparent change in DNA sequence as
‘epigenetics’®. Research over a last few decades has shown that the molecular basis of these
heritable changes lies within the chromatin.

DNA methylation is perhaps the best characterized chemical modification of chromatin. In
mammals, nearly all DNA methylation occurs on cytosine residues of CpG dinucleotides.

Regions of the genome that have a high density of CpGs are referred to as CpG islands, and
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DNA methylation of these islands correlates with transcriptional repression'’. DNA
methylation was soon studied in context of disease as well and it was unraveled that in many
cancers global hypo-methylation and the hyper-methylation of tumor suppressor genes
occurs'!. In fact, cancer was the first human disease to be linked to epigenetics. Studies
performed by Feinberg and Vogelstein in 1983, using primary human tumor tissues, uncovered
that genes of colorectal cancer cells were substantially hypomethylated compared with normal
tissues'?. However now the contribution of other epigenetic components is well appreciated

[Figure 1.1].
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Figure 1.1. Epigenetic Regulators. Covalent modifications of DNA (e.g. cytosine methylation) or of histone
proteins (e.g. lysine acetylation, lysine and arginine methylation, serine and threonine phosphorylation, and
lysine ubiquitination) and miRNAs of RNAi machinery play central roles in epigenetic regulation.

Adapted from:

James S. Hagood. (2014). Beyond the Genome: Epigenetic Mechanisms in Lung Remodeling. Physiology
(Bethesda), 29(3):177-185. DOI: 10.1152/physiol.00048.2013
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For many decades, DNA methylation was the focus of investigators to uncover the epigenetic
regulatory mechanisms used by cells. However, it was suspected that the condensation of DNA
by histones may result in repression of processes such as DNA replication, transcription and
repair by limiting access of the underlying DNA sequence to the cellular apparatus. This idea
was proved correct by in vitro experiments demonstrating that transcription was inhibited with
nucleosomal DNA templates but not naked DNA®. This, along with the identification of various
post translational modifications (PTMs) that histones undergo, ignited the investigation of
histones as influential players in contributing to epigenetic regulation of chromatin mediated
processes. Continued research has advanced our knowledge of the role of epigenetic regulators
like DNA methylation and histone PTMs in governing cellular phenotypes in different
contexts. Additionally, it also has led to the identification of new epigenetic regulators like the
sequence divergent form of the canonical histones, referred to as histone variants and also

microRNASs.
1.3. Histones and chromatin structure

Eukaryotic organisms package nearly two metres of DNA into a small nuclear compartment
using a series of hierarchical layers. The lowest layer of compaction occurs through the
wrapping of DNA into a nucleosome, which is formed from ~146 base pairs (bp) of DNA
wrapped around a histone octamer composed of two units each of core histones viz H2A, H2B,
H3 and H4. This nucleosome core particle (NCP) forms the basic repeating structural unit of
chromatin". The repeating units of NCPs joined by linker DNA forms a ‘beads on a string’
model structure or a 1 1nm fibre'*. Linker histones (H1 and H5) bind to the DNA linker regions
in close proximity to the sites of DNA entry and exit to the NCP, and organize the nucleosomal
arrays into a more condensed 30-nm chromatin fibre, regarded as the second level of DNA

compaction'>'®. The association of non-histone proteins like HMGs further compact this
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chromatin fibre, and finally by association of various protein factors during metaphase of cell

cycle the most compact form of DNA, chromosome is seen [Figure 1.2].

DNA double helix

3 Core histone dimers:
/ 2xH2A/H2B

‘Beads on a string’
form of chromatin

Chromatin fiber of
packed nucleosomes

Chromqs_qm_e 1.400 nm

Figure 1.2. Hierarchical organisation of DNA inside nucleus. Chromosomal DNA that is more than 6 feet
in length is packaged inside a nucleus which is only a few microns in diameter. This is brought about with
the aid of highly basic proteins called histones. With the aid of histones, the naked DNA is organized in
form of nucleosome which is the fundamental repeating unit of the chromatin. Nucleosomes further fold
to form a 30-nanometer chromatin fibre, which forms loops averaging 300 nanometres in length. The 300
nm fibres are compressed and folded to produce a 700 nm-wide fibre, which is tightly coiled into the
chromatid of a 1400nm wide chromosome.

Adapted  from: https://www.quora.com/What-is-the-basic-difference-between-bacterial-DNA-and-
human-DNA

The extent of global chromatin condensation varies during the life cycle of a cell. In interphase
cells, most of the chromatin is relatively decondensed and is called euchromatin/open

chromatin'’. This is consistent with the fact that during this period of the cell cycle, genes are
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transcribed and the DNA is replicated in preparation for cell division. Most of the euchromatin
in interphase nuclei appears to be in the form of 30-nm fibers, organized into large loops
containing approximately 50 to 100 kb of DNA. About 10% of interphase chromatin is in a
very highly condensed state called heterochromatin that is transcriptionally inactive and
contains highly repeated DNA sequences'. Conclusively, the temporal, structural and
chemical alteration of these various layers of DNA compaction influence gene activity and

various cellular programs.

1.4. Nucleosome assembly and disassembly

The assembly of histone to form nucleosomes is very well regulated and occurs in an orderly

fashion, to facilitate proper formation of chromatin fibre [Figure 1.3].
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Figure 1.3. Assembly and disassembly of nucleosome. Stepwise assembly and disassembly of
nucleosomes is mediated by histone chaperones. Green arrows represent steps in chromatin assembly
and the red arrows indicate steps in chromatin disassembly. DNA is wrapped around two H3—-H4 dimers
and two H2A-H2B dimers to form the nucleosome core particle. The stepwise assembly, along with the
different possible intermediates including the tetrasome and hexasome, are represented here. Histone
chaperones mediate each step of the assembly/disassembly process. Histone H2A is depicted in yellow,
H2B in red, H3 in blue, and H4 in green.

Adapted from: Briana K. Dennehey and Jessica Tyler. (2014). Histone Chaperones in the Assembly and
Disassembly of Chromatin. Fundamentals of Chromatin, Springer books. DOI: 10.1007/978-1-4614-
8624.4-2.
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This process is mediated by specialised set of proteins known as histone chaperones'®. First
H3/H4 tetramers are deposited on DNA, thus marking the site for NCP formation (nucleosome

0

positioning) followed by deposition of two H2A/H2B dimers®®. The disassembly of

nucleosome follows the same events in a reverse order.

1.5. Histone post translational modifications

Each of the histone proteins possesses a characteristic side chain, or tail, which is densely
populated with basic lysine and arginine residues. These histone tails are subject to extensive
covalent posttranslational modifications (PTMs) that cooperate to govern the chromatin state”'.
Some PTMs can alter the charge density between histones and DNA, impacting chromatin
organization and underlying transcriptional processes, but they can also serve as recognition

modules for specific binding proteins that, when bound, may then signal for alterations in

Phosphoryl (P)

Methyl (Me)

Acety| (Ac)

Writing Reading

Demethylases, Methyltransferases, Proteins with domains
deacetylases and acetyltransferases, kinases  such as bromo, chromo
phosphatases and ubiquitin ligases and tudor

Figure 1.4. Histone post-translational modifications. Schematic drawing of a nucleosome with the four
canonical core histones (H2A, H2B, H3 and H4). The covalent PTMs [methylation (Me), acetylation (Ac), and
phosphorylation (P)] are highlighted on the N- and C-terminal tails of each histone. The modifications which
occur in the core body of histones like H3K56Ac are not depicted in the drawing. The enzymes which add
and remove these modifications are known as writers and erasers respectively . The proteins which bind to
these modifications are readers.

Adapted from: Kristian Helin & Dashyant Dhanak. (2013). Chromatin proteins and modifications as drug

targets. Nature. 502, 480—488. DOI:10.1038/nature12751.
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chromatin structure or function”[Figure 1.4]. The site-specific modification on different
histones depends on the signalling and physiological condition within the cell*'. These multiple
independent modifications enable combinatorial complexity; resulting in a large variety of

functionally distinct nucleosomes. Some of the major histone modifications influencing gene

transcription are tabulated in Table 1.1.

Modification Position Writers Function in transcription
MLL,SETD1A,SETD1B,SETD7 and L
H3K4 ASH1L Activation
H3K9 SUV39H1, G9a and SETDB1 Repression
H3K27 EZH1 and EZH2 Repression
H3K36 SETD2, ASH1L and NSD1 Activation
H3K79 DOT1L Activation
Methylation
H3R2,H3R17 and H3R26 PRMT4 Activation
H3R8 PRMT5 Repression
H2AR3 PRMT1 and PRMT5 Activation and/or repression
SETD8,SUV4-20H1 and SUV4- .
H4K20 20H2 Repression
H4R3 PRMT1 and PRMT5 Activation and/or repression
H3KS,H3K14,H3K18,H3K23 and GCN5,PCAF,p300 and CBP Activation
H3K27
Acetylation
H4K5,H4K8,H4K12 and H4K16 TIP60,KAT7,p300,CBP and ATF2 Activation
H2AK119 RNF2 Repression
Ubiquitylation
H2BK120 UBE2E1,RNF20 and RNF40 Activation and/or repression
Table 1.1. Major histone modifications and their functions in transcriptional regulation along with the
writers. ASH1L, (absent, small or homeotic)-like; CBP, CREB binding protein; DOT1L, DOT1-like; EZH, enhancer
of zeste homologue; KAT, lysine acetyltransferase; MLL, mixed lineage leukaemia; NSD1, nuclear receptor
binding SET domain protein 1; PRMT, protein arginine methyltransferase; RNF, ring finger protein; SETD, SET
domain-containing protein; SUV, suppressor of variegation; UBE2E1, ubiquitin conjugating enzyme E2 E1.
Adapted from: Fan Liu (2016). Beyond transcription factors: how oncogenic signalling reshapes the epigenetic
landscape. Nature Reviews Cancer 16, 359-372. DOI:10.1038/nrc.2016.41

33




Thesis | Divya Reddy Velga

Many of the modifications can interact together or affect others, collectively constituting the

23 , which states that:

‘histone code
¢ Distinct modifications on core and tail regions of histone proteins generate docking
sites for a large number of non-histone chromatin-associated proteins,

e Modifications on the same or different histone tails may be inter-dependent and
generate various combinations and ‘cross-talk” within themselves to perform
different function,

e Distinct regions of higher order chromatin, such as euchromatic or heterochromatic
domains, are largely depend on the local concentration and combination of
differentially modified nucleosomes,

e ‘Binary switches "represent the differential readout of distinct combinations of
marks on two neighbouring residues, where one modification influence the binding
of an effector protein onto another modification on an adjacent or nearby residue

e ‘Modification cassettes’ signifies combinations of modifications on adjacent sites
within these short clusters lead to distinct biological readouts.

Addition, removal and identification of these post-translational modifications on histone tails
is brought about by ‘writers’, ‘erasers’ and ‘reader’ proteins, which together regulate various
biological processes, including transcription, DNA replication and DNA repair”'. It is now well
established that there is an intense cross-talk between histone modifications to drive distinct

downstream functions™'.
1.5.1. Histone Acetylation

Histone acetylation is a reversible modification that occurs on the e-amino groups of lysine
residues generally at the N-terminal tails of core histones. Allfrey e al., first reported histone
acetylation in 1964. This modification is almost invariably associated with activation of

transcription. Acetylation removes the positive charge on the histones, thereby decreasing the

34



Thesis | Divya Reddy Velga

interaction of the N termini of histones with the negatively charged phosphate groups of DNA.
As a consequence, the condensed chromatin is transformed into a more relaxed structure that
is associated with greater levels of gene transcription. This relaxation can be reversed by
HDAC activity. Relaxed, transcriptionally active DNA is referred to as euchromatin. More
condensed (tightly packed) DNA is referred to as heterochromatin. These reactions are
typically catalyzed by enzymes with "histone acetyltransferase” (HAT) or "histone

deacetylase" (HDAC) activity24[Figure 1.5].

Figure 1.5. Histone acetylation. Shown in this
illustration, the dynamic state of histone
Al acetylation/deacetylation regulated by HAT and HDAC
@ con M @ enzymes. Acetylation of histones increases
accessibility of chromatin and gene transcription.
Adapted from:
https://www.horizondiscovery.com/cell-lines/all-
products/explore-by-your-research-area/epigenetics

1.5.2. Histone Methylation

Histone methylation is a process by which methyl groups are transferred to lysine or arginine
residues of histone proteins®. Histone methyltransferases (HMT) catalyze the transfer of one,
two, or three methyl groups to lysine and arginine residues of histone proteins. Two major
types of histone methyltransferases exist, lysine-specific (which can be SET (Su(var)3-9,
Enhancer of Zeste, Trithorax) domain containing or non-SET domain containing) and arginine-
specific?®*’. In both types of histone methyltransferases, S-Adenosyl methionine (SAM) serves

as a cofactor and methyl donor group™.
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Lysine methylation: They usually modify one single lysine on a single histone and their output
can be either activation or repression of transcription. Three methylation sites on histones are
implicated in activation of transcription: H3K4, H3K36, and H3K79. Three lysine methylation

sites are connected to transcriptional repression: H3K9, H3K27, and H4K20%.

Arginine methylation: Like lysine methylation, arginine methylation can be either activate or
repress the transcription. There are two classes of arginine methyltransferases, the type I and
typell enzymes. The two types of arginine methyltransferases form a relatively large protein
family (11 members), the members of which are referred to as Protein Arginine
Methyltransferases (PRMTs). All of these enzymes transfer a methyl group from SAM (S-

adenosyl methionine) to the ®- guanidine group of arginine within a variety of substrates®.

Methylation of histones can either increase or decrease transcription of genes, depending on
which amino acids in the histones are methylated, and how many methyl groups are attached.
For example, trimethylation of histone H3 at lysine 4 (H3K4Me3) is an active mark for
transcription whereas, trimethylation of histone H3 at lysine 9 (H3K9Me3) is a signal for

transcriptional silencing [Figure 1.6].
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- @ with gene activation.
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1.5.3. Histone Phosphorylation

The phosphorylation of histones is highly dynamic. It takes place on serine, threonine and
tyrosine, predominantly, but not exclusively, in the N- terminal histone tails. The levels of the
modification are controlled by kinases and phosphatases that add and remove the modification,
respectively. Histone kinases transfer a phosphate group from ATP to the hydroxyl group of
the target amino- acid side chain. In doing so, the modification adds significant negative charge

to the histone that undoubtedly influences the chromatin structure™ [Figure 1.7].

H4
NHzé 5-17 168 21-29 %] 34-44 00000 MOO;S 8 000
© Tyrosine COOH 000 O
O Serine 102 88
W, © Threonine
© Histidine
DNA damage

§, ~ Role in DNA
( cK > —— —_— —— | damage, mitosis and
P Phosphorylation chromatin assembly

Figure 1.7. Histone Phosphorylation. Serine, threonine, tyrosine, and histidine residues of human H4
are known to undergo phosphorylation as shown with a red “P”. Schematic of the events occurring at
S1 post DNA damage has been pictorial represented.

Adapted from: Banerjee T, Chakravarti D. A peek into the complex realm of histone phosphorylation.
Molecular and cellular biology. 2011;31(24):4858-4873.

A wide array of kinases (like Aurora B, MSK 1, ATM etc.) and phosphatases (like DUSP1, PP1
etc.) participate in modulating the levels of phosphorylation mark on histones in different cell
cycle stages and contexts’’. Characterization of the biological functions of the histone
phosphorylation marks is an area of intensive investigation. One well studied phosphorylation
mark is the phosphorylation of H2A variant H2AX. This modification demarcates large
chromatin domains around the site of DNA breakage is one the earliest events in the DNA
damage response pathway>”. This modification takes place on serine 139 in mammals and

serine 129 in yeasts of the variant histone H2AX, and is commonly referred to as YH2AX.
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Protein kinases ATM and ATR in mammals carry out this phosphorylation®. This wide
distribution of YH2AX around the break is thought to create a specific signaling platform for

recruitment and/or retention of DNA damage repair and signaling factors™.

Apart from the role of phosphorylated H2AX, phosphorylated histone residues are associated
with gene expression. For example, H3S10P and H2BS32P have been linked to the expression
of proto-oncogenes such as c-fos, c-jun and c-myc’>*%*7. Furthermore, targeting H3S28
phosphorylation to promoters of genes such as c-fos and a-globin was shown to control their
activation®®. Phosphorylation of H3 on T11 and T6 has also been implicated in transcription

. . . . 9
regulation in response to androgen stimulation®.

1.6. Histone Isoforms and Variants

Histone genes are present in clusters and in multiple copies to facilitate their robust synthesis
during the S-phase of cell cycle for proper chromatin packaging after DNA replication [Figure

1.8].

Figure 1.8. Histone genes in humans. The
ideogram depicts the location of the histone
genes in human chromosomes. The clusters
indicated in red box shows the location of
replication-dependent canonical histone genes.
The two major clusters are present on
chromosome 1 and 6, with the one on
chromosome 6 being the largest one. The genes
indicated with red arrows marks the gene for
replication-independent histone variants like
H3.3, H2A.Z, H2A.X etc. Unlike the genes for
canonical histones, genes for variants are not
present in multiple copies.
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Multiple genes encoding for single subtype of histone (H2A, H2B, H3 and H4) are present in

these clusters, however, owing to minor differences in the gene sequence, they encode for
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similar histone subtypes differing in few amino acids and are known as ‘histone isoforms’. For
example a total of 16 histone H2A canonical genes are present in human genome encoding for
12 types of H2A proteins differing in few amino acids. The information regarding histone
genes and isoforms has been tabulated in Table 1.2. There are three clusters of canonical
histone gene present in humans at chromosome number 1 (cluster 2 and 3) and 6 (cluster 1). In
rat clusters are on chromosome 2, 10 and 17. Apart from histones present in clusters there are
other types of histone genes present as a single copy across the genome and encode of proteins

known as ‘histone variants’.

Histone subtype Genes Isoforms

H1 6 6
H2A 16 12
H2B 22 18 Table 1.2. Histone Isoforms present in human genome.
H3 14 3
H4 6 3

These proteins are synthesised and deposited in a replication independent manner i.e., in all the
phases of cell cycle. Replacement with histone variants/isoforms leads to the formation of a
nucleosome having distinct functions compared to existing nucleosome with canonical
histones inside the cell. Histone variants have been associated with number of cellular functions
such as DNA repair, transcription regulation, and replication thus, presenting their emerging
importance in various disease conditions as well, markedly cancer. Investigations into the
evolution, structure, and metabolism of histone variants provide a foundation for understanding
the participation of chromatin in important cellular processes and in epigenetic memory. The
emerging view from these studies is that histone variants and the processes that deposit them
into nucleosomes provide a primary differentiation of chromatin that might serve as the basis
for epigenetic processes. The four core histones, H2A, H2B, H3, and H4, difter with respect to

their propensity to diversify into variants. For example, humans have only one H4 isotype but
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several H2A paralogs with different properties and functions. Evidently, the different positions
of the core histones within the nucleosome particle have subjected them to different
evolutionary forces, leading to important diversifications of H2A and H3 but not to H2B and

H4 [Figure 1.9].
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Figure 1.9. Histone variants and their functions. Histone variants. Protein domain structure
for the core histones (H3, H4, H2A, and H2B), linker histone H1, and variants of histones H3
and H2A. The histone-fold domain (HFD) is where histone dimerization occurs. Regions of
sequence variation in histone variants are indicated in red. The respective functions are also
depicted for each histone in the diagram.
Adapted from: Steven Henikoff and M. Mitchell Smith. Histone Variants and Epigenetics. Cold
Spring Harb Perspect Biol 2015;7:a019364.

For example, the histone variants H2A.Z and H3.3 are replication-independent histone
variants. In addition, there are variants like H2A.X which exhibit both replication-dependent
as well as independent expression. For example, H2A.X nucleosome marks the site for
recruitment of DNA damage proteins3 4, Similarly, histone H3 variants (H3.1, H3.2, H3.3 and
CENPA) have differential functions with CENPA being centromeric histone enables

kinetochore assembly ™.
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1.7. Histone Chaperones and Cargo selectivity

Histone chaperones can be illustrated on the basis of their histone binding selectivity and thus
deposition, using which they can be differentiated into those favourably interacting with H3-
H4 from those that prefer H2A-H2B. Some of the histone chaperones along with their

specificity and functions are tabulated in Table 1.3.

Histone
Histone Selectivity Functions
Chaperone
Histone import, histone transfer to CAF-1 and HIRA,
Asfl EV ) Regulation of H3K56ac
CAF-1 H3.2/H4, H3.2/H4 H3.1-H4 deposition, Heterochromatin formation, repair
Daxx H3.3/H4 H3.3-H4 deposition at telomeric heterochromatin
DEK H3.3/H4 H3.3-H4 deposition, maintenance of heterochromatin
NASP H1, H3/H4 H1 and H3/H4 supply and turnover
NPM H1, H3/H4 H1 and H3/H4 deposition, Ri'b.osome assembly, genomic
stability
NAP1 H2A/H2B, H1 Histone H2Avarian't exchange, !\lucleosome sliding,
Histone shuttling
FACT H2A/H2B H2A/H2B deposition, Transcription

Table 1.3. Major histone Chaperones and their functions. Asf1- Anti silencing factor 1; CAF-1 — Chromatin
assembly factor; Daxx-Death domain associated protein; NPM — Nucleplasmin; NAP-1 — Nucleosome
assembly protein-1; FACT- Facilitates active transcription.

Adapted from: Eitoku (2008). Histone Chaperones: 30 years from isolation to elucidation of mechanisms of
nucleosome assembly and disassembly. Cell. Mol. Life. Sci. 65(3):414-44DOI: 10.1007/s00018-007-7305-6

Some of the very well-studied chaperones of H2A/H2B includes NAP1 (nucleosome assembly
protein-1), first identified in HeLa cell extracts as an activity that facilitates the in vitro
reconstitution of nucleosomes using pure histones in combination with other factors'”. Another
H2A/H2B chaperone is FACT (Facilitates Active Chromatin Transcription) complex
composed of two subunits hSpt16 and SSRP1, identified initially as a factor indispensable for

transcriptional elongation through chromatin'. Later it has been shown to form stable
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complexes with the histone H2A-H2B dimer and functions through restructuring of
nucleosomes within the ORFs of actively transcribed genes". Examples of H3/H4 chaperones
are CAF-1 (Chromatin Assembly Factor) complex consisting of three subunits: p150, p60 and
p48, formerly identified by complementation as a factor participating in the assembly of
chromatin during SV40 origin-dependent DNA replication in human cell extracts'>. N1/N2 is
also an H3/H4 chaperone, isolated first from oocytes of X. laevis*'. Apart from the core
histones, linker histone H1 also has a chaperone- NASP (Nuclear Autoantigenic Sperm

Protein), aiding its deposition on to the DNA*.

Formerly chaperones were thought to be as mere “histone carriers/vehicles” but now with
accumulating evidence they are known to be key players at all phases of histone existence.
Chaperones interact with histones upon their synthesis thus preventing their aggregation and
interaction with other cellular moieties®. Also guide them into the nucleus, and help in their

42,44

specific association with DNA during different processes involving DNA-replication ,

. 44 o4
repair ** and transcription *°.

Histone variants do not just have specialized functions but their localization and recruitment
onto the chromatin is very specifically regulated by different set of histone chaperones. For
example, incorporation of histone H3 variants H3.1 and H3.2 is bought by CAF-1 complex
during the S- phase of the cell cycle, whereas for histone variant deposition like, H3.3 - HIRA

(Histone Regulator A) and DAXX are responsible.

Other histone variant specific chaperones include Chz1 (Chaperone of H2A.Z/H2B) of yeast’,
ANP32E a specific H2A.Z chaperone in humans’, and HIURP for chaperoning CENPA
histones’. These specific chaperones also determine the localization pattern though out the
genome. They bring about these varied functions by interacting with many cellular factors like

check point proteins, transcription factors, with the help of which they determine the site and
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position of nucleosome assembly/disassembly and thus affecting gene regulation [Figure
1.10]. Therefore, from being just an observer to an active participant, chaperones have evolved

as the crucial component in maintaining chromatin integrity and dynamics.
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Figure 1.10. Determinants of chaperone selectivity. Schematic representation of the relationship of a given
histone chaperone to its network of binding partners. The chaperone will have various degrees of selectivity
toward specific histone dimers, or possibly tetramers, which it will accept from, or transfer to, other
chaperones. Alternatively, the chaperone could also accept histones immediately after their eviction from
chromatin or transfer histones directly onto DNA in a deposition reaction. The histone chaperone’s function
will be regulated and targeted through its binding partners, which

are involved in various cellular processes.

Adapted from: Leanne De Koning, et al. (2007). Histone chaperones: an escort network regulating histone

traffic. Nature structural and molecular biology. 14, 997 - 1007. DOI: 10.1038/hsmb 1318

1.8. Epigenetics and Cancer

Cancer is ultimately a disease of gene expression in which the complex networks governing
homeostasis in multicellular organisms become deranged, allowing cells to grow without
reference to the needs of the organism as a whole. Historically, research has focused on the
genetic basis of cancer, particularly, in terms of how mutational activation of oncogenes or
inactivation of tumor-suppressor genes (TSGs) underpins above pathway changes. However,
since the 1990s, a growing research endeavor has centered on the recognition that heritable

changes, regulated by epigenetic alterations, may also be critical for the evolution of all human
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cancer types. Epigenetic alterations can be observed as abnormal patterns of DNA methylation,
disrupted patterns of histone posttranslational modifications (PTMs), and changes in chromatin
composition and/or organization. Changes in the epigenome largely occur through disrupting
the epigenetic machinery, and the different elements of the epigenetic machinery that are now

known to be perturbed in cancer [Figure 1.11].
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Figure 1.11. Epigenetic modifiers in cancer. The drawing shows the input of epigenetic processes in
specifying gene expression patterns. Recent whole-exome sequencing studies show that mutations in
various classes of epigenetic modifiers are frequently observed in many types of cancers, further
highlighting the cross talk between genetics and epigenetics. The mutations of epigenetic modifiers
potentially cause genome-wide epigenetic alterations in cancer. MBDs, methylcytosine-binding proteins;
PTM, posttranslational modification.

Adapted from: Stephen B. Baylin and Peter A. Jones. Epigenetic Determinants of Cancer. Cold Spring Harb
Perspect Biol 2016;8:a0019505.

These epigenomic changes not only are associated with altered patterns of expression for
otherwise wild-type genes, but, in some cases, may also be causal to their changed expression
state. The recognition of an epigenetic component in tumorigenesis, or the existence of a cancer
“epigenome,” has led to new opportunities for the understanding, detection, treatment, and
prevention of cancer. The association of histone variants, isoforms, their PTMs and chaperones

to cancer has been discussed in detail.
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1.9. Histone Variants/Isoforms and Cancer

Consistent with their role in governing gene expression and other chromatin mediated
processes, some of the histone variants have been found to be aberrantly expressed in cancer
[Table 1.4]. Emerging evidence points towards the role for histone variants in contributing to
tumor progression. This is further emphasized with the recent findings of cancer-associated
mutation in H3.3 variant gene. Some of the reports linking histone variants and cancer are

discussed below.

Variant Cancer type Dysfunction Proposed Mechanism
H2A.Z Colorectal cancer Overexpression N.D.
(H2A.Z.1) Undifferentiated cancers Overexpression N.D.
Metastatic breast carcinoma Overexpression N.D.
Primary breast cancer Overexpression ER alpha- and Myc-dependent
upregulation
Breast cancer Overexpression Increased proliferation
(MCF7 cell line)
Breast cancer Overexpression H2A.Z recruited at promoters of ER
alpha target genes
Prostate cancer Overexpression Myc-mediated H2AFZ upregulation
(LNCaP cell line)
Prostate cancer N.D. H2A.Zub evicted from PSA
(LNCap xenograft) promoter/enhancer upon activation
Prostate cancer N.D. H2A.Zac associated with oncogene
(LNCaP cell line) activation, unmodified H2A.Z with
tumor-suppressor silencing
H2A.X B-CLL and T-PLL Translocations and Increased genome instability
deletions chr 11923
Head and neck squamous cell Gene deletion Increased genome instability
carcinoma
Non-Hodgkin lymphoma Gene mutation Increased genome instability
Gastrointestinal stromal Upregulation Promote apoptosis upon the
tumor treatment with a kinase inhibitor
Breast cancer Gene deletion Increased genome instability
Lung cancer Reduced protein Suppression of cell proliferation via
levels/splicing defects reduced PARP-1
mH2A.1 Breast cancer Reduced protein N.D.
levels/splicing defects
Melanoma Transcriptional Upregulation of CDK8
downregulation
Testicular, bladder, ovarian, Splicing defects N.D.
cervical, endometrial cancers
Colon cancer Reduced protein levels N.D.
and splicing defects
mH2A.2 Lung Reduced protein levels N.D.

Melanoma

Transcriptional
downregulation

Upregulation of CDK8
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CENP-A Colorectal cancer Overexpression Aneuploidy
Invasive testicular germ cell Overexpression N.D.
tumors
HCC Overexpression Deregulation of cell cycle and
apoptotic genes
Breast cancer Overexpression N.D.
Lung adenocarcinoma Overexpression N.D.
H3.3 Carcinoma of the esophagus Overexpression N.D.
Lung Overexpression Upregulation of EMT genes
Adult Glioma Transcriptional Promotes differentiation
downregulation
Pediatric GBM Mutation (K27M, G34V/R) N.D.

Table 1.4. Histone variants in cancer. Cancer associated variants and the proposed mechanism. Adapted
from Angelica, M.D., Fong, Y., 2008. NIH Public Access. October 141, 520-529. doi:10.1016/}.surg.2006

1.9.1. H3.3

H3.3 (136 amino acids) has only four amino acid differences with H3.2 (at positions 31, 87, 89
and 90) and five with H3.1 (with an additional difference at amino acid 96). These residues
have been proposed to account for particular properties of histone H3.3. The residues 87, 89
and 90 are thought to participate in the regulation of histone-histone interaction stability*®. In
support of this, H3.3 containing nucleosomes are highly sensitive to salt-dependent

disruption47. Multiple alignment of H3 proteins is shown in Figure 1.12

31

v
H3.3 MARTKOTARKSTGGKAPRKQLATKAARKSAPSTGGVKKPHRYRPGTVALREIRRYQKSTE
H3.1 MARTKOTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTE
H3.2 MARTKOTARKSTGGKAPRKQLATKAARKSAPATGGVKKPHRYRPGTVALREIRRYQKSTE

***i**************!ittt!t******a**********iittit!***********
87899 96

v vy v
H3.3 LLIRKLPFQRLVREIAQDFKTDLRFQSAAIGALOERSERAYLVGLFEDTNLCATHAKRVTI
H3.1 LLIRKLPFQORLVREIAQDFKTDLRFQSSAVMALOERCEAYLVGLFEDTNLCATHRAKRVTI
H3.2 LLIRKLPFQRLVREIAQDFKTDLRFQSSAVMALOEASEAYIVGLFEDTNLCATHAKRVTI

FHE I I I I I A IR IR R R R R IR T I T o h s Fhhdhd Rk Rk kR R R R AR AR A AR A Ak

H3.3 MPKDIQLARRIRGERA
H3.1 MPKDIQLARRIRGERA
H3.2 MPKDIQLARRIRGERA

EE R R L R RSS2

Figure 1.12. Multiple alignment of H3 variants. Red arrows mark the amino acid changes.
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Apart from the fact that serine 31, which is specifically found in H3.3, can be phosphorylated*®,
H3.3 relate to the increased proportion of PTMs associated with active chromatin such as
acetylation and H3K4 methylation**""!. Consistent with this, chromatin immunoprecipitation
has revealed specific enrichment of H3.3 throughout the gene body of transcribed genes as well
as at the promoter regions . Notably, H3.3 enrichment at promoters has been observed not
only at active but also at inactive genes, possibly accounting for a poised state of these genes™.
As might be expected H3.3 has different set of proteins which deposit it in different chromatin
territories. The H3.3 chaperone HIRA is responsible for the deposition of H3.3 at active
chromatin regions™° whereas the DAXX/ATRX complex deposits H3.3 at pericentric

heterochromatin and telomeric regions’ .

A breakthrough finding which reemphasizes the role of histone variants in development of
cancer is the driver mutations in H3.3 identified in pediatric gliobastoma’. To better describe
these H3.3 mutations the word ‘Oncohistone’ has been coined. Somatic mutations in the H3.3-
ATRX-DAXX chromatin remodeling pathway were identified in 44% of tumors (21/48).
Recurrent mutations in H3F3A, which encodes the replication-independent histone variant
H3.3, were observed in 31% of tumors, and led to amino acid substitutions at two critical
positions within the histone tail (K27M, G34R/G34V) involved in key regulatory post-
translational modifications™. Mutations in ATRX and DAXX, encoding two subunits of a
chromatin remodeling complex required for H3.3 incorporation at pericentric heterochromatin
and telomeres, were identified in 31% of samples overall, and in 100% of tumors harboring a

G34R or G34V H3.3 mutation.

Not only mutations but deregulation of H3.3 levels has also been seen in certain cancers. MLL5
mediated decrease in H3.3 expression favors self-renewal properties of adult glioblastoma

(glioblastoma multiforme [GBM)]) cells and phenocopies pediatric GBM with H3.3 mutations,

indicating potential therapeutic strategies for adult GBM®. Furthermore, a recent study has
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highlighted overexpression H3.3 is associated with lung cancer progression and promotes lung
cancer cell migration by activating metastasis related genes through the occupation of intronic
regions’'. H3.3 is incorporated into promoters of developmentally regulated genes, and these
loci bear both H3K27Me3 and H3K4Me3 marks, marking these promoters as bivalent domains
poised for transcriptional induction®. H3.3 is required for the establishment of the H3K27Me3
mark in these domains and it is easy to envisage that a switch to K27Ac or possibly K36Me3
either by recruitment of mutated H3.3 or global decrease in H3.3 may tip the balance to

activation of aberrant developmental programs leading to tumorigenesis [Figure 1.13].

of PRC2 maintenance of
H3K27Me3

& (2=

H3 ! wild type
Histone H3.3/H3.1

K27 G4 36

A

m27 V/R34  m36

H3 ) Onco-histone H3.3/H3.1 | »

l
5 * Efficient DNA repair
‘l *  Efficient RNA pol Il transcription

negative mutation
| leading toglobal loss of H3K27Me3
Deficient DNA repair

{'*  Changes RNA pol Il binding thus
transcription

% Inhibitory effect

Figure 1.13. Effect of oncohistone H3 on epigenome of cancer cells. Replacement of wild-type H3
(harbouring K27, K36, and G34 residues) with oncohistones (harbouring M27, M36, and V/R/W/L34
residues) leads to inhibitory effect on the activity of the writers, polycomb-repressive complex 2 and
SETD2 enzymes, thus leading to alteration of epigenome in favor of oncogenesis

Adapted from: Divya Reddy and Sanjay Gupta. Histone Variant H3.3 and its Future Prospects in Cancer Clinic.
J Radiat Cancer Res 2017; 8:77-81. DOI:10.4103/jrcr.jrcr_4_17.

1.9.2. H2A.Z

H2A.Z is essential for early embryonic development and is the only histone variant that has
been shown to be indispensable for survival®. It’s a 128 amino acid containing protein and its
homology with canonical H2A is less than 60%, however, it is highly conserved from yeast to
human®-®*. H2A.Z has been implicated to participate in many diverse biological processes such

as transcription regulation®, DNA repair®’, heterochromatin formation”’ and chromosome
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segregation”. H2A.Z preferentially localizes at the transcription start site (TSS) where it
frequently flanks nucleosome-deficient regions’”'"*°. Notably, the TSS of an active gene
comprises a labile histone H3.3-H2A.Z double-variant nucleosome’” which could only be
purified under conditions of very low ionic strength. These double-variant nucleosomes also
marks CTCF insulator binding factor sites’>. The presence of H2A.Z at the —1 and +1
nucleosomes adjacent to the transcription start site (T'SS) has been linked to dynamic changes
in gene expression”". H2A.Z protects euchromatin from the ectopic spread of silent
heterochromatin”. In H2A.Z™ cells, Sir2 and Sir3 spread into flanking euchromatic regions,
producing changes in histone H4 acetylation and H3 4-methylation indicative of ectopic

heterochromatin formation.

Overexpression and redistribution of H2A.Z have been reported in cancer’®”""®, H2A.Z is
upregulated in bladder cancer and stimulates cell proliferation’. Further, H2A.Z redistribution
correlates with increased expression of proliferation related genes’”. In prostate cancer, there
is an H2A.Z reorganization that poises the oncogene promoters for activation. Furthermore,
the overall levels of H2A.Z decrease at the transcription start sites (TSSs) of such promoters
upon activation which is accompanied by a gain of acetylated H2A.Z*. In this way, in the
presence of androgen H2A.Z operates as a facilitator of transcription that is subject to a rapid

. . . . . 1
dynamic turnover once the gene is undergoing cycles of transcription®'.

High expression of H2A.Z is ubiquitously detected in the progression of breast cancer’".

Importantly, H2A.Z expression is significantly associated with lymph node metastasis and
patient survival. This makes H2A.Z an excellent target for diagnostic and therapeutic
interventions. Expression of TFF1 has been used as a marker for breast cancer and ER- positive
tumors®’. Interestingly, H2A.Z is also associated with estrogen responsive element (ERE) of
the TFF1 promoter. Upon stimulation by estrogen, H2A.Z disassociates from the ERE regions

and deposits at the proximal regions of promoter leading to poising of gene for expression®.
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Similarly, H2A.Z has been shown to incorporate within the promoter of the cathepsin D gene
that upregulates its expression upon estrogen stimulation®. Further, aberrant expression of
H2A.Z facilitates abnormal cellular proliferation through c-Myc, p21/p53, and estrogen target
genes expression. Collectively, these findings suggest that H2A.Z overexpression causes
increased breast cancer proliferation. To restore H2A.Z function, two potential drug treatments
for cancer therapies has been suggested: targeting c-Myec transcription factor (using inhibitor

10058-F4) and the H2A.Z-remodelling enzyme, p400/Tip60 (using anacardic acid)*’.

1.9.3. macroH2A

Histone variant macroH2A are characterized by their large size (368 amino acids), which is
three times that of canonical histone H2A. There are two macroH2A genes in the mouse®”*,
termed macroH2A.1 and macroH2A 2%, MacroH2A is unique among variants in that it
possesses multiple domains, including the histone domain, a 38 residue linker sequence, and a
large “macro-domain”. MacroH2A incorporate into chromatin via their histone H2A- like
region. This is attached via a linker region to the macro domain that projects out of the
nucleosome®. MacroH2A is generally associated with heterochromatin and transcriptional
repression’’. Consistent with this, macroH2A exists in large populations in the inactive X
chromosome of females but is scarcely found in active genes’'. On its own, the histone domain
is sufficient for reducing transcriptional activity in vivo and increasing the stability of the

nucleosome complex®”. MacroH2A has been demonstrated to interfere with transcription factor

binding and SWI/SNF nucleosome remodeling®”.

Evidences suggest that macroH2A acts as a tumor suppressor as it is frequently found to be
downregulated in a variety of cancers. First report to suggest involvement of macroH2A in
cancer progression came from human breast and lung tumor biopsies where macroH2A1.1 and
macroH2A2 expression inversely correlated with proliferation”. Subsequently, macroH2A

was found to be downregulated in melanoma and acts as a tumor suppressor by binding to
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CDK8 promoter and suppresses tumor progression of malignant melanoma’. Loss of
macroH2A1.2 isoforms positively correlated with increasing malignant phenotype of
melanoma cells in culture and human tissue samples. Knockdown of macroH2A isoforms in
melanoma cells of low malignancy results in significantly increased proliferation and

migration.

However, the role of macroH2A1.2 appears to be more complex than generally being a tumor
suppressor. As discussed, in favor of a tumor suppressive function, macroH2A1.2 was found
to reduce metastatic potential of melanoma cells”. In contrast, in breast cancer cells
macroH2A 1.2 increased migration, invasion and growth in attachment-free conditions’. Thus,

macroH2A1.2 function and gene targets may have context dependence or cell type specificity.

1.9.4. H2A isoforms and cancer

In cancer, the expression level of H2A isoforms have been reported to alter. Earlier studies
from our lab have shown the differential expression of two major H2A isoforms, H2A.1 and
H2A.2, in rat hepatocellular carcinoma model system. The study showed for the first-time in
vivo overexpression of a major histone H2A isoform H2A.1 and a decrease in H2A..2 at protein
and mRNA in HCC. H2A.1 and H2A.2 are highly homologous, replication- dependent, non-
allelic variants of histone H2A differing at only three amino acid positions’®. We further
showed that these isoforms alter the gene expression pattern by influencing nucleosome

stability”.

In human cancers as well, the expression of H2A1C isoform is downregulated in chronic
lymphocytic leukemia and gall bladder cancer™””. In 4 normal individuals and 40 CLL patients,
a significant decrease in the relative abundance of histone H2A1C was observed in primary
CLL cells as compared to normal B cells”’. Similar changes in the abundance of H2A isoforms

are also associated with the proliferation and tumorigenicity of bladder cancer cells . The
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regulation of replication-dependent histone H2A expression was also reported to occur on a
gene-specific level®. Interestingly, later on with a larger cohort of samples, H2A1C expression
was conversely reported to be up regulated in CLL. In breast cancer H2A1C is upregulated and

controls ER target genes in ER positive breast cancer cell lines’.

1.10. Histone Chaperones and Cancer

Any mis-positioning of nucleosomes on to a stretch of DNA results in defect in gene expression
and at times genome instability and cancer. Therefore, it is not incorrect to assume that mis-
regulation of histone chaperones or histone-modifying enzymes regulating nucleosome
assembly/disassembly may stimulate development of human disease. Some chaperones

associated with cancer are tabulated in Table 1.5.

Histone
Histone Selectivity Dysfunction Proposed Mechanism
Chaperone
CAE-1 Breast, Re.nal, End?metrlal and Wserleiad Maintaining ch'rom'atm stablllty'durmg
Cervical carcinomas DNA replication and repair
ASE1 Breast Upregulated Increases Cell proliferation and
suppresses senescence
Retinoblast Mel
DEK € |no. R Upregulated Increases DNA repair and invasiveness
Ovarian and Lung cancer
DAXX Pancr.eati.c neturoendocrine tumors, Mutated Perturbed tel'on?eres an'd altered
Pediatric glioblastoma and AML transcription profiles
Promote tumor growth by inactivation
U lated, Mutated
NPM1 AML, Colorectal cancer preguiated, Mitate of the tumor suppressor p53/ARF
and translocated
pathway
Table 1.5. Histone Chaperones in Cancer. Cancer associated Chaperones and their proposed function.
Adapted from: Mina Rafaeii et al., (2008). Histone Chaperones, Epigenetics and cancer. Systems Analysis of
Chromatin-Related Protein 1 Complexes in Cancer. Springer Books. DOl 10.1007/978-1-4614-7931-4_15

FACT complex (H2A/H2B chaperone) is expressed at higher levels in tumor cell lines than in
normal cells in vitro and its knockdown lead to reduced growth and survival of tumor cells’.
In addition, FACT expression was found to be elevated during the development of mammary

carcinomas in transgenic mice expressing the Her2/neu protooncogene”. Also, FACT
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expression is seen to be elevated upon in vitro transformation of fibroblasts and epithelial cells
by various agents indicating its requirement for transformation, but its overexpression cannot

substitute for the requirement of H-RasV12'".

Overexpression of the DEK, a histone chaperone for H3.3 has been reported in a number of
cancers like glioblastoma, melanoma, colorectal and bladder carcinoma and is known to play
major role in promoting epithelial transformation'®"'">. DEK inhibits senescence and apoptosis
via the destabilization of p53, hinting its role in carcinogenesis'®. In human promyelocytic
HL-60 cells differentiation led to DEK down regulation'®*. Conversely, upon overexpression
of the DEK, differentiation programs can be neutralized, favoring oncogenic transformation.
A direct proof of DEK as “oncogene” has developed when it was seen that papilloma formation
was significantly decreased in DEK knockout mice compared to wild type animals and

105

heterozygote controls . Amplifications and copy number increase of the DEK gene were also

found in a variety of malignancies, particularly in bladder cancer, melanoma and

10 . . . e .
® Apart from overexpression, certain mutations within chaperones and their

retinoblastoma
associated proteins have also been related to cancer. Mutations in Daxx-ATRX-H3.3 pathway
have been observed in pancreatic neuroendocrine tumors'®’. Such mutations have also been
identified in pediatric glioblastoma tumor samples. Because of their high incidence these

. . . . 1
mutations are now called as the “driver mutations™ for promoting cancers'".

1.11. Histone PTMs and Cancer

Alterations in the patterns of histone PTMs have been extensively linked to cancer, both at the
global level across the genome and at specific gene loci. Global loss of acetylation of histone
H4 at lysine 16 (H4K16Ac), together with loss of trimethylation of histone H4 at lysine 20
(H4K20Me3) has been observed along with DNA hypomethylation at repetitive DNA

sequences in various primary tumors and were the first histone marks reported to be
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deregulated in cancer cells. Unlike most histone modifications, H4K16Ac is unique for
regulating higher-order chromatin structures beyond the level of nucleosomes'®. Loss of this
mark may bring a ‘compact’ chromatin conformation, which might contribute to genome
instability''’. Alterations in H3K9 and H3K27 methylation patterns are associated with aberrant
gene silencing in various forms of cancer'' "', A very important association has been made in
terms of phosphorylation of H3S10, as the only histone marks directly associated with cellular
transformation'". Further, Mitogen- and stress-activated kinase 1 (MSK1) has been shown to
phosphorylate H3S10 in TPA and EGF mediated cellular transformation''*. Some of the
established histone PTM deregulation and their role in oncogenesis are highlighted in Figure

1.14.

[ DNA repair alterations J ] B
Figure 1.14. Functional consequences of

genomic instability
cell cycle checkpoint histone  onco-modifications.  Specific
[aberrant gene expression ] [ alterations ] histone modifications, which have been
1 shown to occur in cancer cells, are
r’ ,‘ M 2 displayed and their implication in cancer
W & associated processes, such as aberrant

H3K4 @ - gene expression (in green), genomic

instability (in purple), DNA repair (in
orange) and cell cycle checkpoint
alterations  (in  blue). Modification
upregulated are in green and
downregulated in red.

- Adapted from: J Fullgrabe, et al., Histone
onco-modifications. Oncogene. 2011. 30,
3391-3403. DOI:10.1038/0nc.2011.121
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1.12. Histone PTMs and clinical relevance

Decades of research have identified a battery of histone PTMs to be altered in cancer, however
only few have reached clinics owing to the issues of sensitivity and specificity of the antibodies
used. The discovery of the presence of DNA and circulating nucleosomes in serum has led to
the foundation of identifying epigenetic markers such as DNA methylation and histone post-

. . . . .11 . .. .
translational modification for cancer diagnosis' . Presence of histone proteins is not known in
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fecal and urine samples; therefore, histone post translational modifications have been utilized
as cancer diagnostic markers using circulating nucleosomes (¢cNUCs) in serum samples. Ugur
et al. investigated the correlation between the H3K9Me3 and H4K20Me3 of ¢cNUCs in healthy
subjects and patients with colorectal cancer and multiple myeloma and found low level of these
PTMs in cancer''®. ChIP based analysis of circulating nucleosomes in serum samples has
reported a low level of H3K9Me3 and H4K20Me3 in patients with colorectal, pancreatic,
breast and lung cancer compared to healthy control''’. Moreover, H3K9Me3 and H4K20Me3
have been found to be lower at the pericentromeric satellite II repeat in patients with CRC
when compared with healthy controls or patients with multiple myeloma''®. In summary,
identification of histone PTMs from serum isolated circulating nucleosomes have open the
doors of immense possibility that blood samples collected by cancer patients can also be used

for histone PTM based cancer diagnosis.

In cancer, to date, histones PTMs have been mostly studied for their potential as prognostic
marker [Table 1.6]. The first report in this area which strongly suggested the utility of histone
PTMs in cancer diagnosis showed a loss of H4K16Ac and H4K20Me3 in several cancers and
established these two marks as a ‘epigenetic hallmark of tumor’''’. A study on prostate cancer
showed a positive correlation of H3K18Ac, H4K12Ac and H4R3Me2 with increasing tumor

120 Moreover, independently of other clinical and pathologic parameters, high rate of

grade
tumor recurrence in low-grade prostate carcinoma patients is associated with low level of
H3K4Me2 %°. A decrease of H3K4Me2/Me3 is observed in a range of neoplastic tissues such
as non-small cell lung cancerm, breast cancerm, renal cell carcinoma'® and pancreatic
adenocarcinoma'** serving as a predictor of clinical outcomes'?!. Acetylation of histone H3K9

has shown ambiguous results with the increase in some and decrease in other cancers. Decrease

of H3K9Ac in prostate and ovarian tumors has been linked with tumor progression, histological
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grading and clinical stage'**. In agreement, a decrease in H3K9Ac is coupled with a poor

prognosis for these patients.

Histone X . . . .
PTM Writer Eraser Function Diagnosis/Prognosis/treatment
Diagnosis: ?
T inti
H3K9Ac GCN5 SIRT1, SIRT6 ranseription Prognosis: Lung, Breast, Ovary
initiation
Treatment: ?
Diagnosis: ?
H3K18Ac CBP/P300 ? Trén's_cri'ption Prognosis: Lung, Breast, Prostate,
initiation Oesophagus
Treatment: ?
Diagnosis: ?
CBP/P300, HAT1, Transcription X
? .
HAKSAc TIP60, HBO1 : Activation Prognosis: Lung
Treatment: ?
Diagnosis: ?
T inti
HA4K8AC TIP60, HBO1 ? ranscription Prognosis: Lung
Activation
Treatment: ?
Diagnosis: Colorectal
T inti
HA4K16Ac TIP60, hMOF SIRT1, SIRT2 ranscription Prognosis: Lung, breast
Activation
Treatment: ?
Diagnosis: ?
SETD1A, SETD1B
’ ! KDM1A, KDM1B T ipti
H3K4Me | ASHIL, MLL, MLL2, COMER NOGE r::tsisg'go':“ Prognosis: Prostate, Kidney
MLL3, MLL4, SETD?7 !
Treatment: ?
Diagnosis: ?
SETD1A, SETD1B, KDMIA, KDM1B, . . .
KDM5A, KDM5B, Transcription Prognosis: Prostate, Kidney, Lung,
H3K4Me2 MLL, MLL2, MLL3, o L
KDM5C, KDM5D, Activation Breast, Pancreatic, Liver
MLL4, SMYD3
NO66
Treatment: ?
Diagnosis: ?
ASSEI-II-leAI\}IfLETI\?IiE KDM28, KDM5A, Transcription
H3K4Me3 § ! ! KDM5B, KDM5C, p Prognosis: Prostate, Kidney, Liver
MLL3, MLL4, SMYD3, Elongation
KDMS5D, NO66
PRDM2 Treatment: ?
Diagnosis: Myeloma,
SETDB1, G9a, EHMT1, | KDM3A, KDM3B, Transcription . . .
H3K9Me PRDM2 PHFS, JHDM1D Initiation Prognosis: Prostate, Kidney, Pancreatic
Treatment: ?
SUV39H1 KDM3A, KDM3B,
! Diagnosis: ?
SUV39H2 KDMA4A, KDM4B, | T ipti
H3K9Me2 ! KDMA4C, KDMA4D, :;T)S;:Eigin Prognosis: Prostate, Pancreatic
SETDB1, G9a, EHMT1
, G9a, , PHF8, KDM1A, Treatment: ?
PRDM2 JHDM1D
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Diagnosis: Colorectal, Myeloma,

SUV39H1, d
KDM3B, KDM4A, Prostate, Breast and Lung

SUV39H2, SETDB1, KDM4C, KDMA4D Transcription

H3k9Me3 PRDM2 Repression

Prognosis: Prostate, Lung, Breast,
Leukaemia, Stomach

Treatment: ?

Diagnosis: ?
Transcription

H3K27Me EZH2, EZH1 JHDM1D -
Activation

Prognosis: Kidney

Treatment: ?

Diagnosis: ?

Prognosis: Prostate, Liver, Breast,
Leukaemia, Stomach, Oesophagus,
Ovarian

Transcription

H3K27Me3 EZH2, EZH1 KDM6A, KDM6B .
Repression

Treatment: ?

Diagnosis: Colorectal, Myeloma,
Prostate, Breast and Lung
SUV420H1,
H4K20Me3 ? . Prognosis: Breast, Lymphoma, Colon,

SUVA420H2 Repression ovarian

Transcription

Treatment: ?

Table 1.6. Histone PTMs in clinics. Association of global histone PTMs with cancer and their current status
in clinical applications.

Adapted from: Shafqat Ali Khan, Divya Reddy, Sanjay Gupta. Global histone post-translational modifications
and cancer: Biomarkers for diagnosis, prognosis and treatment? World J Biol Chem. (2015) November 26;
6(4): 333-345. DOI: 10.4331/wjbc.v6.i4.333

Patients with non-small cell lung adenocarcinoma exhibited better prognosis on the reduction
of H3K9Ac expression level'”. In contrast, in hepatocellular carcinoma an increase in
H3K9Ac levels was reported'?®. Methylation of the same residue K9 of histone H3 requires
loss of H3K9Ac and is also linked to number of cancers. An increase in H3K9 methylation,
leading to aberrant gene silencing, has been found in various forms of cancer and high level of
H3K9Me3 were associated with poor prognosis in patients with gastric adenocarcinoma'?’.
However, in patients with acute myeloid leukaemia decrease in H3K9Me3 found to be
associated with better prognosis'®’. Mass spectrometry based analysis showed high level of
H3K27Ac in colorectal cancer than the corresponding normal mucosa'?.

Immunohistochemical analysis on metachronous liver metastasis of colorectal carcinomas has

correlated H3K4Me2 and H3K9Ac with the tumor histological type'*°. In addition, lower levels
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of H3K4Me?2 correlated with a poor survival rate and also found to be an independent
prognostic factor.

Another histone mark, H3K27Me3 has been evaluated as a prognostic factor in prostate, breast,
ovarian, pancreatic and oesophageal cancers, however, some of the results are perplexing and
need further investigation'?’. In oesophageal cancer, high level of H3K27Me3 correlates with
poor prognosis, whereas, in case of breast, prostate, ovarian and pancreatic cancers low level
of H3K27Me3 had significantly shorter overall survival time when compared with those with
high H3K27Me3 expression'*’. This indicates, once again, that one histone modification can
predict differential prognosis in different cancer types and that histone marks may possess
tissue-specific features.

Recently, a study showed K27M mutations of histone H3.3 variants in 31% paediatric
glioblastoma tumors suggesting another level of complexity in alteration of histone PTMs in
cancer which is independent of histone modifying enzymes'®. This highlights that along with
monitoring the histone PTM changes it is equally important to monitor the histone variant
profile and modifiers, which currently is lacking in most of the studies, such a comprehensive
analysis of these components will enable us to properly assess the cancer epigenetic changes

and exploit their clinical use.
1.13. Targeting histone PTM changes

Reversible nature of histone modifications has drawn major attention of scientific community
to study the molecular mechanism regulating the alteration in histone posttranslational
modifications. Such efforts have led to the discovery of several histone modifying enzymes
and their chemical inhibitors which has emerged as an attractive strategy in cancer treatment.
Targeting these enzymes can reactivate epigenetically silenced tumor-suppressor genes by
modulating the levels of histone posttranslational modifications. The interaction between

different components of the epigenetic machinery has led to the exploration of effective
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combinatorial cancer treatment strategies. Indeed, combinations of DNA methyltransferase
(DNMT) and histone deacetylase (HDAC) inhibitors appear to synergize effectively in the
reactivation of epigenetically silenced genes''. Such combination treatment strategies have
been found to be more effective than individual treatment approaches. For example, the
derepression of certain putative tumor suppressor genes was only seen when 5-Aza-CdR
(DNMTi) and trichostatin A (HDACi) were combined"". Synergistic activities of DNA
methylation and HDAC inhibitors were also demonstrated in a study showing greater reduction
of lung tumor formation in mice when treated with phenyl butyrate and 5-Aza-CdR together
B! Pre-treatment of HDACI, SAHA relaxes the chromatin and sensitizes cells to DNA damage
induced by Topoisomerase II inhibitor™'. Similarly, pretreatment of valproic acid (HDACi)
act in synergy with epirubicine and reduces the tumor volume in breast cancer mouse model
B! The combination of HDACH, entinostat with the DNMT1, azacitidine reduced tumor burden
and retarded the growth of orthotopically engrafted K-ras/p53 mutant lung adenocarcinomas
in immunocompromised nude rats'".

Based on these studies an ‘epigenetic vulnerability' of tumor cells has been proposed, where in
contrast to normal cells that show redundancy in epigenetic regulatory mechanisms — HDACs
and or DNMTs may be essential in tumor cells for the maintenance of a set of key genes
required for survival and growth. In accordance, a large number of HDAC inhibitors have been
synthesized and tested in clinical trials, resulting in the approval of four inhibitors (Vorinostat,
Romidepsin, Bellinostat, Panobinostat)'**. This could be interpreted as a successful history of
drug development, with validation of HDACs as important targets in cancer, but the situation
is far more complex, and the clinical results do not reflect those expected from the preclinical
work, both in terms of efficacy (observed only in selected cancer subtypes, mainly in
haematology) and safety (several side effects were observed, among which the most common

are fatigue, diarrhea, bone marrow toxicity, ‘[hlrombocytopenia)13 2. The reasons for this, at least
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in part for this disappointing set of clinical results are not clear; one explanation could be that
may be only small sub-set of populations respond well with these drugs hence there is a need

to envision a smart approach for patient stratification for therapy success.
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Chapter 2

79, Aims and OEjectives
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2.1. Statement of the Problem

H2A isoforms, H2A.1 and H2A.2, in rat are known to exhibit altered expression under difterent
physiological conditions and impart differential stability to nucleosomes, thus they may have
a potential to influence gene expression patterns. However, it is not known whether the
deposition of these isoforms occurs by a similar set of chaperones or there are any differential
chaperones attributed for their chromatin assembly. Further, after deposition on to DNA what
could be the possible composition of these nucleosomes, under various physiological states, in
terms of other histones in the octameric core. This study is essential because the biochemical
properties of variant nucleosomes are different and can potentially influence the stability of the
nucleosomes, global chromatin architecture and gene transcription. Further, as all the
components of the epigenetic machinery like histone chaperones, histone isoforms and their
modifiers have a potential to influence gene expression patterns and contribute to global
changes in the epigenomic landscape of cancer, it is essential to understand which proteins

could be interacting with these histone isoforms.

2.2. Hypothesis

We hypothesize that the differential incorporation of H2A.1 and H2A.2 may be brought about
by a specific set of proteins and post deposition, they have a differential interaction with other
histones in octameric core. Thus, together this interplay may alter chromatin dynamics which

in turn may influence the gene expression and phenotypic behaviour of the cell.

2.3. Objectives

I.  Identification of the binding partners of H2A.1 and H2A.2

II.  To understand the role of binding partners in chromatin mediated processes.
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2.4. Experimental Approach

The results obtained using the experiments mentioned in the following sections has been
divided in to three chapters. Each of the chapters consists of the subsections Introduction,
Methods, Results, Discussion and Conclusion. Chapter 3 will discuss the work done regarding
the identification of nucleosolic binding partners (Histone chaperones) of H2A.1 and H2A.2.
Chapter 4 relates to the chromatin binding partners of H2A.1 and H2A.2 and emphasizes the
importance of Histone H3 variants for cancer progression and also highlights the role of DNA
methylation in governing the expression status of H2A isoforms and H3 variants. Chapter S
will discuss the similarities between tissue and liquid biopsy in context of histone PTMs and
their modifiers and also establishes liquid biopsy as a tool for solid tumor containing patient
stratification for epi-drug treatment. This will be followed by a consolidated discussion in

Chapter 6 and Chapter 7 will emphasize the salient findings and future directions of the work.

The experimental approach used to accomplish the work done has been represented here as per

the division of results.

Chapter 3: Nucleosolic binding partners of histones H2A.1 and H2A.2.

» Nucleosolic Immunoprecipitation of FLAG tagged H2A.1 and H2A.2 followed by
SDS PAGE analysis.

» Immunoprecipitation of FLAG H2A.1/H2A.2 for assessing their interaction with
NAPI.

» Chromatin deposition of H2A.1 and H2A.2 upon knock down of NAPI.

» Biophysical characterization of rat NAP1 by using gel filtration chromatography,
Circular Dichroism (CD spectroscopy) and Dynamic Light Scattering (DLS).

» Biochemical characterization of Casein Kinase-2 (CK2) phosphorylated NAP1

using native PAGE and histone binding assays.
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Chapter 4:

>

Chromatin binding partners of histones H2A.1 and H2A.2.

Global histone H3 profiling in control and tumor tissues by AUT-PAGE and RP-
HPLC.

Relative association and stability of nucleosomes - H2A.1/H3.2, H2A.1/H3.3,
H2A.2/H3.2 and H2A.2/H3.3 - Mononucleosomal immunoprecipitations, salt
dissociation and molecular dynamic simulations (MDS) analysis were performed.
Methyl DNA (MeDIP) and Hydroxyl-methyl DNA immunoprecipitation
(hMeDIP) assays to delineate the methylation pattern on H2A.1, H2A.2, H3.2 and
H3.3 promoters in liver tissues and cell lines.

Global profiling of H3 PTMs followed by mononucleosomal immunoprecipitation
to assess the variant specific PTM association.

Micrococcal Nuclease assay and pulse chase in vitro transcription assay for
assessing the global changes in chromatin organization and gene transcription in
HCC.

Cell proliferation and colony formation assay to study the effect of ectopic
overexpression of H3.2 and H3.3 variants.

Global expression changes in H3.2 and H3.3 specific histone chaperones in normal
liver and HCC.

Cell proliferation, cell cycle analysis, microccocal nuclease assay and in vitro
transcription assay to understand the effect of knock down of P150.

Cell proliferation and colony formation assay to study the effect of ectopic
overexpression of H3.2 and H3.3 variants.

shRNA mediated knock down of H3.3 and its effect on cell proliferation, cell cycle

analysis, microccocal nuclease assay and in vitro transcription assay.
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Chapter 5:
>

>

Chromatin immunoprecipitation (ChIP) followed by qPCR to monitor the
association of H3.3 and H3.2 with tumor suppressor genes.

Monitoring the expression status of H3 variants, H3.2, H3.3 and H3.1 by real time
PCR in various human cancer cell lines (Liver, Skin and Breast) in comparison to

their immortalized counter parts.

Identification of epigenetic alterations in serum and its clinical implications.
Development of protocol for isolation of serum histones

Comparative analysis of changes in histone PTMs profile of serum with paired
HCC and other non-target organs.

HDAC assay on paired rat tumor tissue lysate and serum samples and in human

serum samples.
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Chapter 3

791, Nucleosolic CBind"ing
Partners of Histones H24.1
and H24.2

66



Thesis | Divya Reddy Velga

3.1. Introduction

The deposition of histones on to DNA for the formation of nucleosome occurs in a sequential
manner and is brought about by a specialized set of proteins known as ‘histone chaperones’.
These chaperones associate with histones upon their synthesis, escort them into the nucleus
and modulate their association with DNA during essential cellular processes such as DNA
replication, repair or transcription. Additionally, they are also involved in histone storage
which prevents their non-productive aggregation with DNA'>,

The H2A/H2B chaperones specifically deposit them onto DNA. Based on their nucleosomal
positioning, the dynamics of H2A/H2B may play several critical roles, including: (i) octamer
nucleosome assembly, (ii) initiation of nucleosome disassembly, (iii) favoring of nucleosome
‘breathing” and position sliding via loosening of nucleosomal/inter-nucleosomal histone—
histone and histone—DNA interactions, (iv) exchange of nucleosomal H2A/H2B with free
histones carrying similar or different modifications or with variant histones. H2A/H2B
chaperones include Nucleosome Assembly Protein 1 (NAP1), Facilitates Chromatin

Transcription (FACT), NAP1-Related Protien (NRP) [Figure 3.1].

2B-HZA  -H2A.Z -H2AX -H2A.

Figure 3.1. Histone H2A chaperones and
|, . their variant selectivity. The canonical
H2B-H2A dimer and variant H2B-H2A.Z,

H2B-H2A.X and H2B-H2A.W dimers are
indicated by different colours. Double-
FA ? n

NAP1 rI;‘AAg'I! CY headed arrows indicate exchange activity
NRP Chz1 mediated by histone chaperones. The
FACT question mark indicates involvement of an

chaperone of unknown identity.

Uy

Adapted from:

Wangbin Zhou et al, (2015). Histone
H2A/H2B chaperones: From molecules to
chromatin-based functions in plant growth
and development. The Plant Journal,
83(1):78-95. DOI: 10.1111/tpj.12830

Nucleosome
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Research over few years had helped to understand the molecular basis of function of the histone
H2A/H2B chaperones NAP1 and FACT, and to appreciate their critical roles in transcription,
DNA replication, repair, development and disease. In conjunction with covalent histone
modifications and histone variants, NAP1/FACT-mediated dynamic exchange of H2A-H2B
within the nucleosome has great implications with regard to chromatin structure/function and

epigenetic reprogramming and inheritance.

NAP1 is one such bonafide and a major chaperone which deposits H2A-H2B onto chromatin
13 Genome-wide expression analysis in Saccharomyces cerevisiae showed that approximately
10% of genes are regulated by NAP1'*®. NAP1 interacts with all four core histones (H2A/H2B
and H3/H4) in vitro"®; however in vivo interaction is exclusive to H2A/H2B dimers"’.
Therefore NAP1 is mainly considered a H2A/H2B-specific chaperone and performs a plethora
of functions related to this role Apart from histone deposition/eviction, NAP1 is also involved
in nuclear import of H2A-H2B dimers by engaging with karyopherin, Kap11'®, It also has

been shown to stimulate replication and transcription by modulating chromatin structure

through putative interactions with transcriptional activators and co-activators such as p300'.

Apart from its role in formation of nucleosomes with canonical histones, it also leads to
formation of nucleosomes with variant histones'*’, again suggesting its function as a
transcriptional regulator. The precise stoichiometry of NAP1 with histone H2A/H2B or H1
remains controversial, as two binding stoichiometries have been proposed. The first postulates
that yeast NAP1 (yNAP1) may bind to one histone H2A/H2B heterodimer or one linker histone
H1 (1:1)"*""%! "and the second that yNAP1 may bind two histone H2A/H2B heterodimers
or two linker histones HI (1:2)'**. Analyses of NAP1 complexes from Xenopus were in
agreement with a stoichiometry of a single NAP1 dimer bound to one histone H2A/H2B
heterodimer'* or one linker histone B4 monomer'*. The general consensus of these papers

advances a 1:1 stoichiometry, however recent studies of human NAP1 (hNAPI) complexes
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reported that both stoichiometries can be detected depending on sample preparation'*®. NAP1
is relatively conserved amongst different species and have high sequence homology. For
example, yeast NAP1 (yNAP1) is 36% and 37% identical to human NAP1 (hNAP1) and

Xenopus NAP1 (xNAP1), respectively'*° [Figure 3.2] .
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Figure 3.2: Amino acid sequence alignment of NAP1 across the species.
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Previous biochemical and biophysical experiments done with yNAP1 have demonstrated the
existence of higher oligomeric structures of NAP1 which are disrupted at higher ionic strength
giving rise to predominantly dimeric species'*’. This oligomerization phenomenon is not
unique to YNAP1 and has also been observed in xNAP1 and hNAP1'*, Structural studies have
revealed that the presence of central a-helix and a B-hairpin is essential for the dimerization

and oligomerization in yNAPI, respectivelyl48.

Interestingly, hNAP1 tends to be more in oligomeric form than yNAPllS(’. Notably, the
differences in their oligomeric properties are also reflected in the basic interaction of NAP1
with different species with histones. For instance, in vifro experiments suggest that hNAP1
binds to H2A-H2B dimer and H3-H4 tetramer with equal propensity unlike YNAP1 which has
higher affinity towards H3-H4 tetramer'*'. This difference might be attributed in part, to the
differential oligomerization tendencies of hNAP1 and yNAPI1 because the self-association
states of NAP1 has been linked closely to its stoichiometric association with histones'**.
Interestingly, equilibrium-unfolding studies conducted on oligomeric yNAP1 suggest that it
follows a three-state model of unfolding, where it unfolds sequentially from oligomeric form
to dimeric and then completely denatures. Despite many efforts by several groups,
contradictory reports on the stoichiometry and oligomerization states of NAP1 persist in
different species. In addition, casein kinase 2 (CK2) mediated phosphorylation of NAP1 has

been correlated with its nuclear localization in Drosophila'®.

It is possible that
phosphorylation of NAP1 has the potential to favor/disrupt oligomerization, thus affecting
histone-binding or deposition properties on chromatin. We hypothesized that the difference in
the stability of hNAP1 oligomers is reflected in its unfolding characteristics and further
phosphorylation might affect the oligomerization properties of these histone-binding proteins.

There is no comprehensive study on these aspects of hNAP1, which are vital for understanding

the mechanisms of NAP1-mediated functions in higher vertebrates.
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3.2. Methods

3.2.1 Cell line maintenance

CL44, a rat liver non-tumorigenic cell line and CL38, a rat liver tumorigenic cell line, in vivo
transformed by NDEA carcinogenesis, was a kind gift from Dr. H. M. Rabes (University of
Munich, Germany).

Sterile techniques were maintained when working with cell-line. Antibiotics were added to
culture medium. Reusable glassware, plasticware and solutions were sterilized by suitable
means prior to use. Cell culture work was carried out in laminar flow hood. CL44 and CL38
cells were maintained in Earle’s Minimum Essential Medium (MEM) supplemented with
6%v/v fetal bovine serum in humidified incubator maintained at 37°C, 5%CO,. Complete
media was prepared by adding 10% FBS and 1% antibiotic.

The frozen vials of cells stored in liquid nitrogen were allowed to thaw at 37°C water-bath. The
thawed cell suspension was transferred to sterile centrifuge tube containing 2ml MEM media
and centrifuged for 10min at 1400g at RT. The cell pellet obtained was resuspended in 1ml
MEM and transferred to sterile culture plates with sufficient amount of media (2ml media for
35mm dish). Cell condition was tracked after 24h under microscope and media was changed if
it turned from red to yellow.

The culture plates were sub cultured by trypsinization. These cells were then counted and
transferred into new sterile plates with sufficient media. The numbers of viable cells were
determined by adding 20ul of 1mg/ml trypan blue into 180pl of cell suspension. The drop from
this mixture was loaded on haemocytometer and viable cells were counted.

Cells/ml = average number of cells per WBC chamber x dilution factor (10) x10*

The details of the cell lines used throughout the work has been included in Appendix as

Annexure 111
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3.2.2 Preparation of Competent Cells (Calcium Chloride Method)

The protocol for preparation of competent cells is as described earlier. 100ml of LB media was
inoculated with Iml of overnight grown culture that was obtained by inoculating a single
colony of bacteria from streaked plate incubated at 37°C overnight. The cells were grown for
approximately 2h (ODggp = 0.4) in a shaker incubator. The culture was chilled on ice for 30min.
The cells were harvested by centrifugation at 10000g for 5min at 4°C and the supernatant was
discarded. The cells were washed with chilled 100mM CacCl, and centrifuged at 8000g for
5min at 4°C. The cells were resuspended in 20ml of chilled 100mM CaCl, and kept on ice for
45min. The cells were again harvested by centrifugation at 8000g for Smin at 4°C and the
supernatant was discarded. The cells were resuspended in ice-cold sterile solution of 100mM
CaCl, + 15% glycerol and kept on ice for 10min. 200ul aliquots were made in pre-chilled tubes

and stored at -80°C after freezing in liquid nitrogen.

3.2.3 Preparation of Ultra Competent Cells

The protocol for plasmid isolation is as described earlier'™. E. Coli, DH5a was streaked onto
LB agar plate and incubated overnight at 37°C. 100ml of SOB in 1000ml flask was inoculated
with a single colony from the plate. The flask was incubated at 18°C with shaking at 200rpm.
Once the ODgyy reached 0.3- 0.4, the culture was kept on ice for 10min. The cells were
harvested by centrifugation at 10000g for 5min at 4°C and the supernatant was discarded. The
cell pellet was resuspended in 32ml of ice cold transforming buffer (composition Annexure V)
and kept on ice for 10min. The cells were harvested by centrifugation at 10000g for Smin at
4°C and the supernatant was discarded. The cell pellet was resuspended in 8ml of ice cold
transforming buffer and 600ul DMSO is added. Cells were kept on ice for 10min. 100ul
aliquots were made in pre-chilled tubes and stored at -80°C after freezing in liquid nitrogen.

For transformation of a ligation mixture an 100ul aliquot was used.
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3.2.4 Construct preparation

The coding sequence of NAP1 was amplified using Taq Polymerase (NEB# M0273) from the
cDNA synthesised from RNA (treated with DNasel) isolated from rat cell lines. The amplicon
was then cloned into pTZRT57 vector according to manufacturer’s (Thermo scientific #K1213)
instructions. The cloned fragment was further sequenced. For subsequent cloning into different
expression vectors like pCDNA MYC, pET28a and pET3a, the coding sequence were
amplified with primers incorporating the appropriate restriction sites (please see Annexure IV
in Appendix for primer sequences) and were sub cloned, maintaining the correct reading frame

which was verified by sequencing.

3.2.5 Plasmid Isolation (Mini-prep)

The protocol for plasmid isolation is as described earlier'™. 10ml of LB media, containing
suitable antibiotic, was inoculated with single colony from the transformed plate and incubated
at 37°C overnight. 1.5ml of the overnight grown culture were transferred to an Eppendorf tube
and the bacterial cells were pelleted down by centrifuging at 10000g for 5min at 4°C. The
supernatant was discarded and the pellet was resuspended uniformly without any clumps in
150ul of TELT bufter (Annexure V). 5ul of lysozyme (50mg/ml) was added to the tube. The
contents were mixed and kept on ice for Imin. The tube was then placed in a boiling water
bath for Imin and immediately chilled on ice for 10min. The tube was then centrifuged at
12000g for 10min at 4°C. The pellet was discarded with the help of a micro-tip. 330ul of
chilled absolute alcohol was added to the supernatant and placed at -20°C for 30min or -70°C
for 5min. The tube was then centrifuged at 12000g for 10min at 4°C. The supernatant was
discarded and the pellet was washed with 70% ethanol. The supernatant was discarded and the

pellet was air dried. The air dried pellet was dissolved in 20pl of nuclease free water.
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3.2.6 Agarose gel electrophoresis

Agarose gel electrophoresis was carried out to analyse levels of PCR and RT-PCR products in
different samples''. Adequate 1X TAE electrophoresis buffer (40mM Tris-acetate and 2mM
Na,EDTA) was prepared to fill the tank of electrophoresis chamber (Techno Source, India)
and to prepare the gel. For preparation of gel, agarose (1.5% w/v in TAE) was melted in a
microwave oven. Ethidium bromide at a concentration of 0.5ug/ml was added to melted
agarose solution, cooled down to ~55°C. This was then poured into the gel casting platform
with prefixed comb. The comb was removed from the hardened gel. Ethidium bromide was
added to tank buffer (0.5ug/ml in 1X TAE) and gel casting platform was placed into the
electrophoresis chamber. DNA samples were prepared in appropriate amount of 6X loading
buffer (12% Ficoll 400, 60mM EDTA pH 8.0, 0.6% w/v SDS, 0.15% w/v bromophenol blue
and 0.15% w/v xylene cyanol). Hundred base pair DNA ladder (NEB #3231) was loaded as
molecular weight marker. The gel was electrophoresed at 5V/cm of gel and the progress of
separation was monitored by migration of dyes in the loading buffer. After separation of

tracking dyes, the gel was examined on UV trans-illuminator to visualize DNA.

3.2.7 Transfection

Rat CL38 and CL44 cells grown on 6 well plate to approximately 40% confluence was
transfected with eukaryotic plasmids using cation based transfecting reagent, Turbofect
(Fermentas #R0531), according to the manufacturer’s instructions. Post 48h the media was
changed and fresh media with selection marker G418 (Sigma # G9516) or Puromycin (Sigma
#P8833) at a concentration of 400ug/ml and 400ng/ml respectively was added. The cells
surviving after selection period of 10-15 days for G418 and 4 days for Puromycin where pooled
and used for further experiments. Before performing any further experiments, cells were tested

by western blotting for successful transfection and clone selection.
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3.2.8 shRNA cloning

The complementary A and B oligonucleotides for siRNA were designed to form a secondary
structure with Xhol site ‘CTCGAG’ (can also use Pstl site ‘CTGCAG’ to help screening for
positive clones) in the loop as follows to give 5°Agel and 3’EcoRI overhangs upon annealing:
Oligo A: 5° CCGG (target sequence) CTCGAG (reverse complement of target sequence)
TTTTTG 3’

Oligo B: 5° AATTCAAAAA (target sequence) CTCGAG (reverse complement of target
sequence) 3’

The oligos used for shRNA has been tabulated in Annexure 1V in Appendix. 5l each of the
oligos were mixed in the NEB polynucleotide kinase buffer and the reaction was made upto
20ul by PCR grade MilliQ. A PCR program (94°C for 4min, 70°C for 10min) was used for
annealing. The reaction was allowed to cool to RT by switching off the PCR machine. The
pLKO.puro vector was then digested with Agel and EcoRI and ligated with 0.2ul of the
annealed shRNA oligonucleotides. Post cloning and sequence verification the plasmids were

transfected as previously described.
3.2.9 SDS PAGE analysis

The protocol for SDS PAGE analysis of proteins is as described earlier. In brief, glass plate
sandwich was assembled using 0.1cm thick spacers. Resolving gel solution (4dnnexure V) was
prepared and poured into the glass plate sandwich and allowed to polymerize for approximately
30min. During the polymerisation process a thin layer of water was overlaid on top of the
resolving gel to prevent contact with oxygen. Once the resolving gel polymerised the overlaid
water was decanted. Stacking gel solution (Annexure V) was prepared and poured into the glass
plate sandwich on top of the polymerised resolving gel. in similar manner. A 0.1cm thick
Tetlon comb was inserted and gel was allowed to polymerize. Protein samples to be analysed

were diluted 1:1 (v/v) with 2X SDS sample buffer and incubated for Smin in boiling water.
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Tetlon comb was removed, sandwich was attached to the electrophoresis chamber and filled
with electrophoresis buffer (Annexure V). Samples were loaded into the wells formed by comb.
The gel was run at 20mA of constant current until the BPB tracking dye entered the separating
gel and then at 30mA until the BPB dye reached the bottom of the gel. The power supply was
then disconnected and gel was subjected to Coomassie staining or western blot analysis. For
Coomassie staining gel was transferred to tray containing Coomassie Brilliant Blue R-250
(CBBR) staining solution (0.1% w/v CBBR, 50% methanol and 10% acetic acid in water). The
gel was stained for ~3h on shaker. Gel was then transferred to destaining solution (50%
methanol and 10% acetic acid in water). The gel was destained on shaker with several changes

in destaining solution until protein bands appeared on clear gel.

3.2.10 Western blot analysis

Levels of particular proteins or their post-translational modifications were assessed by western
blot analysis using the appropriate antibody. See Annexure 11 in Appendix for the details of the

antibodies used in the study.

a) Electroblotting from SDS-PAGE: Proteins were electroblotted from SDS-PAGE gels
to PVDF membranes for western blot analysis. The transfer tank of electroblotting apparatus
(Trans-Blot Cell, Bio-Rad) was filled with 1X transfer buffer (see Annexure V for
composition). PVDF membrane was activated in 100% methanol for 5sec. The activated
membrane and SDS-PAGE gel were equilibrated in 1X transfer buffer. The gel membrane
transfer sandwich was prepared and inserted into the transfer tank with gel on cathode side and
membrane on anode side. Transfer was conducted at a constant current of 300mA for 200min.
Proteins transferred onto the membrane were detected by staining with Ponceau S (0.5% w/v
Ponceau S in 1% v/v acetic acid) and destaining with several changes of water.

b) Immunoblot detection. Proteins transferred onto PVDF membrane were probed with

antibodies. In general, membrane with transferred proteins was incubated in ‘blocking buffer’
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i.e. 5% BSA in Tween20/Tris-buffered saline (TTBS, 100mM Tris-CI pH7.5, 0.9% w/v NaCl
and 0.1% v/v Tween20) for lhr at room temperature on orbital shaker. Blocking buffer was
then replaced by recommended dilutions of primary antibodies in TTBS and incubated for 1hr
at room temperature in orbital shaker (see Annexure II). The membrane was vigorously washed
four times with TTBS for 15min each at room temperature. Further the membrane was
incubated in recommended concentrations of HRPO labelled secondary antibodies in TTBS
for lhr at room temperature on orbital shaker (see Annexure II). The membrane was again
washed vigorously four times with TTBS at room temperature and developed using Immobilon
Western (Millipore, cat#P90719). The membrane was exposed to X-ray film in dark room and
developed using Optimax X-ray film processor (Protec). Band/Lane intensities were analysed

using ImageJ and GraphPad prism software.

3.2.11 Immunoprecipitation

Nuclear extracts were prepared using a modification of the Dignam protocol'*. Cells were
lysed in hypotonic buffer (10mM Tris-HCl at pH 7.65, 1.5mM MgCl,, 10mM KCl) and
disrupted by Dounce homogenizer. The cytosolic fraction was separated from the pellet by
centrifugation at 4°C. The nuclear soluble fraction was obtained by incubation of the pellet in
high salt buffer (to get a final NaCl concentration of 300mM). Tagged histone proteins were
immunoprecipitated with anti-Flag M2-agarose (Sigma #F2426), eluted with Flag peptide
(0.5mg/mL), further affinity purified with anti-HA antibody-conjugated agarose, and eluted
with HA peptide (1mg/mL). The HA and Flag peptides were first buffered with 50mM Tris-Cl
(pH 8.5), then diluted to 4 mg/mL in TGEN 150 buffer (20mM Tris at pH 7.65, 150mM NaCl,
3mM MgCl,, 0.ImM EDTA, 10% glycerol, 0.01% NP40), and stored at 20°C until use.
Between each step, beads were washed in TGEN 150 buffer. Complexes were then resolved

by 4-20% SDS-PAGE and silver stained. For immunoprecipitation of MYC tagged NAPI,
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MYC antibody (Sigma) was used and the similar mentioned steps were followed except for
peptide elutions and where then subjected to western blotting.

For silver staining the protocol described earlier was used'*’. The gel was immersed in ten gel
volumes of freshly prepared ammonical silver nitrate solution for 30min. The gel was washed
thrice with water each time for 2min. The gel was then developed by using developing solution
(0.01% w/v citric acid monohydrate and 0.1% w/v formaldehyde). The development was
stopped when protein spots appeared on clear gel using stopping solution (40% methanol and

10% acetic acid).

3.2.12 Growth and IPTG induction of transformed bacterial expression hosts

The protocol for recombinant histone expression is as described earlier with slight
modifications'*. The plasmids (100ng) containing the gene of interest was transformed in
either competent BL21 (DE3) pLysS and Rosetta (DE3) pLysS and plated onto LB agar plates
containing the appropriate antibiotic (ampicillin or kanamycin) for selection of transformed
bacteria. In addition, chloramphenicol (25ug/ml) was incorporated into media to maintain
selection pressure for the T7 lysozyme-containing phage present in the bacterial strains used
for expression studies. The plates were incubated at 37°C for 16h in a temperature controlled
incubator. A single colony was inoculated from the plates of transformed bacteria in Sml or
20ml LB media containing the appropriate antibiotic and incubated at 37°C with constant
shaking until the ODggo reached between 0.4 and 0.6. Induction of recombinant protein
expression were carried out by adding IPTG to a final concentration of 0.2mM. The cultures

were induced for 3h at 37°C. One tube was kept as uninduced as a negative control.

Post induction the bacteria were harvested by centrifugation at 8000g for 10min at 4°C and
processed. The soluble and the insoluble fractions of proteins were separated resuspending the
cell pellet in 1ml of buffer containing 50mM Tris-Cl pH 8.0, 0.5% Triton X-100 and 100pg/ml

lysozyme followed by three rounds of sonication, each for 30 seconds at 10% amplitude. The
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lysate was then centrifuged at 27000g for 30min at 4°C. The supernatant and pellet, thus
obtained, contains the soluble proteins and the insoluble proteins respectively. Sample was
prepared by vortexing followed by boiling the lysate for 10min in a boiling water bath after
adding equal amount of 2X loading Dye. The sample was kept on ice for 10min and then the
proteins were resolved by loading the samples on 10 or 18% SDS-PAGE followed by

Coomassie staining (Brilliant Blue R250).

3.2.13 Ni-NTA affinity purification of NAPI

The protocol for Ni-NTA affinity purification of recombinant NAP1 is as described earlier with
certain modifications. The soluble fraction containing recombinant protein was added to 2ml
of 50% slurry of nickel-nitrilotriacetic acid (Ni-NTA) agarose beads (Qiagen#30210),
equilibrated with buffer containing 50mM Tris-Cl pH 8.0 and 0.5% Triton X-100. The 50%
slurry was added onto a PD10 column (GE) with a stopper. Five times bed volume buffer was
added and allowed to flow through. This was repeated at least thrice. The stopper was attached
to prevent the liquid from flowing through and the supernatant containing the 6xHis-tagged
NAPI1 were then added onto the column. The column was kept on a rocker at 4°C for allowing
efficient and uniform binding of the proteins to the beads. After a 60min incubation, the stopper
was opened and the flow-through was collected and labelled as unbound fraction. The beads
were washed with 50mM Tris—HCl bufter (pH 8.0) containing 500mM NacCl, 5% glycerol, and
10mM imidazole in a way similar to what was described for equilibration. The 6xHis-tagged
NAPI1 was eluted by a linear gradient of imidazole from 5 to 300mM in buffer containing
500mM NacCl and 5% glycerol. The eluted fractions were analysed by preparing the sample as
described earlier and loading on 10% SDS-PAGE. The purified protein was loaded on to a
HiLoad 16/60 Superdex-200 gel filtration column (GFC) to identify the oligomeric status. The
chromatography was carried out in a buffer containing 500mM NaCl, otherwise mentioned in

the results.
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3.2.14 Ni-NTA affinity purification of Histones

For purification of histones, similar protocol as above was followed apart from incorporation
of 6M urea in the buffer for dissolving insoluble pellet obtained after cell lysis after centrifuged
again. The insoluble pellet obtained was again resuspended in 10ml of the same buffer for re-
extraction of histones. Samples were again centrifuged at 27,000g for 20min at 4°C. The
supernatant was pooled with the previously collected supernatant and the insoluble pellet
obtained was discarded. Then for bead binding, washing and elution similar protocol was
followed expect for incorporation of 6M urea in all the buffers. The histones obtained post
purification were dialysed against 2L.10mM HCI to remove urea and salts with the help of D-
tube Dialyser 6-8KDa cut-off (Millipore). The histones were processed immediately for

reconstitution experiments or were stored at -80°C post lyophilisation.

3.2.15 Reconstitution of H2A-H2B dimer

To reconstitute the H2A-H2B dimer, the His6-tagged histones H2A and H2B or H3 and H4 in
10mM HCI were mixed in 1:1 stoichiometry. The concentration was determined for the
histones by using their molar extinction coefficient. Further, the quantification was validated
by resolving the histones on an 18% SDS-PAGE followed by coomassie staining. After adding
the histones, the mixture was rapidly diluted three folds by adding 50mM Tris—HCI (pH 8.0)
containing 10mM DTT and 2mM EDTA with continuous stirring. The diluted mixture was
then dialyzed (cut-off 10kDa) against 1L of 50mM Tris—HCI (pH 8.0) containing 10mM DTT,
2mM EDTA and 2M NaCl for 1h at room temperature, and the dialysis was continued
overnight at 4°C. After an overnight dialysis, the impurities and excess histones precipitated.
The insoluble histones were removed by centrifugation at 27,000g for 20min at 4°C. The
dialysate was then concentrated using a 10kDa cut-off protein concentrator (Amicon Ultra-15,
Millipore). The concentrated proteins were loaded onto equilibrated Superdex-200 Hil.oad

16/60 (GE) gel filtration column and the peak fractions were collected. The elution of the
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protein was monitored by absorbance at 280nm. The salt concentration was reduced by

stepwise dialysis for downstream assays.

3.2.16 Ion exchange purification of NAPI

The supernatant containing tNAP1 obtained after cell lysis from above was mixed with 50%
slurry of Anion exchange resin (Q sepharose, Pharmacia biotech) pre-equilibrated with buffer
and kept on rotator at 4°C. After 60min incubation, the column was washed and eluted with a
linear NaCl gradient with buffer A containing 20mM Tris, pH 7.6 (4 °C), 0.5mM EDTA, 10%
glycerol, ImM dithiothreitol, 0.1mM phenylmethylsulfonyl fluoride. Fractions were assayed
for NAP1 by SDS-PAGE, and peak fractions were pooled. The fractions were diluted with
buffer A to a final NaCl concentration of 150mM and applied to a Iml Mono Q anion exchange
column (Amersham Biosciences). The NAP1 was eluted by buffer containing 500mM NaCl.
The eluted proteins were resolved on 10% SDS-PAGE and stained with Brilliant Blue R250.
The purified protein was loaded on to a HiLoad 16/60 Superdex-200 gel filtration column
(GFC) to identify the oligomeric status. The chromatography was carried out in a buffer

containing 500mM NaCl, otherwise mentioned in the results.

3.2.17 Equilibrium Unfolding

Equilibrium unfolding as a function of urea and temperature was monitored by CD
spectroscopy. Also, equilibrium unfolding as a function of urea was monitored by change in
fluorescence. For CD spectroscopy, the protein (25pug/ml) was incubated in presence of various
concentrations of the denaturant at 25°C for 24h. In the thermal unfolding experiments, the
spectra were recorded 3min after the desired temperature was attained. Spectra were recorded
in the temperature range of 20-100°C. The intrinsic tryptophan fluorescence spectra of NAP1
was recorded on a spectrofluorimeter, equipped with water bath. The protein was excited at

280nm using a cell of 1.0 cm path-length and both excitation and emission slit widths were set
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at 3nm. CD spectra were recorded on a computer interfaced JASCO spectropolarimeter using
a cylindrical quartz cell of 1 mm (190 — 250nm) and 10mm (250 — 300) at a protein
concentration of 1pg/ml. For each spectrum, 20 successive scans were collected and the

averaged spectra were used for further analysis.

3.2.18 Data fitting

The unfolding data was fit into two-state model of unfolding as described previously '>. The
denaturation curves were plotted, with the fluorescence intensities at 305nm of native and
denatured NAPI1, against denaturant concentration, and further analysis of the data was
performed as described by Pace et al. '*°. Similar analysis was performed with the denaturation

curves plotted with the drop in CD signal at 222nm with increasing temperature or urea
concentration. From the denaturation curves, a two state F <> U unfolding mechanism was
assumed, and consequently, for any of the points, only the folded and unfolded conformations
were present at significant concentrations. Thus, if f¢ and f{; represent the fraction of protein

present in the folded and unfolded conformations, respectively then
fetf=1 (1)

fu was calculated using the following equation

Ju=Fe—Fy) / (Fr - Fu) (2)

where FF is the fluorescence intensity of completely folded or native protein, F is the observed

fluorescence intensity at any point of denaturant concentration or temperature, Fy is

fluorescence intensity of the completely denatured or unfolded protein.

For a two state F <> U unfolding mechanism, the equilibrium constant K and 4Gy, the free

energy of unfolding was calculated using Equation 4 and 5 respectively.
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K=fy/(-fu) 3)
AGy=RT InK 4)

where R is the gas constant and T is the absolute temperature. It is assumed that the free energy

of unfolding, 4Gy, has a linear dependence on the concentration of the denaturant [D].
AGy=AG"™" + m[D] (5)

AG" and m are therefore the intercept and the slope respectively, of the plot of 4Gy versus
[D]. 4G™ corresponds to the free energy difference between the folded and unfolded states
in the absence of any denaturant and m is a measure of the cooperativity of the unfolding
reaction. The concentration of denaturant at which the protein is half unfolded (when 4Gy =

0) is given by D, » and from Equation 5, AG ' =_m D 12

The data from the thermal unfolding curves were obtained under the same conditions as those

for denaturant unfolding curves. Values of f;, K and 4Gy were calculated using Equations 2,
3 and 4. The midpoint of thermal (7};) denaturation was obtained as the temperature at which
AGy = 0 from the plot of AGy versus T. The slope of such a plot at Tm yielded A4S, the

change in entropy. The enthalpy change for unfolding at T,,, AH,, was calculated using the
equation:

AH,, = T, AS,, (6)

AC,, the change in heat capacity that accompanies protein unfolding was obtained from the
slope of the plot of AH,, versus Ty, where T, was varied as a function of Gdn-Chl

concentration. 4Gy at 25°C was calculated using equation:
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AG (T)= AHy (1- T/ Tp) - AC, [(Tw-T) + TIn (T/ Tw)]  (7)

3.2.19 Dynamic Light Scattering (DLS)

Different oligomeric complexes obtained post GFC were subjected to DLS. Protein and buffer
solution was filtered (0.44um pore size) and degassed prior to measurement. Img/ml protein
in 10mM Sodium phosphate buffer (pH 7.5), 100mM NaCl was loaded into a 45ul quartz
cuvette. Measurements were performed at temperature 25°C and at least 30 — 40 measurements
each of 12sec duration were collected (DynaPro NanoStar, Wyatt Technology). The refractive
index and viscosity values were taken for the water as provided by the software. The
translational diffusion coefficient of the protein was calculated from the autocorrelation of
scattered light intensity. Histogram analyses of DLS results were carried out using the software

DYNAMICS v.6.0

3.2.20 Homology Modelling

The homology modelling was carried out due to the unavailability of crystallographic
coordinates of Rattus norvegicus NAP1. The model of NAP1 was constructed using PDB ID:
2AYU as a template. Homology modeling was carried out using modeller v 9.2, where dimer
was used as a template. The modelled structure of NAP1 was cross-validated using multiple
tools such as Procheck 22, Verify 3D23 and Errat24 using SAVES server

(http://nihserver.mbi.ucla.edu/ SAVES/).

3.2.21 Molecular Dynamic Simulations (MDS)

MDS were carried out using GROMACS v 5 with AMBER {f99sb force field for 100ns. For
both INAP1 and yNAP1 the flexible N-terminal and C-terminal residues were not included and
therefore total 292 amino acid sequence was used for simulation. Both the systems were
solvated in a cubic box with approximately 48300 TIP3P water. The distance between closest

protein fragment and edges of the box was kept to be 10A. Both the systems were neutralized
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by adding Na" ions. The salt concentration of 150mM was kept during molecular simulation.
The energy minimization was carried out for 2500 steps. This was followed by two step
equilibrations, first position restrained NVT equilibration has been run for 500ps using V-
rescale thermostat'’ followed by NPT equilibration for 1nsec using the Berendsen barostat' .
Long-range electrostatic interactions were calculated using the particle-mesh Ewald (PME)
method. The Vander Waal’s interactions and Coulomb interactions were cut off at 12A. Leap
frog integrator with the integration time step of 2fsec has been used to solve the Newton’s
equation of motion. The LINCS algorithm was used to constrain the bond lengths involving in

hydrogen atoms"*’. Production runs have been carried out using Parrinello-Rahman barostat'®.

MM-PBSA technique was used for the calculation of free energy of binding yNAP1 and
rNAP1'®". Root Mean Square Deviation (RMSD) and Root Mean Square Fluctuation (RMSF)
was calculated using g rms tool and g rmsf utility of GROMACS considering all atoms.
Further, hydrogen bond was calculated using g_hbond utility of GROMACS where only H-
bonds with distance <0.35 nm between cooperated donor and acceptor heavy atoms were

considered. VMD was used for visualization and image rendering.

3.2.22 In vitro Kinase and Phosphatase Assay

The reaction was carried out in 1X assay buffer (Smg/ml BSA, 150mM Tris pH 8.0, 100mM
MgCly, 2mM ATP) with 2ug purified INAP1 and 2l Casein kinase 2 (CK2, NEB #P6010) at
30°C for 30, 45, 60, 75 and 90min. Post phosphorylation with CK2 (90min), serine threonine
kinase inhibitor PMSF was added. Then calf intestinal phosphatase (CIP, NEB #M0290)
treatment for dephosphorylating the phosphorylated INAP1 was carried out at 37°C for 30, 45,
60, 75 and 90min. Finally, all samples were stored at -80°C till further use. The un-
phosphorylated, phosphorylated and dephosphorylated INAP1 proteins were analysed by 10%

SDS-PAGE followed by western blot with pan-phosphoserine antibody (Abcam, ab# 9332) to
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confirm the phosphorylation status, then they were loaded on a 6% Native-PAGE and silver

stained.

3.2.23 Histone Binding Assay

6X His tag H2A and H2B were purified under denaturing conditions and then the dimers were
reconstituted as previously described'>. The dimers were purified by size-exclusion
chromatography using Hil.oad 16/60 Superdex-200 gel filtration column (GE). The H2A/H2B
dimers were incubated with INAP1 and Phos-rNAP1 in binding buffer (20mM HEPES pH 8.0,
0.5mM EDTA, 1% Glycerol, 5SuM ZnSO4,1mM MgCl,, 25mM KCI, 1mM DTT, 0.1% NP-40)
for 1h at 4°C. The Ni-NTA beads used were pre-blocked with 10% BSA and each binding
assay included a final concentration of 3% BSA. Post incubation the beads were then washed
with binding buffer thrice. The bound material was eluted with SDS loading buffer, analysed

by 18% SDS-PAGE and stained with Coomassie Brilliant Blue.

3.3. Results

3.3.1 Immunoprecipitation of histone chaperone identification

The histone isoforms, H2A.1 and H2A.2 were ectopically expressed by cloning in a pcDNA
FLAG-HA vector in CL38 cell line. Post stable clone selection, nucleosolic fractions were
isolated from the cell lines and where subjected to immunoprecipitation (IP) sequentially by
FLAG and then HA. The immunoprecipitate obtained was initially checked by western blotting
[Figure 3.3a] and then loaded on to a 4-20% SDS gradient gel and subjected to silver staining
[Figure 3.3b]. As seen in the gel image, many differential and significant protein bands were
not observed visually for lanes corresponding to H2A.1 and H2A.2. However, the protein
eluate obtained post IP was also subjected to LC-MS, nevertheless, significant and consistent

differences were clearly not found, thereby making it imperative for us to use a candidate
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protein approach. For this we choose NAP1 as it is one of the major histone H2A chaperone in

eukaryotic system.
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Figure 3.3. Nucleosolic binding partners of H2A.1 and H2A.2. (a) Western blotting of immunoprecipitate
and input fractions with HA antibody. Immunoprecipitation was done by FLAG antibody. (b) Silver stained
gel image of H2A.1 and H2A.2 immunoprecipitate loaded on a 4-20% SDS gradient gel.

IP: Immunoprecipitation; IB: Immunoblotting.

3.3.2 NAPI, a histone chaperone for H2A.1 and H2A.2

NAP1 was cloned in a pcDNA MYC vector and transfected into H2A.1 and H2A.2 FLAG-HA
expressing CL38 cell lines. Post 72h of transfection, the cells were collected and nucleosolic
fraction prepared and IP with MYC was carried out. After verification of IP, by western blotting
with MYC antibody, presence of H2A.1 and H2A.2 were detected by immunoblotting with
FLAG antibody [Figure 3.4a]. As seen by the presence of FLAG signal corresponding to
H2A.1 and H2A.2 in IP of NAP1 MYC, both the histone isoforms seem to interact with histone

chaperone NAP1.
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Figure 3.4. Association of NAP1 with H2A.1 and H2A.2 (a) Western blotting depicting interaction of MYC
NAP1 with both H2A.1 FLAG and H2A.2 FLAG. Immunoprecipitation was done with MYC antibody in CL38
cell line, after verifying the IP by performing western against MYC. The probing for FLAG-tagged histones
was done. (b)(i) shRNA mediated knock down of NAP1. The shRNA used for NAP1 was able bring a
significant downregulation, at least by 80%.(ii) Effect of depletion of NAP1 on H2A.1 and H2A.2 recruitment.
From the cells depleted with NAP1, chromatin fraction was probed for the presence of FLAG-histones. H3
was used as a loading control.

IP: Immunoprecipitation; IgG: Isotype control; IB: Immunoblotting; VC: Vector Control.

However, to understand whether there exists any preferential dependence of either H2A.1 or
H2A.2 towards NAP1 as their specific and exclusive histone chaperone we specifically
knocked down NAP1 and monitored its effect on chromatin deposition/recruitment of H2A.1
and H2A.2. shRNA knock down of NAP1 was successful as seen by western blotting with
MYC antibody [Figure 3.4b(i)]. Further, probing for FLAG signal in vector control and NAP1
knock down cell lines revealed no significant differences on chromatin enrichment of either
H2A.1 or H2A.2 [Figure 3.4b(ii)]. This clearly suggests that NAP1 dependent H2A deposition
is redundant and can be bought about by other H2A histone chaperones like FACT complex in

its absence.

Interestingly, while analyzing the NAP1 protein we found out that none of the higher vertebrate

NAP1 species is characterized. Apart from the well-defined crystal structure of yNAP1 details
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regarding other species NAP1 are not known. To understand in-depth regarding NAP1 and its
interaction with histones, we thought to first characterize rat NAP1 by use of biophysical and

biochemical means.

3.3.3 Purification and structural validation of rNAPI

To purify INAP1, we expressed 6X His tag NAP1 in BL21 (DE3) pLysS and found it to be
highly soluble with the majority of the protein present in the soluble fraction [Figure 3.5a,
lane 3]. For purification, the induced soluble fraction (ISF) was incubated with Ni-NTA beads.
The proteins bound to the beads efficiently and were eluted with 70mM imidazole [Figure

3.5a, lane 7].

The presence of higher oligomeric states of yYNAP1 and xNAP1 have been reported'*'*. To
investigate the oligomeric states of INAP1, we carried out size exclusion chromatography of
purified NAP1 using calibrated gel filtration column (GFC) at 500mM NacCl [Figure 3.5b].
Gel filtration yielded a discrete peak at around 65ml expected to be of NAP1 dimeric species.
In addition, a broad peak was observed spanning 42-60ml elution volume of the GFC [Figure
3.5b] which could be either aggregates or unresolved higher species of NAPI1. Peak
corresponding to NAP1 monomeric peak was not observed irrespective of the concentration of
rNAP1 suggesting that INAP1 does not exist as a monomer in solution. This is in contrast to
the results seen with yNAP1, where at a 500mM NaCl concentration the predominant species
is a dimer '¥. The results seen with yNAP1, where at a 500mM NaCl concentration the

. . . 14
predominant species is a dimer'*’.

3.3.4 Different rNAPI complexes exhibit similar secondary and tertiary

structures

The fraction for the broader peak spanning 42-60ml and the discrete peak with elution volume
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at 65ml [Figure 3.5b] were collected separately, and the secondary structure analysis was

carried out.
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Figure 3.5. Higher oligomer structures of rNAP1. (a) Coomassie stained 10% SDS gel showing the purification profile of
6X His tagged rNAP1. (b) Gel elution profile of rNAP1 at 500mM NaCl concentration. Each region marked by a box was
collected and subjected to Dynamic light scattering, the stokes radius of which is highlighted. 1, 2, 3 corresponds to DLS
of protein eluted from 50-58ml and 4, 5, 6 corresponds that of 60-68ml. (c) Overlay of Far UV CD spectra of both
oligomeric (50-58ml eluted protein) and Dimeric (60-68ml eluted protein) species. (d) Fluorescence spectra of rNAP1
with emission maxima at 320nM corresponding to a well a folded structure.
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The data suggests that the secondary structures of the two fractions are identical [Figure 3.5¢].
Dip at 222 and 208nm characteristic of o-helices confirmed that INAP1 has a high proportion
of helical structure and also contains B-sheets [Figure 3.5¢]. This is consistent with the crystal
structure of yNAPI1, with which rNAP1 shares 37% sequence identity. INAP1 has three
tryptophan residues at positions 134, 171 and 262. Consistent with this, INAP1 exhibited a
fluorescence emission maximum at 320nm, [Figure 3.5d] suggesting that the tryptophan’s are

buried and the protein is properly folded.

3.3.5 rNAPI dimers self-associate into hexameric and decameric complexes

Based on our CD and fluorescence data and the previous reports on yNAPI, the broad peak
observed spanning 42-60ml elution volume of the GFC, we speculated it to consist of
unresolvable higher order oligomeric structure of rNAPI. To better characterize the size
distribution of oligomeric species in the different fractions obtained from GFC, the separately
collected fractions [Figure 3.5b] were subjected to dynamic light scattering (DLS). Analysis
of the INAP1 dimer peak, fraction 5 shows that it has stokes radius of 8.8nm. Fraction 2, peak
which is collected at 52ml, has stokes radius of ~27.25nm and is expected to be of hexameric
species. Fraction 1 has stokes radius of around 44.6nm which is expected to be of decameric
NAPI1 complex. These observations are consistent with the data for xNAP1 which was reported
to exhibit similar oligomeric complex by analytical ultracentrifugationm. The DLS results

show a high polydispersity that might be due to the presence of a range of oligomers.

3.3.6 rNAPI higher oligomers are more stable

Previous studies with yYNAP1 and xNAP1 have shown that, although at the physiological ionic
strength of 150mM NaCl, NAP1 exists in the form of higher oligomers, whereas at 500mM
NaCl it primarily exists as a dimer "*"'*2. Our results show that even at 500mM NaCl, a very

high percentage population of INAP1 exists in the form of higher oligomers [Figure 3.5b]. To
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further characterize the in-solution behavior of INAP1, we investigated the oligomeric status
of INAP1 in buffers with increasing ionic strength. In stark contrast to the reports for yYNAP1
and xNAPI1, the data suggests that even at 1M NaCl concentration there is no significant
alteration in the rNAP1 elution profile during GFC, signifying the persistence of the higher

oligomeric structures of INAP1 [Figure 3.6a].
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Figure 3.6. Stability of rNAP1 Oligomers. (a) Gel elution profile of 6X His tagged rNAP1 at various salt
concentrations ranging from 100mM to 1000mM NaCl concentration. (b) Gel elution profile of rNAP1
purified by ion exchange, at 500 and 750mM NacCl concentrations.

Previously, the presence of 6X His tag has been shown to enhance the stability of proteins .
To address whether the enhanced stability observed for INAP1 was due to 6X His tag, INAP1
was expressed without tag using pET3a vector and purified using anion-exchange
chromatography. The purified protein was subjected to size-exclusion chromatography. At
750mM NaCl concentration, unlike with 6X His tag, only the peak corresponding to dimeric

rNAP1 was obtained. This suggests that indeed 6X His tag was in part responsible for altered
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oligomerization property of NAP1. However, even at 500mM NaCl concentration a marked
proportion of higher oligomeric peaks were observed for INAP1, unlike yYNAP1 and xXNAP1
[Figure 3.6b]. This shows that INAP1 irrespective of the presence of 6X His tag has a higher

propensity to undergo oligomerization.

3.3.7 rNAPI dimers and oligomers follow a two-state unfolding model and

have similar stability

() (i) (i)

l ®©207°40%60®80 100 S -

T T T ==8-=Ep =
8
210 220 2307240

Fitted
Vo

W, 4
\

Ellipticity,
S

w

Ellipticity

T T T T T T T

30 40 50 60 70 80 20 30 40 50 60 70 80 90 100
Wavelength Temperature (in °C) Temperature (in °C)
(b) (i) (i)
Z > cmmmm———"
‘a ‘;" - -
5 e ® Exp
2 .E Fit
E ° ====Pre
£ —1Mm 2m £ = = Post
Q S
w w
Q 2
Sguuyuugumunen S ==~
T &N PN 5 a o > N T ! —T T T T T T T T T T T T
L 0 1 2 3 4 5 6 7 8 0 1 2 3 45 6 7 8
Wavelength Urea (in M) Urea (in M)

Figure 3.7. Biophysical characterization of rNAP1. (a) Secondary structure changes due to unfolding induced
by temperature changes monitored by Far UV CD Spectra. (i) Far UV CD Spectra of rNAP1 at various
temperatures, shown only 5 temperatures ranging from 20-100°C. (ii) The data obtained can be fitted into a
two sate kinetics of unfolding. (i) Graph showing the F,,, curves of transition. (b) Tertiary structure changes
due to unfolding induced by urea monitored by Fluorescence Spectra. (i) Fluorescence spectra of rNAP1 at
both 1M and 2M urea concentrations. (ii) The data obtained can be fitted into a two sate kinetics of unfolding.
(iii) Graph showing the F,p, curves of transition.

We next wanted to study the unfolding characteristic of INAP1 of both the dimeric complex
and the higher order oligomers. The NAP1 dimeric and oligomeric fractions were subjected to
equilibrium unfolding in response to thermal and chemical denaturants that was monitored by

observing both secondary and tertiary structure changes. Analysis of the thermal unfolding

93



Thesis | Divya Reddy Velga

curves by far UV CD spectra suggest that dip at 222nm can serve as a good spectroscopic probe
for monitoring secondary structure unfolding [Figure 3.7a (i)]. The data obtained could be fit
into two-state unfolding model for dimeric proteins, i.e., the only populated states are native
dimer and unfolded monomers [Figure 3.7a (ii)]. Similar to secondary structure unfolding
data, the tertiary structure unfolding data could be fit into two-state model of unfolding [Figure
3.7b (ii)]. There was a drop in the fluorescence intensity along with red shift of fluorescence
emission maxima with the unfolding of protein [Figure 3.7b (i)]. The Fapp curves of
transitions monitored by both CD and FL probes were plotted [Figure 3.7a (iii) and 3.7b (iii)].
The AG® (H,0) and m values of 14.6 (+/- 0.3 kcal mol™") and 7 (+/- 0.1 kcal mol™ M™,
respectively were obtained for the dimeric species and the same was also seen for oligomeric

species (Figure S1 in Annexure ).

3.3.8 NAPI in mammals is highly conserved and is structurally very similar to
YNAPI

In order to understand the possible changes in the structure which might be responsible for the
altered oligomerization/stability/unfolding characteristics of INAP1, the multiple alignment of
NAP1 from rat, mouse, human and cow was carried out, which suggests that NAP1 protein is

almost identical in mammals [Figure 3.2].

We then matched sequences of rNAP1 with yNAPI1. Figure 3.8a shows that there are
substitutions by non-similar amino acids in key domains of NAP1 protein. In the dimerization
domain, which reconstitutes a-helices 1 and 2, the identity is only 35%, and many amino acid
substitutions are with glycine or proline. Further, they also differ in other regions of NAP1 like
B-sheets. We carried out homology modelling to assess whether the differences in amino acid

composition can possibly bring about any structural alterations in vertebrate NAP1 as
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compared to yNAP1. The modelled structure of INAP1 suggests that the overall structure of

NAP1I is highly conserved [Figure 3.8b].
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Figure 3.8. Structural similarities of rNAP1 with yNAP1. (a) Amino acid sequence alignment of yNAP1 and
rNAP1 (http://www.ebi.ac.uk/Tools/msa/clustalw2). They are 37% identical with many amino acid
substitutions. Blue box highlights the sequences reconstituting B-hairpin structure. (b)(i) Structure of rNAP1
generated by homology modelling (ii) Overlay of yNAP1 and rNAP1 structures, with zoom images highlighting
their differences in Dimerization domain (reconstituting a helices 1 and 2) and protein interaction domain
(comprising of three B-sheets in rNAP1 unlike that of four in yNAP1).

However, critical differences can be observed in the fold and loop of domain I (made up of a-
helices 1 and 2), which shares identity of only 35% for this region, and the key differences are
due to the substitutions of proline with serine and glutamine. Further, they differ in the number

of B-sheets constituting the domain II. In case of INAP1 domain II seems to contain only three
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B-sheets unlike that of four in yNAP1 [Figure 3.8b]. Moreover, apart from these structural
differences, there is a change in the amino acid composition of the -hairpin structure, made
up of B-sheets 5 and 6 in yYNAP1 and 4 and 5 in INAP1 (highlighted by box in Figure 3.7a).
These differences appear very critical in determining the overall biophysical characteristics of
the protein because the first difference lies in the dimerization domain and the second in the

protein interaction domain'®’.

3.3.9 rNAPI dimer is more stable than yNAPI

To gain in depth insights of the differential stability of INAP1 and yNAP1, we performed
molecular dynamic simulation (MDS) of both the dimeric structures for a span of 100nsec
[Figure 3.9]. The convergence of the MD simulation in terms of structure was calculated by

RMSD with respect to initial structure.

The RMSD analysis was in agreement with in vifro data with a lower RMSD of rNAPI
containing system, suggesting rNAP1 dimers are more stable than yNAP1 [Figure 3.9a], in
part owing to the extensive hydrogen bonding amongst INAP1 monomers in comparison to
yNAPI [Figure 3.9¢]. In addition, free energy binding analysis for both the structure also
shows that rINAP1 with lower energy of binding is more stable than yNAP1 [Figure 3.9d].
RMSF of residues showed that, most of the regions for both proteins showed a similar
fluctuation pattern except that amplitude of fluctuation in case of yeast is higher as compared
to that of rat [Figure 3.9b(i)]. The residue ranges 1-292 depict the RMSF of one monomer and
293-584 for the second monomer in both INAP1 and yNAP1. The residue ranges 90-105, are
a part of single monomer and as can be seen fluctuate comparatively more than other residues
in the INAP1. These residues are part of the dimerization domain (Domain 1) formed by a-
helices 1 and 2. This same region corresponds to the residue range 383-398 in the second

monomer of INAP1, which also shows identical behavior. Also, the residue range 145-180 of
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the monomer too shows more fluctuation in INAP1 as compared to the corresponding region
in YNAPI. The reason behind this can be attributed to the presence of four B-strands in yNAP1

in contrast to three in INAP1.
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Figure 3.9. Molecular dynamics simulation of yNAP1 and rNAP1. (a) Graph showing the RMSD of yNAP1 and rNAP1
throughout the course of 100ns simulation. rNAP1 has lower RMSD, hence more stable. (b)(i) RMSF of residues
showed that most of the region for both the proteins showed a similar fluctuation pattern except that amplitude of
fluctuation in case of yeast is higher as compared to that of rat. Inset highlights the region 210-236 amino acids
harbouring the oligomerization domain. (b)(ii) RMSF of rNAP1 and yNAP1 residues involved in the oligomerization
domain, yNAP1 fluctuates more. (c) Graph showing the hydrogen bonds in the two systems through the course of
the simulation. rNAP1 has more H-bonds. (d) Graph depicting the free energy of binding of the two systems. Based
on free energy analysis NAP1 is more stable as compared to yNAP1.
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Our in vitro and in silico data suggests owing to high electrostatic interactions between
monomers, rNAP1 is relatively more stable than yNAPI1. Also, RMSF analysis of
oligomerization domain ranging from 210-236 amino acids suggests that fluctuations are more
in yNAPI compared to rtNAP1 [Figure 3.9b(ii)], hence it might be possible that due to this

difference in stability INAP1 tends to more in oligomeric form than a dimer.

3.3.10 Phosphorylation favors oligomerization of rNAPI

Studies on Drosophila NAP1 (ANAP1) have revealed that NAP1 undergoes phosphorylation

at key residue S284 located in the p-hairpin harboring the nuclear localization signal (NLS)'®.

It is noteworthy that the B- hairpin structure is known to harbor NLS'®*. It has also been
suggested that possible PTMs occurring nearby this hairpin might lead to disruption of
oligomers thus exposing NLS in case of yNAP1'*?. It has been postulated that phosphorylation
happening in a cell cycle dependent manner controls the nuclear translocation of NAP1. In the
oligomeric form of NAP1, the NLS is buried and hence the protein may not be translocated
into the nucleus. Disruption of oligomers for the formation of dimers where NLS is exposed is
required for translocation into nucleus. It has been suggested that the occurrence of PTMs may
govern this process. In this regard, Casein Kinase 2 (CK2) binds to yNAP1 and phosphorylates
at 11 sites, majority of which are located in regions of NAP1 which affects its nuclear

localization'*’.

NLS
S S S
10 31 128 143 236 | 271 286 288

Figure 3.10. Predicted CK2 sites on rNAP1. Each red bar represents a putative site
of phosphorylation with respective highlighted amino acid. Serine residues are in
blue, threonine in yellow. Green box depicts the NLS signal. The sites were predicted
using http://kinasephos2.mbc.nctu.edu.tw server.
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We hypothesized that phosphorylation may play a role in governing oligomerization and thus

may be regulating its nuclear transport via altering the structural organization of protein. We

predicted the CK2 putative phosphorylation sites of INAP1 and found out 8 sites, out of which

3 reside in NLS region [Figure 3.10]
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Figure 3.11. Phosphorylation favors
oligomerization of rNAP1. (a) CK2
mediated in vitro phosphorylated
(lanes 2-6) and CIP mediated
dephosphorylation (lanes 7-11) of
phosphorylated rNAP1 was loaded on
10% SDS gel and transferred to probe
with pan-phosphoserine antibody.
The assay was carried out at 30, 45, 60,
75 and 90 min time points.
Unmodified rNAP1 is loaded as Lane 1
and used as a negative control. (b)
Native gel stained with silver showing
the oligomerization tendency of CK2
phosphorylated rNAP1 (lanes 6-10),
Dephosphorylated rNAP1 (lanes 11-
15). Lanes 1-5 are of unmodified NAP1
at different time points, as a negative
control. Star (*) marks the various
subspecies of rNAP1 on native gel. (c)
Densitometry analysis of the native gel
with arrows showing the critical
differences at 75 and 90 time points of
the assay. (d) Histone binding assay
done using un-phosphorylated and
phosphorylated rNAP1 with H2A/H2B
dimers. Input protein was loaded on
lanes 2-4, pull down samples on lanes
8 and 9. Negative control, lanes 5-7
involves incubation of Ni- NTA beads
with individual proteins. CK2: Casein
Kinase 2 and CIP: Calf intestinal
phosphatase.

To this end, we performed in vitro kinase assay of INAP1 using CK2 and bacterially purified
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rNAP1 [Figure 3.11a] for various time points ranging from 30-90min and probed it with pan-
phosphoserine antibody (Lane 2-6). After confirmation of phosphorylation, the INAP1 [Figure
3.11a; Lane 1-5] and dephosphorylated rNAP1 [Figure 3.11a; Lane 6-10] were run on a
native gel to understand any possible changes in oligomerization [Figure 3.11b]. The time
dependent increase in appearance of higher molecular weight proteins and loss of lower
molecular weight proteins upon phosphorylation compared to untreated [Figure 3.11b; Lane

1-5] clearly suggests that phosphorylation favors oligomerization [Figure 3.11b; Lane 6-10].

To understand whether dephosphorylating the phosphorylated INAP1 can affect the oligomeric
propensity, we incubated the phosphorylated protein with CIP at various time points. Western
blotting with pan-phosphoserine antibody confirmed the time-dependent dephosphorylation of
phosphorylated -tNAP1 [Figure 3.11a; Lanes 7-11]. The dephosphorylated rNAP1 proteins
loaded on a native gel markedly showed a time-dependent increase in the low molecular weight
proteins. [Figure 3.11b, Lanes 11-15]. Densitometry analysis of time points, 60 and 75min
during the course of phosphorylation/dephosphorylation highlights the changes in oligomeric

status of INAP1 during in vitro kinase and phosphatase assay [Figure 3.11c¢].

Along with CK2, a kinase whose sites have been mapped on NAP1 we also performed the
assay using a pan kinase, protein kinase C (PKC) to further validate our earlier findings. After
confirmation of phosphorylation by western blotting, phosphorylated tNAP1(Phos-rNAP1)
and dephosphorylated (De-phos-rNAP1) was loaded on a native gel, data of which clearly
suggest that irrespective of the kinase used oligomerization of rNAPI is enhanced by
phosphorylation (Figure S2 in Annexure I). However, it was noteworthy that PKC
phosphorylation mediated oligomerization was irreversible, even after CIP treatment, possibly
due to phosphorylation of many other sites apart from NLS, which may have an inhibitory

effect on de-oligomerization.
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We next wanted to investigate whether phosphorylation mediated oligomerization of tNAP1
has any effect on its histone binding capability. Histone binding assays using INAP1 and Phos-
rNAP1 with reconstituted H2A/H2B (6X His tag) dimers [Figure 3.11d], showed that,
phosphorylation favored rNAP1-oligomers has no effect on its histone binding capacity, this
is in accordance with the earlier report on yNAle. Indeed, the work on NAP2, a related
protein of NAPI also suggests that CK2 mediated phosphorylation aids in deciding the

localization of the protein and has no effect on its histone binding capacity'®’.

3.4. Discussion

Presence of differential histone chaperones for histone isoforms has not been studied in depth.
Current study suggests for the possibility that may be isoforms share similar chaperones for
their deposition on to DNA. This can be attributed to the way how chaperones interact with
their cargo. Many chaperones like nucleoplasmin, yeast Asfl, yeast NAP1, Spt16 subunit of
FACT and nucleolin contain long acidic amino acid stretches with which they interact with
basic histones leading to charge neutralization'®®'*”'®*_ However, charge neutralization does
not justify for the specificity of the histone-chaperone interaction, and it cannot be the universal
phenomenon for all the chaperones as, mammalian Asfl and Drosophila NAP1 lack an acidic
tail'®*!*%_ Therefore, it could be that these acidic regions may assist in strengthening histone-

chaperone interaction.

Also, other chaperones like Asf-1, CAF-1 and HIRA are known to contain a conserved
hydrophobic B -structure, which facilitates interaction with H3/H4'$%!%170171 = Qimilar
structure is also seen in H2A/H2B chaperones SET/TAF-1b and NAP1, mutational studies
have implicated that this conserved p-sheet may be the primary histone recognition motif in
these chaperones'®”'*®. As histone isoforms differ in very few amino acids which may not

reside exactly in the motif recognised by chaperones which might logically explain why H2A.1
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and H2A.2 might have same set of chaperones. This explanation is further strengthened by the
observation made by Varadabasso et al., in context of isoforms of H2A.Z, H2AZ.1 and
H2A.Z.2; their proteome/interactome analysis revealed the presence of similar set of histone

chaperones.

rNAPI1, though showed interaction with H2A.1 and H2A.2, its properties in context of
oligomer formation, thermal unfolding and effect of PTMs on its histone binding capacity have
not been studied in depth. Not only for INAP1, not many studies have been done in context of
understanding higher vertebrate species NAP1. Therefore, INAP1 has been used as a model
protein to characterise it biophysically and biochemically. Higher oligomeric structures seen
for INAP1 was more stable than yNAP1. Further, incubating it with increasing salt
concentrations revealed hydrophobic interactions are the reason behind this stability. However,
in order to understand that this profound increase in stability is due to 6x-His tag or is an
inherent property of rNAP1 we performed similar experiments with untagged rNAP1 and

showed that both forces are involved.

It is noteworthy that a tag has such a stabilizing effect on oligomeric states of a protein,
especially considering that the N-terminal residues of NAP1 are not implicated in
oligomerization. The side chains found in the protein-protein interface of higher order
complexes are more likely polar in nature, and thus more easily disrupted by ionic strength. It
is reasonable to conclude, therefore, that if the formation of higher order oligomers is due to
electrostatic interactions, it would be readily abrogated by high salt. However, the stability of
6X His tag containing rNAP1 higher order complexes even at higher salt concentrations
suggests the possibility of non-electrostatic forces at play. It is to be noted that apart from the
stability differences between yNAP1 and a higher eukaryotic species - INAP1, they also follow
different models of unfolding. INAP1 exhibits a two-state denaturation unlike yNAP1, where

an apparent three state model of unfolding has been reported'*’.
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RMSF analysis of oligomerization domain ranging from 210-236 amino acids suggests that
fluctuations are more in YNAP1 compared to INAP1 suggesting that due to this difference in
stability, INAP1 tends to more in oligomeric form than a dimer. This 24 amino acid stretch is
known to form a B5 and B6 hairpin loop and interacts with neighboring NAP1 through an
extensive hydrogen bonding, thus leading to formation of higher oligomers. Notably, this
region is 31% identical with yNAP1, with substitutions like threonine, lysine with glycine.
Moreover, considering the fact that INAP1 and hNAP1 have identical residues constituting the
B-hairpin structure and also display similar oligomer stability, it is reasonable to speculate that
the observed differences in the oligomerization propensity between rat and yeast NAP1 are
indeed due to these sequence alterations. Possibly, the key differences in oligomerization
property and substitutions in residues in the B-hairpin reflects the difference in the way the

NAP1 complex and its interaction with histones is regulated in yeast versus higher vertebrates.

Our experiments with in vitro phosphorylated rNAP1 provides conclusive evidence that
phosphorylation favors formation of oligomers, possibly by burying its NLS and thus affecting
its nuclear translocation. Indeed, the dephosphorylation by CIP has in part, reversed this effect
on oligomerization, thus, further proving that indeed phosphorylation of NAP1 effects its
oligomerization capacity. Nonetheless phosphorylation does not seem to affect its histone
binding capacity. However, what remains to be studied is whether, phosphorylation effects

stoichiometric ratio of histone binding and also does it influence its nuclear import and export.

3.5. Conclusion

In summary, we show that INAP1 interacts with both H2A.1 and H2A.2 and its knockdown
has no effect on chromatin deposition of these histone isoforms. We also describe the
biophysical and biochemical characterization of recombinant rNAP1 that is 98% identical to

hNAP1. We found that INAP1 forms stable oligomers in solution compared to yNAP1 and
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exhibits two-state model of unfolding, with Tm of 51.2°C and [Urea];; of 2.1M where as
yNAPI1 displays three state model of unfolding. Molecular dynamic simulations revealed dimer
of rNAP1 is more stable in comparison to yNAP1 owing to the higher number of hydrogen
bonds. The homology based modelled structure of INAP1 show key differences in the B-sheets
of protein interaction domain and in a-helix of dimerization domain; these key differences
might explain the differential stabilities of INAP1 and yNAP1. Further, we also show that in
vitro phosphorylation of rNAP1 increases its oligomerization potential indicating the

importance of post-translational modifications in governing NAP1 functions.
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Chapter 4

V. Chromatin CBimﬁ’ng
Partners of Histones H24.1
and H24.2
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4.1. Introduction

DNA and the highly basic histone proteins assemble together to form chromatin. Cells exploit
changes in DNA-histone and histone—histone interactions to regulate gene expression. The
change in the conformation of chromatin states is either achieved by posttranslational
modification (PTM) of histones or by changing the biochemical composition of nucleosomes
by the replacement of major histone types with specific histone variants or isoforms'”.
Especially, histone variants upon deposition onto the chromatin by specific histone chaperones
give rise to specialized nucleosomes which contribute to epigenetic regulation in various

physiological states.

Histone variants endow chromatin with unique properties and show a specific
genomic distribution that is regulated by specific deposition and removal machineries. These
variants have important roles in early embryonic development, regulate the lineage
commitment of stem cells, as well as the converse process of somatic cell reprogramming to
pluripotency. Recent progress has also shed light on how mutations, transcriptional
deregulation and changes in the deposition machineries of histone variants affect the process
of tumorigenesis. These alterations promote or even drive cancer development through
mechanisms that involve changes in epigenetic plasticity, genomic stability and senescence,
and by activating and sustaining cancer-promoting gene expression programs. Not only
individually, in combination also, various histone variants form ‘double variant nucleosomes’
or ‘heterotypic nucleosomes’, which differ in their stability thus influencing the gene
expression pattern. One of the well-studied such nucleosome is formed by H3.3 and H2A.Z.
These nucleosomes are known to be relatively unstable (labile) and susceptible to disruption

even at low salt concentrations [Figure 4.1]'7.
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Figure 4.1. A new model for transcriptional activation
/‘\ involving histone variant incorporation at the TSS

using H3.3 and H2A.Z. In this model, the nucleosome

Canonical Double variant located at the TSS continuously cycles between the
nucieasame ‘labile’ nucieasome repressed canonical form (red arrow) and an unstable
histone variant-containing state (green arrow) during
every round of transcription, adding another

regulatory step to the transcription process.
Adapted from:

Tatiana A. Soboleva, et al., (2014). Histone variants at
Repressed

the transcription start-site. Trends in Genetics,
\_/ 30(5):199-209.
DOI: http://dx.doi.org/10.1016/].tig.2014.03.002

These unstable Nucleosome Core Particles (NCPs) could serve as ‘place holders’ to prevent
the region from being covered by adjacent quite stable (canonical) NCPs and/or nonspecific

174 At the same time,

factors, as might occur if the region were completely free of nucleosomes
because of their relative instability the H3.3/H2A.Z NCPs could more easily be displaced by
transcription factors ' . Likewise, genome wide distribution analysis of these ‘double variant’
nucleosomes revealed their presence predominantly near the transcriptional start site
suggesting that such labile nucleosomes when present on a promotor or enhancers, the energy
required for cellular machinery to make the region nucleosome free is very less'”. Further,
many studies on the histone variant distribution pattern revealed that each variant or
combination of variants has a highly specific pattern of distribution in vivo, signifying that

these differences in stability are elaborately exploited in the regulation of gene expression'’®.

Further, addition of differential PTMs the variants undergo, will lead to a repertoire of various
NCPs. These NCPs together form an effective language guiding various cellular process as
explained in ‘Histone code hypothesis’. For example, Phosphorylation of the histone variant
H2A.X at its unique serine at position 139 (the product of which is referred to as YH2A.X) is
an early event in the detection of DNA double-strand breaks (DSBs)'”’. yH2A.X spreads
around the DNA damage site to amplify the signal to the repair machinery'”®. Thus, ultimately

acting as binding sites for recruitment of repair proteins. At low levels of genotoxic stress,
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yH2A.X helps to activate the G2—M checkpoint and cell cycle arrest'”’, and H2A.X-deficient
mice are hypersensitive to radiation and develop T cell lymphomas on a p53-null
backgroundlso. Therefore, not only various histone variants/isoforms in combination, their
potential to undergo differential PTMs may influence the underlying gene expression pattern

and thus have the prospective to govern tumor development.

Even though, histone isoforms H2A.1 and H2A.2 might have a similar set of chaperones, the
possibility still exists for their differential chromatin or nucleosomal binding partners. If such
a possibility exists either these NCPs may differ in their biochemical composition in terms of
their PTMs and/or they might have differential stability. This part of the thesis discusses the

work done in this regard.

4.2. Methods

4.2.1 Animal handling

All the experiments were performed on male Sprague- Dawley rats (spp. Rattus norvegicus)
after approval of the Institute Animal Ethics Committee (IAEC# 29/2011 and 04/2014),
Advanced Centre for Treatment Research and Education in Cancer and the Committee for the
Purpose of Control and Supervision on Animals, India standards. The detailed protocol to
induce liver carcinogenesis is as previously described”®. Tissue samples were fixed in formalin
and prepared as paraffin-embedded blocks according to standard protocols. The H&E-stained
sections were microscopically reviewed for histopathological alterations to confirm normal and

HCC.

4.2.2 Isolation of histones

a) From tissue: Nuclei were isolated from liver tissues by sucrose density gradient
centrifugation'®! and then, histones were extracted from isolated nuclei by low concentration

acid extraction method. Liver tissues (~3g) excised from euthanized rats were rinsed in excess
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of ice-cold ‘nuclear buffer A’ (15mM Tris-CI pH7.5, 60mM KCI, 15mM NaCl, 2mM EDTA,
0.5mM EGTA, 0.34M sucrose, 0.15mM B-ME, 0.15mM spermine and 0.5mM spermidine).
Liver tissues were minced and homogenized in motor driven glass-Teflon homogenizer in 30ml
fresh nuclear buffer A. Homogenate was filtered through 8 layers of cheesecloth to remove
large solid particles left over. The filtrate was centrifuged for 15min at 1500g (5000rpm in Rota
6R-V/Fm, Plasto Crafts) and 4°C. The crude nuclear pellet obtained was resuspended in fresh
30ml of nuclear buffer A. The suspension was layered on 10ml of ‘nuclear buffer B* (15mM
Tris-Cl pH7.5, 60mM KCI, 15mM NaCl, 0.1mM EDTA, 0.ImM EGTA, 1.8M sucrose,
0.15mM B-ME, 0.15mM spermine and 0.5mM spermidine) and centrifuged for 90min at
100000g (26000rpm in AH629 swinging bucket rotor), 4°C. The nuclear pellet was
resuspended in 3ml nuclear buffer A. The nuclei were used for histone extraction as earlier

. 1182
described'®.

Nuclei were resuspended in 0.2M H,SOy at a concentration of ~2mg DNA/ml and incubated
overnight on a rocking platform at 4°C. For determining concentration, the nuclei were
ruptured in 2M Urea- 5SM NaCl and the absorbance was measured at 260nm. The suspension
was centrifuged for 10min at ~12000g (15000rpm in Rota4R V/Fm, Plasto Crafts), 4°C. The
supernatant comprising of acid soluble nuclear proteins was transferred to fresh clean
microcentrifuge tube. Nuclear proteins (predominantly histones) in the supernatant were
precipitated by adding 4 volumes of acetone and stored overnight at -20°C. The mixture was
centrifuged for 10min at ~12000g and 4°C as mentioned before to pellet the proteins. The pellet
was washed once in chilled acidified acetone (0.05M HCI in 100% acetone) and once in chilled
100% acetone. Protein pellet was dried in vacuum centrifuge for 15min. The pellet was
resuspended in 0.1% B-ME in water at a concentration of ~5ug/ul and stored at -20°C. Histones

resolved on 18% SDS-polyacrylamide gel were transferred to PVDF membrane, probed with
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site-specific modified histones antibodies and signals were detected by using ECL plus

detection kit (Millipore; Catalogue no. WBKLS0500).

b) From cell line. Cell pellet was resuspended in 0.1ml PBS in a microcentrifuge tube. To
this suspension 0.9ml lysis solution (250mM sucrose, 50mM Tris-Cl pH7.5, 25mM KCI, 5SmM
MgCl,, 0.2mM PMSF, 50mM NaHSO3;, 45mM sodium butyrate, 10mM B-ME and 0.2% v/v
Triton X-100) was added. Tube was inverted several times and centrifuged for 15min at 800g
(4000rpm in Rota4R), 4°C. The nuclear pellet obtained was subjected to histone extraction by
low concentration acid extraction method by adding 0.3ml of 0.2M H,SO, as described

previously.

4.2.3 Analysis of histones

Extracted histones were estimated and subjected to SDS-PAGE for western blot analysis or

processed further for AUT-PAGE.

a) Protein estimation: Histone concentrations in various samples were determined by
Bradford method'®. Protein standards were prepared containing a range of 0 to 100pg of
Bovine Serum Albumin in 5ml of 1X Bradford reagent. Histone samples were also prepared
similarly. Samples were vortexed and incubated at room temperature for Smin. Absorbance
was measured at 595nm and the blank was adjusted. Histone samples were estimated for
protein concentration by plotting standard curve.

b) SDS-PAGE of extracted histones: Same as described in chapter III (page number 77).
After the run was complete, the power supply was then disconnected and gel was subjected to

Coomassie staining for protein visualization or subjected to western blot analysis.
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4.2.4 Western Blot Analysis

Levels of particular proteins or their post-translational modifications were assessed by western
blot analysis using the appropriate antibody. See Annexure 11 in Appendix for the details of the

antibodies used in the study.

c) Electroblotting from SDS-PAGE: Histones (5-10ug) were electroblotted from SDS-
PAGE gels to PVDF membranes for western blot analysis. The transfer tank of electroblotting
apparatus (Trans-Blot Cell, Bio-Rad) was filled with 1X transfer buffer (see Annexure V for
composition). PVDF membrane was activated in 100% methanol for 5sec. The activated
membrane and SDS-PAGE gel were equilibrated in 1X transfer buffer. The gel membrane
transfer sandwich was prepared and inserted into the transfer tank with gel on cathode side and
membrane on anode side. Transfer was conducted at a constant current of 300mA for 200min.
Proteins transferred onto the membrane were detected by staining with Ponceau S (0.5% w/v
Ponceau S in 1% v/v acetic acid) and destaining with several changes of water.

d) Immunoblot detection. Proteins transferred onto PVDF membrane were probed with
antibodies. In general, membrane with transferred proteins was incubated in ‘blocking buffer’
i.e. 5% BSA in Tween20/Tris-buffered saline (TTBS, 100mM Tris-CI pH7.5, 0.9% w/v NaCl
and 0.1% v/v Tween20) for 1h at room temperature on orbital shaker. Blocking buffer was then
replaced by recommended dilutions of primary antibodies in TTBS and incubated for 1h at
room temperature in orbital shaker. The membrane was vigorously washed four times with
TTBS for 15min each at room temperature. Further the membrane was incubated in
recommended concentrations of HRPO labelled secondary antibodies in TTBS for 1h at room
temperature on orbital shaker. The membrane was again washed vigorously four times with
TTBS at room temperature and developed using Immobilon Western (Millipore #P90719). The
membrane was exposed to X-ray film in dark room and developed using Optimax X-ray film

processor (Protec). Band intensities were analysed using ImageJ and GraphPad prism software.

111



Thesis | Divya Reddy Velga

The list of antibodies used throughout the work has been tabulated and presented as Annexure

11 in Appendix section.

4.2.5 Acetic acid, Urea, Triton (AUT) -PAGE Analysis

AUT-PAGE analysis of histones was done as described earlier '*. For preparation of AUT-
PAGE (15cm long) gel, glass-plate sandwich was assembled using 0.15cm thick spacers.
Separating gel solution was prepared and poured into glass plate sandwich and was allowed to
polymerize in light. Stacking gel solution was then prepared, poured and polymerized into the
glass plate sandwich (Annexure V in Appendix for details of chemicals). The sandwich was
attached to electrophoresis chamber and filled with electrophoresis buffer (1M acetic acid and
0.1M glycine). The gel was pre-electrophoresed for 2h at constant voltage of 200V. The buffer
was then replaced and histone samples (see Annexure V in Appendix for sample preparation)
were loaded in the wells. AUT gel was washed twice in ten gel volumes of buffer A (0.05M
acetic acid, 0.5% w/v SDS), 30min each and once with modified buffer of O’Farrell (0.0625M
Tris-Cl pH 6.8, 2.3% w/v SDS, 1% B-ME). The gel was treated with three washes of 50%

methanol of 1h each for rapid fixation of proteins and proceeded for silver staining.

4.2.6 MALDI-TOF/TOF mass spectrometry

Core histones spots were subjected to in-gel digestion for identification by MALDI-MS

fingerprint mapping as described earlier'*>'*

. Core histones separated on AUT two-
dimensional gel were visualized by SDS-silver staining method. Spots that appeared on the gel
were numbered and subjected to MALDI-TOF/TOF mass spectrometry in a two-step process.
First the proteins were digested using trypsin protease. Then, the tryptic peptides were

subjected to MALDI-MS and the MALDI-MS spectrum was compared to database for

identification of histone protein (Annexure V in Appendix for details of chemicals).
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a) In gel digestion: Core histones spots on gel were subjected to in-gel digestion for
identification by MALDI-MS fingerprint mapping as described. Core histone spot of interest
was excised and cut into small pieces (~1mm?®) using a scalpel and placed into microcentrifuge
tube. Freshly prepared reducing solution was added ten volumes of the gel pieces and vortexed
until brownish stain disappeared. They were rinsed few times with water to stop the reaction.
Next, they were washed with 25mM ammonium bicarbonate for 15min. They were then
dehydrated with 25mM ammonium bicarbonate in 50% v/v acetonitrile. Washing/rehydration

step was repeated and gel pieces were vacuum dried.

Gel pieces were then covered with 10mM DTT solution and reduced for 1h at 56°C. They were
cooled to room temperature and DTT solution was replaced with 55mM iodoacetamide
solution. They were incubated at room temperature for 45min in dark with occasional
vortexing. They were washed, dehydrated and dried as mentioned in the previous paragraph.
They were rehydrated in 1 volume of 20pg/ml Trypsin in 25mM ammonium bicarbonate by
vortexing for Smin. They were covered in minimum volume of 25mM ammonium bicarbonate

and incubated overnight at 37°C.

Peptides were recovered as follows. Two volumes of water were added to the gel pieces,
vortexed for 5 min. and sonicated for Smin. The peptide solution was removed and transferred
to a fresh microcentrifuge tube. Two additional extractions were performed with 5% v/v TFA
in 50% v/v acetonitrile. Recovered peptides were dried completely in vacuum centrifuge and
reconstituted in 10ul of 5% v/v TFA in 50% v/v acetonitrile. Recovered peptides were stored

at -20°C until required for sample preparation for MALDI-MS analysis.

b) Sample preparation and analysis: One microliter of recovered peptides and 1ul of
peptide matrix solution (20mg/ml HCCA in 0.1% v/v TFA in 50% v/v acetonitrile) were

pipetted onto the sample target (plate), mixed and allowed to dry. External calibration was
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prepared by mixing peptide standard mixture and peptide matrix solution similarly. Sample
target (plate) was inserted into the MALDI-TOF/TOF mass spectrometer (Bruker Daltonics,

Ultraflex II) and analysed as recommended by manufacturer.

In brief, mass spectra were acquired on reflector ion positive mode. Database searching for
protein masses was carried out using MASCOT search engine (version 2.2.03) by comparing
peptide masses with those in NCBInr protein database (database version:
NCBInr 20080812 fasta) in Rattus spp. The searches were carried out with trypsin digestion,
one missed cleavage, fixed carbamidomethylation of cysteine residues and optional oxidation

of methionine with 100ppm mass tolerance for monoisotopic peptide masses.

4.2.7 Reverse Phase High Performance Liquid Chromatography (RP-HPLC)

Separation of mammalian core histones by RP-HPLC was done as described earlier'®*. Briefly,
acid-extracted histones were separated by RP-HPLC on a C8 column a C18 column
(1.0x250mm, Smm, 300A °; Phenomenex).

Mobile phases A and B consisted of water and acetonitrile with 0.05% trifluoroacetic acid,
respectively. The flow rate was 0.42ml/min, and total run length was for 180min with the
following gradient, starting at 20% B, increased linearly to 30% B in 2min, to 35% B in 33min,
55% B in 120min and 95% B in 5min. After washing at 95% B for 10min, the column was
equilibrated at 20% B for 30min, and a blank was run between each sample injection. Under
these conditions histones H3 split into three distinct peaks. The H3-containing fractions were
collected, dried under vacuum and stored at -80 °C. RP-HPLC fractions were subsequently
resuspended in water, analyzed by SDS-PAGE and control-stained with Coomassie Brilliant

Blue after which they were subjected to western blotting against desired antibodies.
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4.2.8 RNA isolation

All solutions were prepared in 0.1% diethylpyrocarbonate (DEPC) treated water for isolation
of RNA. Glassware was baked at 300°C for 4h and compatible plasticware was rinsed with

chloroform. Nitrile gloves were used to prevent RNase contamination.

RNA was isolated from liver tissue by guanidine method for total RNA preparation'”'. Frozen
liver tissue (0.1g) was powdered in pre-chilled mortar and pestle. The powder was suspended
in 1ml denaturing solution (4M guanidine thiocyanate, 25mM sodium citrate, 0.5% sarkosyl
and 0.1M B-ME) in microcentrifuge tube. To this suspension, 0.1ml of 2M sodium acetate pH
4, 1ml of water saturated phenol and 0.2ml of chloroform/isoamyl alcohol (49:1) were added.
The suspension was thoroughly mixed and incubated at 0-4°C for 15min. The suspension was
then centrifuged for 20min at 10000g (15000rpm in Rota 4R), 4°C. The upper aqueous phase
was transferred to fresh microcentrifuge tube. RNA was precipitated by adding equal volume

of 100% isopropanol and incubating for 30min at -20°C.

The precipitate was centrifuged for 10min at 10000g (15000rpm in Rota 4R), 4°C. RNA pellet
was dissolved in 0.3ml denaturing solution. RNA was precipitated with 0.3ml of 100%
isopropanol for 30min at -20°C and centrifuged for 10min at 10000g (15000rpm in Rota4R),
4°C. RNA pellet was resuspended in 75% ethanol, vortexed, incubated for 10-15min at room
temperature and again centrifuged for 5min at 10000g (15000rpm in Rota4R), 4°C. RNA pellet
was dried for Smin and dissolved in DEPC treated water. RNA was stored at -70°C until
required. RNA was quantitated by diluting 5pl in 1ml alkaline water (1mM Na,HPO,) and
reading at A260. Quality of RNA was confirmed by A260/A280 (1.9-2.0), A260/A230 (2.0-

2.2) and agarose formaldehyde gel electrophoresis.
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4.2.9 Agarose formaldehyde gel electrophoresis

The protocol for denaturing agarose gel electrophoresis is as described earlier'>'. Agarose was
dissolved in water and cooled to ~60°C to prepare 1% agarose formaldehyde gel. After cooling,
5ml of 10X MOPS running buffer (0.2M MOPS pH7.0, 0.5M sodium acetate and 0.01M
EDTA) and 9ml of 12.3M formaldehyde were added. The gel was poured into electrophoresis
tray with comb and allowed to set. Comb was removed and gel was placed in gel tank. Gel
tank was filled with 1X MOPS running buffer. For electrophoresis, 2pig RNA was loaded per
lane. RNA volume was increase to 11ul by water and 5ul of 10X MOPS bufter, 9ul of 12.3M
formaldehyde and 25l of formamide were added and sample was incubated for 15min at 55°C.
To this mixture 10ul formaldehyde loading buffer (ImM EDTA pHS8.0, 0.25% w/v BPB,
0.25% w/v xylene cyanol, 50% v/v glycerol) was added and loaded onto the gel. The gel was
run at 5V/cm until dye migrated one-third to two-third length of the gel. The gel was removed,
transferred to RNase free glass dish with water and soaked twice for 20min each. After
sufficient removal of formaldehyde, gel was soaked in 0.5pg/ml ethidium bromide and allowed
to stain for 40min. The gel was destained in water for 1h and examined on a UV trans-

illuminator at a wavelength of 365nm to visualize RNA.

4.2.10 cDNA synthesis and Real time PCR

Extracted RNA was further treated with DNasel (Fermentas) for 60min at 37°C to degrade any
possible DNA contaminant. DNasel was inactivated by incubating the samples at 72°C for
30min. RNA was visualized by ethidium bromide staining after electrophoresis on a 1% MOPS
denaturing agarose gel. RNA (2nug) was subjected to reverse transcription using M-MLV
Reverse Transcriptase and random hexamer primers according to the manufacturer’s (Thermo-
Scientific) instructions. cDNAs were then amplified with the corresponding gene-specific
primer sets (Annexure 1V in Appendix for primer sequences), designed to amplify the total

coding sequence, by PCR for 30 cycles using the condition of 30s at 94°C, 1 min at 58°C, and
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1 min at 72°C. The PCR products were analysed on a 1% agarose gels containing 0.5ug/ml
ethidium bromide. The cDNA synthesized was further used for Real-time PCR experiments
with Syber green dye (Applied Biosystems). The expression levels were plotted as relative fold

change with respect to GAPDH.

4.2.11 Cell line maintenance
Experiments were performed with the neoplastic CL38 and pre-neoplastic CL44 cells of rat
liver origin. The methodology for their maintenance is same as described in chapter I1I (page

number 73).

For Azacytidine and Trichostatin A (TSA) treatment, the cells were cultured in the medium as
described above along with SuM Azacytidine or 10nM TSA for 16h and 72h respectively. Post

incubation cells were harvested and proceeded for further assays.

4.2.12 Cell Fractionation

The harvested cells were washed twice with chilled PBS, lysed in MKK lysis buffer (10mM
Tris-Cl, pH 7.4, 0.27M Sucrose, ImM EDTA, I1mM EGTA, 1% Triton X-100) containing
protease and phosphatase inhibitors (ImM sodium orthovanadate, 10mM sodium fluoride,
10mM B-glycerophosphate, 10pg/ml leupeptin, 10pg/ml aprotinin, 1mM PMSF) for 30min at
4°C. Following hypotonic lysis, cells were centrifuged at 12,500rpm for 20min at 4°C to

separate chromatin fraction and total soluble protein fraction.

4.2.13 Salt dissociation experiment

CL38 cells were transfected with H2A.1 pcDNA FLAG/HA, H2A.2 pcDNA FLAG/HA, H3.2
pcDNAMYC and H3.3 pcDNA MYC in all the possible four combinations. The chromatin of
these transfected cells were isolated as mentioned in the above section and then it was incubated
with different NaCl concentrations (600-1000mM) at 4°C for 30min. Supernatants were

collected and the proteins were precipitated with 20% TCA. The histone in the pellet remaining
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after salt treatment was extracted with 0.2M H,SO, as described in histone isolation protocol
(page no. 111). The proteins were then resolved on 18% SDS-PAGE and probed with suitable

antibodies.

4.2.14 Mononucleosomal Immunoprecipitation

187 Cells were lysed for nuclei isolation

Nuclei from cells were prepared as described earlier
with buffer containing 10mM Tris-HCI (pH 7.4), 10mM NaCl, 3mM MgCl2, and 0.4% NP-
40. All buffers were supplemented with 10mM Na-butyrate, 0.5ug/ml aprotinin, 0.5pg/ml
leupeptin, and 1pug/ml aprotinin. Nuclei were then pelleted was treated with 0.2%
formaldehyde for 1min at room temperature to fix nuclei before MNase digestion and
resuspended in the same buffer plus ImM CaCl,. The crosslinking was quenched by addition
of 125mM glycine. 5ul nuclei suspension was mixed with 200ul of 5M urea-3M KCl solution.
The A260 was adjusted to 1.25, and the resuspended nuclei were digested with MNase (USB#
70196Y), 100 units/mg DNA, for 30min at 37°C. The reaction was stopped by adding EDTA
(pH 8.0) to a final concentration of 10mM, and the suspension was centrifuged at 2500rpm for
Smin, retaining supernatant S1. The pellet was then resuspended in lysis buffer plus 0.25mM
EDTA, incubated on ice for 30min, and recentrifuged at 10,000 rpm for 10min after passing
four times through a 20-gauge needle followed by four passes through a 25-gauge needle. The
supernatant S2 was combined with S1. Mononucleosomes were layered on glycerol-gradient
(10 to 40%) containing 10mM or 80mM NaCl, 10mM Tris-HCI (pH 7.4), 0.2mM EDTA and
centrifuged for 16h at 27,500rpm at 4°C in a Beckman SW28 rotor. The mononucleosomal
ring obtained was collected and its quality was confirmed on 1.8% TAE-agarose gel.
Mononucleosomes (0.7ml) in immunoprecipitation buffer (10mM Tris-HCI at pH 7.4, 50mM
or 10mM NaCl, 0.2mMEDTA) were incubated with Spg anti-FLAG or anti-MYC antibody

overnight at 4°C, followed by incubation with protein G sepharose beads for 4h and then

washed five times with immunoprecipitation buffer and proceeded for SDS-PAGE sample
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preparation. Twenty microliters of immuno- precipitated proteins were fractionated by SDS-
PAGE and electrotransterred to PVDF membranes. Blots were proceeded for western blot

analysis (described on page no. 114).
4.2.15 Nucleosome system building

Sequence analysis of rat nucleosome identified human nucleosome PDB ID: 2CVS5 as a closet
matched based on histone variants. Histones H4 and H2B were 100% identical. In histone
H2A.1 only one change was at 40th position from Ser40Ala. In order to convert H3.1 of human
to H3.3 of rat, five point mutations Ala31Ser, Ser§7Ala, Val89lle, Met90Gly and Cys96Ser
and for H3.2 four mutations, apart from Ala31Ser were introduced. Thus, rat nucleosome
consisting of Histones {H2A.1, H2B, H4, H3.2} and {H2A.1, H2B, H4, H3.3} were built,
labelled and as ‘system 1° and ‘system 3’ respectively. From system 1 & 3, system 2 & 4 were
generated where H2A.1 was converted to H2A.2 by introducing mutations at Thrl16Ser,
Leu51Met and Arg99Lys positions on both the copies of the histone variants. The rest of the
histone variants (H2B, H4 and H3.3) were unchanged. In both the systems the DNA were

identical as with PDB ID: 2CVS5.

4.2.16 Molecular dynamic simulations

Molecular dynamics (MD) simulations experiments were performed based on principles
described earlier'® in collaboration with CDAC, Pune and BTIS, ACTREC. Simulation were
performed in triplicates for both the systems in a truncated octahedron box by adding sufficient
ions to balance the nucleosome charge. Nucleosomal complex were represented using amber
ff03 force filed and the TIP3P model to describe the water molecules. System was energy
minimized in two steps, initially using steepest-descent method putting restrain on nucleosomal
complex and allowing water to relax. In next minimization step entire system was allowed to
relax. Then system was equilibrated first by NVT followed by NPT ensemble. All the

Molecular simulations were carried out using the Gromacs-4.6.5 software, with periodic
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boundary conditions. The particle mesh Ewald method was used to treat the long-range
electrostatics, together with a cut-off of 1.2 nm for the short-range repulsive and attractive
dispersion interactions, which were modelled via a Lennard-Jones potential. The Settle
algorithm was used to constrain bond lengths and angles of water molecules, and P-Lincs for
all other bond lengths. The time step of 2fs was used for entire system. The temperature was
kept constant at 300K by using the Nose-Hoover thermostat method. The simulation was
carried out for 250ns. To control the pressure at 1 atmosphere, Parrinello-Rahman method was
used. Gromacs tools were used for RMSD and H-bond calculation'®. Principal component
analysis (PCA) was done using prody software. VMD software was used for contacts analysis

calculations using TCL script and for image generation.

4.2.17 Cell cycle synchronisation

Exponentially growing cells were trypsinized and counted as described earlier and plated
(2X10° cells per 100mm X 15mm culture dish) in complete MEM. At 30-40% confluent
density, complete MEM was replaced by serum free MEM and cells were incubated for 24, 48,
72 and 96h. After completion of incubation, CL38 cells were trypsinized, suspended in 1ml
MEM and centrifuged for 10min at 200g (2000rpm in Rota4R). Cell pellet was either used for

extraction of histones or processed for flow cytometry analysis.

4.2.18 Flow cytometry analysis

Cells were prepared for flow-cytometry analysis as described earlier'®’

. Cells were centrifuged
for 10min at ~200g (2000rpm in Rota4R) and resuspended in 0.1ml of PBS. Cells were
transferred to 0.9ml of 70% ethanol v/v in PBS and stored at -20°C for > 2h until required.
Ethanol-suspended cells were centrifuged for S5min at 200g (2000rpm in Rota4R). Cell pellet

was resuspended in 1ml PBS and re centrifuged at 200g (2000rpm in Rota4R). The cell pellet
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was resuspended in Iml PI (1pg/ml)/Triton X100 (0/1%) staining solution with RNase and

incubated for 15min at 37°C.

Flow cytometer FACS Calibur (Becton Dickinson) was adjusted for excitation with blue light
and detection of PI emission at red wavelength. Cell fluorescence was measured in flow
cytometer using pulse width-pulse area signal to gate out the cell-doublets and analysed using

DNA content frequency histogram deconvolution software (ModFit LT v2.0 for Mac OS 8.6).

4.2.19 MTT assay

Cell viability was quantified by its ability to reduce tetrazolium salt 3-(4,5-dimethylthiazole-
2Y')-2,5-diphenyl tetrasodium bromide (MTT) to coloured formazan products as described
earlier "*°. MTT reagent (5mg/ml in PBS) was added to the cells at 1/10th volume of the
medium to stain only viable cells and incubated at 37°C for 4h. MTT solubilisation buffer
(0.01M HCL, 10% SDS) of two-fold volume was added to cells, followed by incubation in the
dark at 37°C for 24h. The absorbance was measured at 570nm with Spectrostar Nano-Biotek,
Lab Tech plate reader. Cell viability was expressed as the percentage of absorbance obtained

in control cultures.

4.2.20 Colony formation assay

Clonogenic assay was performed as described earlier'”’. The cells (n=1000) were plated in
triplicate in 60mm tissue culture plates and they were allowed to grow in a monolayer for 14
days. Cells were incubated in complete culture medium, with media changes after every 2-3
days. After 14 days, the cells were fixed with 4% paraformaldehyde for 1h. The colonies were
stained with 0.5% crystal violet (0.5% in 70% ethanol) for 1h at room temperature, rinsed and
air-dried. Surviving colonies with more than 50 cells were counted and images were captured
using a high-resolution Nikon D70 camera (Nikon, Tokyo, Japan). For quantification of the

size of the colonies ImageJ was used.
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4.2.21 Micrococcal nuclease digestion assays

The assay was performed as described earlier'®'. Nuclei containing 2mM CaCl, were incubated
for 2,4, 6, 8 and 10min with 5U MNase/mg of DNA at 37°C in MNase digestion buffer (15mM
Tris-Cl pH 7.4, 15mM NaCl, 2mM CaCl,, 60mM KCI, 15mM B-ME, 0.5mM spermidine,
0.15mM spermine, 0.2mM PMSF, protease and phosphatase inhibitors). The digestion was
stopped by adding 2X lysis buffer (0.6M NaCl, 20mM EDTA, 20mM Tris-Cl pH 7.5, 1%
SDS). MNase digested samples were treated with RNaseA (100pg/ml) for 30min at 37°C
followed by proteinase K (80png/ml) treatment for 2h at 50°C. The samples were extracted
sequentially with phenol, phenol: chloroform and chloroform followed by ethanol precipitation
at -20°C. The precipitated DNA was recovered by centrifugation at 10000g for 20min. The
DNA pellet was washed, air dried, dissolved in 50ul of TE buffer and concentration was
determined by A260/A280 absorbance. MNase-digested samples were resolved on 1.8%
1XTAE agarose gel electrophoresis with 0.5pg/ml ethidium bromide. The image was scanned

with ImageJ software version 1.43u; Java 1.6.0 10 (32-bit).

4.2.22 In vitro transcription assays

The transcription run-on analysis was performed as previously described'”?, with some
optimizing modifications for liver cells. Briefly, sucrose density purified nuclei obtained from
either 1gm liver tissue or 4 X 10° were used for the assay. Nuclei obtained were resuspended
in glycerol buffer (50mM Tris—HCIL, pH 8.3, 40% glycerol, 5SmM MgCl,, 0.1M EDTA) and
used for the assays directly or are stored at -80°C till use. For assay, nuclei (1mg/ml, 100 pl)
were incubated with 25ul 5X reaction bufter (10mM Tris—HCI, pH 8.0, 5mM MgCl,, 300mM
KCl, 5mM DTT) containing 0.5mM each of ATP, CTP, and GTP, 100uCi of [a- 32P] UTP,
and 1 U/ul RNasin (Invitrogen). The reaction was performed at 30°C for 30min, with collection
of nuclei after every Smin interval. The aliquots of the hot nuclei (a.- **P labelled) were spotted

on GF/C filters (Whatman), washed with 5% trichloroacetic acid and rinsed with 70% ethanol.
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The amounts of a- **P RNA on the GF/C filters were measured with a scintillation counter.
The counts were directly plotted post normalisation using zero-minute time point.

4.2.23 Chromatin Immunoprecipitation assay

The protocol for Chromatin immunoprecipitation (ChIP) assay is similar to that of
mononucleosomal immunoprecipitation (on page no. 126) till washing of beads post antibody
incubation, and instead of protein G sepharose beads, Dyna beads (Invitrogen #10004D) were
used. Further, the procedure described in the Acetyl-Histone H3 Immunoprecipitation Assay
Kit by Millipore was employed. Elution buffer (150ul) containing 50mM Tris-HCI1 pH 8.0,
10mM EDTA, 1%SDS, 50mM NaHCO3 and 20ug proteinase K was added and incubated at
55°C for 3h. Tubes were applied to a magnetic rack and eluted DNA was collected. Purified
DNA was then analyzed by real-time PCR. The reaction mixture (5ul) contained 0.5ul of the
appropriately diluted DNA sample, 0.2 pmol/l primers, and 2.5ul of IQ SYBR Green Supermix
(Applied Biosystems). The reaction was subjected to a hot start for 3min at 95°C and 50 cycles
of 950C, 10s; 5 5°C to 650C, 30s; and 720C, 30s. Melt curve analysis was done to verify a single
product species. Percent enrichment in each pulldown was calculated relative to input DNA.

The primers designed were +/- 100bp. nearby TSS for all the genes (4dnnexure IV for list).

4.2.24 Methyl DNA Immunoprecipitation assay

Genomic DNA was purified using sigma gDNA Miniprep kit (Sigma# GIN350), according to
the manufacturer’s instructions. Purified genomic DNA was diluted into a total of 300ul TE
buffer and sonicated with a Bioruptor (10 cycles at low power, of 30sec ‘on’ and 30sec ‘off”)
to an average size of 300—500bp. An aliquot of sonicated DNA was run on 1% agarose gel to
confirm fragment size during each methylated DNA immunoprecipitation (MedIP) procedure.
Sonicated DNA (4pg) was denatured by incubation at 95°C for 10min and was immediately

transferred to ice for 10min. Immunoprecipitation buffer containing 10mM sodium phosphate,
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140mM NaCl and 0.05% Triton X-100 was added to a final volume of 500ul. For each IP
reaction, 2pg of antibody (Methyl cytosine: Diagenode# MAb-006-100 or Hydroxy methyl
cytosine: Abcam# ab106918) was added and incubated overnight at 4°C with shaking. Five
percent of DNA was kept as input. After incubation, 30l of Dyna Protein G beads (Invitrogen#
10004D) were added and further incubated for 1h at 4°C. Beads were washed thrice with 500ul
of IP buffer. Elution buffer (150ul) containing 50mM Tris-HCI pH 8.0, 10mM EDTA, 1%SDS,
50mM NaHCO; and 20pg proteinase K was added and incubated at 55°C for 3h. Tubes were
applied to a magnetic rack and eluted DNA and input DNA were purified with the Qiaquick
PCR purification kit (Qiagen) followed by SYBR Green real-time quantitative PCR to identity
methylated regions. PCR measurements were performed in duplicate. The primers designed
for H2A.1, H3.2 and H2A.2, H3.3 are part of the CpG sites and CpG island respectively
(Annexure IV for list). The average cycle thresholds for the technical replicates were calculated
to yield one value per primer set for each biological replicate and normalized to input using the
formula 2(Ctinput-iCtimmunoprecipitation)) - Ayeraoes and standard deviations of the normalized

biological replicate values were plotted in the figures and used in t-test calculations.

4.3. Results

4.3.1 Histone variant H3.2 is upregulated and H3.3 is downregulated in HCC

To apprehend whether there are any other global histone changes apart from H2A.1 and H2A.2
before understanding the histone-histone interactions at the nucleosome level, histones were
isolated from control and NDEA induced HCC tumor tissues of Sprague-Dawley rats and
resolved using AUT-PAGE which separates proteins on the basis of mass and
hydrophobicity'*>. Along with the significant change in pattern of major H2A isoforms H2A.1
and H2A.2, which has been reported earlier’®, major alterations in H3 region was also seen

[Figure 4.2a]. The upper band intensity was increased and lower band decreased. These two
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spots were identified as H3.2 and H3.3 respectively by mass spectrometry (MS) [Figure
4.2b(i)(ii)]. Peptides obtained for both the proteins have been tabulated in Supplementary
Figure 3. To understand the expression changes of H3 variants in a quantitative manner, RP-
HPLC was standardized, which aids to resolve three H3 variants, H3.2, H3.3 and H3.1. As seen
in the overlay of HPLC profile of control and tumor, the H3.2 was increased and H3.3
decreased [Figure 4.2¢(i)]. The area under the peak obtained for H3.2 and H3.3 is plotted for
control and tumor tissues [Figure 4.2¢(ii)]. The complete HPLC profile with all core histones

has been shown as Supplementary figure 4 in Annexure 1.
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Figure 4.2. Dysregulation of H3 variants correlates with tumor tissue at protein level. (a) Silver stained AUT-PAGE analysis
revealed changes in expression profile of H2A.1, H2A.2 and also in H3 region. Black line denotes the H3 region. Remaining
histones are also marked. (b)(i)(ii) Mass spectrometry analysis of H3 region identified the upper band as H3.2 and lower protein
band to be H3.3 respectively. The differential amino acids in the tryptic digested peptides are highlighted in red. (c)(i) Overlay
of H3 variant RP-HPLC profile of control and tumor tissues showing upregulation of H3.2 and downregulation of H3.3 in tumor
tissue. (i) Quantitative graph plotted for showing the area under the peak for H3.2 and H3.3.
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To understand whether the changes observed at the protein level is reflected at the RNA also.
Measurement of these transcripts in tissues revealed a significant upregulation of H3.2 and
downregulation of H3.3 [Figure 4.3a(i)]. Similar changes were observed in pre-neoplastic
CL44 and neoplastic CL38 cells [Figure 4.3a(ii)]. These cell lines were derived from the liver

of Sprague Dawley rats post administration of NDEA'**

The transcription of replication-dependent histones like H3.2 markedly increases on entry of
cells into S-phase'®*'”>. The H3.3 variant, on the other hand, is a replication-independent
histone variant and is expressed throughout the cell cycle'. Increased proliferation of cells is
a hallmark of cancer, hence, to understand that whether the associated changes in the levels of

the two H3 variants is due to changes in cell cycle phase between control and tumor samples.
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Figure 4.3. Cell cycle dependent expression of H3 variants. (a) Real time PCR, done to assess the changes in
the transcript levels of H3.2 and H3.3 in (i) tissues and (ii) cell lines. (b) Flow cytometry analysis depicting the
percentage of cells in various phases of cell cycle in form of a pie diagram for both tissues and cell lines. (c)
Monitoring the changes in H3.1 expression in (i) tissues and (ii) cell lines at transcript level.

As expected, the tumor tissue and CL38 cells were more in S and G2/M phase compared to
normal and CL44 cells respectively [Figure 4.3b]. Next, we asked whether other replication-
dependent H3 variant, H3.1 is also upregulated in transformed cells like H3.2. Strikingly, the

expression level of H3.1 was unaltered at transcript level in both the tissues and cell lines
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[Figure 4.3¢(i)(ii)]. Similar observation was also seen at protein level by RP-HPLC [Figure
4.2¢(i)], suggesting that H3.2 is specifically upregulated in HCC. Multiple alignment of the
three H3 variants, highlighting the differential amino acids is shown in Supplementary Figure

3.

4.3.2 Mono-nucleosomal association of H2A isoforms and H3 variants

Our data suggests that in HCC histones, H2A.1 and H3.2 are upregulated and H2A.2 and H3.3
are downregulated. The similar expression profiles of H2A isoforms and H3 variants made us
to hypothesize that either these histones may have specific interaction amongst each other,
H2A.1 might interact predominantly with H3.2 and H2A.2 with H3.3 and/or they are
transcriptionally regulated in a related manner. Firstly, to understand whether any specific
protein-protein interaction exists amongst these four histones immunoprecipitation approach
was taken. Due to lack of specific antibodies against all the histones in the study, it was
imperative for us to tag these proteins, ectopically co-express, and perform co-
immunoprecipitation analysis. To this end, both H2A isoforms were tagged with FLAG/HA
and both H3 variants with MYC [Figure 4.4a]. H2A and H3 histone constructs were co-

transfected in all possible four combinations and their specific interactions are assessed by
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H3.2 MYC | "= — — —
H2A.1 H2A2 H3.2 H33 -
FLAG | - - - P
| | o - : |~
H2A.1 FLAG H2A.2 FLAG o
FLAG myc lnput I1gG P Input IgG IP®
=
H3.3MYC | s —_ | S
FLAG | "= — | — -—
Figure 4.4. Association between H2A isoforms and H3 variants. (a) Western blot showing H2A isoforms
tagged with FLAG and H3 variants with MYC. (b) Interaction between H2A isoforms and H3 variants are
assessed by immunoprecipitation (IP) by FLAG and immunoblotting (IB) with MYC. Initially the IP was
checked by performing western with FLAG then the blot was stripped to assess the H3 variant enrichment.
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FLAG immunoprecipitation followed by MYC immunoblotting [Figure 4.4b]. The presence
of FLAG signal in all the lanes indicated IP worked in all the reactions. Further, the MYC
signal in all the immunoprecipitate indicates the interaction of MYC-histones with FLAG—
histones. Conclusively, data suggest, for the possibility of occurrence of all interactions, thus,
enabling us to conclude that histone isoforms H2A.1 and H2A.2 do not show any specific

interaction with either of H3 variants, H3.2 and H3.3.

4.3.3 Differential stabilities of the nucleosomes formed by H2A and H3
histones

Though H2A isoforms and H3 variants interact with each other with no specificity, there still
exists a possibility just like for H2A.Z and H3.3 that the NCPs formed by specitfic combination
of histones might have differential stabilities'””. To test this proposition salt dissociation
experiment was performed by incubating the chromatin isolated from cell line co- transfected
with H2A and H3 constructs in four combinations, by incubating the nuclei obtained with
increasing salt concentrations. The data implies that of both the H2A isoforms, H2A.2 requires
less salt concentration (600mM) than of H2A.1 (800mM) to get dissociated from the chromatin
as seen by the FLAG western blot [Figure 4.5a], re-establishing conclusion of earlier studies

in the lab. Interestingly, just like H2A.1 and H2A.2, H3 variants also show differential salt
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Figure 4.5. effect of salt concentration on histone association. (a) Incubation of chromatin with various
concentrations of salt followed by western blotting of supernatant obtained by FLAG and MYC revealed the
strength of association of H2A isoforms and H3 variants with chromatin. H2A.2 elution from chromatin starts
at 600mM onwards unlike H2A.1 and H3.3 at 1200mM unlike H3.2.
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disruption, with H3.3 requiring low salt concentration (1200mM) than H3.2 (1400mM)

[Figure 4.5a].

However, as the experiment was carried out using whole chromatin and not on the individual
mononucleosomal preparations it is ditficult to conclude the relative stabilities of the NCPs
which contain H2A isoforms and H3 variants together. Therefore, to directly answer the
question of relative stabilities of four nucleosomes- H2A.1/H3.2, H2A.1/H3.3, H2A.2/H3.2
and H2A.2/H3.3 in silico approach, molecular dynamic simulations (MDS) was performed. As
seen by the Root Mean Square Deviation (RMSD) of the four systems; H2A.1/H3.2 containing
nucleosome has comparatively less RMSD and H2A.2/H3.3 has more RMSD indicating
H2A.1/H3.2 system as most stable one and H2A.2/H3.3 as least stable one [Figure 4.6a].
Therefore, in conclusion these four nucleosomes differ amongst each other in their stabilities,

and their sequential order of stabilities are shown in the Figure 4.6b.
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Figure 4.6. Differential stabilities of NCPs of H2A isoforms and H3 variants. (a) Graph depicting the RMSD
of the four systems. Blue - H2A.1/H3.2, Green - H2A.2/H3.2, red - H2A.1/H3.3 and Black is of H2A.2 /H3.3.
(b) Diagrammatic representation of relative stabilities of the svstem.
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The striking observation which came out from investigation of binding partners of H2A
isoforms is that not only H2A isoforms are changing in HCC but H3 variants levels also varies.
Histone H3 variants are the most well studied histone variants and are attributed to have distinct
locations in the genome and are known to undergo unique PTMs thus, are attributed to have

. g . 2
specialized functions®.

4.3.4 H3 variant level correlates with the H3 modification levels

Histone H3.3 is generally associated with transcriptionally active chromatin'’. The
downregulation of H3.3 in HCC prompted us to investigate the levels of histone PTMs that are
associated with eu- or hetero-chromatin. There was a decrease in pan H3 acetyl mark in tumor
and CL38 in comparison to control and CL44. Interestingly, all the histone acetylation marks
that are associated with gene activation like H3K27Ac, H3K14Ac and H3K9Ac were found to

be significantly downregulated along with H3K4Me3 [Figure 4.7a]. Further, there was
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Figure 4.7. Effect of H3 variant dyregulation on their associated PTMs. (a) Western blotting of histones isolated from tumor and
control tissues and cell lines with site specific histone modifications. H3 and H4 probing was used a loading control. Active and
repressive marks are denoted.(b)(i) Mononucleosomal Immunoprecipitation of H3.2 and H3.3 with MYC followed by western
blotting with H3K27Me3 (Repressive mark) and H3K27Ac (Active mark) (b)(ii) Monomeric histones of H3 variants separated by
HPLC were probed for respective active and repressive histone PTMs for both control and tumor. Western for H3 was used as a

loading control.

130




Thesis | Divya Reddy Velga

enrichment of repressive marks like H3K9Me3 and H3K27Me3 [Figure 4.7a]. A decrease in
H4K16Ac, well-established histone PTM hallmark of cancer was also observed''® [Figure

4.7a].

To know whether the loss of activation marks and gain of repressive marks is due to changes
in H3.3 and H3.2 respectively in tumor tissues and cell lines two approaches were employed.
Firstly, ectopically MYC tagged H3 variants were immunoprecipitated with MYC and probed
for H3K27Me3 (inactive mark) and H3K27Ac (active mark). The result suggests that indeed
H3.3 is enriched with active marks and H3.2 with inactive marks [Figure 4.7b(i)]. However,
as this approach does not account for the possibility of occurrence of heteronucleosomes (both
H3.2 and H3.3 present in the single mononucleosome), which if present contribute to the PTM
signal and thus leading to the mis-interpretation of results. Hence it was imperative to use
another approach where with the help of RP-HPLC, separately collected monomeric H3
variants, H3.2, H3.3 and H3.1 fractions for both control and tumor tissues were probed with
active and inactive PTM marks. As observed earlier, the loss of active marks is predominantly
from H3.3 and gain is on H3.2 [Figure 4.7b(ii)]. However, H3.1 also showed a marginal
decrease in active and increase in inactive marks [Figure 4.7b(ii)]. Nonetheless, the changes

in PTM profile can be majorly attributed to changes in variant profile.

4.3.5 Global chromatin condensation and repression of transcription is

observed in HCC

Histone variants are one of the epigenetic components known to influence chromatin
architecture and thus bring about changes in transcription of the genes with which they are
associated'”®. We hypothesized that global changes in the expression of H3 variants and their
PTMs influence chromatin architecture. To this end, Micrococcal Nuclease (MNase) assay was

performed. In brief, cell nuclei were isolated and a limiting concentration of MNase are added
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to the nuclei, resulting in cleavage at nucleosome linker regions. The genomic DNA is then
purified and the fragments are separated by agarose gel electrophoresis; as analyzed by slower
disappearance of higher molecular weight DNA in tumor and a prominent appearance of
mononucleosomes in lanes of normal liver, with increasing time points indicates tumor
chromatin is more compact [Figure 4.8a]. The differences can be clearly also seen in the lanes
corresponding to 8min time point of control and tumor, where a clear decrease in the band
intensities of lower molecular weight DNA is seen in tumor in comparison to control,

simultaneous increase in higher molecular weight is also observed.

(a) Control Tumor
TimeminpM 2 4 6 8 2 4 6 8 Control Tumor

100

(b)(i) (b)(ii)
15000 N Control Tumor 15000+ Bl CL44 CL38
S 5
® B
S 10000+ S 10000-
5 8
£ £
[+
£ 50001 & 5000+
jun |
o~
2 S
o
0+ 0~
5 10 15 20 25 30 H 0 15 20 25 30

Time (min) Time (min)

Figure 4.8. Effect of H3 variants and their associated PTMs on chromatin organisation and global gene
transcription. (a) Agarose gel electrophoresis (1.8% gel) of Micrococcal nuclease digested chromatin of
control and tumor tissues at various time points. Quantitative image of lanes corresponding to 8 minute
time point is depicted. (b) Graph depicting the relative incorporation of a-P**UTP at various time intervals
for (i) tissues and (ii) cell lines.
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As transcriptional activation involves chromatin opening and repression is associated with the
open state of chromatin'®. Our observations, of increase in heterochromatin marks and
chromatin condensation suggests a possibility of an overall decrease in transcription in tumor
cells. To test this proposition, we carried out pulse chase in vifro transcription assay using
purified nuclei isolated from tissues and cell lines, with o-P**UTP and chased for various time
points. After counts were obtained, the data was plotted after normalization with zero minute.
Data obtained suggests a significant drop in radioactive counts in tumor tissues and cell lines,
a parameter which is directly proportional to the transcription rate [Figure 4.8b(i)(ii)]. Earlier
time points did not show any significant changes, indicating that the initial pulse of a-P**UTP
for both sets of reactions was equivalent and the differences at a later time points are indeed

true changes attributed to the tumor cells.

4.3.6 Global Dysregulation of H3 variant specific chaperones observed in
HCC

An intricate balance in expression of H3 variants, H3.2 and H3.3 seems to regulate chromatin
architecture and thus effecting global gene transcription. We hypothesized any perturbation in
this balance may lead to similar changes observed in cancer. To test this, MYC tagged H3.2
and H3.3 variants were overexpressed and checked for their effect on cell proliferation and
histone PTM profile. Firstly, by immunofluorescence, it was confirmed that the ectopically
expressed H3 variants localize in the nucleus [Figure 4.9a]. By cellular fractionation a further
validation was done to see that the overexpressed H3 variants are incorporated into chromatin

[Figure 4.9b].

However, overexpression of the two variants did not lead to any effect on proliferation of cells,
as judged by colony formation assay [Figure 4.9d]. Similarly, there was no change in the

global histone PTM profile on overexpression of the two variants [Figure 4.9¢]. This suggests
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Figure 4.9. Histone chaperones are dysregulated in HCC. (a) Analysis of localisation of MYC tagged H3.2 and H3.3
by Immunofluorescence microscopy. Red depicts the Alexa 568 staining. DAPI in blue counter stains the nuclei. (b)
Cellular fractionation followed by immunoblotting with the marked antibodies to determine sub cellular
distribution of histones. H3 western was used as the control. WCL- Whole Cell Lysate, NF- Nucleosolic Fraction and
CF- Chromatin Fraction. (c) Global profiling using site specific histone PTM antibodies on histones isolated from
H3.2 and H3.3 overexpressing cell lines. VC- Vector Control. (d)(i)Picture depicting the colonies obtained after
plating 1000 cells and allowing growth for 14 days. The colonies were fixed and stained with crystal violet stain. (ii)
Quantitative analysis of the number of colonies of each set measured using Imagel. (e) Quantitative real time PCR
data showing the relative expression levels of histone chaperones CAF-1 (P150 and P60) and HIRA with respect to
GAPDH in tissues (i) and cell lines (ii). (f) Graph depicting the relative levels of histone chaperones (i) and histone
variants (ii) of various rat normal tissues.

that although the ectopically expressed H3 variants are incorporated into chromatin but it is
only exchanged with the respective H3 variant with no overall enrichment. This is quite
possible as H3.2 and H3.3 variants have their own dedicated chaperones CAF1 and HIRA
respectively”*?"!. These chaperones are responsible for recruitment and incorporation of these

two variants into the particular genomic loci. Next, the expression levels of the H3 chaperones
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in control & tumor tissues and cell lines were investigated indeed, a significant upregulation of
both the subunits of CAF1, p60 and p150 and downregulation of HIRA [Figure 4.9¢(i) and
(ii)], just like the changes seen for their respective variants. In order to further understand the
correlation between chaperones and variants, histone variants and their respective chaperones
were profiled in various rat normal tissues. Indeed, as hypothesized in most of the tissues apart
from tongue and stomach, the expression pattern of histone variants and their chaperones are
correlated, meaning wherever, elevated levels of H3.3 was observed, its chaperone HIRA was

also found to be increased [Figure 4.9(i) and (ii)].

4.3.7 Knockdown of P150 leads to increase in global transcription
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Figure 4.10. Depletion of CAF-1 lead to increased euchromatin marks and elevated global
transcription. (a) Doxycycline mediated depletion of P150 subunit of CAF-1 at various time points. f3-
actin probing was used as a loading control. VC- Vehicle Control. (b) Relative transcript levels pf P150
and histone H3 variants — H3.1, H3.2 and H3.3 in knockdown and control cell lines. (c) Global histone
PTM profiling for active and repressive marks by western blotting. (d) In vitro transcription assay
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Encouraged by the finding that histone variants and their respective chaperones together
determine the enrichment of respective histone variant and thus may influence HCC
progression, experiments were conducted to understand the effect of knock down of P150, a
subunit of CAF-1, histone chaperone of H3.2 and H3.1 in CL38, a neoplastic cell line. Due to
the unsuccessful stable selection of clones during the constitutive knockdown of P150, an
approach of inducible knockdown was used. The downregulation of P150 at various time points
of doxycycline induction was confirmed by western blotting [Figure 4.10a]. At 24h time point
approximately, 60%, 48h-80% and at 72h, no detectable amount of P150 were seen. Then, the
levels of histone transcripts post 48h of doxycycline induction were measured, intriguingly, the
expression of H3.3 was increased with slight decrease in H3.2 [Figure 4.10b]. A four fold
increase in H3.3 was seen with a significant decrease in H3.2, suggesting for a sensory
mechanism inside the cell to balance for the requirement of histones needed for DNA

compaction.

Further, probing for various histone active and inactive marks in control and P150 knock down
cell lines revealed an increase in activation and decrease in repressive marks suggesting a
global increase in transcription [Figure 4.10¢]. Further, an elevated incorporation of a-P**UTP
was observed upon P150 knock down [Figure 4.10d] in pulse chase in vitro transcription assay.
The observations seen here can be attributed to the elevated H3.3 levels and/or H3.2 loss in

P150 cells.

4.3.8 P150 depletion led to cell cycle arrest

The observation of decreased activation marks and global transcriptional repression in cancer
suggest, that P150 could be the key molecule responsible to bring the changes in neoplastic
cell lines, hence, its knock down led to the reversal of the changes. However, to confirm the

role of P150 in cancer, phenotypic changes also are to be monitored. MTT and clonogenic
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assay revealed a significant decrease in cell proliferation potential of the cells [Figure 4.11 a

and b], which also is reflected at the level of H3S10P, a mark correlated to proliferative status

of cell [Figure 4.10c]. To understand its effect on cell proliferation, cell cycle status of

knockdown cells was assessed at various time points of induction. A gradual increase in the

number of cells in S-phase with the downregulation of P150, with 100% cells in S-phase just

after 72 h of doxycycline treatment was seen [Figure 4.11¢]. This could be the reason why

stable knockdown of P150 was not successful. Conclusively, the changes observed upon P150

knockdown may be either due to arrest of cells in S-phase and/or to increase in H3.3 levels.

(a)

60004

S
o
(=
T

20004

Relative cell no.

-o- Control
-= P150KD

(c)

% Cell cycle phase

T T Ll T
Day1 Day2 Day3 Day4

M %G0-G1

-

(=3

o
L

(44}
o
L

Control 24hrs

%S

48hrs

%G2/M

72hrs

Control

P150 KD

Flgure 4.11. Depletion of P150 lead
to cell cycle arrest in S-phase.
Measurement of cell proliferation
by (a) MTT assay and (b) Clonogenic
assay. (c) Flow cytometry analysis at
various time points of doxycycline
induced P150 knock down in
comparison to control cells. At 72 h
almost all the cells are in S-phase of
the cell cycle.

4.3.9 Knockdown of H3.3 increase cell proliferation

Loss of H3.3 as seen in tumor cells correlates with changes in global chromatin organization

and gene expression. To validate that the observed changes in cancer cells is indeed due to loss

of H3.3, an shRNA approach was employed for H3.3 knock down in CL44 cells. The
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knockdown of H3.3 was validated at both transcript [Figure 4.12a] and protein level [Figure
4.12b]. An approximate 80% decrease in H3.3 transcript and protein was seen. Interestingly,
we observed an elevated expression of H3.2 and H3.1 upon decrease in H3.3 expression
[Figure 4.12a and b]. An approximate 5-fold and 45% increase in H3.2; For H3.1, 4.2-fold
and 550% was seen at transcript and protein level respectively. Further, a significant increase
in cell proliferation was observed post H3.3 loss as seen in MTT assay [Figure 4.12¢] and

clonogenic assay [Figure 4.12(d)].
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Figure 4.12. Effect of H3.3 knockdown on cell phenotype. (a) Quantitative real time PCR data showing the
relative expression levels of histone variants H3.3, H3.2 and H3.1 upon knockdown of H3.3 with respect to
GAPDH (b) RP-HPLC peak profile depicting the effect of H3.3 knock on H3 variant levels. Measurement of cell
proliferation by (c) MTT assay and (d) Clonogenic assay.

4.3.10 Knockdown of H3.3 brings chromatin condensation and global

transcriptional repression
Western blotting with a panel of activation and repressive histone PTM marks revealed an
increase in repressive marks upon H3.3 loss [Figure 4.13a]. Intriguingly, an increased H3S10P

and a drop in H4K16Ac- a hall mark of cancer accompanies H3.3 knockdown [Figure 4.13a].
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Marked increase in chromatin condensation [Figure 4.13b] was also seen in H3.3 knockdown
cells as judged by MNase digestion pattern. Further, in vitro transcription assay performed for

understanding scenario of transcription suggests a global gene suppression [Figure 4.13c].
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Figure 4.13. Effect of H3.3 knockdown on chromatin structure and global gene expression. (a) Global
histone PTM profiling for active and repressive marks by western blotting. (b) MNase assay measures the
effect of H3.3 knockdown on global chromatin compaction. (c) In vitro transcription assay measuring relative
a-P*UTP incorporation.

These results suggest H3.3 might be the reason behind all the changes seen in tumor cells.
Hence, its knockdown led to elevated cell proliferation, increase in repressive marks, loss of
activation marks and global chromatin condensation and transcriptional repression.
recapitulating the tumor specific changes and allowing us to conclude that H3.3 either mediates
tumor development or contributes to carcinogenesis phenomenon. However, what remains to

be understood is how H3.3 mediates increased cell proliferation? What are the molecular
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mechanisms bringing out the changes in H3 variant profile? Finally, will the similar changes

observed in human cancers and is this a universal phenomenon?

4.3.11 Knockdown H3.3 governs expression of tumor suppressor genes and

play an important role in HCC.

In quest to understand how does H3.3 function for tumorigenesis phenomenon, chromatin
immunoprecipitation of MYC tagged H3.3 and H3.2 was done to check their relative
enrichment on various tumor suppressor genes. H3.3 seems to be associated with most of the
tumor suppressors in study, unlike H3.2, suggesting the deposition of H3.3 on these genes may
govern the expression of these genes. rDNA locus was used as a positive control for the
experiment, as it is a housekeeping gene is mostly transcriptionally active [Figure 4.14a].

However, for CHD1 and ATM this scenario does not seem to apply. This observation led us to
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Figure 4.14. H3.3 association with tumor suppressor gene expression. (a) Measurement of relative enrichment of
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Isotype control. Relative transcript levels of tumor suppressors in tumor tissue (b) and CL38 cell line (c). The dotted
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postulate that may be there could be two categories of tumor suppressor genes, one directly

under the regulation of H3.3 and the other one do not.

To further validate that H3.3 indeed might be correlated to the expression status of these genes,
their expression was monitored in tumor tissue and CL38 cell line. In comparison to control
and CL44, tumor tissue and CL38 cells showed a global tumor suppressor gene repression
|[Figure 4.14b and c]. H3.3 knockdown led to decrease in the gene expression of the tumor
suppressor genes [Figure 4.15a]. Further ChIP experiments revealed H3.3 loss from on tumor
suppressor genes upon its knockdown and simultaneous gain of H3.2 [Figure 4.15b] thus,
providing a proof of principle that H3.3 loss aids in tumor cell phenotype acquirement.
However, we cannot undermine the fact that increase in H3.2 on these genes might also be
responsible for their loss of expression. Interestingly, CHD1 was also affected upon loss of

H3.3 even though the loss of H3.3 was not seen to that extent on its promotor.
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4.3.12 DNA methylation governs the expression pattern changes of H3 variants

To understand the reason behind the differential expression of H2A isoforms and H3 variants

their promoters were analyzed, intriguingly H3.3 and H2A.2 promoters contained CpG island,

H3.2 and H2A.1 CpG sites at the predicted transcriptional start site of the genes [Figure 4.16a].

These DNA sequences were then cloned, to assess their activity by luciferase assay thus,

confirming them to be as indeed promoters [Figure 4.16b].

(a)

il ¥ i ™ e Wl
e S
E H2A.1 Promotor A
l :
— —
CpG 40 459 |

CpG . -zz:.'H 146
T e

N ettt S ey

S 2 +1
H2A.2 Promotor ﬁ

Wy . \ T

¥ / N, . "
F""\-—-—..—_ (,f‘ \ptmati e ! _,.,..,"‘" gt

H3.2 Promotor

CpG .= -
! P '_,—{h"""'-..‘-.n”Nl-
- = \\.__ Lt N s e
i B W, M ‘,J/' 4
I H3.3 Promotor ™" m
— —
-100 )
CpG
(c) (d)
5- Il Control 5 Aza-C Treated BN Control TSA Treated
4 Ak
o - i 2
2 4 I T )
£ 5 3
- o
g 34 if 5 s
© 2 o
e 5 2
e 2 ns ° ns ns
= T na S - -
=5 1+ T ’_{5 1+
@ [
14 3
0= 0~
H2A.1 H2A.2 H3.2 H3.3 Tslc1 H2A.1 H2A.2 H3.2 H3.3 Tslc-1

(b)
H3.3 (-1004)F55020000 s ¥
H3.2 (-1030)- ek
wazener
H2A1 (-1056)4 s e
peL3
? T T T Ll 1
° 6 ™ © % K
Relative Luciferase Activity
(e)
134 Il Control Tumor
5
2
3]
=
&
o
2
8
&
H2A.1 H2A.2 H3.2 H3.3 H19
(f

Relative Fold Change

80+ Il Control Tumor

ke

v L) L] L) T L]
H2A1 H2A.2 H3.2 H3.3 H19

Figure 4.16. DNA methylation governs expression changes of H2A isoforms and H3 variants. (a) In silico analysis of
putative promoter elements of all the four histones. +1 site has been depicted. Arrows indicate the primers used for
Methyl Immunoprecipitation analysis. (b) Graph depicting the relative luciferase activity of DNA sequences cloned,
proving them to be as promoters. Measurement of relative transcript levels of H2A.1, H2A.2 , H3.2 and H3.3 upon
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To determine whether DNA methylation regulates their expression, expression status of these

histones after treatment of CL38 cell line with small molecule inhibitors of DNMT and HDAC
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like 5°-Azacytidine (Aza-C) and Trichostatin A (TSA) was examined. Indeed, treatment with
both the inhibitors led to increase in H2A.2 and H3.3, no changes in H2A.1 and H3.2. This
could be because the experiment was done on CL38 cell line, were already a high expression
of H2A.1 and H3.2 is seen. Tslc-1 was used as a positive control for the inhibitor

treatments”**[F igure 4.16¢ and d].

Further to establish that DNA methylation is an important factor in regulating expression of
these isoforms and variants, Methyl DNA immunoprecipitation (MeDIP) with control and
tumor tissues were performed. Interestingly, methyl cytosine levels, a transcriptional inactive
mark was found to be higher on the promoters of H2A.2 and H3.3, and less on H2A.1 and H3.2
promoters in tumor tissue compared to control [Figure 4.16e]. MeDIP analysis of H19
promoter was used as a positive control, expression of which is known to be governed by DNA
methylation””. Further, monitoring status of Hydroxyl- methyl cytosine, a transcriptional
active mark also corroborated with the expression status of the variants, with elevated levels
on genes actively expressed like H3.2 in tumor tissue [Figure 4.16f]. Thus, indeed DNA
methylation is a dynamic player governing the expression pattern changes of histone H2A

isoforms and H3 variants in HCC.

4.3.13 H3 variant profile changes in human cell lines

To understand whether the changes in expression profile of H3 variants, a major contributor to
tumor specific phenotypic changes in the rat HCC model system is true for human systems
also, H3 variants at transcript level were measured in 4 different types of cancer cell lines
alongside the immortalized or normal counterparts. Decreased expression of replication
independent variant, H3.3 was seen in all the cancer cell lines, 25% for HepG2 (liver) [Figure
4.17a], 34% for AGS (stomach) [Figure 4.17b], 35% for MCF7 (breast) [Figure 4.17¢], and
300% for A431 (skin) [Figure 4.17d], compared to HHLS5 (liver), normal gastric cDNA,

MCF10A (breast) and HACAT (skin). Further, for replication dependent H3 variants, H3.2

143



Thesis | Divya Reddy Velga

was found to be increased all the tumor cell lines with along with H3.1 only in gastric and skin

cell lines.
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4.4. Discussion

The epigenetic regulatory network has become a matter of intense investigation over the years
from the perspective of disease pathology because unlike the genetic changes they are more
amenable to reversal and are better targets for therapeutic intervention. In the present study,
initially to understand the chromatin binding partners of H2A isoforms other chromatin
changes specifically the histone H3 variants were screened in HCC rat model system.
Interestingly, a decreased expression of H3.3 along with increase in H3.2 at transcript and

protein level was seen.

Global changes in H3 variants profile in conjunction to H2A isoform changes prompted us to
investigate whether these proteins interact specifically with each other and/or are they regulated
by a similar transcriptional mechanism. Initially their specific interactions were tested, in this
regard, co-immunoprecipitation analysis revealed that both H2A isoforms interact with H3

variants. However, the NCPs formed by the combination of these histones differ in their
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stability with, H2A.1/H3.2 being the most stable and H2A.2/H3.3 being least stable. Of note,
this is intriguing because owing to high levels of H2A.1 and H3.2 in tumor cells, the most
abundant NCP formed will contain H2A.1/H3.2, suggesting its genome wide enrichment in the
tumor landscape will affect global chromatin structure and gene expression patterns. In regard
to understand the similar expression pattern of H2A and H3 histones, their promoters were
analyzed, which led us to conclude that the control of H2A.1, H3.2 and H2A.2, H3.3 expression
is bought by DNA methylation changes on their promoters, however we cannot rule out the
role of transcription factors. Interestingly, the changes in methylation profile on histone
promoter’s correlates with the hallmark of cancer- CpG island hypermethylation and global

hypomethylation204.

Intriguingly, even though tumor cells are residing more in S-phase only H3.2 is elevated and
not the other replication dependent histone H3.1, indicating that may be these cells are tuned
in such a way to express specifically H3.2 so as to affect all the downstream pathways. One
way histone variants can influence the pathways is by undergoing various PTMs, known to
affect nucleosomal dynamics and thus chromatin organization®”*. Thus indeed, not only histone
variants, histone PTM profiles also are altered in HCC directly effecting transcriptional status
of genes. Though previous studies have investigated the histone modification profile or the
histone variant changes, however, to the best of our knowledge, our study for the first time
shows that the histone variant and modification profile might be intimately linked. Based on
our results it would be interesting to investigate that in other cancers where histone PTM

changes are often observed, this correlation exists or not.

Global gene repression is one of a hallmark which distinguishes between a cirrhotic tissue and
HCC*®. mRNA under-expression in the cancerous hepatocyte results in two major and final
events, namely: (i) a limitation of cell type- specific metabolism and associated secretion of

plasma proteins and (ii) a repression of apoptosis*®**"’. Though a very limited understandin
p pop g ry g
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exists for a reason behind such a drastic change in transcriptome of liver cells, the current study
puts forth the role of histone H3 variants in this process. Histone H3.3 is one of the very well-
studied variant in context of development, differentiation and disease. H3.3 deficient mice
embryos display reduced levels of open chromatin mark like H4K16Ac, leading to compaction

of chromatin®®®

. However, H3.3 knockout mice also have reduced viability, and surviving
adults are infertile®”. It also maintains the somatic epigenetic memory in nuclear transferred
Xenopus nuclei and supports differentiation of cultured murine muscle precursor cell*'’. In
zebrafish, reduced levels of H3.3 in the nuclei leads to defects in cranial neural crest cell
differentiation®'!. Together, these findings indicate that H3.3 is involved in establishing a finely
balanced equilibrium between open and condensed chromatin states during various cellular
processes. Further, cancer specific mutations in H3 variants are known, which mainly function
by bringing the changes in PTM profile, thus influencing the underlying gene expression'***'2.
Not only mutations, dysregulation of H3.3 expression in cancer is also now well appreciated.
MLL5 mediated loss of H3.3 in adult glioma has been attributed to be a trade mark of cells

undergoing differentiation®. Elevated H3.3 drives lung cancer progression by influencing

. . 1
metastasis related gene expressmn6 .

Previously, in case of human cancers, alteration in the level of histone variants have been
reported?'*7*™. However, the levels of specific chaperones for the variants, for instance, Chz1
for H2A.Z*'* and for macroH2A was not investigated. Our results suggest that simultaneous
upregulation of the corresponding chaperone is important for proper incorporation of the
variant. In fact, prior studies have shown that in absence of its specific chaperone, the
centromere specific histone variant CENP-A is mis-incorporated into other genomic loci
leading to chromosome instability?"’. Interestingly, the p150 unit of the CAF1 chaperone has

216,217

been found to be upregulated in many cancers and its elevated expression level was

significantly correlated with poor clinicopathological features in patients with HCC and also
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as an independent prognostic factor for predicting both the overall and disease-free 5-year
survival*'®. It would therefore be interesting to investigate whether in these scenarios chromatin
enrichment of H3.2 occurs. P150 knock down has been linked to decrease in the cell
proliferation, however, our results indicate that this can be due to arrest of cells in S-phase
owing to the decrease in deposition of H3 variants needed for DNA compaction post its
synthesis. The CAF-1 complex is also known to be important to safeguard somatic cell identity,
as CAF-1 suppression led to a more accessible chromatin structure at enhancer elements early
during reprogramming. These changes were accompanied by a decrease in somatic
heterochromatin domains, increased binding of Sox2 to pluripotency-specific targets and

activation of associated genes suggesting again its role in maintaining the chromatin structures.

Association of H3.3 with transcriptional activation is a well-established fact, though, is it due
to the PTMs it undergoes or is it because of the inherently unstable nucleosome is not yet
known. H3.3 knock down in hepatocytes led to elevated expression of H3.2 and H3.1 probably
to compensate for its loss. Thus, the changes in PTM marks could be because of both, the H3.3
decrease and H3.2 increase. Further, a slight increase in H3S10P level and high clonogenic
potential of H3.3 knock down cells indicates these are highly proliferating. Interestingly,
similar to the tumor cell chromatin architecture, H3.3 knockdown also leads to closed
chromatin and brings a change in global transcription. ChIP-qPCR of H3.2 and H3.3 suggests
the later variant to be relatively enriched on most of the tumor suppressor genes in the study.
Further, owing to the association of H3.3 with these genes, knockdown resulted in decrease in

their expression thus, cementing the fact that H3.3 governs the tumor cell state.

Interestingly, not all tumor suppressor genes are atfected upon H3.3 knockdown, aiding us to
believe that probably there might be only a specific subset of genes which are under the control
of H3.3 either directly or indirectly. But the question remains to be addressed is what

determines this specificity. However, elevated cell proliferation upon H3.3 loss, possibly may
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be due to loss of expression of APC, a negative regulator of WNT signaling pathway among
any other possibilities. Change in H3.3 levels in the rat model, prompted us to investigate
whether this change is universal and can be seen in various other human cancer. To this end,
we profiled for transcriptomic changes of these variants in human transformed and
immortalized counterparts. The results enable us to conclude that the changes could be

universal, however, studies on tumor tissue samples will establish this further.

Of note the observation in drop of H4K16Ac upon knock down of H3.3, incites that may be
one of the mechanism, the hallmark of cancer- loss of H4K16Ac ' is brought about might be
due to H3.3 loss along with hMOF dysregulation. However, further mechanistic studies are
essential for in depth analysis of this observation. Nonetheless, the low H3.3 levels we report
in HCC, affects chromatin compaction, suggesting a potential cross-talk between chromatin

architecture and transcription factor recruitment, thus effecting gene expression pattern.

4.5. Conclusion

To understand the precise role of H3.3 in cancer, we have used NDEA-induced hepatocellular
carcinoma model system in Sprague-Dawley rat to induce liver cancer. On screening for
histone pattern changes between the control and tumor tissues and have identified that there is
a DNA methylation mediated downregulation in the histone H3 variant H3.3 in HCC and a
concomitant increase in level of H3.2 variant both at the protein and transcript level. Strikingly,
the alteration in the histone PTM profile shows a similar pattern with a decrease in gene
activation marks and increase in repressive marks leading to global chromatin condensation
and transcription repression in cancer cells. Impairing the deposition of H3.2 by P150
knockdown lead to increase in H3.3 expression, but also arrested the cells in S-phase. Further,
we also show that H3.3 occupies promoters of tumor suppressor genes and influence their

expression, thus its knockdown led to decrease in their expression and recapitulating the cancer
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cell phenotype changes. Our report suggests that there is co-operative interplay between
histone variants, chaperones and their transcriptional regulation which results in the stable
maintenance of the highly dynamic histone marks required for maintaining the deregulated

epigenetic landscape found in cancer cells [Figure 4.18].
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Figure 4.18. Probable Scenario in HCC. DNA methylation changes on promoters influences the expression
changes in H3 variant profile leading to production of more of H3.2, which then will be incorporated on to
DNA by virtue of changes in histone chaperone levels in tumor tissue. Pronounced incorporation of H3.2
containing histone and loss of H3.3 from chromatin effects global histone PTM pattern, chromatin
compaction and global gene transcription with major influence on tumor suppressor gene expression.
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These observations prompt us to stipulate that probably the reversal of such changes can be
bought about by use of DNMT and HDAC inhibitors. Therefore, we conclude that the
dysregulation of H3 variants act as the central node of this reversible epigenetic process seen

in cancer and therefore can have a potential therapeutic implication.
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5.1. Introduction

Histone PTMs dynamically maintain the chromatin states and thus any deregulation may lead
to altered gene expression as observed in diseases like cancer’”. Indeed, the loss of histone H4
lysine 16 acetylation (H4K16Ac) and lysine 20 trimethylation (H4K20Me3) are considered as
hallmark of most human cancers''’. Similarly, global H3 and H4 hypo-acetylation have been
proven to correlate with tumor phenotype, prognostic factors and patient outcome in breast and
prostate cancers'**'?°. Our work on identification of histone PTM alterations in HCC animal
model also has resulted in identification of a panel of PTMs. However, in order to understand
their clinical relevance there is need to first evaluate these changes in large cohort of samples.
Similarly, decades of research have discovered a battery of histone PTMs that are altered in
cancer and are now referred as ‘histone onco-modifications’, but none has reached clinics

primarily due to technological limitations in the diagnosis of solid tumors.

Traditionally, cancer diagnosis and staging of solid tumors is done with an imaging technique
followed by a surgical biopsy. But, biopsy being invasive, requires a complex setting, well-
trained clinician and occasionally difficult and risky for some advanced stage patients.
Therefore, diagnosis or monitoring of solid tumors utilizing circulating epigenetic biomarkers
in blood samples, if possible, will prove to be a very powerful tool and will overcome all the
earlier limitations. Indeed, research conducted over the last few years has identified and
detected epigenetic biomarkers associated with cancer, including aberrant DNA methylation
patterns, miRNAs profiles and histone signatures (in form of nucleosmes) in body fluids of the

patients®****'[Figure 5.1].

The levels of circulating nucleosomes (cNUCs) and histones are found to be elevated in a
number of disease conditions like inflammation caused by bacterial infections, autoimmune
diseases like SLE, stress and trauma. cNUCs are released into the blood by apoptotic cells

during these processes™**%. Elevated levels of cNUCs nucleosomes have been reported in
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Figure 5.1. Origins and Characteristics of circulating nucleosomes in plasma. Apoptotic or necrotic cell
death results in near-complete digestion of native chromatin. Protein-bound DNA fragments, typically
associated with histones or TFs, preferentially survive digestion and are released into the circulation, while
naked DNA is lost. DNA Fragments can be recovered from peripheral blood plasma following proteinase
treatment. In healthy individuals, cNUCs are primarily derived from myeloid and lymphoid cell lineages, but
contributions from one or more additional tissues may be present in certain medical or physiological
conditions such as cancer. cNUCs — circulating nucleosomes, TF- transcription factors.

Adapted from:

Matthew W. Snyder et al., (2016). Cell-free DNA Comprises an In Vivo Nucleosome Footprint that Informs
Its Tissues-Of-Origin. Cell, 164, 57-66.. DOI: http://dx.doi.org/10.1016/j.cell.2015.11.050

lung, breast, colorectal, renal and gastric cancer compared to patients with inflammation and
healthy individuals***. In case of gastrointestinal tumors a positive correlation between cNUCs
levels, tumor stage and metastasis has been established®”’. In case of advanced non-small cell
lung carcinoma and cervical cancer a correlation between clinical outcome in response to
chemotherapy and ¢cNUCs has been observed’”. On Circulating DNA, hypo-methylation
pattern has been established in CRC patients*®. Histone modifications like H3K9Me3 and
H4K20Me3 have been detected on c¢NUCs''. In another study the ratio of
H3K9Me3/nucleosome and H4K20Me3/nucleosome was found to be less in serum of breast

and colorectal cancer patients compared to healthy individuals®’.

Though studies on histone PTMs on cNUCs have revealed interesting aspects, but how similar
is circulating epigenetic signature to solid tumor signature in terms of their histone PTMs and
their modifiers has not been established yet. This especially is important as because any

changes in the tissue epigenetic signature, if possible can be read via the use of serum histones
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can act a good prognosis and a diagnostic marker. In this regard our aim in this part of the work
was initially to develop a protocol for isolation of histones from serum and then evaluate its
closeness to tissue biopsy in terms of histone PTMs via use of the animal model system. Later

on to validate these finding if possible on human samples.

5.2. Methods

5.2.1 Animal handling and experiments

All the experiments were performed on male Sprague- Dawley rats (spp. Rattus norvegicus)
after approval of the Institute Animal Ethics Committee (IAEC# 04/2014), Advanced Centre
for Treatment Research and Education in Cancer and the Committee for the Purpose of Control
and Supervision on Animals, India standards. The detailed protocol to induce liver
carcinogenesis is as previously described”®. Tissue samples (liver, lung, kidney and brain) were
fixed in formalin and prepared as paraffin-embedded blocks according to standard protocols.
The H&E-stained sections were microscopically reviewed for histopathological alterations to
confirm normal and HCC. Post-anaesthesia the blood was slowly collected by cardiac puncture
(preferably from ventricle) from 120 days NDEA (late stage liver cancer) treated animals after
which they were sacrificed. For early stage liver cancer, blood from tail vein was collected

from 90 days NDEA treated animals.

5.2.2 Human blood sample collection and serum isolation

Blood samples of 24 cancer patients were collected retrospectively from Tumor Tissue
Repository (TTR) of Advanced Centre of Treatment, Research and Education in Cancer
(ACTREC), Tata Memorial Centre after Ethical Approval from Institute Ethics Committee I11
(Project number 164) along with six healthy adult human volunteers. As the samples were
collected retrospectively, institute ethics committee 111 approved waiver of consent for working

on patient samples. Whole blood from patients was collected prior to surgery, allowed to clot
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at room temperature for 15-30min. The clot was then removed by centrifugation at 5000 rpm
for 10min at 4°C. The resulting supernatant (serum) is transferred into multiple tubes to avoid
freeze and thaw cycles and finally stored in liquid nitrogen containers in ACTREC, TMH-TTR.
The samples collected were from 2013-2016 with confirmed histopathological tumor type as

mentioned in Table 5.2.

5.2.3 Isolation of histones from serum

Total proteins were precipitated from the serum (5ml) by the slow addition of Trichloroacetic
acid (TCA) to a final concentration of 20% with continuous and vigorous mixing. The
precipitation was allowed to carry out on the ice for 30min, followed by centrifugation at
15,000 rpm for 15min. The obtained protein pellet was homogenized with glass teflon
homogenizer in 3 volumes (w/v) of 0.2M sulphuric acid (H,SOy), till the pellet was completely
dispersed and a milky white liquid is formed, which then was intermittently vortexed for >2h
at 4°C. This mixture was then centrifuged at 16,000 rpm for 20min at 4°C. To the supernatant
obtained post centrifugation, 4 volumes of acetone was added and histones were precipitated
overnight at -20°C. The pellet obtained post centrifugation at 16,000 rpm for 20min at 4°C was
washed twice with 2 volumes each of acidified acetone and acetone twice. The histone pellet
was air dried and eventually suspended in 50ul of 0.1% B-mercaptoethanol in H,O and stored
at -20°C. Histone concentrations were determined by Bradford method of protein estimation.
Protein standards were prepared containing a range of 0 to Sug of Bovine Serum Albumin in
Sml of 1X Bradford reagent. Histone samples were also prepared similarly. Samples were
vortexed and incubated at room temperature for Smin. Absorbance was measured at 595nm
and the blank was adjusted. Histone samples were estimated for protein concentration by

plotting a standard curve.
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5.2.4 Isolation of histones from liver tissue

The methodology is same as described in chapter IV (page number 111).

5.2.5 Resolution and analysis of histones

The methodology is same as described in chapter IV (page number 113).

5.2.6 Analysis of histones by LC-MS

The purified histones (15ug) were subjected to in-solution trypsin (20ng/pul) digestion in 50mM
ammonium bicarbonate, pH 8.0 at 37°C for 2h (1:200 enzyme:substrate) as described
previously®’. Enzymatic digestion was stopped by adding 10% trifluoroacetic acid (TFA) to a
final pH <3. Peptides were then desalted with ZipTip C18 columns (Millipore) and lyophilized
prior to analysis by LTQ Orbi-trap-MS/MS (ABSCIEX). The MS instrument was operated in
the data-dependent mode to automatically switch between full scan MS and MS/MS
acquisition. Mascot generic format (mgfs) files were generated and were searched against
protein database using Mascot version 2.3 (Matrix Science, London, UK) as described in

chapter IV (page number 115)

5.2.7 HDAC and HAT activity assay

Assays were performed using the colorimetric HDAC and HAT activity assay kits from
BioVision (BioVision Research Products, USA) according to manufacturer’s instructions. The
kit uses HDAC/HATS in the biological sample in the study to convert a previously inactive
enzyme to active enzyme, which then acts on a uncoloured substrate to generate a coloured

product. The absorbance of which can be measured.

Briefly for HDAC activity assay, 50ul of serum was diluted in 85ul of H,O; then, 10ul of
10XHDAC assay buffer were added followed by addition of 5ul of the colorimetric substrate;

samples were then incubated at 37°C for 1h. Subsequently, the reaction was stopped by adding
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10ul of lysine developer and left for additional 30min at 37°C. Samples were then read in an
ELISA plate reader at 405 nm. Each sample was also treated with 2ul (12uM final
concentration) of Trichostatin A (TSA) for 10min before performing HDAC activity assay,
these readings are also plotted, labelled - with TSA, alongside the readings for serum samples
not treated with TSA (W/O TSA). Experiments were performed in triplicates and average

absorbance was plotted.

For HAT activity assay, 50ul of serum was diluted in 80ul H,O (final volume) and for
background reading, 80ul H,O was added in the reaction instead of sample. Then, 50ul of 2x
HAT assay buffer were added followed by addition of 5ul each of the colorimetric substrate 1
and 2, and 8ul NADH generating enzyme. The samples were incubated at 37°C for 1 to 4h
depending on the colour development. Subsequently, samples were read in an ELISA plate

reader at 440 nm. Experiments were done in triplicates and average absorbance was plotted.

5.2.8 Statistical analysis

All numerical data were expressed as average of values obtained +standard deviation (SD).

Statistical significance was determined by conducting paired Student’s t test.

5.3. Results

5.3.1 Isolation of Serum histones

We developed a minimally invasive and cost effective, robust protocol for isolation of histones
from serum samples. This method comprises of precipitation of total serum proteins by acid
followed by purification of basic proteins by the acid-extraction method. As the method
involves precipitation and extraction by two acids, it is referred as Dual Acid Extraction (DAE)
method. There are four key steps in the protocol: First step is the isolation of serum from the
blood; Second step is the total protein precipitation by use of trichloroacetic acid (TCA). TCA,

unlike other chemicals, precipitates all the proteins irrespective of their molecular weight and
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is also independent of the physico-chemical properties of proteins; in third step histone
extraction was carried out by use of the 0.2M H,SO4 to separate histones from other proteins,
and in the final step, acetone and acidified (hydrochloric acid) acetone were used for removing
he traces of TCA or H,SO4 by replacement of sulphate group (SO4%) with chloride group (CI
" from isolated histones [Figure 5.2]. The quality of isolated histones was checked by loading
on to a 18% SDS-PAGE followed by silver staining. The four core histones — H2A, H2B, H3
and H4 were visualised on the gel, but along with them other high molecular weight proteins

were also noted [Figure 5.3a].
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3 1A 3

addition Centrifugation Figure 5'2'. Diagrammatic
and at 4°C representation of protocol
— — for isolation of histones
keep at 15000rpm for from blood.
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To understand whether histone PTM changes observed in the tissue samples can be seen in the

histones purified from the serum, we used a rat animal model system. Hepatocellular carcinoma

(HCC) was induced in Sprague-Dawley rats by administering N-nitrosodiethylamine (NDEA)

in drinking water at a concentration of 1ppm/gm body weight. After 120 days of NDEA

administration, HCC was confirmed by haematoxylin and eosin (H & E) staining [Figure

5.3b].
(@) Serum Histones 20X 40X
1 2
NORMAL
H3
H2A/H2B TUMOR &%
H4
(o)) NORMAL TUMOR
__.-4
17 KDaw| . H3 17 KDa ™ H3
- - —— &~ =H2A/HZB & 4 H2A/H2B
~— . — * Ha H4
(d) 1 2 8 4 5 6 2 3 a4
Samble No. of proteins No. of Histones Identity of Sequence
P identified identified Histones coverage
Tissue Normal 13 8 H2A,H3,H2B,H4 > 90%
Tissue Tumor 11 5 H2A,H3,H2B,H4 >98%
Serum Normal 13 6 H2A,H3, H2B,H4 >50%
Serum Tumor 24 10 H2A,H3,H2B,H4 >30%

Figure 5.3. Resolution and identification of purified histones from paired serum and liver tissue of
normal and tumor. (a) Silver stained 18% SDS-PAGE confirmed he integrity of the histones isolated from
serum samples (1 and 2) of HCC harboring rats by DAE protocol. All the core histones, H3, H2A, H2B and
H4 are marked with an arrow, whereas the “*’ marks high molecular weight proteins; (b) H&E stained
section of normal liver and HCC showing the altered histology in HCC at 20X and 40X magnification; (c)
Silver stained 18% SDS-PAGE showing the integrity of the purified histones loaded in increasing volumes
(5, 10 and 15pl) (i) samples of normal and tumor tissues, and (ii) serum of normal and tumor bearing rats
by the DAE protocol. The core histones H2A, H2B, H3 and H4 are marked. (d) Histones isolated from
tissues and serum of both normal and tumor harboring rats are subjected to LC-MS after trypsin digestion.
The obtained data on number of peptides of histones identified along with sequence coverage are
tabulated and confirmed the identity of purified proteins by DAE method. H&E: Hematoxylin and Eosin;
NDEA: N-nitrosodiethylamine.
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| Proteins  Tissue Normal Tissue Tumor Serum Normal Serum Tumor
Histones | H2A type 1(91.5%) | H2A type 2-A H2A type 2-A (81.5%) H2A type 2-A (46.9%)
H2A type 2-A (98.4%) H2A type 1 (74.62%) H2A type 1-C (33%)
(915%) H2A type 1-C H2A type 1-C (50%) H2A type 1-F (38.4%)
H2A type 1-C (98.4%) H3.1 (59.2%) H2A type 1-E (30%)
(91.5%) H2B type 1E (98%) H2B type 1E (57%) H2A type 1 (33%)
H2A type 1-F H3.1(99.2%) H4 (60%) H2A type 4 (33%)
(86.1%) H4 (98.4%) H2B type 1E (57%)
H2B type 1E H2B type 1C (35%)
(91.5%) H3.1 (40.7%)
H2B type 1C H4 (47%)
(91.5%)
H3.1(99.2%)
H4 (59.2%)
Non- Prelamin A/C Prelamin A/C Fibrinogen beta chain Fibrinogen beta chain (65.3%)
Histones | (26%) (62.4%) (65.75%) Fibrinogen alpha chain (43.3%)

KDM5D (274%)
ESF1 (30.6%)
ESF1 homolog
(23.9%)
Acid-sensing ion
channel 5 (12.9%)

KDMS5D (30.32%)
EIF2S3Y (29.8%)
ESF1 homolog
(41%)

Acid-sensing ion
channel (17.9%)
Ribonuclease UK114
(40.1%)

Fibrinogen alpha chain
(56.91%)

Isoform 2 of Fibrinogen
alpha chain (69.45%)
Isoform 2 of Fibrinogen
beta chain (70.96%)
Translation initiation
factor elF-2B (46.1%)
Fetuin-B (47.6%)
Putative pheromone
receptor (18.7%)

Isoform 2 of Fibrinogen beta chain
(67.4%)

Isoform 2 of Fibrinogen alpha chain
(59.6%)

Matrix extracellular
phosphoglycoprotein (60%)
Potassium voltage-gated channel
subfamily C member 2 (30.8%)
ESF1 homolog (57.9%)

Alkaline phosphatase (57%)
Indoleamine 2,3-dioxygenase 1
(37.8%)

Aldehyde oxidase 2 (29.6%)
Astrocytic phosphoprotein (69.9%)
Transcription factor YY2 (32.9%)
Cannabinoid receptor 1 (11.1%)
Putative pheromone receptor (19.1

%)

samples.

Table 5.1. Total proteins detected in LC-MS of serum and tissue purified histones of normal and tumor

The H &E stained slides showed classical features of HCC like well vascularized tumors with

wide trabeculae, prominent acinar pattern, cytologic atypia and vascular invasion. Histones

were isolated from both liver tissues and serum of normal and tumor bearing rats. The histones

obtained from serum were quantified by Bradford method using BSA as standard. The histone

quantity in the serum of the HCC bearing rat group was found to be significantly higher than

the normal group [Figure 5.3¢(ii)]. The concentration was 0.8ug/ml and 5.4pug/ml serum for

normal and tumor respectively. The purified histones from tissues [Figure 5.3¢(i)] as well as

serum [Figure 5.3¢(ii)] were resolved on a 18% SDS-PAGE and silver stained to check their

integrity. To confirm their identity, the histones were subjected to liquid chromatography

coupled mass spectrometry analysis (LC-MS). All the core histones were identitied in both the

160




Thesis | Divya Reddy Velga

serum samples (normal and tumor) with query coverage of > 50% in case of normal and >30%
for tumor [Figure 5.3d]. Also, of total 13 proteins identified in serum of normal rats, three
correspond to histone H2A and one each to histone H3.1, H2B and H4. In case of the serum of
of which are presented as a part of the Table 5.1. Histones isolated from the tissue were used
as a positive control in LC-MS, where all the core histones were detected with >90% query

coverage in both normal and HCC.

5.3.2 Histone PTM pattern is comparable in liver tissues and respective serum

samples

The histone PTMs profiling of normal and HCC tissues was compared with respective serum
samples by immunoblotting with site specific antibodies against H4K16Ac and H4K20Me3,
as the loss of these marks are established as hallmark of human cancer '". As reported for
human tumors, rat tumor tissue has also showed hypo-acetylation and hypo-methylation at
H4K16 and H4K20 respectively [Figure 5.4a]. Interestingly, respective serum histones also
showed the same pattern as of tissue histones [Figure 5.4a]. The other crucial histone PTM

marks like YH2AX - a DNA damage mark®'®, H3K27Me3 & H3K9Me3 — transcriptional

228 k229

repressive marks™™ and H3S10P - a mitotic mark™™, known to be deregulated in many of the
human cancers were also probed. Intriguingly, we noted a significant increase in these marks
in both the tumor samples - tissue as well as serum [Figure 5.4a]. This shows that the key
histone modifications like acetylation, methylation and phosphorylation are retained during the

course of histone extraction from serum samples by DAE method and also profiling between

tissue samples and their respective serum samples mirrored each other.

In order to understand that the changes seen in serum histone is due to liver tumor and not due

to changes in the entire PTM profile of all the other organs, we profiled for histone PTMs in
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Figure 5.4. Profiling of site-specific histone modifications and modifiers in paired serum and liver tissue
of normal and tumor. (a)(i) Western blots of histones isolated from tissues and serum with site specific
histone PTM antibodies of, H4K20Me3, H3K27Me3, H3K9Me3, y-H2AX, H3S10P and H4K16Ac in tumor
tissue and serum compared to normal. Antibodies against H3 and H4, and fast green stained histone
transferred PVDF membrane were used as equal loading control. (b) H&E stained section (40X) of tissues
(Lung, Kidney and Brain) from NDEA-treated or untreated (normal) animals. (c) Western blotting of
histones isolated from normal tissues (Lung, Kidney and Brain) and serum of NDEA-treated or untreated
animals with site specific histone PTM antibodies against H4K20Me3, y-H2AX, H3S10P and H4K16Ac.
Antibodies against H3 and H4, and fast green stained histone transferred PVDF membrane were used as
equal loading control. (d) Colorimetry based assay done using serum isolated from normal, early and
late stage tumor bearing rats (i) HDAC activity assay was performed on both the TSA treated and
untreated samples (ii) HAT activity. Statistical tests are done by using students t-test. * p<0.05, **

p<0.01.

lung, kidney and brain isolated from both the normal and NDEA-treated (tumor bearing)
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animals. The tissues isolated from the animals treated with NDEA were first histologically
examined for any aberrations by H and E staining [Figure 5.4b]. Grossly, no differences were
seen with respect to control tissues in untreated animals. Histones were then isolated and
probed for site specific PTM antibodies [Figure 5.4c]. The data demonstrates that the
alterations of modifications are specific to tumor liver tissue and not to other histologically
normal organs, thus strengthening that the liquid biopsy (serum histone) is very similar to its

parent tissue (tumor tissue-liver) and hence can be used for clinical purpose.

5.3.3 Increased HDAC activity in HCC tissues correlates with corresponding

serum samples

So far we have seen a positive correlation for histone PTMs in HCC, tissue and serum histones.
We next contemplated whether the reported increased HDAC activity in tumor tissue™’ can
also be seen in serum to understand how similar the liquid biopsy (serum) is to tissue biopsy
in context of histone PTM modifiers. This is particularly interesting due to the observation of
H4 hypo-acetylation seen in serum and HCC purified histones. HDAC activity assay conducted
using serum isolated from normal, early (90 days NDEA treatment) and late stage (120 days
NDEA treatment) HCC bearing rats demonstrated the presence of significantly higher HDAC
activity in both the tumor serum samples compared to normal serum [Figure 5.4d(i)].
Interestingly, the serum of early stage liver cancer animals also showed an elevated HDAC in
comparison to normal, indicating a HDAC activity gradually increases during the course of
HCC development [Figure 5.4d(i)]. As a proof of principle that the calorimetric assay
performed is indeed a true measure of HDAC activity, treatment of serum samples with TSA
was done prior to HDAC assay. As seen in [Figure 5.4d(i)], the activity in samples treated
with TSA is less compared to the untreated samples validating the robustness of the assay. To
understand the status of HAT’s, levels of which are also reported to change in human tumors

3! we performed a HAT activity assay in normal, early and late stages of tumor serum, but no
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significant differences were observed, suggesting the H4 hypo-acetylation seen might be due

to enhanced HDAC activity in tumor samples compared to normal [Figure 5.4d (ii)].
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Figure 5.5. Profiling of histone modifiers in human serum samples. Cumulative analysis of (a) HDAC and (b) HAT activity
assay done using the human serum of 6 healthy subjects and 24 cancer patients. With TSA- involves serum pre-treated
with TSA for 10 minutes and W/O TSA- untreated samples. (c) Graph showing the relative activity of HDACs in CRC, (d)
Buccal, (e) Tongue, (f) Breast and Glioblastoma samples. Statistical tests are done by using students t-test. * p<0.05, **
p<0.01. (g) Table representing the subgrouping of all 24 human samples as per their HDAC activities. (h) Correlation
between serum CEA levels and HDAC activity in six CRC samples. Highlighted samples show high CEA and HDAC levels.
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Intrigued by the observation of elevated HDAC activity in tumor serum samples of rat model,
we asked whether the HDAC activity can also be detected in human serum samples. To this
end, we performed HDAC activity assay in serum isolated from six healthy subjects (normal)
and 24 different types of cancer patients, including colorectal (CRC#6), buccal (BM#7), tongue
(TNGH#6), breast (BC#2) and glioblastoma (GBM#2). The histopathological details of patient
samples included in the study are tabulated in Table 5.2. The cumulative analysis of all the 24
samples revealed a higher HDAC activity in serum of cancer patients compared to normal
|Figure 5.5a] with no significant change in HAT activity [Figure 5.5b]. Also, grouping of
serum samples based on the cancer type show an elevated activity in most of the samples of
CRC [Figure 5.5¢], buccal [Figure 5.5d], tongue [Figure 5.5¢], and breast & glioblastoma

[Figure 5.51].

Interestingly, we found that even with a sample size of 24, the HDAC activity is different
amongst each patient sample, therefore highlighting the importance of subgrouping the patients
on the basis of inherent epigenetic background for success of epi-drug therapy. Thus,
monitoring the HDAC activity in the serum sample has helped us to categorise the patients into
two subgroups: (1) High HDAC and (2) low HDAC. Group 1 can further be subdivided into
two, high and moderate HDAC activity groups [Figure 5.5g]. This subgrouping of patients on
the basis of HDAC activity will assist in selection of patients, determining the dose of epi-drug,

thus increasing the success of therapy.

During the diagnosis of a disease like cancer, measurement of many serum based biomarkers
is usually performed. One such marker is the quantification of serum CEA levels in CRC
patients. We observed differential levels of CEA amongst the six CRC samples used in the
study. Interestingly, high CEA levels seen for CRC02 and CRCO05 samples correlated with high

HDAC activity in comparison to other samples with low CEA values [Figure 5.5h]. Thus,
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serum based measurement of HDAC activity compares positively to CEA, a cancer biomarker

for CRC.
Sample Origin Histopathological Analysis
BMO1 Buccal Moderately differentiated squamous carcinoma
BMO02 Buccal Moderately differentiated squamous carcinoma
BMO03 Buccal Moderately differentiated squamous carcinoma
BMO04 Buccal Moderately differentiated squamous carcinoma
BMO5 Buccal Moderately differentiated keratinizing squamous carcinoma
BMO6 Buccal Moderately differentiated keratinizing squamous carcinoma
BMO7 Buccal Poorly differentiated squamous carcinoma
TNGO1 Tongue Moderately differentiated squamous carcinoma
TNGO02 Tongue Moderately differentiated squamous carcinoma
TNGO3 Tongue Moderately differentiated squamous carcinoma
TNGO4 Tongue Squamous carcinoma
TNGO5 Tongue Moderately differentiated squamous carcinoma
TNGO6 Tongue Moderately differentiated squamous carcinoma
CRCO1 Colon Moderately adenocarcinoma
CRCO02 Colon Poorly differentiated adenocarcinoma
CRCO3 Colon Moderately differentiated adenocarcinoma
CRCO4 Colon Moderately differentiated adenocarcinoma
CRCO5 Rectum Moderately differentiated adenocarcinoma
CRCO6 Rectum Adenocarcinoma
BCO1 Breast Infiltrating duct carcinoma, Grade Il
BCO2 Breast Infiltrating lobular carcinoma, Grade
GBMO1 | Glioblastoma Glioblastoma (WHO grade V)
GBMO02 | Glioblastoma Glioblastoma (WHO grade 1V)

Table 5.2. Histopathological analysis of human patient samples used in the study.

5.4. Discussion

The DAE protocol developed for the isolation of histones from serum samples is simple, robust,
time-efficient and cost-effective. Further, the comparison of key site-specific histone PTMs in

tissue verses serum, for both normal and tumor samples have revealed a similar pattern among
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the respective biological samples. Also, we illustrate for the first time a higher HDAC activity

in serum samples tumor compared to normal.

Earlier protocols for isolation of cNUCs are based on chromatin immunoprecipitation (ChIP)
by specific histone antibodies. ChIP depends critically on the quality of the antibody and is not
cost-effective. Though numerous histone antibodies as ChIP-grade are available, but they need
stringent validation by western blotting and MS, because of their cross-reactivity with
unmodified histones, similar histone modifications and some with non-histone proteins. The
developed protocol overcomes all the limitations of the existing ChIP method as it is based on
dual acid extraction. The good quality and quantity of purified histones by this novel technique
has opened a new avenue for studying the pattern of histone PTMs as well as histone variants
in serum samples by western blotting or mass spectrometry in different pathophysiological

states.

To gain insights into global serum histone PTM pattern and understand whether the observed
alteration matches with that of cancer tissue, NDEA induced HCC rat model system has been
used. The quantity of histones isolated from the normal serum was very less compared to the
serum samples of NDEA induced HCC rats. This could be directly attributed to the increased
cell death seen in diseased conditions as opposed to the healthy subjects, due to which the
abundance of cNUCs and hence histones will be more in a serum sample of diseased state. This
is in conformity with the earlier reports where elevated cNUCs are observed in various human

cancers 220224232233 )

Studies on global histone modifications across various human cancers have identified
alterations in a panel of histone PTMs>*. The loss of H4K16Ac and H4K20Me3 are now
regarded as the hallmark of most human cancers. Interestingly, we noted that these hallmarks

are even true for the animal model system. Furthermore, similar changes are observed in serum
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histones also proving that indeed, they are true hallmarks which change during cancer,
irrespective of the cancer type in the study, species used and source of biological samples
(liquid or solid biopsy). Profiling for other histone PTMs — H3K27Me3, H3K9Me3, yH2AX
and H3S10P in both tissue and serum showed a same pattern of increase in tumor tissue and
serum samples. Further, we also reveal that the changes in the histone PTM pattern observed
in serum mirrors only liver tissue and no other organs, thus proving that the histones in serum

are from tumor tissue.

Earlier studies had shown the presence of acetylated histones in blood cells, but its levels were
not correlated with tumor tissue””. Such studies on global histone modifications are of
importance because of their prognostic utility and predictive markers for recurrence. Now with
the serum histones showing a similar pattern of histone PTMs as of tumor tissue, liquid biopsy
(non-invasive) will be a good alternative to tissue biopsy (invasive) for monitoring the disease
regression/progression in cancer patients. Further the antitumor effects of histone deacetylase,
or histone methyltransferase inhibitors could be evaluated by monitoring changes in the
quantities of the corresponding modification on the circulating histones thus overcoming the

limitation of earlier studies wherein histones of blood cells were used.

Altered histone acetylation levels in cancer are the result of the imbalance of the activities of
HAT and HDAC. Many reports have emphasised the altered levels of these enzymes,
especially HDACs in various cancers >°°. Our data of an increased HDAC activity in serum
and tumor tissue samples compared to normal is in accordance with the earlier reports. Thus,
the present observation of HDAC activity in serum allows us to monitor the level of HDAC
and possible tumor status in response to histone modifying enzyme inhibitors in real-time by
liquid biopsy. Interestingly, some studies on global proteomic profiling of serum proteins has
earlier reported the presence of HDACsS in serum thus, it is not surprising that HDAC activity

is detected in serum®’**®, Intriguingly, measurement of HDAC activity in early (90 days
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NDEA treatment) and late (120 days NDEA treatment) stages of liver cancer in an animal
model system revealed that a gradual increase in HDAC activity as the animal develops a
tumor. This observation proves that early monitoring of HDAC activity may assist in better
diagnosis of cancer. Further, the assay can be employed to monitor the naive cancer, recurring
and drug resistant tumors, where in periodic monitoring of HDAC activity in patients
diagnosed with cancer will aid in their improved clinical management. However, large studies
including more cancer patients at various stages, undergoing diverse chemotherapeutic
treatments in combination with epi-drugs will provide conclusive evidences and help in

employing the proposed hypothesis for better disease management.

Owing to the increased HDACs, use of HDAC inhibitors for treatment of cancer is considered
to be a good treatment regime. But so far the use of HDAC inhibitors had limited success in

239 One of the reasons behind

solid tumors because of severe toxicities and other fatal effects
the failure or limited success of HDAC inhibitors has been attributed to the inherent epigenetic
background of the patients, where some may have high expression of HDACs others low
levels'****". This can further be seen in our data, where all the patients showed different extent
of HDAC levels. Therefore, administering HDAC inhibitors to patients with inherent low
levels of HDACs may be fatal. For example, based on our data we have segregated the samples
into two groups, HDAC high and HDAC low. Treating the first group patients with HDAC
inhibitors will be beneficial, as this group show elevated levels of these enzymes. Furthermore,
this group can be sub divided in to two, which can help in deciding the dose and time span of
epi-drug therapy, where a high HDAC activity patients can be given high doses of drugs for a
longer span than the others. As for the second group epi-drug treatment might not be of much

benefit. Thus, serum based detection of histone modifiers like HDAC/HAT will help with sub-

grouping of patients and personalize the treatment, monitor patient’s health status during
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treatment with histone modifier inhibitors and response of the individual’s tumor to treatment

[Figure 5.5].

Chromatin
Modifiers

Serum
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PTM Sub-
profiling grouping

Monitoring
real time
levels

Epi-drug
evaluation

Prognosis

Liquid Biopsy for Better Clinical Management

Figure 5.6. Schematic representation of Liquid biopsy as tool for better clinical management of cancer
patients. The DAE protocol provides ‘real-time’ purification of serum histones and monitoring of levels of
chromatin modifiers like HDACs and HATs that will help in sub-grouping patients eligible for epi-drug
treatment and their response, aid in better prognosis and disease management.

5.5. Conclusion

In summary, the developed DAE technique for isolating serum histones will provide real time
information of epigenome which will be helpful in understanding the overlap between paired
serum and cancer tissue histone proteome by high end proteomics. Importantly, our data gave
a novel rationale for using serum histone proteomics as a predictive tool for disease
progression. This information will allow the development of efficient strategies for the
treatment and better management of the underlying disease. The combination of different
histone marks rather than a single histone mark is believed to further enhance sensitivity and

specificity of detection of these marks and hence improve cancer management.
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6.1. Discussion

Genetic and epigenetic events both can control the initiation and progression of cancer. Genetic
alterations are impossible to reverse however, epigenetic alterations are reversible through the
inhibition of either the writer or the erasers of the modification of interest. In this context, a
wealth of information has emerged over the past two decades demonstrating the functionally
important role of histones apart from their fundamental role in packaging of the genome. Not
only do histone PTMs and variants regulate gene expression patterns for proper development
of an organism but also in cancer, which is often imagined as “development gone wrong”, a
variety of histone PTM and variant mediated mechanisms are perturbed leading to silencing of
tumor suppressor genes and activation of oncogenes. The work described in this thesis not only
re-emphasizes the functionally important role of histones, but also, demonstrates that not only
individually, but as a co-ordinated events, DNA methylation and histone chaperone machinery
together have marked consequences on the chromatin dynamics that may contribute to

attainment of specific patho-physiological states.

The existence of specific chaperones for histone isoforms are not known yet. However, in our
previous studies’, the observed enrichment of both H2A.1 and H2A.2 upon their
overexpression indicates that owing to a similar set of chaperones, ectopically overexpressed
isoform is able to replace either of the endogenous histone. This is in accordance with the work
carried out by Vardabasso et al., where, they found out H2A.Z isoforms, H2AZ.1 and H2A.Z.2
differing in three amino acids, share similar genomic occupancy patterns and interact with

. . . . . . 241
similar histone chaperone complexes in their overexpression studies

. Therefore, we propose
that even though histone isoforms are recruited by same machinery like NAP1 at a similar

locus, their inherent differences in the nucleosomal stability as seen in our earlier work’, will

determine the gene expression output.
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Further, the work done in regards to understanding the biology of NAP1 in higher vertebrates
revealed few critical differences in the way the complexes function in various species. Current
work suggests for a dynamic equilibrium between oligomeric and dimeric states of NAPI1,
where phosphorylation is a key player. The oligomeric states (Phosphorylated) possibly act as
storage form of NAP1 in vivo in cytoplasm to prevent unintended interactions and the dimeric
NAPI1 (Dephosphorylated) probably engages the H2A-H2B dimer for its translocation into
nucleus. Similar observations were also seen for NAPI in S. cerevisiae, mutation of
phosphorylating residues to either alanine or aspartic acid (phospho-mutants) resulted in cell
cycle changes, including a prolonged S phase, suggesting that reversible phosphorylation of
NAP1 by CK2 is important for cell cycle regulation'*’. Further, CK2 and NAP1 deletion led to
a slight decrease in the number of cells with abnormal buds compared to the naplA strain,
suggesting a synthetic genetic interaction'*’. Taken together, these results suggest that these
proteins function in overlapping but nonidentical pathways in the regulation of bud formation
highlighting the critical role of CK2 in governing the functioning of NAP1, however, the
authors propose, for an opposing theory that phosphorylation triggers its entry in to nucleus.
Interestngly, Rodriguez et al., reported similar series of events as our studies have shown for
rNAPI1, but for NAP2 protein (same function as that of NAP1) in Hela cells, their work
showed the distinct localization of NAP2 depends on its phosphorylation status.
Phosphorylated NAP2 remains in the cytoplasm during the GO/G1 transition, whereas its
dephosphorylation triggers its transport into the nucleus, at the G1/S-boundary'®. These
species-specific differences can be attributed to their structural and stability differences as our
results have shown, which may also be implying functional divergences in higher eukaryotes

for these proteins, promoting diverse histone exchange and chromatin organization.

In context to understanding other nucleosomal alterations apart from H2A isoform changes, a

global increase in H3.2 and decrease in H3.3 in tumor cells similar to H2A.1 and H2A.2
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respectively has been detected. However, at mononucleosome level, histone isoforms- H2A.1
and H2A.2 interact with both the H3 variants H3.2 and H3.3. Yet, the nucleosome formed by
these four histones in combinations differ in their stabilities with H3.3/H2A.2 to be least stable,
and H3.2/H2A.1 to be highly stable. This is in accordance with our previous study, where we
have shown that amongst the two H2A isoforms, H2A.1 containing nucleosome is more stable’.
Gaining access to a site occupied by a nucleosome for DNA binding, transcription or repair
requires nucleosome eviction, sliding or DNA unwrapping.

Presence of unstable, heterotypic nucleosomes at these positions could be part of these dynamic
processes. Observation of double variant H2A.Z/H3.3, highly unstable nucleosome at these
sites indeed this is the case. Further their position corresponds to sites of tissue-specitic DNase
I hypersensitivity, which measures DNA accessibility caused by nucleosome mobility'”. A
similar conclusion was reached for Drosophila nucleosomes that were extracted from intact
nuclei under low-to-moderate salt conditions; these are enriched in H3.3 at promoters and
regulatory elements, suggesting that disrupted H3.3 nucleosomes have distinctive properties
that make them relatively soluble®**. In trypanosomes, nucleosomes containing H2A.Z and a
special H2B variant are found exclusively at promoters and are salt unstable*’, which suggests
that instability of promoter nucleosomes mediated in part by H2A.Z is an ancient, conserved
mechanism for maintaining sites transiently free of nucleosomes. Similar to these finding, it
could be possible that H2A.2/H3.3 nucleosomes could be mapped on those sites of genome
where there is a need of continuous nucleosome displacement. An interesting thing which
emerges from ours as well as other studies is - inherently H3.3 containing NCP’s are relatively
unstable, what destabilizes these nucleosomes is a fascinating aspect to work on. H3.3 differs
from H3 at only four amino acid residues, none of which seem to interact directly with H2A.Z
or H2A. Although it is possible that H3.3 is modified to make nucleosomes unstable,

acetylation does not appear to be involved*’, and removal of the entire N-terminal tail has at
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most a minor effect on its incorporation into active Drosophila chromatin®’. Therefore, it is
attractive to presume that the process that incorporates H3.3 into nucleosomes, involving
histone chaperones and nucleosome remodellers, also facilitates H2A isoform incorporation
and makes nucleosomes labile. There might be a possibility of extensive cross talk among the
various histone deposition machinery to achieve this goal. However, to understand in depth the
reason behind such changes in stability, further biophysical and/or biochemical assays need to
be carried out.

Intriguingly, other replication dependent histone H3 variant, H3.1 remains relatively unaltered
in tumor cells. In addition, a decrease in active H3 PTM marks and a simultaneous increase in
H3 repressive marks were also observed. These changes correlate well with the changes in the
H3 variants at mononucleosomal level and also on monomeric histones. For histone PTMs,
especially, an important question arises that whether the alteration in histone modifications
observed actively contribute to the gene regulation for attainment of the transformed state or
whether they are merely biomarkers. This should be emphasized especially because most
histone modifications are very dynamic in nature and undergo alteration with the cell cycle.
Hence, the change in the histone PTM profile might simply be an indicative of the altered cell
cycle stage, which is commonly observed in cancers as the cells tend to have higher proportion
of S and G2/M population being more proliferative. On the other hand, if these modifications
actively contribute to gene regulation for the attainment of such states, then it is intriguing that
how such dynamic histone modifications are persistently maintained at an observed level. This
can be achieved by regulating the levels of the histone modifiers or incorporation of histone
variants. Our results show that the latter mechanism contribute to the attainment of such states.
Overexpression of H3 variants did not bring any changes in phenotype and in global PTM
profile though the ectopically tagged proteins were recruited onto DNA. This could be

attributed to differential histone deposition machinery- histone chaperones for both the H3
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variants. Thus, probably overexpression though led to recruitment of respective histone, it did
not enrich the H3 variants on chromatin owing to restraint in the levels of chaperone. This
hypothesis has been strengthened when just like the changes in H3 variant profile, changes in
chaperones were also observed with an increase of CAF-1 (P150 and P60 subunits) and
decrease of HIRA in HCC. Further, a matched expression pattern was observed for H3 variants
and their chaperones across various normal tissues indicating that for the chromatin enrichment
of a particular H3 variant respective chaperone also needs to be in appropriate levels.

Histone chaperone P150 is known to be upregulated in many cancers, and its depletion brings
a decrease in cell proliferation®'*#****_ Though deposition of H3.1 and H3.2 is effected in cells
lacking P150, an increase in H3.3 was seen, which probably can explain the changes in context
of PTM profile and gene expression. However, it also led to arrest of cells in S-phase, this
could either be due to its prerequisite for replication of pericentric heterochromatin structures

via its interaction with HP1*%

or a decrease in the supply of total H3 pool required for DNA
compaction. Nonetheless CAF-1 complex is also known to be important to safeguard somatic
cell identity, as CAF-1 suppression led to a more accessible chromatin structure at enhancer
elements early during reprogramming’. These changes were accompanied by a decrease in
somatic heterochromatin domains, increased binding of Sox2 to pluripotency-specific targets
and activation of associated genes suggesting again for its role in maintaining the chromatin
structures®**2,

Association of H3.3 with transcriptional activation is a well-established fact, though, is it due
to the PTMs it undergoes or is it because of the inherently unstable nucleosome is not yet
known as discussed earlier. In this regard work done by Lin et al., in mouse embryos revealed,
H3.3 depletion leads to over-condensation and mis-segregation of chromosomes, with

corresponding high levels of aneuploidy, but does not affect zygotic gene activation. These

embryos have significantly reduced levels of markers of open chromatin, such as H3K36Me2
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and H4K16Ac. In addition, the embryos have increased incorporation of linker HI.
Knockdown of Mof (Kat8), an acetyltransferase specific for H4K16, similarly leads to
excessive H1 incorporation®”®. These results reveal that H3.3 mediates a balance between open
and condensed chromatin that is crucial for the fidelity of chromosome segregation during early
mouse development. Likewise, H3.3 knock down in pre-neoplastic cells, CL44 led to gain of
changes similar to neoplasia, which can be primarily attributed to alterations in the tumor
suppressor gene expression. Further, elevated cell proliferation upon H3.3 loss, possibly may
be due to loss of expression of APC, a negative regulator of WNT signaling pathway among
many other probabilities. This could indeed be indeed the case because APC mutations are
very less in case of HCC?*#! unlike that of CRC cases®>>**®, however, its low expression
owing to DNA methylation has been reported in HCC**** It could therefore be possible that
DNA methylation as well as H3.3 occupancy together may be determinant of this pathway.
Interestingly, not all tumor suppressor genes are atfected upon H3.3 knockdown, aiding us to
believe that probably there might be only a specific subset of genes which are under the control
of H3.3 either directly or indirectly. But the question remains to be addressed is what
determines this specificity?

Our analysis to understand the reason behind similar expression pattern between H2A isoforms
and H3 variants, revealed for the presence of CpG islands and sites on their promoters.
Interestingly, CpG islands have been observed on histones being downregulated — H2A.2 and
H3.3; CpG sites on genes being overexpressed in HCC — H2A.1 and H3.2. This correlate well
with the one of the observed phenomenon in cancer- promoter specific hypermethylation and
global hypomethylation®®. Aberrant methylation of promoter CpG islands effects lot of tumor
suppressor gene expression, linked to many cancer types®’. Moreover, global genomic
hypomethylation contribute to genomic instability, by activation of repetitive elements,

transposons again a characteristic of human cancers®®. DNA methylation mediated loss of
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H3.3 leads to decrease in occupancy of H3.3 NCP’s from tumor suppressor genes thus aiding
in tumorigenesis. Further, use of small molecule inhibitors, 5-Aza-C (DNMTi) and TSA
(HDAC) led to a reversal of these changes, elevating the expression of H2A.2 and H3.3. What
remains to be seen though is whether epi-drug treatment during the cancer development will
prevent such large scale epigenomic changes and delays its progression.

Previous reports have highlighted the importance of use of epi-drugs and their potential use as
anti-cancer agents in many cell lines'****’. However, apart from certain case specific success,
especially in leukemic patients'>’, HDACi have failed in clinical trials. The reason has been
attributed mostly to lack of selectivity of most of the HDAC inhibitors tested clinically and
inherent epigenetic differences between patients. In this regard, it is therefore essential to
develop class specific inhibitors and also stratify patients for therapy success. Monitoring
HDAC activity in serum is one such way suggested by our study here for patient sub-grouping.
Further, our novel, cost-effective serum histone isolation DAE protocol will enable us to
monitor in real time histone PTM changes also. Similar epigenetic alterations observed in
paired serum samples as that of tissues, puts forth a hypothesis for liquid biopsy in monitoring

disease progression and also in determining the therapy regime.
6.2. Conclusion

Administration of chemical carcinogen led to development of HCC [Figure 6] with changes
in DNA methylation pattern- promoter specific hypermethylation and global hypomethylation
(1). Owing to the presence of CpG rich promoters histone genes H2A.1, H3.2 are upregulated
and H2A.2, H3.3 are upregulated in cancer cells. Therefore, DNA methylation is the dynamic
player regulating the similar transcriptional output of H2A isoforms and H3 variants (2).
Further, immunoprecipitation analysis revealed the possibility of existence of the combination
of nucleosomes and there is no variant/isoform specific interaction. However, these

nucleosomes differ in their stability, H2A.1/H3.2 containing NCP more stable and H2A.2/H3.3
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Figure 6. Schematic representation of the conclusions of the work done.
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least stable. NAP1, a H2A/H2B chaperone do not show any specific interaction with either of
the H2A isoforms. However, histone chaperones responsible for specific H3 variant deposition
also seems to alter with CAF-1 complex of H3.2, being upregulated and HIRA of H3.3
downregulated. Therefore, owing to dysregulation of both histone variants and their
chaperones, these NCPs are enriched on the chromatin (3). Strikingly, the alteration in the
histone PTM profile shows a similar pattern with a decrease in gene activation mark and an
increase in repressive marks owing to which there is a global chromatin condensation and
transcription repression in cancer cells (4). Knockdown of H3.3 revealed its central role in
chromatin organization and also its association with tumor suppressor gene expression (5). Our
report suggests that there is co-operative interplay between histone variants, chaperones and
their transcriptional regulation which results in the stable maintenance of the highly dynamic
histone marks required for maintaining the deregulated epigenetic landscape found in cancer
cells. Further, the histone PTMs changes observed in tumor tissue can be seen in serum
samples, which enable us to use serum as a liquid biopsy for both detecting and treating thus,

aiding in better clinical management of the disease (6).
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7.1. Salient Findings

Histone isoforms and variants have been reported to be differentially expressed in various

patho-physiological states including cancer®®?"*. However, is there any correlation between

them and do they work together for the attainment of such a state inside the cell have not been

investigated yet. Moreover, previous reports have emphasized only on individual changes in

the variant and or isoform profiles and have not looked in depth into dysregulation of respective

PTMSs, chaperones and their interactors inside the nucleosome. The work done in the thesis

provides insights into these aspects of cancer epigenetics and also provides a novel strategy to

circumvent the challenges faced during epi-drug based chemotherapeutic treatment in cancer

patients.

*
L X4

>

Histone chaperone, NAP1 interacts with both the H2A isoforms, H2A.1 and H2A.2 and
its knockdown did not affect the deposition of either of these isoforms onto DNA.
Further, by use of GFC and DLS our results depict that INAP1 exists as a higher
oligomeric structure owing to both electrostatic and hydrophobic interactions and both
the dimeric and oligomeric rNAP1 follow two-state model of unfolding with no
detectable intermediates. Also, use of a N-terminal tag has a robust effect on the
oligomerization capability of proteins. Hence, it is advisable to use native proteins to
study protein oligomeric parameters.

MDS analysis suggests that INAP1 dimer is more stable than yNAPI1, thus may
influence the oligomeric property of this protein, hence probably rNAP1 has a higher
tendency to remain as oligomer than of yNAP1. Further, a conclusive evidence has
been provided to show that may be in higher eukaryotes like rat, PTMs like
phosphorylation govern the oligomeric property of NAP1. However, phosphorylation

does not have any effect on its histone binding capacity.
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Histone variants, H3.3 and H3.2 are also dysregulated in HCC with H3.2 showing
increased and H3.3 a decreased expression at both protein and transcript level.
Intriguingly, no changes in the expression profile of other replication dependent
histone- H3.1 was observed. H2A isoforms and H3 variants are able to interact with
each other, however, the nucleosomes formed from these combinations differ in
stability with H2A.1/H3.2 being most and H3.2/H2A.2 least stable. The altered
nucleosome stabilities may lead to the modulation of transcription or other chromatin
mediated processes. DNA methylation acts as the transcriptional controlling machinery
regulating co-expression of H2A isoforms and H3 variants.

Similar to the changes observed in H3 variant profile, with decrease in H3.3 expression,
there is a loss of histone activation PTM marks and with increase in H3.2 expression, a
gain in repressive PTM marks was observed. This correlation was seen even on the
mononucleosomes, where H3 variants are part of and also on monomeric histones.
Indeed, tumor cells have pronounced heterochromatin and show a global gene
repression. Overexpression of either of the H3 variants did not lead to any phenotypic
changes even though their ectopic expression lead to their chromatin recruitment. This
might be because of the histone chaperone machinery differences between the histones.
Indeed an elevated expression in H3.2 chaperone levels CAF-1 (P150, P60) and
decrease in H3.3 chaperone HIRA was observed in tumor cells. Further, the expression
pattern of H3 variants matched with the pattern of their respective chaperones across
various rat normal tissues.

Altering the deposition of H3.2/H3.1 by knockdown of their chaperone subunit, P150
lead to increase in H3.3 levels, corroborated with elevated active PTM marks, global
chromatin relaxation, loss of cell proliferation and clonogenic potential of cells

indicating that reversing the H3 variant profile alters the cancer cell state towards
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becoming normal. However, these changes could not be specifically attributed to
elevated H3.3 levels as because P150 knock lead to S-phase arrest of cells, owing to
the limited supply of H3 histone required for DNA compaction.

Histone H3.3 knock down led to increase in H3.2 and H3.1 levels probably to maintain
the total histone H3 pool required for DNA compaction. These changes led to
compaction of chromatin, global transcriptional repression and elevated cell
proliferation and clonogenic potential of cells similar to like a state of cancer cell. The
balance of H3.3 and H3.2 acts as the master regulator governing the expression of
various tumor suppressor genes either directly or indirectly, therefore, altering the
expression status of these variants by H3.3 knockdown lead to attainment of cancer
state by modulating the global epigenome profile of the cell.

A novel protocol developed for histone isolation from serum demonstrates the
similarities between liquid and solid biopsies in terms of histone PTM changes. Our
study also shows monitoring HDAC activity in serum can act as a novel method to
strategize patients for therapy, thus, may be helpful in elevating success of epi-drug

based treatment modality.

7.2. Future Directions

The work described in this thesis emphasises the importance of co-ordinated epigenetic events
in the acquirement and maintenance of cancer epigenetic state. However, much remains to be
understood regarding the genome wide repercussions of these changes. Based on our own
results we speculate that deposition of differentially stable nucleosomes alters the gene
transcription. It would be therefore be interesting to know what are the subset of genes
regulated by these combinatorial nucleosomes. Here are certain aspects which needs to be

studied further.
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Genome wide distribution studies for H2A isoforms- H2A.1, H2A.2 and H3 variants-
H3.2,H3.3 along with the global transcriptomic analysis will definitely be beneficial,
will aid us to understand the extent of their contribution in governing expression pattern
of genes and finally their role in governing various pathophysiological states like
cancer.

The interaction of histones with NAP1 though, seems to be redundant, its nuclear
localisation might determine the extent of deposition of histones onto DNA.
Phosphorylation at NLS of NAP1 lead to its oligomerization, by burial of NLS, this
gives rise to the possibility of controlling the nucleosome formation and eviction at the
level of chaperone availability in the nucleus. It can be hypothesized that the
phosphorylated form of NAP1 may act as a storage form for histones in the cytoplasm
and its entry into the nucleus is blocked due to the burial of NLS. May be phosphatase
activity will then lead to exposure of NLS and thus gaining the entry of NAP1/histone
complex into the nucleus. Exploiting the balance between kinase and phosphatase,
NAPI localisation can be altered and a tight control on levels of histone deposition can
be achieved. Determining the localisation of phosphorylated and unphosphorylated
NAP1 along with identification of other kinases and a phosphatase might enable to
understand this dynamics better.

A subset of human cell lines, though showed similar observation in respect to H2A and
H3 histone alterations, it is however, essential to investigate in depth in human tissues
whether these changes are true in other cancers also. Further, functional and
biochemical studies in human cell lines will aid in better understanding in terms of
epigenetic regulatory networks contribution in cancer development and progression.
Also, how H3.3 is able to directly influence higher order chromatin structure is one

aspect which needs immediate attention. Probably, H4K16Ac and H1 has a cross talk
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with H3.3, knockdown of either h(MOF or H1 may help in elucidating this mechanism.
Association of H3.3 with certain tumor suppressor genes is intriguing and also raises
the question that whether how many such genes and their pathways are under the
control of H3.3. Genome wide analysis for relative enrichment of H3.3 and H3.2,
transcriptomic analysis after their knockdown will shed light on this matter.

DNA methylation is a dynamic player governing the expression of H3.3 and H3.2, and
use of DNMT and HDAC inhibitor led to changes in H3 variant profile. This thus raises
the possibility that, if indeed H3 variants are the central nodes regulating tumor
suppressor gene expression, epi-drug based treatment modality is likely be beneficial
in the treatment of such cancer patients.

Liquid biopsy, though, has shown similar epigenetic alterations to tissue biopsy, in
context of histone PTMs and HDAC/HAT activity, it is essential to understand how
deep does these similarities run. Whether HMT activity can also be detected?
Therefore, for bridging the gap between bench and bedside, to bring serum epigenetics
to reality, for clinical use, study on more number of samples spanning various tumor

types is essential.
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Annexure I — Supplementary Figures

Figure S1
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Figure Supplementary 1: Biophysical characterisation of rNAP1 Oligomer. Far UV CD
Spectra of Oligomeric rNAP1. The data obtained can be fitted into a two sate kinetics of
unfolding.

Figure S2
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Figure Supplementary 2: In vitro phosphorylation of rNAP1 with PKC (Protein kinase C). (a) Western blotting
with pan-phospho serine with 2 and 4mM ATP. (b) Native gel showing the loading of increasing concentration
of rNAP1 (lanes 1-4), phos-rNAP1 (lanes 5-8) and de-phos-rNAP1 (lanes 9-12).
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Figure S3
(a) Amino acid Observed Mol.Wt. Mol.Wt. (Calc) ppm Peptide
(Start-End) (Expt)
28-41 1449.8177 1488.8105 1448.8212 -7.20 KSAPSTGGVKKPHR
»n 42-54 1600.8406 1599.9333 1599.9321 -6.93 YRPGTVALREIRR
§ 58-64 831.4884 830.4811 830.4861 -6.05 STELLIR
;"' 65-73 1156.7266 1155.7193 1155.7240 -4.11 KLPFQRLVR
: 71-84 1703.9254 1702.9181 1702.9366 -10.8 LVREIAQDFKTDLR
2 85-117 3493.9232 3492.9154 3492.7984 32.7 FQSAAIGALQEASEAYLVG
LFEDTNLCAIHAKR
118-130 1540.8909 1539.8836 1539.89.19 -5.40 VTIMPKDIQLARR
(b) Amino acid Observed Mol.Wt. Mol.Wt. (Calc) Ppm Peptide
(Start-End) (Expt)
28-41 1433.8263 1432.8190 1432.8263 -5.08 KSAPATGGVKKPHR
w 42-50 1032.5952 1031.5879 1031.5876 -4.05 YRPGTVALR
é 58-64 831.4884 830.4811 830.4861 -6.05 STELLIR
% 65-73 1156.7186 1155.7113 1155.7240 -11 KLPFQRLVR
; 74-84 1335.6888 1334.6816 1334.6830 -1.08 EIAQDFKTDLR
E 85-117 3513.7474 3512.7454 3512.7484 32.7 FQSSAVMALQEASEAYLVGL
FEDTNLCAIHAKR
118-130 1540.8884  1539.8811  1539.8919 -7.02 VTIMPKDIQLARR
(c)
31 87 89 90 96
H3.1  ARTKQTARKSTGGKAPRKQLATKAARKSAP = TGGVKKPHRYRPGTVALREIRRYQKSTELLIRKLPFQRLVREIAQDFKTDLRFQ SA ALQEA EAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA
H3.2  ARTKQTARKSTGGKAPRKQLATKAARKSAP TGGVKKPHRYRPGTVALREIRRYQKSTELLIRKLPFQRLVREIAQDFKTDLRFQ SA ALQEA EAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA
H3.3 ARTKQTARKSTGGKAPRKQLATKAARKSAP TGGVKKPHRYRPGTVALREIRRYQKSTELLIRKLPFQRLVREIAQDFKTDLRFQ SA ~ ALQEA EAYLVGLFEDTNLCAIHAKRVTIMPKDIQLARRIRGERA

Figure Supplementary 3. H3 variants differences and similarities. (a)(b) Tabulated peptides identified for H3.2
and H3.3 respectively by mass spectrometric analysis. (c) Multiple alignment of H3 variants, H3.1, H3.2 and H3.3
highlighting the differential amino acids along with their position.
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Figure Supplementary 4. RP-HPLC chromatogram of histones isolated from rat. The different
fractions were resolved on an 18% SDS-PAGE and stained with coomassie.
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Annexure Il — Chemicals and Antibodies

List of Chemicals

Serial Number Chemical Name Company
1 Acrylamide Sigma
2 Agarose USB
3 Ammonium persulfate USB
4 Acetic Acid Qualigens
5 Aprotinin Sigma
6 Amido Black Sigma
7 Ammoniacal Silver nitrate Qualigens, SD fine
8 Ammonium hydroxide Qualigens
9 Bovine Serum Albumin fraction V Roche-Sigma
10 Bradford reagent Biorad
11 BME Sigma
12 Coomassie brilliant blue R-250 USB
13 Calcium chloride SD fine
14 Crystal Violet Sigma
15 Disodium Hydrogen Phosphate Qualigens
16 Dihydrogen Sodium phosphate SD fine
17 Dimethyl Sulphoxide Qualigens
18 EDTA Sigma
19 EtBr Sigma
20 ECL detection reagent Millipore
21 Formaldehyde Qualigenes
22 Femto Pierce
23 Glycerol Merck
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24 Glycine Sigma
25 Guanidine Chloride Sigma
26 Hydrochloric Acid Qualigens
27 IPTG Sigma
28 Ketmin-50 Themis Medicare
29 Leupeptin Sigma
30 Magnesium Chloride Qualigens
31 Methanol Merck
32 MNase usB
33 MTT Sigma
34 N-N Methylene Bis-Acrylamide Sigma, Amresco
35 Nonidet P-40 Sigma
36 Potassium Acetate SD fine
37 PMSF Sigma
38 Potassium Chloride Glaxo
39 Pepstatin A Sigma
40 Protamine Sulfate Sigma
41 Potassium Acetate SD fine
42 PVDF membrane Millipore
43 Paraformaldehyde Sigma
44 Riboflavin 5 phosphate Sigma
45 RNASE A Amresco
46 Sodium Chloride Qualigens
a7 Sodium Orthovandate Sigma
48 Sodium Citrate Merck
49 Sodium Deoxycholate BDH
50 Sodium Bicarbonate SD fine
51 Sodium Hydroxide SD fine
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52 Sulphuric Acid Qualigens
53 Spermine usB
54 Spermidine USB
55 SDS Sigma
56 Sucrose Sigma
57 Tween-20 Sigma
58 Triton X-100 Sigma
59 Tris Sigma
60 Trypsin Sigma
61 TEMED Sigma
62 TMAO Sigma
63 TSA Sigma
64 Urea Sigma
65 ATP,GTP, CTP and UTP Sigma
List of Antibodies
Serial Number Antibody Name Blocking Condition

1 H3 5% BSA- TBST 1:2000 1%BSA -TBST
Upstate 06-755 60min RT O/N &4C

2 H3S10P 5% BSA- TBST 1:5000 1%BSA-TBST
Millipore 06-570 60min RT O/N4C

3 H3Ac 5% Milk- TBST 1:3000 1%BSA-TBST
Upstate 06-599 60min RT O/N4&C

4 H3K9Ac 1% BSA -TBST 1:5000 1%BSA-TBST
Millipore 07-352 60min RT O/N4C

5 H3K9Me3 5% BSA- TBST 1:4000 5%BSA-TBST
Millipore 07-442 60min RT O/N4&C

6 H3K14Ac 1% BSA -TBST 1:2000 1%BSA-TBST
Abcam 52946 60min RT O/N4C
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7 H3K27Ac 1% BSA -TBST 1:3000 1%BSA-TBST
Abcam 4729 60min RT O/N&C
8 H3K27Me3 5% BSA-TBST 1:4000 in 5%BSA-TBST
Millipore 07-449 60min RT O/N4&C
9 H3K4Me3 1% BSA -TBST 1:2500 1%BSA-TBST
Abcam-1012 60min RT O/N&C
10 H4 5% BSA- TBST 1:4000 1%BSA-TBST
Millipore 07-108 60min RT O/N4&C
11 H4K16Ac 5% BSA- TBST 1:8000 5%BSA-TBST
Millipore 07-329 60min RT O/N4&C
12 H4K20Me3 5% BSA- TBST 1:4000 5%BSA-TBST
Ab 9053 60min RT 90min RT
13 Beta Actin 5% Milk -TBST 1:10000 1%BSA-TBST
Sigma A5316 60min RT O/N&C
14 MYC 5% BSA- TBST 1:5000 1%BSA-TBST
Sigma C3956 60min RT 90min RT
15 FLAG 5% Milk -TBST 1:5000 TBST
F3165 60min RT 90min RT
16 HA 5% Skim milk-TBST 1:5000 1%BSA-TBST
Sigma H3665 60min RT 90min RT
17 Anti-Pan Serine Phospho 5% BSA- TBST 1:3000 1%BSA-TBST
Abcam 9332 60min RT O/N&C
18 Anti-rabbit HRP :8000 5%BSA-TBST
Cell Signalling, 7074 - 60min RT
19 Anti-mouse HRP 1:5000 5%BSA-TBST

Sigma, A-4416

60min RT
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Annexure III — Cell Lines/Strains

Serial Number Cell Line/Strain Origin Medium
1 Rosetta (DE3) pLysS Bacteria LB/2xTY
2 CL38 Rat Liver MEM
3 CL44 Rat Liver MEM
4 HHL5 Human Liver DMEM
5 HEPG2 Human Liver RPMI
6 HACAT Human Colon DMEM
7 A431 Human Colon DMEM
8 MCF10A Human Breast DMEM
9 MCF7 Human Breast DMEM
10 AGS Human Stomach RPMI

Annexure 1V — Primers

List of Cloning Primers
Gene Vector Primer Sequence
H2A.1 pCDNA FLAG F GTCGGATCCGAAATGTCTGGACGCGGCAAAC
HA
R GTCGAATTCTTTGCCCTTGGCCTTGTGGTGGCT
H2A.2 pCDNA FLAG F GTCGGATCCGAAATGTCCGGCCGTGGCAA
HA
R GTCGAATTCCTTGCCCTTCGCCTTATGGTGGC
H3.2 pCDNA MYC F GTCGATATCATGGCCCGTACTAAGCAGAC
R GTCGCGGCCGCTTAGGCCCGCTCCCCGCGGAT
H3.3 pCDNA MYC F GTCGATATCATGGCCCGAACCAAGC
R GTCGCGGCCGCTTAAGCTCTCTCTCCCCGTATC
NAP1 pCDNA MYC F GTCGCGGCCGCATGGCAGACATTGACAACA
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GTCGATATCTCACTGCTGCTTGCACTCG

NAP1

pET3A/pET28a

GTCCATATGGATATCATGGCAGACATTGACAACA

GTCGGATCCTCACTGCTGCTTGCACTCG

H3.3
Promoter

PGL3

GTCGGTACCTTATGTAGCTATGGATGACCT

GTCCTCGAGGTAGCGATGAGGTTTCTTCAC

H3.2
Promoter

PGL3

GTCGGTACCCCATTACTGTGCACCGCAGAA

GTCCTCGAGCTTCTTCACGCCGCCGGTGG

H3.3 shRNA

pLKO-GFP

CCGGGACTTGTTGGGTAGCTATTAACTGCAGTTA
ATAGCTACCCAACAAGTCTTTTTG

AATTCAAAAAGACTTGTTGGGTAGCTATTAACTG
CAGTTAATAGCTACCCAACAAGTC

P150 shRNA

pLKO-puro

CCGGGGATGGTGTGCCTGAAAGGAACTGCAGTT
CCTTTCAGGCACACCATCCTTTTTG

AATTCAAAAGGATGGTGTGCCTGAAAGGAACTG
CAGTTCCTTTCAGGCACACCATCC

NAP1 shRNA

pLKO-GFP

CCGGGCCAAATTCTATGAGGAAGTTCTGCAGAA
CTTCCTCATAGAATTTGGCTTTTTG

AATTCAAAAGCCAAATTCTATGAGGAAGTTCTGC
AGAACTTCCTCATAGAATTTGGC

List of Primers used for transcript analysis

Gene Application Primer Sequence
H2A.1 RT/Real Time-PCR F CTGTGCTGGAGTACCTGACG
R TGTGGTGGCTCTCAGTCTTC
H2A.2 RT/Real Time-PCR F GAAGACGGAGAGCCACCATA
R GGAAGAGTAGGGCACACGAC
H3.2 RT/Real Time-PCR F ATGGCCCGTACAAAGCAG
R AGGTTGGTGTCCTCGAACAG
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H3.3 RT/Real Time-PCR TACCCTTCCAGAGGTTGGTG
GGGCATGATGGTGACTCTCT
H3.1 RT/Real Time-PCR GGCTTTTCATCTTTTTCTTCCTACCATG
ACCGGTGGCCGGGGCACTTTTA
Tsle-1 RT/Real Time-PCR TTATCCTCTGCAAGGCCTAAC
TGTTGAGGCATTTCGTCATC
GAPDH RT/Real Time-PCR GGATTTGGTCGTATTGGGCG
ATCGCCCCACTTGATTTTGG
P150 RT/Real Time-PCR CAGTGAACTAAGTCCTGACAC
CTTAGGACAGCTCTGTACTG
P60 RT/Real Time-PCR CTGAACAAGGAGAACTGGAC
GCACGTAACTTTTATGCTCG
HIRA RT/Real Time-PCR CTCAAGCTGATGATCGAAGT
TCATGGCATGAGCAGATACCA
MLL5 Real Time-PCR AGCCTCCTTCACAGCACCTA
CCTGAGGGTGTCTGGGTAAA
INK4 Real Time-PCR GGGAGGGCTTCCTAGACACT
CCCAGCGGAGGAGAGTAGAT
MEN1 Real Time-PCR TCTGGGCTTCGTAGAGCATT
TTTCTTCAGGGCAGCCGATT
TP53 Real Time-PCR AGATAGTACTCGGCCCCCTC
TAGGTGCCAGGTCCAACAAC
CHD1 Real Time-PCR TCGGCCTGAAGTGACTCGTA
AATCATAAGGCGGGGCTGTG
ATM Real Time-PCR CTAAGTCGCTGGCCATTGGT
TCTGGAGGAAGAAGCAACGC
H3.2 Human Real Time-PCR TCTGGTGCGAGAAATTGCT

TAGTGGATTCTTAAGCACGTTC
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H3.3 Human Real Time-PCR F GGTGGGGCTGTTCGAAG
R CCGCCACTTCTTAAGCC

H3.1 Human Real Time-PCR F TGCTCGGAAGTCTACTGGTG
R GTGGACTTCTGATAACGGCG

List of Primers used for MeDIP and ChIP qPCR

Gene Application Primer Sequence
H2A.1 MeDIP- Real Time-PCR F CGTCGTTCGCCTACAGCTT
R TGCCGCGTCCAGACATAATT
H2A.2 MeDIP- Real Time-PCR F CGCAACAACGGCCGCACGCA
R CATAAGCCCGGCTCCCTGGC
H3.2 MeDIP- Real Time-PCR F ATTCCGACGGAAGTCTGAGT
R CGGCAGAGAAAAATTCCGGT
H3.3 MeDIP- Real Time-PCR F CGGCGCAGCCTGAGTCATTA
R TCACTTGGCTCCCGCTGCCA
H19 MeDIP- Real Time-PCR F GAGCTAGGGTTGGAGAGGAAC
R GGTCGAACCCTTCCCAGCA
MLL5 MeDIP- Real Time-PCR F TCGCCGCCATTTTCCCAG
R GCTGCTCAGAGTGTCTAT
INK4 MeDIP- Real Time-PCR F CCTGGCCAGTCTGTCTGC
R AAGGAAGGAGGGACCCACT
MEN1 MeDIP- Real Time-PCR F GCGGTGCCTTGTGTGGGA
R TCCCTGCAATCTCTACCTA
TP53 MeDIP- Real Time-PCR F TCTGAAGCTCCAGTTCAT
R GGAGCGTGACACCCTGCT
CHD1 MeDIP- Real Time-PCR F CTGGTGTGGGAGCCGCGG
R ACTGAGCTCGGGTGCGGT
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ATM MeDIP- Real Time-PCR F TCCTGTCACCTTAAGG
R AAACCTGTAGCTTAAATA
rDNA MeDIP- Real Time-PCR F CGGGAGCTGGACTTCTGA
R GGTAGATAGCCTGAACAC

Annexure V - Media and Buffer Composition

a. Phosphate Buffered Saline

1. Dissolve the following in 800ml distilled H,O:

*» 8gof NaCl

» 0.2g of KCI]

* 1.44g of Na,HPO4
=  0.24g of KH,PO,

2. Adjust pH to 7.4 with HCL.

3. Adjust volume to 1L with additional distilled H,O.

4. Sterilize by autoclaving.

The final concentration of the components are as follows:

b. 2x BBS

137mM NaCl
2.7mM KCl
10mM Na,HPO,
2mM KH2P 04

oo

1. Add the following:

»  266.56mg BES
*  409.5mg NaCl
»  6.65mg Na,HPOy4

2. Adjust the pH to 6.95
3. Adjust volume to 25ml with distilled H,O.
4. Sterile filter inside laminar hood

c. Electrophoresis Buffer

1. Add the following:

2. Adjust volume to 1000ml with distilled H,O.

*  6.05g Tris
»  28.5g Glycine
» 1gSDS

d. Phosphate Buffer
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500ml of 1M potassium phosphate buffer pH 7.4 = 401ml of IM K;HPO4 + 99ml of 1M
KH,PO4

e 1M K,;HPO,; = 87.09gm in 500ml
e 1M KH,PO4=13.6gm in 100ml

e. Chemicals for In-gel Digestion

Reagent Stock Working For 1ml
NH;HCO; 1M (79g/mol) 25mM 79mg
DTT 1M (154g/mol) 10mM 154mg
lodoacetamide 1M (185g/mol) 55mM 185mg
Trypsin 20ng/ul
Ks[Fe (CN)e] 1M (329g/mol) 30mM 329mg
Sodium 1M(158g/mol) 100mM 158mg
thiosulphate

f. Transfer Buffer

Reagent Stock Working For 1L
Glycine 0.19M 14gm
Tris 25mM 3.03gm
SDS 10% 0.01% 1ml
Methanol 100% 20% 200ml
H,0 Upto 1L

g. Chemicals for SDS-PAGE
Acrylamide Main Stock:

292¢g acrylamide and 8g bis-acrylamide are mixed and dissolved in 500ml of H,O. Heating at
37°C may be required to dissolve acrylamide. Volume is made up to 1000ml.

Resolving Gel (18%):

Reagent Working For 10ml

Acrylamide - Bis- 30% 18% 6ml
acrylamide (29:1)
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Tris pH 8.8 1.5M 375mM 2.5ml
SDS 10% 0.1% 100ul
APS 10% 0.05% 50ul
TEMED 0.05% Sul
H,O 1.345ml
Resolving Gel (10%):

Reagent Stock Working For 10ml
Acrylamide - Bis- 30% 10% 4.076ml
acrylamide (29:1)

Tris pH 8.8 1.5M 375mM 2.5ml
SDS 10% 0.1% 100ul
APS 10% 0.05% 50ul
TEMED 0.05% Sul
H,O0 3.269ml
Stacking Gel (4%):
Reagent Stock Working For 10ml
Acrylamide — 30% 4% 1.3ml
Bisacrylamide (29:1)
Tris pH 6.8 1M 125mM 1.25ml
SDS 10% 0.1% 100ul
APS 10% 0.05% 50ul
TEMED 0.1% 10pl
H,0 7.29ml
h. 2x Sample Buffer for Histones
Reagent Stock Working For 10ml
Tris pH 6.8 1M 125mM 1.25ml
Glycerol 100% 20% 2ml
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SDS 10% 4% 4ml
B-Mercaptoethanol 14.3M 300mM 200pl
Bromophenol blue 0.5% 0.05% 5mg

H,0 2.55ml

i. Chemicals for AUT-PAGE
Resolving Gel:
Reagent Stock Working For 30ml
Acrylamide 60% 25mM 7.5ml
Bis-acrylamide 2.5% 10mM 1.2ml
Acetic acid 1.8ml
Ammonium 98.4ul
hydroxide
Urea &M 14.4gm
H;0 Upto 27.31ml
Vacuum to degas
Triton-X 25% 675ul
Riboflavin 2ml
TEMED 150l
Stacking gel:
Reagent Stock Working For 10ml
Acrylamide 60% 25mM 670ul
Bis-acrylamide 2.5% 10mM 640ul
Acetic acid 570ul
Ammonium 35ul
hydroxide
Urea 8M 4.8gm
H,O Upto 9.3ml
Vacuum to degas
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Riboflavin 650ul

TEMED 50l

Sample Preparation for AUT-PAGE:

2ml of Urea-DTT solution (0.864gm urea, 14mg of DTT) was prepared. AUT-sample buffer
was prepared by taking 1.8ml of Urea-DTT solution and adding 100pl ammonia and 100ul of
phenolphthalein. 50ul of the sample buffer was added on 20ug of vacuum dried histones. It
was mixed and incubated for 30min at 37°C. Then 2.5ul acetic acid and 2.5l concentrated dye

(25l acetic acid and a pinch of methylene blue in 500ul of Urea-DTT solution) was added.

j- TELT Buffer

Reagent Stock Working For 40ml
Tris-Cl pH 7.5 1M 50mM 2ml
EDTA pH 8.0 0.5M 62.5mM 5mi
Triton X-100 100% 0.4% 160ul
LiCl 2.5M 4.239¢g
H,0 Upto 40ml
k. SOB Media
Reagent Stock Working For 100ml
Bactotryptone 2% 2gm
Yeast Extract 0.5% 0.5g
NacCl 5M 10mM 200ul
KCl 3M 2.5mM 83.33ul
MgCl, 1M 10mM 1ml
MgS0, 10mM 0.246g
H,0 Upto 100ml

]
.

Transforming Buffer
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1. Add the following:
= 1.0884g MnCl,.4H,0
= (.22053g CaCl,.2H,0
= 1.8637g KCl
= 0.30237g PIPES
2. Adjust pH to 6.7 with KOH
Adjust volume to 100ml with distilled H,O.
4. Sterile filter

(O8]

The final concentration of the components are as follows:

*  55mM MnCl,.4H,0
*  15mM CaCl,.2H,0
= 250mM KCl

*» 10mM PIPES

m. DMEM

1. Add the following:

= DMEM

» 81.4mg Non Essential Amino Acid

»  0.293gm L-Glutamine (working 2mM)

» 3.7gm Sodium Bicarbonate (working 44mM)
2. Adjust volume to 1000ml with distilled H,O.
3. Sterile filter inside laminar hood

n. MEM

1. Add the following:
*»  9.6gm MEM powder (Sigma, #M6043)
» 81.4mg Non Essential Amino Acid
»  0.293gm L-Glutamine (working 2mM)
» 2.2gm Sodium Bicarbonate
» 3.574gm HEPES

2. Adjust volume to 1000ml with distilled H,O.

3. Sterile filter inside laminar hood

o. RPMI

1. Add the following:
= RPMI
* 81.4mg Non Essential Amino Acid
»  0.293gm L-Glutamine (working 2mM)
» 2gm Sodium Bicarbonate
2. Adjust volume to 1000ml with distilled H,O.
3. Sterile filter inside laminar hood

p. Trypsin Composition

220



Thesis | Divya Reddy Velga

4. Add the following:

»  2.5gm Trypsin (0.25%)

» 0.2gm EDTA

*  0.5gm Glucose
5. Adjust volume to 1000ml with distilled H,O.
6. Sterile filter inside laminar hood
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tumours
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Abstract

Background: Dysregulation in post-translational modifications of histones and their modifiers are now well-
recognized as a hallmark of cancer and can be used as biomarkers and potential therapeutic targets for disease
progression and prognosis. In most solid tumours, a biopsy is challenging, costly, painful or potentially risky for the
patient. Therefore, non-invasive methods like ‘liquid biopsy’ for analysis of histone modifications and their modifiers
if possible will be helpful in the better clinical management of cancer patients.

Methods: Here, we have developed a cost-effective and time-efficient protocol for isolation of circulating histones
from serum of solid tumor, HCC, called Dual Acid Extraction (DAE) protocol and have confirmed by mass
spectrometry. Also, we measured the activity of HDACs and HATs in serum samples.

Results: The serum purified histones were profiled for changes in histone PTMs and have shown a comparable pattern of
modifications like acetylation (H4K16A0), methylation (H4K20Me3, H3K27Me3, H3K9Me3) and phosphorylation (y-H2AX and
H3S10P) to paired cancer tissues. Profiling for the histone PTM changes in various other organs of normal and tumor bearing
animal suggests that the changes in the histone PTMs observed in the tumor serum is indeed due to changes in the tumor
tissue only. Further, we demonstrate that the observed hypo-acetylation of histone H4 in tissue and serum samples of tumor
bearing animals corroborated with the elevated HDAC activity in both samples compared to normal. Interestingly, human
normal and tumor serum samples also showed elevated HDAC activity with no significant changes in HAT activity.

Conclusions: Our study provides the first evidence in the context of histone PTMs and maodifiers that liquid biopsy is a
valuable predictive tool for monitoring disease progression. Importantly, with the advent of drugs that target specific
enzymes involved in the epigenetic regulation of gene expression, liquid biopsy-based ‘real time” monitoring will be
useful for subgrouping of the patients for epi-drug treatment, predicting response to therapy, early relapse and prognosis.

Keywords: cNUC, Histones, Serum, Cancer, HDACs, Diagnosis

Background

Histones are well conserved basic proteins which associate
to form an octameric core around which the DNA is
wrapped to form a nucleosome [1]. The N-terminal tails
of histones protrude out of the nucleosome and undergo a
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variety of post-translational modifications (PTMs) like
acetylation, phosphorylation, methylation, sumoylation
and ubiquitination. The occurrence and functioning of
these PTMs are an orchestrated event of ‘writers’ (adds
modifications), ‘readers’ (recognizes modification) and
‘erasers’ (remove the modifications). Histone PTMs dy-
namically maintain the chromatin states, and thus any de-
regulation may lead to altered gene expression as
observed in diseases like cancer [2]. Indeed, the loss of
histone H4 lysine 16 acetylation (H4K16Ac) and lysine 20
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trimethylation (H4K20Me3) are considered as hall-
mark of most human cancers [3]. Similarly, global H3
and H4 hypo-acetylation have been proven to correl-
ate with tumour phenotype, prognostic factors and
patient outcome in breast and prostate cancers [4, 5].
Decades of research have discovered a battery of his-
tone PTMs that are altered in cancer and are now re-
ferred as ‘histone onco-modifications, but none has
reached clinics primarily due to technological limita-
tions in the diagnosis of solid tumours.

Traditionally, cancer diagnosis and staging of solid tu-
mours are done with an imaging technique followed by
a surgical biopsy. But biopsy, being invasive, requires a
complex setting and well-trained clinician and is occa-
sionally difficult and risky for some advanced stage pa-
tients. Therefore, diagnosis or monitoring of solid
tumours utilizing circulating epigenetic biomarkers in
blood samples, if possible, will prove to be a very power-
ful tool and will overcome all the earlier limitations. In-
deed, research conducted over the last few years has
identified and detected epigenetic biomarkers associated
with cancer, including aberrant DNA methylation pat-
terns, miRNA profiles and histone signatures in body
fluids of the patients [6, 7].

The levels of circulating nucleosomes (cNUCs) and
histones are found to be elevated in a number of dis-
ease conditions like inflammation caused by bacterial
infections, autoimmune diseases like SLE, stress and
trauma [8]. ctNUCs are released into the blood by apop-
totic cells during these processes [9]. Elevated levels of
c¢NUCs have been reported in lung, breast, colorectal,
renal and gastric cancer compared to patients with
inflammation and healthy individuals [10]. In case of
gastrointestinal tumours, a positive correlation between
cNUC levels, tumour stage and metastasis has been
established [11]. In case of advanced non-small cell
lung carcinoma and cervical cancer, a correlation be-
tween clinical outcome in response to chemotherapy
and cNUCs has been observed [12]. On circulating
DNA, hypo-methylation pattern has been established in
CRC patients [13]. Histone modifications like
H3K9me3 and H4K20me3 have been detected on
cNUCs [14]. In another study, the ratio of H3K9me3/
nucleosome and H4K20me3/nucleosome was found to
be less in serum of breast and colorectal cancer pa-
tients compared to healthy individuals [15]. Though
studies on histone PTMs on c¢cNUCs have revealed
interesting aspects, but how similar is circulating epi-
genetic signature to solid tumour signatures in terms of
their histone PTMs and their modifiers has not been
established yet. This especially is important as because
any changes in the tissue epigenetic signature, if pos-
sible, can be read via the use of serum histones that can
act as a good prognosis and a diagnostic marker.
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Here, we used a cost-effective method named as dual
acid extraction (DAE) method, to isolate pure histones
from serum with the aim to understand the correlation
between circulating histone PTM with that of solid
tumour (hepatocellular carcinoma, HCC) tissues in ani-
mal model. Furthermore, we for the first time measured
the histone acetylase (HAT) and histone deacetylase
(HDAC) activities in serum samples of normal and solid
tumour-bearing animals and human patient samples.

Methods

Animal handling and experiments

All the experiments were performed on male Sprague-
Dawley rats (spp. Rattus norvegicus) after approval of
the Institute Animal Ethics Committee (IAEC# 04/
2014), Advanced Centre for Treatment Research and
Education in Cancer and the Committee for the Purpose
of Control and Supervision on Animals, India standards.
The detailed protocol to induce liver carcinogenesis is as
previously described [16]. Tissue samples (liver, lung,
kidney and brain) were fixed in formalin and prepared
as paraffin-embedded blocks according to standard pro-
tocols. The H&E-stained sections were microscopically
reviewed for histopathological alterations to confirm
normal and HCC. Post-anaesthesia, the blood was slowly
collected by cardiac puncture (preferably from ventricle)
from 120 days NDEA (late stage liver cancer)-treated an-
imals after which they were sacrificed [17]. For early
stage liver cancer, blood from the tail vein was collected
from 90 days NDEA-treated animals.

Human blood sample collection and serum isolation
Blood samples of 24 cancer patients were collected retro-
spectively from the Tumor Tissue Repository (TTR) of
Advanced Centre of Treatment, Research and Education
in Cancer (ACTREC), Tata Memorial Centre after Ethical
Approval from Institute Ethics Committee III (Project
number 164) along with six healthy adult human volun-
teers. As the samples were collected retrospectively, insti-
tute ethics committee III approved waiver of consent for
working on patient samples. Whole blood from patients
was collected prior to surgery, allowed to clot at room
temperature for 15-30 min. The clot was then removed
by centrifugation at 5000 rpm for 10 min at 4 °C. The
resulting supernatant (serum) is transferred into multiple
tubes to avoid freeze and thaw cycles and finally stored in
liquid nitrogen containers in ACTREC, TMH-TTR. The
samples collected were from 2013 to 2016 with confirmed
histopathological tumour type as mentioned in Table 2.

Isolation of histones from serum

Total proteins were precipitated from the serum (5 ml)
by the slow addition of Trichloroacetic acid (TCA) to a
final concentration of 20% with continuous and vigorous
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mixing. The precipitation was allowed to carry out on
the ice for 30 min, followed by centrifugation at
15,000 rpm for 15 min. The obtained protein pellet was
homogenized with glass teflon homogenizer in three vol-
umes (w/v) of 0.2 M sulphuric acid (H,SO,), till the pel-
let was completely dispersed and a milky white liquid is
formed, which then was intermittently vortexed for >2 h
at 4 °C. This mixture was then centrifuged at
16,000 rpm for 20 min at 4 °C. To the supernatant ob-
tained post-centrifugation, four volumes of acetone was
added and histones were precipitated overnight at -20 °
C. The pellet obtained post-centrifugation at 16,000 rpm
for 20 min at 4 °C was washed twice with two volumes
of each of acidified acetone and acetone twice. The his-
tone pellet was air dried and eventually suspended in
50 pl of 0.1% B-mercaptoethanol in H,O and stored at
-20 °C. Histone concentrations were determined by
Bradford method of protein estimation. Protein stan-
dards were prepared containing a range of 0 to 5 ug of
bovine serum albumin in 5 ml of 1x Bradford reagent.
Histone samples were also prepared similarly. Samples
were vortexed and incubated at room temperature for
5 min. Absorbance was measured at 595 nm and the
blank was adjusted. Histone samples were estimated for
protein concentration by plotting a standard curve.

Isolation of histones from liver tissue

Histones were extracted and purified as described earlier
[18]. Briefly, liver tissues (1 g) were homogenized in
10 ml lysis buffer (15 mM Tris-Cl pH 7.5, 60 mM KClI,
15 mM NaCl, 2 mM EDTA, 0.5 mM EGTA, 0.34 M su-
crose, 0.15 mM B-mercaptoethanol, 0.15 mM spermine
and 0.5 mM spermidine) with 1x protease inhibitor
cocktail and phosphatase inhibitor cocktail. Nuclei were
then isolated by sucrose gradient centrifugation. The
three volumes of homogenate was layered on top of one
volume of 1.8 M sucrose. Nuclei pellet obtained by cen-
trifugation at 26,000 rpm for 90 min at 4 °C was resus-
pended in 0.2 M H,SO, and incubated for >2 h at 4 °C
with intermittent vortexing. After centrifugation at
16,000 rpm for 20 min at 4 °C, the histones were precip-
itated at —20 °C for overnight with addition of four vol-
umes of acetone to the supernatant. Post-centrifugations
at 16,000 rpm for 20 mins at 4 °C, pelleted histones were
air dried and suspended in 0.1% p-mercaptoethanol in
H,O and stored at —20 °C.

Resolution and analysis of histones

The purified histones from serum and tissue that
were resolved on 18% sodium duodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) was ei-
ther stained by silver staining method [19] or transferred
to PVDF membrane, probed with site-specific modified
histone antibodies, against H4K16Ac (Millipore#07-329),
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H4K20Me3 (Abcam#9053), YH2AX (Millipore#05-636),
H3S10P (Millipore#06-570), H3K27Me3 (Millipore#07-
449) and H3K9Me3 (Abcam#8898), and signals were de-
tected by ECL plus detection kit (Millipore #WBKLS0500).
Gel loading equivalence was done by silver staining
method.

Analysis of histones by LC-MS

The purified histones (15 pg) were subjected to in-solution
trypsin (20 ng/ul) digestion in 50 mM ammonium bicar-
bonate, pH 8.0 at 37 °C for 2 h (1:200 enzyme:substrate) as
described previously [20]. Enzymatic digestion was stopped
by adding 10% trifluoroacetic acid (TFA) to a final pH <3.
Peptides were then desalted with ZipTip C18 columns
(Millipore) and lyophilized prior to analysis by LTQ Orbi-
trap-MS/MS (ABSCIEX). The MS instrument was operated
in the data-dependent mode to automatically switch be-
tween full scan MS and MS/MS acquisition. Mascot gen-
eric format (mgfs) files were generated and were searched
against protein database using Mascot version 2.3 (Matrix
Science, London, UK).

HDAC and HAT activity assays

Assays were performed using the colorimetric HDAC and
HAT activity assay kits from BioVision (BioVision Research
Products, USA) according to manufacturer’s instructions.
Briefly for HDAC activity assay, 50 ul of serum from nor-
mal, early and late tumours were diluted in 85 ul of HyO;
then, 10 pl of 10x HDAC assay buffer were added followed
by addition of 5 pl of the colorimetric substrate; samples
were then incubated at 37 °C for 1 h. Subsequently, the
reaction was stopped by adding 10 ul of lysine devel-
oper and left for additional 30 min at 37 °C. Samples
were then read in an ELISA plate reader at 405 nm.
Each sample was also treated with 2 pl (12 uM final
concentration) of Trichostatin A (TSA) for 10 min
before performing HDAC activity assay, these read-
ings are also plotted and labelled with TSA, alongside
the readings for serum samples not treated with TSA
(W/O TSA). Experiments were performed in tripli-
cates and average absorbance was plotted.

For HAT activity assay, 50 pl of serum was diluted in
80 pul HyO (final volume), and for background reading,
80 pl H,O was added in the reaction instead of the sam-
ple. Then, 50 pl of 2x HAT assay buffer was added
followed by addition of 5 pl of each of the colorimetric
substrates 1 and 2 and 8 ul NADH-generating enzyme.
The samples were incubated at 37 °C for 1 to 4 h de-
pending on the colour development. Subsequently, sam-
ples were read in an ELISA plate reader at 440 nm.
Experiments were done in triplicates and average ab-
sorbance was plotted.
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Statistical analysis

All numerical data were expressed as average of values ob-
tained tstandard deviation (SD). Statistical significance
was determined by conducting paired Student’s £ test.

Results

Isolation of serum histones

We developed a minimally invasive and cost effective,
robust protocol for isolation of histones from serum
samples. This method comprises of precipitation of total
serum proteins by acid followed by purification of basic
proteins by the acid extraction method. As the method
involves precipitation and extraction by two acids, it is
referred as Dual Acid Extraction (DAE) method. There
are four key steps in the protocol: First step is the
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isolation of serum from the blood; second step is the
total protein precipitation by use of trichloroacetic acid
(TCA). TCA, unlike other chemicals, precipitates all the
proteins irrespective of their molecular weight and is
also independent of the physico-chemical properties of
proteins; in the third step, histone extraction was carried
out by use of the 0.2 M H,SO, to separate histones from
other proteins; and in the final step, acetone and acid-
ified (hydrochloric acid) acetone were used for removing
the traces of TCA or H,SO, by replacement of sulphate
group (SOZ") with chloride group (CI') from isolated
histones (Fig. 1). The quality of isolated histones was
checked by loading on to a 18% SDS-PAGE followed by
silver staining. The four core histones—H2A, H2B, H3
and H4—were visualized on the gel, but along with
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Fig. 1 Diagrammatic representation of protocol for isolation of histones from blood. The dual acid extraction (DAE) protocol involves four crucial
steps: (1) serum isolation from blood; (2) total protein precipitation from serum by trichloroacetic acid; (3) histone extraction from precipitate by
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them, other high molecular weight proteins were also
noted (Fig. 2a).

To understand whether histone PTM changes ob-
served in the tissue samples can be seen in the histones
purified from the serum, we used a rat animal model
system. Hepatocellular carcinoma (HCC) was induced in
Sprague-Dawley rats by administering N-nitrosodiethyla-
mine (NDEA) in drinking water at a concentration of
1 ppm/g body weight. After 120 days of NDEA adminis-
tration, HCC was confirmed by haematoxylin and eosin
(H&E) staining (Fig. 2b). The H &E-stained slides
showed classical features of HCC like well-vascularized
tumours with wide trabeculae, prominent acinar pattern,
cytologic atypia and vascular invasion. Histones were
isolated from both the liver tissues and serum of normal
and tumour-bearing rats. The histones obtained from
serum were quantified by Bradford method using BSA
as a standard. The histone quantity in the serum of the
HCC-bearing rat group was found to be significantly
higher than the normal group (Fig. 2c (ii)). The concen-
tration was 0.8 and 5.4 ug/mL serum for normal and
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tumour respectively. The purified histones from tissues
(Fig. 2c (i)) as well as serum (Fig. 2c (ii)) were resolved
on an 18% SDS-PAGE and silver stained to check their
integrity. To confirm their identity, the histones were
subjected to liquid chromatography-coupled mass spec-
trometry analysis (LC-MS). All the core histones were
identified in both the serum samples (normal and
tumour) with query coverage of >50% in case of normal
and >30% for tumour (Fig. 2d). Also, of the total 13 pro-
teins identified in serum of normal rats, three corres-
pond to histone H2A and one each to histone H3.1,
H2B and H4. In case of the serum of tumour-bearing
rats, out of the 24 proteins identified, six were of histone
H2A subtypes, two of histone H2B subtypes and one
each of H3.1 and H4 histones (Fig. 2d and Table 1).
Apart from histones, many other basic serum proteins
were also identified in MS, the details of which are pre-
sented as a part of the Table 1. Histones isolated from
the tissue were used as a positive control in LC-MS,
where all the core histones were detected with >90%
query coverage in both normal and HCC.

a b
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I ]
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H4 A ) ¢
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(@) NORMAL TUMOR (ii) NORMAL TUMOR
= = e n
17 KDaw; : = : H3 17 KDa ®|
- ey "ia H2A/H2B  #4 h
- - iy - - - H4
d 1 2 3 4 5 6 1 2 3 4
Samnle No. of proteins No. of Histones Identity of Sequence
P identified identified Histones coverage
Tissue Normal 13 8 H2A,H3,H2B,H4 >90%
Tissue Tumor 11 5 H2A,H3,H2B,H4 >98%
Serum Normal 13 6 H2A,H3, H2B,H4 >50%
Serum Tumor 24 10 H2A,H3,H2B,H4 >30%

NDEA N-nitrosodiethylamine

Fig. 2 Resolution and identification of purified histones from paired serum and liver tissue of normal and tumour. a Silver stained 18% SDS-PAGE
confirmed the integrity of the histones isolated from serum samples (1 and 2) of HCC-harboring rats by DAE protocol. All the core histones, H3,
H2A, H2B and H4 are marked with an arrow, whereas the star marks high molecular weight proteins. b H&E-stained section of normal liver and
HCC showing the altered histology in HCC at 20x and 40x magnification. ¢ Silver-stained 18% SDS-PAGE showing the integrity of the purified his-
tones loaded in increasing volumes (5, 10 and 15 pl) (i) samples of normal and tumour tissues and (i) serum of normal and tumour bearing rats
by the DAE protocol. The core histones H2A, H2B, H3 and H4 are marked. d Histones isolated from tissues and serum of both normal and tumour
harboring rats are subjected to LC-MS after trypsin digestion. The obtained data on number of peptides of histones identified along with se-
quence coverage are tabulated and confirmed the identity of purified proteins by DAE method. H&E haematoxylin and eosin,
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Table 1 Total proteins detected in LC-MS of serum and tissue purified histories of normal and tumour samples

Proteins  Tissue normal Tissue tumour Serum normal Serum tumour
Histones  H2A type 1 (91.5%) H2A type 2-A (98.4%) H2A type 2-A (81.5%) H2A type 2-A (46.9%)
H2A type 2-A (91.5%) H2A type 1-C (98.4%) H2A type 1 (74.62%) H2A type 1-C (33%)
H2A type 1-C (91.5%) H2B type 1E (98%) H2A type 1-C (50%) H2A type 1-F (38.4%)
H2A type 1-F (86.1%) H3.1 (99.2%) H3.1 (59.2%) H2A type 1-E (30%)
H2B type 1E (91.5%) H4 (98.4%) H2B type 1E (57%) H2A type 1 (33%)
H2B type 1C (91.5%) H4 (60%) H2A type 4 (33%)
H3.1 (99.2%) H2B type 1E (57%)
H4 (59.2%) H2B type 1C (35%)
H3.1 (40.7%)
H4 (47%)
Non- Prelamin A/C (26%) Prelamin A/C (62.4%) Fibrinogen beta chain (65.75%) Fibrinogen beta chain (65.3%)
histones  KDMS5D (274%) KDM5D (30.32%) Fibrinogen alpha chain (56.91%)  Fibrinogen alpha chain (43.3%)

ESF1 (30.6%)

ESF1 homolog (23.9%)
Acid-sensing ion channel
5 (12.9%)

EIF2S3Y (29.8%)

ESF1 homolog (41%)

Acid-sensing ion

channel (17.9%)

Ribonuclease UK114
(46.1%)

Fertuin-B (47.6%)
Putative pheromone receptor

(18.7%)

Isoform 2 of Fibrinogen alpha
(69.45%)

Isoform 2 of Fibrinogen beta
chain (70.96%)

Translation initiation factor elf-28

Isoform 2 of Fibrinogen beta chain (67.4%)
Isoform 2 of Fibrinogen alpha chain (59.6%)
Matrix estracellular phosphoglycoprotein (60%)
Potassium voltage-gated channel subfamily C
member 2 (30.8%)

ESF1 homolog (57.9%)

Alkaline phosphatase (57%)

Indoleamine 2.3-dioxygenase 1 (37.8%)
Aldehyde oxidase 2 (29.6%)

Astrocytic phosphoprotein (69.9%)
Transcription factor YY2 (32.9%)

Cannabinoid receptor 1 (11.1%)

Putative pheromone receptor (19.1%)

Histone PTM pattern is comparable in liver tissues and
respective serum samples

The histone PTM profiling of normal and HCC tissues
was compared with respective serum samples by immuno-
blotting with site-specific antibodies against H4K16Ac
and H4K20Me3, as the loss of these marks are established
as hallmark of human cancer [3]. As reported for human
tumours, rat tumour tissue has also showed hypo-
acetylation and hypo-methylation at H4K16 and H4K20
respectively (Fig. 3a). Interestingly, respective serum
histones also showed the same pattern as of tissue
histones (Fig. 3a). The other crucial histone PTM marks
like YH2AX—a DNA damage mark, H3K27Me3 and
H3K9Me3—transcriptional repressive marks and H3S1
0P—a mitotic mark, known to be deregulated in many of
the human cancers [21, 22] were also probed. Intriguingly,
we noted a significant increase in these marks in both the
tumour sample tissue and serum (Fig. 3a). This shows that
the key histone modifications like acetylation, methylation
and phosphorylation are retained during the course of his-
tone extraction from serum samples by DAE method and
also profiling between tissue samples and their respective
serum samples mirrored each other.

In order to understand that the changes seen in serum
histone is due to liver tumour and not due to changes in
the entire PTM profile of all the other organs, we
profiled for histone PTMs in the lung, kidney and brain
isolated from both the normal and NDEA-treated
(tumour-bearing) animals. The tissues isolated from the
animals treated with NDEA were first histologically
examined for any aberrations by H&E staining (Fig. 3b).

Grossly, no differences were seen with respect to control
tissues in untreated animals. Histones were then isolated
and probed for site-specific PTM antibodies (Fig. 3c).
The data demonstrates that the alterations of modifications
are specific to tumour liver tissue and not to other histolog-
ically normal organs, thus strengthening that the liquid
biopsy (serum histone) is very similar to its parent tissue
(tumour tissue-liver) and hence can be used for clinical
purpose.

Increased HDAC activity in HCC tissues correlates with
corresponding serum samples

So far, we have seen a positive correlation for histone
PTMs in HCC, tissue and serum histones. We next con-
templated whether the reported increased HDAC activ-
ity in tumour tissue [23] can also be seen in serum to
understand how similar the liquid biopsy (serum) is to
tissue biopsy in context of histone PTM modifiers. This
is particularly interesting due to the observation of H4
hypo-acetylation seen in serum and HCC purified his-
tones. HDAC activity assay conducted using serum iso-
lated from normal, early (90 days NDEA treatment) and
late stage (120 days NDEA treatment) HCC-bearing rats
demonstrated the presence of significantly higher HDAC
activity in both the tumour serum samples and normal
serum (Fig. 3d (i)). Interestingly, the serum of early stage
liver cancer animals also showed an elevated HDAC in
comparison to normal, indicating that HDAC activity
gradually increases during the course of HCC develop-
ment (Fig. 3d (i)). As a proof of principle that the calori-
metric assay performed is indeed a true measure of
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Fig. 3 Profiling of site-specific histone modifications and modifiers in paired serum and liver tissue of normal and tumour. a (i) Western blots of
histones isolated from tissues and serum with site-specific histone PTM antibodies of H4K20Me3, H3K27Me3, H3K9Me3, y-H2AX, H3S10P and H4K16AC in
tumour tissue and serum compared to normal. Antibodies against H3 and H4, and fast green-stained histone transferred PVDF membrane were used as
equal loading control. b H&E-stained section (x40) of tissues (lung, kidney and brain) from NDEA-treated or untreated (normal) animals. ¢ Western
blotting of histones isolated from normal tissues (lung, kidney and brain) and serum of NDEA-treated or untreated animals with site-specific histone
PTM antibodies against H4K20Me3, y-H2AX, H3510P and H4K16Ac. Antibodies against H3 and H4, and fast green-stained histone transferred PVDF
membrane were used as equal loading control. d Colorimetry-based assay done using serum isolated from normal, early and late stage
tumour bearing rats (i) HDAC activity assay was performed on both the TSA-treated and untreated samples (i) HAT activity. Statistical
tests are done by using Student’s t test. *p < 0.05, **p < 0.01
J

HDAC activity, treatment of serum samples with TSA was
done prior to HDAC assay. As seen in (Fig. 3d (i), the ac-
tivity in samples treated with TSA is less compared to the
untreated samples validating the robustness of the assay.
To understand the status of HATS, levels of which are also
reported to change in human tumours [24], we performed
a HAT activity assay in normal, early and late stages of
tumour serum, but no significant differences were ob-
served, suggesting the H4 hypo-acetylation seen might be
due to enhanced HDAC activity in tumour samples com-
pared to normal (Fig. 3d (ii)).

Intrigued by the observation of elevated HDAC activ-
ity in tumour serum samples of rat model, we asked
whether the HDAC activity can also be detected in hu-
man serum samples. To this end, we performed HDAC
activity assay in serum isolated from six healthy subjects
(normal) and 24 different types of cancer patients, in-
cluding colorectal (CRC#6), buccal (BM#7), tongue
(TNG#6), breast (BC#2) and glioblastoma (GBM#2).
The histopathological details of patient samples included
in the study are tabulated in Table 2. The cumulative
analysis of all the 24 samples revealed a higher HDAC
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Table 2 Histopathological analysis of human patient samples
used in the study

Sample Origin Histopathological analysis

BMO1  Buccal Moderately differentiated squamous carcinoma

BMO02  Buccal Moderately differentiated squamous carcinoma

BM03  Buccal Moderately differentiated squamous carcinoma

BM04  Buccal Moderately differentiated squamous carcinoma

BMO5  Buccal Moderately differentiated keratinizing squamous
carcinoma

BMO6  Buccal Moqlerately differentiated keratinizing squamous
carcinoma

BMO7  Buccal Poorly differentiated squamous carcinoma

TNGO1 Tongue Moderately differentiated squamous carcinoma

TNG02 Tongue Moderately differentiated squamous carcinoma

TNGO3 Tongue Moderately differentiated squamous carcinoma

TNG04 Tongue Squamous carcinoma

TNGO5 Tongue Moderately differentiated squamous carcinoma

TNG06 Tongue Moderately differentiated squamous carcinoma

CRCO1  Colon Moderately adenocarcinoma

CRCO2  Colon Poorly differentiated adenocarcinoma

CRCO3  Colon Moderately differentiated adenocarcinoma

CRC04 Colon Moderately differentiated adenocarcinoma

CRCO5  Rectum Moderately differentiated adenocarcinoma

CRCO6  Rectum Adenocarcinoma

BCO1 Breast Infitrating duct carcinoma, Grade |l

BCO2 Breast Infitrating lobular carcinoma, Grade |l

GBMO1 Glioblastoma Glioblastoma (WHO grade V)

GBMO2 Glioblastoma Glioblastoma (WHO grade IV)

activity in serum of cancer patients compared to normal
(Fig. 4a) with no significant change in HAT activity
(Fig. 4b). Also, grouping of serum samples based on the
cancer type shows an elevated activity in most of the
samples of CRC (Fig. 4c), buccal (Fig. 4d), tongue
(Fig. 4e), and breast and glioblsatoma (Fig. 4f).
Interestingly, we found that even with a sample size of
24, the HDAC activity is different amongst each patient
sample, therefore, highlighting the importance of sub-
grouping the patients on the basis of inherent epigenetic
background for success of epigenetic drugs (epi-drug)
therapy. Thus, monitoring the HDAC activity in the
serum sample has helped us to categorize the patients
into two subgroups: (1) high HDAC and (2) low HDAC
(Fig. 4g). Group 1 can further be subdivided into two,
high and moderate HDAC activity groups (Fig. 4g). This
subgrouping of patients on the basis of HDAC activity
will assist in selection of patients, determining the dose
of epi-drug, thus increasing the success of therapy.
During the diagnosis of a disease like cancer, measure-
ment of many serum based biomarkers is usually
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performed. One such marker is the quantification of serum
CEA levels in CRC patients. We observed differential levels
of CEA amongst the six CRC samples used in the study.
Interestingly, high CEA levels seen for CRC02 and CRC05
samples correlated with high HDAC activity in comparison
to other samples with low CEA values (Fig. 4h). Thus,
serum based measurement of HDAC activity compares
positively to CEA, a cancer biomarker for CRC.

Discussion

The DAE protocol developed for the isolation of his-
tones from serum samples is simple, robust, time effi-
cient and cost effective. Further, the comparison of key
site-specific histone PTMs in tissue versus serum, for
both normal and tumour samples, has revealed a similar
pattern amongst the respective biological samples. Also,
we illustrate for the first time a higher HDAC activity in
serum tumour sample compared to normal.

Earlier protocols for isolation of cNUCs are based on
chromatin immunoprecipitation (ChIP) by specific his-
tone antibodies. ChIP depends critically on the quality of
the antibody and is not cost-effective. Though numerous
histone antibodies as ChIP-grade are available, they need
stringent validation by western blotting and MS, because
of their cross-reactivity with unmodified histones, simi-
lar histone modifications and some with non-histone
proteins. The developed protocol overcomes all the limi-
tations of the existing ChIP method as it is based on dual
acid extraction. The good quality and quantity of purified
histones by this novel technique has opened a new avenue
for studying the pattern of histone PTMs as well as his-
tone variants in serum samples by western blotting or
mass spectrometry in different pathophysiological states.

To gain insights into global serum histone PTM pat-
tern and understand whether the observed alteration
matches with that of the cancer tissue, NDEA-induced
HCC rat model system has been used. The quantity of
histones isolated from the normal serum was very less
compared to the serum samples of NDEA-induced HCC
rats (Fig. 2c (ii)). This could be directly attributed to the
increased cell death seen in diseased conditions as
opposed to the healthy subjects, due to which the abun-
dance of ¢tNUCs and hence histones will be more in a
serum sample of diseased state. This is in conformity
with the earlier reports where elevated ¢cNUCs are ob-
served in various human cancers [6, 10, 12, 25].

Studies on global histone modifications across various
human cancers have identified alterations in a panel of
histone PTMs [26]. The loss of H4K16Ac and H4K20Me3
are now regarded as the hallmark of most human cancers
[3]. Interestingly, we noted that these hallmarks are even
true for the animal model system. Furthermore, similar
changes are observed in serum histones also proving that
indeed they are true hallmarks which change during
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cancer, irrespective of the cancer type in the study, species
used and source of biological samples (liquid or solid bi-
opsy). Profiling for other histone PTMs—H3K27Me3,
H3K9Me3, YH2AX and H3S10D, in both tissue and serum
showed a same pattern of increase in tumour tissue and
serum samples. Further, we also reveal that the changes in
the histone PTM pattern observed in serum mirrors only
liver tissue and no other organs, thus proving that the his-
tones in serum are from tumour tissue.

Earlier studies had shown the presence of acetylated his-
tones in blood cells, but its levels were not correlated with
tumour tissue [27]. Such studies on global histone modifi-
cations are of importance because of their prognostic util-
ity and predictive markers for recurrence. Now with the
serum histones showing a similar pattern of histone PTMs
as of tumour tissue, liquid biopsy (non-invasive) will be a
good alternative to tissue biopsy (invasive) for monitoring
the disease regression/progression in cancer patients.

Further, the antitumour effects of histone deacetylase or
histone methyltransferase inhibitors could be evaluated by
monitoring changes in the quantities of the corresponding
modification on the circulating histones thus overcoming
the limitation of earlier studies wherein histones of blood
cells were used.

Altered histone acetylation levels in cancer are the re-
sult of the imbalance of the activities of HAT and
HDAC. Many reports have emphasized the altered levels
of these enzymes, especially HDACs in various cancers
[28]. Our data of an increased HDAC activity in serum
and tumour tissue samples compared to normal is in ac-
cordance with the earlier reports. Thus, the present ob-
servation of HDAC activity in serum allows us to
monitor the level of HDAC and possible tumour status
in response to histone-modifying enzyme inhibitors in
real time by liquid biopsy. Interestingly, some studies on
global proteomic profiling of serum proteins has earlier
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reported the presence of HDACs in serum, thus it is
not surprising that HDAC activity is detected in serum
[29, 30]. Intriguingly, measurement of HDAC activity in
early (90 days NDEA treatment) and late (120 days NDEA
treatment) stages of liver cancer in an animal model sys-
tem revealed a gradual increase in HDAC activity as the
animal develops a tumour. This observation proves that
early monitoring of HDAC activity may assist in better
diagnosis of cancer. Further, the assay can be employed to
monitor the naive cancer, recurring and drug resistant tu-
mours, where in periodic monitoring of HDAC activity in
patients diagnosed with cancer will aid in their improved
clinical management. However, large studies including
more cancer patients at various stages, undergoing diverse
chemotherapeutic treatments in combination with epi-
drugs will provide conclusive evidences and help in
employing the proposed hypothesis for better disease
management.

Owing to the increased HDACs, use of HDAC inhibi-
tors for treatment of cancer is considered to be a good
treatment regime. But so far, the use of HDAC inhibitors
had limited success in solid tumours because of severe
toxicities and other fatal effects [31]. One of the reasons
behind the failure or limited success of HDAC inhibitors
has been attributed to the inherent epigenetic back-
ground of the patients, where some may have high ex-
pression of HDACs others low levels [32, 33]. This can
further be seen in our data, where all the patients
showed different extent of HDAC levels (Fig. 4c, f).
Therefore, administering HDAC inhibitors to patients
with inherent low levels of HDACs may be fatal. For ex-
ample, based on our data, we have segregated the sam-
ples into two groups, HDAC high and HDAC low
(Fig. 4g). Treating the first group patients with HDAC
inhibitors will be beneficial, as this group show elevated
levels of these enzymes. Furthermore, this group can be
subdivided into two, which can help in deciding the dose
and time span of epi-drug therapy, where a high HDAC
activity patient can be given high doses of drugs for a
longer span than the others. As for the second group,
epi-drug treatment might not be of much benefit. Thus,
serum-based detection of histone modifiers like HDAC/
HAT will help with subgrouping of patients and
personalize the treatment, monitor patient’s health status
during treatment with histone modifier inhibitors and
response of the individual’s tumour to treatment (Fig. 5).

Conclusions

In summary, the developed DAE technique for isolating
serum histones will provide real time information of epi-
genome which will be helpful in understanding the over-
lap between paired serum and cancer tissue histone
proteome by high-end proteomics. Importantly, our data
gave a novel rationale for using serum histone proteomics
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Fig. 5 Schematic representation of liquid biopsy as tool for better
clinical management of cancer patients. The DAE protocol provides
‘real-time’ purification of serum histones and monitoring of levels of
chromatin modifiers like HDACs and HATSs that will help in
subgrouping patients eligible for epi-drug treatment and their
response, aid in better prognosis and disease management

as a predictive tool for disease progression. This informa-
tion will allow the development of efficient strategies for
the treatment and better management of the underlying
disease. The combination of different histone marks rather
than a single histone mark is believed to further enhance
sensitivity and specificity of detection of these marks and
hence improve cancer management.
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Differential expression of homomorphous variants of H2A family of histone H2A.1 and H2A.2 have been
associated with hepatocellular carcinoma and maintenance of undifferentiated state of hepatocyte. How-
ever, not much is known about the transcriptional regulation of these H2A variants. The current study
revealed the presence of 43bp 5'-regulatory region upstream of translation start site and a 26 bp 3’
stem loop conserved region for both the H2A.1 and H2A.2 variants. However, alignment of both H2A.1
and H2A.2 5'-untranslated region (UTR) sequences revealed no significant degree of homology between

geja/:;vggq;'_m them despite the coding exon being very similar amongst the variants. Further, transient transfection
Promoter coupled with dual luciferase assay of cloned 5 upstream sequences of H2A.1 and H2A.2 of length 1.2
Stem loop (—=1056 to +144) and 1.379kb (—1160 to +219) from experimentally identified 5’UTR in rat liver cell line
Epigenetics (CL38) confirmed their promoter activity. Moreover, in silico analysis revealed a presence of multiple

HCC CpG sites interspersed in the cloned promoter of H2A.1 and a CpG island near TSS for H2A.2, suggest-
ing that histone variants transcription might be regulated epigenetically. Indeed, treatment with DNMT
and HDAC inhibitors increased the expression of H2A.2 with no significant change in H2A.1 levels. Fur-
ther, methyl DNA immunoprecipitation coupled with quantitative analysis of DNA methylation using
real-time PCR revealed hypo-methylation and hyper-methylation of H2A.1 and H2A.2 respectively in
embryonic and HCC compared to control adult liver tissue. Collectively, the data suggests that differ-
ential DNA methylation on histone promoters is a dynamic player regulating their expression status in
different pathophysiological stages of liver.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Genomic DNA is hierarchically packaged by histones into
nucleosomes and array of these nucleosomes along with non-
histone proteins further forms a compact chromatin structure
inside the eukaryotic nucleus. The chromatin structure, acting
as a barrier in all DNA-mediated cellular processes is regulated
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through ATP-dependent chromatin remodelling, post translational
modification of histones and incorporation of histone variants
into the nucleosomes (Becker and Ho, 2002). Histone variants
are the non-allelic subtypes of canonical histones and multiple
variants of H1, H2A, H2B and H3 histones have been identified. The
variants are grouped as homomorphous and heteromorphous or
replication-dependent and replication-independent on the basis
of amino acid sequence similarity or expression during different
stages of cell cycle, respectively (Marzluff et al., 2009).

Earlier studies from our lab have shown the differential expres-
sion of H2A variants, higher level of H2A.1 both in hepatocellular
carcinoma and embryonic liver whereas H2A.2 expresses in normal
adultliverinrats (Khareetal., 2011; Tyagietal.,2014). H2A.1/H2A.2
proportion has been shown to decrease during development and
differentiation of rat brain cortical neurons and during in vitro dif-
ferentiation and aging of fibroblasts (Pifia and Suau, 1987; Rogakou
and Sekeripataryas, 1993; Urban and Zweidler, 1983). H2A.1 and
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H2A.2 are 130 amino acids each and differ at three positions viz.
16 (Threonine to Serine), 51 (Leucine to Methionine) and 99 (Argi-
nine to Lysine). Recently, a replication dependent histone coded by
human HIST1H2AC gene locus, sequence similar to rat H2A.1 apart
from the change in 15th position, has been associated with cell pro-
liferation and tumorigenicity of bladder cancer cells (Singh et al.,
2013). Collectively, these reports strongly suggest that imbalance
in intricately maintained levels of the H2A variants may modulate
the highly dynamic nature of the nucleosomes, reorganizing the
chromatin landscape for differential gene expression profile and
might be a critical event in carcinogenesis, embryogenesis, cellular
differentiation and cell cycle control (Kouzarides, 2007).

The genes encoding for homomorphous histone variants, H2A.1
and H2A.2 in rat are mapped on chromosome 17p for H2A.1
and H2A.2 on 2q, thereby, suggesting their specific gene promo-
ters and potentially different transcription regulatory mechanisms.
Althoughregulation of H2A.1 and H2A.2 expression remains largely
unknown, the observation that their mRNA levels vary signifi-
cantly under different physiological states suggests that H2A.1
and H2A.2 are also regulated at the transcriptional level. Pro-
moter activity affected by epigenetic modifications plays a critical
role in regulating the expression of specific genes. In silico anal-
ysis of predicted promoter sequence for H2A.1 (NCBI Gene ID:
502125 and RGD Gene ID: 1594367) and H2A.2 (NCBI: 365877
and RGD: 1307165) suggests the presence of CpG sites and
island respectively. Increased methylation of CpG islands at 5’
end of a gene is associated with gene repression. The possible
mechanisms for repression include interference with transcrip-
tion factor binding or through the recruitment of repressors
proteins Lewis and Bird (2003). DNA methylation was initially
considered a stable epigenetic mark; however, the discovery of
5-hydroxymethylcytosine (5-hmC) has revised this notion. Recent
studies have shown that 5-hmC apart from being an intermedi-
ate product of an active demethylation process can also act as a
stable epigenetic mark whose role in transcription regulation is
now well appreciated. Indeed, enrichment of 5-hmC on genes has
been associated with the activation of transcription (Kroeze et al.,
2015). However, it is unknown whether DNA methylation of the
H2A.1 and H2A.2 promoters are involved in regulating the divers/e
expression profile of these two among different pathophysiological
states.

In the present study we have structurally identified transcrip-
tional start site, 5UTR and conserved stem-loop with 62bp and
88 bplong 3’'UTRof H2A.1 and H2A.2 mRNA’s. Further, the upstream
5’-flanking region of both the genes was identified, cloned and
their transcriptional activity was confirmed. The cDNA sequences
of H2A.1 and H2A.2 cDNA are 498 bp and 525bp long contain-
ing a stem loop at their 3'UTR and also have been submitted to
NCBI database with accession numbers JX-661508 and JX-661509
respectively. Moreover, we explored the methylation status of the
CpG sites and CpG-island that spans the H2A.1 and H2A.2 pro-
moters respectively, in hepatocellular carcinoma, embryonic liver
and corresponding normal liver tissues and elucidate a potential
molecular mechanism for the methylation-mediated alteration in
histones H2A.1 and H2A.2 promoter activity.

2. Materials and methods
2.1. Animal experiments

All the experiments were carried out on male Sprauge-Dawley
rats (Rattus norvegicus). The proposal to use the animals was duly
approved by Institute Animal Ethics Committee, ACTREC, and the
Committee, which is endorsed by the committee for the Purpose of
Control and Supervision on Animals, Government of India.

The normal and N-nitrosodiethylamine (200ppm/gm body
weight) treated animals (n=5, for each set of experiments) were
euthanized after 4 months of treatment (Khare et al., 2011). The
animals (22-24 weeks) for liver regeneration studies were sub-
jected to two-third partial hepatotectomy (PH). The surgeries were
performed under sterile conditions as per protocol. A horizontal
incision was made, approximately 2-3 cm long, below Xiphoid car-
tilage. Then left lateral and median lobes of liver (50-70% liver)
were resected, and muscle and skin layers were closed. Animals
were provided with an external source of heat for recovery. Animals
were sacrificed, and regenerating liver tissues were collected after
36 h post PH in synchrony with DNA synthesis and were processed
as mentioned earlier. Furthermore, for embryonic liver develop-
ment studies, pregnant rats (n=6, for each set of experiments)
confirmed by the vaginal plug were obtained. The developing liver
(n=6, for each time point) was excised on e15 and processed as
mentioned earlier (Tyagi et al., 2014).

2.2. 5'RLM-RACE to identify transcriptional start site

Intact total RNA isolated from rat liver tissue with A260/280
of ~2.0 with 2:1 ratio of 28S:18S rRNA was used to identify
transcriptional start site using Ambion 5'RLM-RACE kit as per man-
ufacturer’s instructions. Briefly, decapped adaptor-linked mRNA
was used as template to synthesize the first-strand cDNA by
reverse transcriptase in presence of random primers (Fermentas
RT-PCR Kit). The cap site region of these RNA was identified by
reverse transcription-polymerase chain reaction (PCR). The PCR
was performed using a sense DNA primer complementary to adap-
tor oligo-(5'-GCTGATGGCGATGAATGAACACTG-3') paired with the
gene-specific antisense primers either for H2A.1 or H2A.2. Samples
were amplified for 35 cycles under the following conditions: dena-
turation for 30 s at 94 °C, annealing for 45 s at 56.4 °C, and extension
for 1 min30sat72°C. The PCR products were excised from the 1.5%
low melting temperature agarose gel, cloned into TA vector, and
sequenced foridentification of 5’UTR (Applied Bio systems Inc.). The
primers used throughout the experiments are tabulated in Table 1.

2.3. mRNA circularization for mapping of 3’Untranslated region

Total RNA (10 ug) isolated from rat liver tissue was treated with
calf intestine phosphatase (CIP) enzyme to remove 5 phosphate
group followed by mRNA decapping by tobacco pyrophosphatase
(TAP) enzyme treatment. Decapped mRNA was allowed to undergo
circularization with 20U of T4 RNA ligase in 400 p.l reaction incu-
bated at 16 °C for 16 h. Using gene specific primer cDNA synthesis
was carried out by M-MLV reverse transcriptase enzyme (MBI-
Fermentas). PCR was carried out by using forward reverse gene
specific primer (Table 1) with cDNA as templates under reaction
condition as follows: denaturation 94 °C for 45 s, denaturation for
30s, annealing at 56.4°C for 30s, extension at 72 -C for 1 min 30s.
The amplified PCR product was extracted from 1.5% low melting
agarose gel, further cloned in pTZRT vector. The clones were con-
firmed by sequencing for identification of 3'UTR and validation of
5'UTR.

2.4. Cloning of sequences encompassing upstream of 5’UTR

High MW DNA was used as template to amplify the 5’ upstream
sequences of 1.2 (—1056 to +144) and 1.379kb (-1160 to +219)
using gene specific primers mentioned in Table 1 from exper-
imentally identified 5'UTR and in silico predicated H2A.1 and
H2A.2 gene promoters. PCR amplified DNA was cloned in pGL3
basic vector at Kpnl-Xhol site yielding the promoter reporter
plasmids. Further, the deletion constructs were prepared for
both the genes. The software Motif finder (http://motifsearch.
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Table 1
Primers sequences for cDNA synthesis, UTR’s, promoter activity, quantitative PCR
and methylation DNA immunoprecipitation.

Primer sequence

A. cDNA synthesis

FH2A.1 5'-GTCGGATCCATGTCTGGACGCGGCAAACAA-3’
RH2A.1 5'-GTCGAATTCCTATTATTTGCCCTTGGCCTTGTG-3'
FH2A.2 5'-GTCGGATCCATGTCCGGCCGTGGCAAGCAA-3'
RH2A.2 5'-GTCGAATTCTTATCACTTGCCCTTCGCCTTATG-3'
B.5'UTR

H2A.1 5'-GTCGAATTCCTATTATTTGCCCTTGGCCTTGTG-3'
Adaptor primer 5'-GCTGATGGCGATGAATGAACACTG-'3

H2A.2 5'-GTCGAATTCTTATCACTTGCCCTTCGCCTTATG-3'
Adaptor primer 5'-CGCGGATCCGAACACTGCGTTTGCTGGCTTTGATG-3'
C.3'UTR

H2A. 1 5'ATGAGGAACTCAACAAGCTGCTGGGCCGTGTGA3'
For cDNA 5'CGTAGTTGCCTTTGCGAAGCAAACGGTGCACA 3’
H2A.2 5'-CAAAGTGACGATCGCGCAGG-3'

For cDNA 5'-CGGTCACAACCAGGAAACTGT-3'

D. PROMOTER

—1056 FH2A. 1 5'GGTACCAGCAATGTGAATGTGTAAGCG3’

+144 RH2A. 1 5'CTCGAGAAACGGTGCACACGGCCCACG3’

—-1160 FH2A.2 5'GGTACCCTGAACCCTTGATCCATCTCTC 3'

+219 RH2A.2 5'CTCGAGATCTCGGCGGTCAGGTACT3'
—131FH2A. 1 5'-GGTACCAAGAGTACGCCTTATGCAAATGA-3'
—135FH2A.2 5'-GGTACCGGTTCTTAACTCAGGCCTTCTTG- 3’

E. REAL TIME PCR

H2A1F 5'-CTGTGCTGGAGTACCTGACG-3'

H2A.1R 5'-TGTGGTGGCTCTCAGTCTTC-3'

H2A2F 5'-GAAGACGGAGAGCCACCATA-3’

H2A2R 5'-GGAAGAGTAGGGCACACGAC-3'

18SF 5'-CGCGGTTCTATTTTGTTGGT-3'

18SR 5'-AGTCGGCATCGTTTATGGTC-3'

Tslc-1F 5 TTATCCTCTGCAAGGCCTAAC 3

Tslc-1 R 5 TGTTGAGGCATTTCGTCATC 3’

F. METHYL-DNA IP

H2A. 1 MelP F 5'CGTCGTTCGCCTACAGCTT3'

H2A. 1 MeIP R 5'TGCCGCGTCCAGACATAATT3'

H2A.2 MelP F 5'CGCAACAACGGCCGCACGCA3'

H2A.2 MelP R 5'CATAAGCCCGGCTCCCTGGC3’

H19 MelIP F 5'GAGCTAGGGTTGGAGAGGAAC3’

H19 MelIP R 5'GGTCGAACCCTTCCCAGCA3'

com) and Bio-base-Transfac (http://www.biobase-international.
com/product/transcription-factor-binding-sites) was used to ana-
lyze potential transcription factors binding sites.

2.5. Cell culture, transient transfection and luciferase assay

Rat CL38 hepatoma cells were maintained in DMEM medium
supplemented with 10% heat inactivated fetal bovine serum, 1%
antibiotic in humidified 5% CO,, 95% air at 37°C. Cell culture was
passaged twice a week to maintain a cell density of 1 x 106 cells/ml.
Cells were counted in haemocytometer chamber and viability
assayed by 0.1% trypan blue. For the transfection experiments,
the cells were grown on 12-well plate to ~40% confluence. Either
1.5 pg pGL3-Basic plasmid or an equivalent molar amount of test
plasmid was co-transfected into CL38 cells along with 2.5ng of
pRL-TK plasmid using cation-based transfection reagent, Turbofect
(MBI-Fermentas), according to the manufacturer’s instructions. The
pRL-TK vector containing the Renilla luciferase gene under con-
trol of the HSV-TK promoter (Promega) was used as an internal
control for differences in transfection efficiency and cell number.
The functional analysis of the basal promoter and full length pro-
moter constructs of the histone H2A.1 and H2A.2 gene was carried
out by transfecting the cells and maintaining for 72 h in serum-
supplemented medium before harvesting. At the end of the culture
period, the cells were lysed, and the luciferase activity in the lysate
was measured by dual-luciferase reporter assay system (Promega).
Transfections were carried out in triplicate, and each experiment
was repeated at least twice.

For Azacytidine and Trichostatin A (TSA) treatment, the cells
were cultured in the medium as described above along with 5 uM
Azacytidine and 10nM TSA for 16h and 72h respectively. Post
incubation cells were harvested and RNA was isolated using Tri-
zol reagent. cDNA was synthesized using a random hexamer and
gene specific primers were used for real-time PCR.

2.6. Methylated DNA immunoprecipitation

Genomic DNA was purified using sigma gDNA Miniprep kit
(G1N350), according to the manufacturer’s instructions. Purified
genomic DNA was diluted into a total of 300 ml TE buffer and soni-
cated with a Bioruptor (10 cycles at low power, of 30s ‘on’and 30s
‘off’) to an average size of 300-500 bp. An aliquot of sonicated DNA
was run on 1% agarose gel to confirm fragment size during each
methylated DNA immunoprecipitation (MedIP) procedure. Soni-
cated DNA (4 pg) was denatured by incubation at 95 °C for 10 min
and was immediately transferred to ice for 10 min. Immunoprecip-
itation buffer containing 10 mM sodium phosphate, 140 mM NacCl
and 0.05% Triton X-100 was added to a final volume of 500 .l
For each IP reaction, 2 pg of antibody (Methyl cytosine: Diagen-
ode MADb-006-100, Hydroxy methyl cytosine: Abcam ab106918)
was added and incubated overnight at 4 °C with shaking. Five per-
cent of DNA was kept as input. After incubation, 30 ul of Dynal
Protein G beads (Invitrogen: 10004D) were added and further incu-
bated for 1h at 4 °C. Beads were washed thrice with 500 ul of
IP buffer. Elution buffer (150 wl) containing 50 mM Tris-HCI pH
8.0, 10 mM EDTA, 1%SDS, 50 mM NaHCO3 and 20 p.g proteinase K
was added and incubated at 55 °C for 3 h. Tubes were applied to a
magnetic rack and eluted DNA and input DNA were purified with
the Qiaquick PCR purification kit (Qiagen) followed by SYBR Green
real-time quantitative PCR to identify methylated regions. PCR
measurements were performed in duplicate. The primers designed
for H2A.1 and H2A.2 are part of the CpG sites and CpG island
respectively (Table 1). The average cycle thresholds for the techni-
cal replicates were calculated to yield one value per primer set for
each biological replicate and normalized to input using the formula
2(Ce(input)—{Ct(immunoprecipitation)) ' Averages and standard deviations
of the normalized biological replicate values were plotted in the
figures and used in t-test calculations.

2.7. Statistical analysis

All numerical data were expressed as average of values
obtained + standard deviation (SD). Statistical significance was
determined by conducting a paired students’ t-test.

3. Results

3.1. Identification of transcriptional start site (TSS), 3'UTR and
promoter for H2A.1 and H2A.2 gene

Histone variants H2A.1 and H2A.2 fall under the category of
homomorphous variants sharing 89% homology between their pre-
dicted cDNA sequences. Therefore, the cDNA for both the variants
were cloned and sequenced (data not shown) for designing of
gene specific primers for further experiments (Table 1). The NCBI
database (Gene ID: H2A.1-XM-577573, H2A.2-XM-345255) sug-
gested the predicted transcriptional start site (TSS) for H2A.1 is
positioned 10 bp upstream the translational start site (ATG), and for
H2A.2, 88 bp upstream of the first ATG site. However, the experi-
mentally identified TSS for H2A.1 gene is positioned 31 bp upstream
the predicted TSS in the NCBI data base and/or 43 bp upstream
the Translational Start Site (Fig. 1A and B). Further, TSS of H2A.2
gene is 46 bp downstream of the predicted start site in the NCBI
data base and/or 43 bp upstream the ATG site as identified using
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458bp

[
GCGTTIGCTGGCTTTIGATGAAAACTGTC CTTCCTTCACTTA

( Predicted Startsite
CTTAGCTAACTCCCAATTATGTCTGGACGCGGCAAACAAG / /GGAGTA

Experimental Startsite+1

CCTGACGGCCGAGATCCTGGAGCTGGCGGGCAACGCGGCGAGGGACA
ACAAGAAGACACGCATCATCCCG

€
GCTGCTGTCCAAGAAGACTGAGAGCCACCACAAGGCCA g

= Experimental 3'UTR Y ¢
AGCAAATAAGCTGTTAATTGTCACAGCCCACAGGAAGG .
5'UTR P+l ua
TTCTCCAAAACAAAGGCTCTTTTCAGAGCCACCACTG e

TCTTTTTICTTCCTTCACTTACTTAGCTAACTCCCAATTA
TGTCTGGACGCGGC//GAGGGTGAC

ConservedStem-Loop

Predicted Start site

~—
//46bp// GCGTTTGCTGGCTTTGATGAAAACAGTTTCCTGGTTGTGAC
CGTCCGTCTGTTTGCGCTCTCGTGATGTCCGGCCGTGG //GCACCGGCTG

Experimental Startsite +1

TACATGGCGGC

CTGCGCAAGGGCAACTACGCGGAGCGCGTGGGCGCCGGCGCGCCGGTA

G M 3'H2A2 H
TCCAGGCCGTGCTGCTGCCCAAGAAGACGGAGAGCCAC T
> Experimental 3°'UTR u c

CATAAGGCGAAGGGCAAGTGAGGCGGCTGCTGGCACCG g’;
GCCCGCGTCTCTACGAACCCTTCCCCCCCCCCAGAGAACT UA

o 5°UTR " +1 (c,-(c;

* CTCAAAAAACGGCTCCTTTCAGAGCCACCCAACAGTTT AAAAAG CACOCA
CCTGGTTGTGACCG....//..GT

ConservedStem-Loop

Fig. 1. Genomic characterization of H2A.1 and H2A.2 genes. 5'RLM-Rapid Amplification of cDNA was carried out using total RNA from rat liver tissue as template. Single band
of PCR amplified product indicated single transcriptional start site for (A) H2A.1 and (E) H2A.2. The sequence analysis for (B) H2A.1 and (F) H2A.2 indicates GCGTT. . .GAAA
(bold and italics) sequence as the ligated adaptor sequence to the 5'end of the mRNA, the black arrow (experimental start site) demarcates the first nucleotide just after the
adaptor sequence corresponding to +1 and also the unfilled arrow is a predicted start site as per NCBI data base (H2A.1: XM-577573, H2A.2 XM-345255), the underlined
sequence, ACTGTCTbetween the experimental transcription start site and translational start site ‘ATG’ (in bold) is the 5'untranslated region. EtBr stained 1.5% TAE agarose
gel picture showing resolved PCR amplified product obtained from cDNA template of circularized RNA for H2A.1 (C) H2A.1 and (G) H2A.2. ** denotes non-specific amplified
product. The amplified product was cloned in pTZ57R/T vector and sequencing data confirmed the exact end of 3'untranslated region underlined for (D) H2A.1 and (H) H2A.2
lying just ahead of the 5'UTR (bold and underlined sequence) and downstream the predicted end of 3'UTR as reported in NCBI data base. The 3'UTR structure includes a 26 bp

conserved stemloop present in the histone family.

5'RLM-RACE technique (Fig. 1E and F). The identified sequences
of H2A.1 and H2A.2 cDNA are 498 bp and 525 bp long containing a
stem loop at their 3’'UTR and have been submitted to NCBI database
with accession numbers JX-661508 and JX-661509 respectively.
The histone variants are categorized as replication-dependent
or independent on the basis of their expression during the spe-
cific phases of cell cycle. Histones transcripts synthesized during
the S phase majorly consists of the stem loop structure, whereas
in other phases of cell cycle poly A+ tails are usually found at
the 3’ end of mRNA. Therefore, mapping of the 3'UTR region of
H2A.1 and H2A.2 gene will define whether these variants are syn-
thesized in a replication-dependent or independent manner. The
experimentally identified 3'UTR of H2A.1 and H2A.2 using mRNA
circularization approach followed by cloning (Fig. 1C and G) and

sequencing confirmed the presence of 26 bp conserved stem loop in
both the variants (Fig. 1D and H). However, the 3'UTR is 62 bp long
in H2A.1 (Fig. 1D), whereas, 88 bp long in H2A.2 mRNA (Fig. 1H).
The first base in the mRNA is labeled as +1 for both the genes. These
results suggest that H2A.1 and H2A.2 variants might be transcribed
in a replication-dependent manner.

3.2. Insilico analysis of H2A.1 and H2A.2 transcription
regulatory elements upstream of TSS

To identify the promoter regions of H2A.1 and H2A.2 genes
and to locate the key regulatory regions involved in their gene
expression, basing on the NCBI (Gene ID: H2A.1: 502125, H2A.2
365877) and RGD (Gene ID: H2A.1: 1594367, H2A.2: 1307165)
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-1056 NFAT 1 Sox10
AGCAATGTGAAT GTGTAAGCCCTTTCCTTTCCAACTTGATTTTAGGTCATGATAGGA
-981

ATAGAAACCCTACGACGCAGGCCTTGGTTTTCTCCTT GAATATACATGTTTCATCTGT TTTCTCCAGTCACCATG
-906

ACATCAGTGCTTTTCAGTGCACAGACT TCAGGATCTCTCCGGGCTCATACATT GCAGGCTTTCCTGGGTCAGTCA
-831 p53
TCTCCTTCTCCTCAGGCTCTATTTTCCAGGCAGTTTAAGGATAATTCAGCCATAATAAAGAAGTA
-756 ELF1

TTTGCATGCTTT TACTT TGAGATTTGAGATTT GTAGAGCTAGCCTGGCGTAGAACCTCAAAATATGTA
-681 ING-4 ELF1
CTAAACCCGTTATGAGGAGGACAGTGTATAGCCAATTTAAATGATGGTGTTGAGAACC
-606 CTCF BRCA-1

ACATCCTGGCATCGJTCTGCCGCTAGAGGGAGCA TGTTGTTTGTGAGAGTAGTTCTTAGTTAGC
=531 C/EBP alpha
TGGGCAATCCTGACCTCTGGCTCATAAAATchTATGAGATACTACATCAAGATCAAATT
-456 ELEL
CTAATTAAACCTTAGCAGGACGACAAGGTCTCCGCACGGTCTTTGCTTGTCACAAAACCACGATTAT
-381 CDX-1

ARJCCCGGTAATAAAGGECTGTGCCTCAARCAAGTCAGAACTCATARACCAGAT TTTAATACCAAGAACTTGAT GG
-306 GATA-3 CDXA
ARAAAAAAATTCATTTACTTATGTGTATTCTAGTARAAGCAGGAATAGAGTCARAARAGATCT CARfTATTARIFC
—-231

GATA 1
ATGGGAACCAGAGTTTAAATCACAGAACCCGAACTTTTATTTTTTAAAGTAAAATTTCAAATAAAAAGCGACTCG
-156 NFAT 1 OCT-1/2

ETAAGGCARGHGGGGAAANAAAAAAAAAGAGT ACGCCTTATGCARATGAG]GATTTCAAGTACTATTT TCTAT TG

-81 NFY/CAAT BOX Smad 3 GABA alpha/vMyb
GGTGCTACTATfEACCAATGAGACANGCACAGACABAATACCTTCCGT TAGW:ATTCGTC GTTCGCCTAC
-6 +1 ELF1

AGCTTCACTGTCTTTTTTCTTCQTTCACTTACT TAGCTAACTCCCAAT lI@TCTGGACGCGGCAZ\ACAAGGCGG

+70 E2F1 +144
TAAGGCYICGCGHACAAGGCCAAGACCCGCTCCTCCCGGGCCGGCCTGCAGTTCCCCGTGGGCCGTGTGCACCGTTT

Fig. 2. Nucleotide sequence of Rat H2A.1 gene promoter. +1 denotes the transcriptional start site obtained from 5'RLM RACE experiments. Position —1056 to ATG is the
non-coding region and from ATG to +144 is the part of coding region. The region between +1 and ATG is experimentally identified 5" untranslated region, TATA Box is position
from —30 to —25. The complete gene sequence of H2A.1 has been assigned accession numbers JX661508 by GenBank-NCBI, USA. The highlighted sequences shows putative
transcription factor binding sites identified using motif-finder and Biobase software.

sequence database, we defined the reported sequence upstream
the experimentally identified TSS, designated as position +1. Com-
puter assisted analysis of this region suggested presence of multiple
putative transcription factor binding sites in region encompassing
—1056 to +144 for H2A.1, and —1160 to +219 for H2A.2 gene. Fur-
ther, the data suggested that both the genes were TATA driven
with location of TATA box (TATAAA) at 25-30bp upstream and
CCAAT box at 63-67 bp upstream from the transcription initiation
site. Moreover, H2A.1 gene promoter contains various putative cis-
acting binding sites, like Sox10, NFAT1, p53, Oct-1, CTCF, cEBPa,
cdxA, E2F (Fig. 2), whereas, H2A.2 contains putative binding sites
for AP4, E2F, Oct-1, cEBPJ and family of Sox-binding sites for tran-
scription factors (Fig. 3).

To identify the functional proximal promoter of H2A.1 and
H2A.2 genes we mapped the reported sequence upstream the
experimentally identified TSS, designated as position +1 (Fig. 4A).
Full length and a single deletion construct harbouring the TATA box
was cloned in to luciferase reporter plasmids for both H2A.1 and
H2A.2. These constructs were transiently transfected into CL38 cell
line and promoter activity was assessed by measuring the luciferase
activity. The cloned H2A.1 (—1056 to +144) and H2A.2 (—-1160
to +219) DNA sequence showed transcriptional activity and con-
firmed the presence of potentially active promoter in the predicted
sequences. Further, luciferase assay using the deletion construct
for H2A.1 (—131 to +144) and H2A.2 (—135 to +219) revealed its
importance as a basal promoter for these genes (Fig. 4B and C).

3.3. DNA methylation on H2A.1 and H2A.2 genes govern their
expression pattern changes

DNA methylation and histone modification are two key epi-
genetic mechanisms that are known to regulate cellular gene
promoters (Fuks, 2005). Interestingly, differential mapping of the
CpG islands or —CCGG-sequences were observed in the promoter
regions of both the histone variants. The H2A.2 gene promoter
(—=1160 to +219) contains CpG Island, having greater than 90% G +C
composition in the 5" untranslated segment spanning from —290 to
+219, while, H2A.1 (—1056 to +144) has no CpG islands but contains
multiple —CCGG-sites within its promoter (Fig. 5A).

To understand whether methylation play a role in regulation of
H2A.1 and H2A.2 gene expression we used 5’'Azacytidine (5'AzaC),
a well-known DNA methy! transferase inhibitor. CL38, a rat neo-
plastic cell line was treated with 5’AzaC for 72 h and assessed the
transcript levels of H2A.1 and H2A.2. Tslc-1 was used as a positive
control, expression of which has already been established to be gov-
erned by DNA methylation phenomenon (Tsujiuchi et al., 2007). A
4-fold upregulation of H2A.2 expression is seen with no significant
change in the levels of H2A.1 upon 5’AzaC treatment (Fig. 5B). The
changes in the expression levels was also studied in light of the
status of DNA methylation levels on these promoters as assessed
by 5’-methyl cytosine DNA immunoprecipitation (MedIP) and 5'-
hydroxyl methyl cytosine immunoprecipitation (MeHdIP) analy-
sis (Fig. 5C and D). The primers designed encompass the region
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CTGAACCCTTGATCCATCTCTCAAATTTGTGATTCCACACATGAACATGAACATCAAACTATTARATTTAATCAG
-1085 Nanog

AATGCTTGC*:CTACCT’I’TGTCTTCTGACCTTAAATTGCTTCT CTGTGCTCCATTCTAATAACACTGCCTACCCAG
-101BRCA-1 ING-4
ATTI EAACCCééP ATCltT GGTGGI "TACACTCTTACCTATTCCTGCACAGACTTAGAATTCTATCTCCACAATATGT

-935 Sox9 S0X5 Oct-4
TACAATGTAAAATACAAGAACAATGTGHCCATGCTACTGTGTAACAATATALCTETTTCTAGT GCTARAC|FCCCA
-860 Sox10

CTCTGTCTAATCTGTGATTCTTAATGCCACACATTAGAATCGUTCACAAAFCCTATCACACATTTCAGAGATTAA
—785
AAAATGCTGGATGTATTTCTCCGGTTATGACTGATGAGATACTAAAATACTGCCAGTCTACACCCAAACACCGTG
-710
GAAGGCTCCTAAACAGAGCTTCTGAGTAGCTATCATAGGTCAAATCGACAAAAGCAGCAGCAGTTTAATTCTTAT
-635
TTCGATTACTGTATACAAATCTAAGTTAAAAAAAAAARARAAGCAATTTGAGTAAACTCCCCGCAAACTGTATCTG
-560 P300 C/EBP beta/ BRCA-1
GTCTTﬂTCAAGCACTCCCAGG1GTGGATGGATTGAGAAATTTTGTr¢CCGTTGTATGGAAATAACATTTAAATGT
-485
AACGAATTTAAGTGAGGCTCCTACGGGTARACGTTTARAATGTAACAAGTAGGTTTTACACTGTTTCAAGTAGAA

=410

NFAT-1 ELF-1

[c62222] GAGGATATCGGAATTACTCT TfACT TCCTAGGTAT CAAAAACGCAGTTTCCAGCAT TCCTAARAGGAA
-335 C~-ETS-2

AACCTTCTCATACACAAGGAGGTTCTTAACTCAGGCCTTCTTGGAGGCAAGGCACATTTCGCCHGCTTCCTYACC
-260
AGCAGAGAGCGCGAGCAGGCCGGGCGACCCGCTGAGTGTCGCAACAACGGCCGCACGCARATGAGGCCGCCGAGC

-185 E2F-1 0CT-1
ACGCGCGTCGTEATTCGCGEGT TCCAAGGCGACGCTGEEGCCAGGEAGCCGGGTTAT GTARATGHGAGGATTCT
~110 NF-Y

GTCTCTGCGCTCCTATTGGCCGCGGCGCCAGGACG¢GTGTGGGCCAATGAGAGCI;TCGGGCGGACAATCGGGTG'I'
-35 TATA Box kil

CTGTC GGTGAGGCGTCGGCGTTGGCGCACAGTTTCCTGGT TGTGACCGTCCGTCTGTTTGCGCTCTC
+41 E2F E2F

GTC; CCGGCCGTGGCAAGCAAGGAGGCAAGGC- CGCGCCRA GGCCAAGTCGCGGTCGTC- CGCGCCEHGGCTG
+116 Cnyc E2F

CAGTTCCCAGTGGGTCGCGTGCACCGGCTGCT GCGCAAGGGCAACTACGCG(EAGCGCGTGQGCGCCGGCGCGCCG

+181
GTATACATGGCGGCGGTGCTGGAGTACCT+219

Fig. 3. Nucleotide sequence of Rat H2A.2 gene promoter. +1 denotes the experimentally identified transcriptional start site. The genomic sequence from position —1160 to
ATG is the noncoding region and from ATG to +219 is the part of coding region. The sequence between +1 and translational start site ‘ATG’ is experimentally recognized 5’
untranslated region. TATA Box is positioned from —30 to —25. The other highlighted sequences show putative transcription factor binding sites as suggested using motif-finder
and Biobase software. The complete gene sequence of H2A.2 is submitted to GenBank-NCBI, USA and accession number JX661509 has been assigned.

—40 to +59 for H2A.1 and —221 to —146 for H2A.2, both of which
are the sequences predicted to undergo methylation. MedIP-qPCR
confirmed hypomethylation of H2A.1, H2A.2 and positive control,
Tslc-1 gene promoters with significant changes on H2A.2 promotor
in comparison to untreated cells (Fig. 5C). Further, MeHdIP-qPCR
analysis showed significant increase in hydroxymethylation of
H2A.2 and Tslc-1 without any significant change in H2A.1 after
5’AzaC treatment compared to untreated cells (Fig. 5D).

We next examined whether global histone acetylation status
affects the expression and DNA methylation status of H2A.1 and
H2A.2 promoters. CL38 cells were treated with a well-known HDAC
inhibitor (HDACi), Trichostatin A (TSA) overnight (O/N) and levels
of H2A.1 and H2A.2 were quantitatively monitored. An increased
expression of H2A.2 (2.4 fold) was seen upon HDAC inhibition with
no changes in levels of H2A.1 (Fig. 5E). Further, MedIP and MeHdIP
analysis also revealed changes in the methylation status on these
promoters. Indeed the mRNA expression correlated with decrease
in DNA methylation, as assessed by MeDIP-qPCR (Fig. 5E and F).

Moreover, significant increase in DNA hydroxymethylation was
observed for H2A.2 gene promoter (Fig. 5G).

To understand that indeed DNA methylation plays a role in
governing the expression pattern of H2A.1 and H2A.2 during differ-
entiation and de-differentiation we performed MedIP and MeHdIP
analysis on control, tumor and embryonic liver tissues. Firstly, we
monitored the expression changes of H2A.1 and H2A.2 in these
physiological states (Fig. 5H). Partial hepatotectomised (36 h) liver
tissue was used as a negative control for the experiment as we
have previously reported that during cell proliferation the expres-
sion profile of H2A.1 and H2A.2 remains unchanged (Tyagi et al.,
2014). In accordance with our earlier report we observed a sig-
nificant increase of H2A.1 and decrease of H2A.2 in tumor and
embryonic liver compared to control (Fig. 5H). A 7-fold decrease
of MedIP signal on H2A.1 promoter of tumor and embryonic tissue
is seen in comparison to control (Fig. 5I). For H2A.2, a 8-fold and
7-fold increase in MedIP signal is seen in tumor and embryonic tis-
sues respectively (Fig.re 51). Interestingly the MeHdIP signal was
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Fig. 4. Identification of functional promoter for H2A.1 and H2A.2 gene. (A) Line diagram depicting the characterized genomic regions of H2A.1 (—1056 to +486) and H2A.2

(1060 to +513) with key highlighted regions like promoter, 5'UTR, CDS, 3'UTR etc.

Black head arrows indicate the region used for the primer designing for cloning of PCR

amplified fragments in pGL3 vector for Dual luciferase assay. The primer sequences are mentioned in Table 1. E-TSS: Experimental transcription start site; P-TSS: Predicted
transcription start site; TrSS: Translational start site. Analysis of (B) H2A.1 and (C) H2A.2 promoter activity using Dual Luciferase assay. pGL3-Basic plasmid, full length

H2A.1 (—1056 to +144) and H2A.2 promoter (—1060 to +219) and minimal H2A.1 (—

131 to +144) and H2A.2 (—135 to +219) promoter containing TATA and CAAT box were

transfected into CL38 cells along with pRL-TK vector containing the Renilla luciferase gene as an internal control. Cells were lysed and firefly and Renilla luciferase activities

were determined. The data shown represent the means of three experiments, with

in contrast to the MedIP signal for both H2A.1 and H2A.2 across
all the tissues (Fig. 5]). H19 was used a control for the exper-
iment as DNA methylation levels on its promoter is known to
regulate its expression in all the pathophysiological states used in
the study (Manoharan et al., 2004). These data combined suggest
that our systematic approach can provide important insights into
understanding the mechanisms underlying epigenetic regulation,
via DNA methylation, that in turn alters transcriptional programs
of histone variant genes that lead to different pathophysiological
states.

4. Discussion

In this study, for the first time, we identified and character-
ized the 5, 3’ un-translated region (UTR), promoters of rat H2A.1
and H2A.2 genes and analyzed their transcriptional regulation dur-
ing differentiation and de-differentiation of a hepatocyte. Both
H2A genes are intron-less and are localized on Chromosome 17
(H2A.1) and Chromosome 2 (H2A.2). The transcription start site
was mapped and the data showed that there is single transcrip-
tional start site for both H2A.1 and H2A.2, which is positioned 43 bp
upstream of the ATG (translational start site). However, alignment
of both H2A.1 and H2A.2, 5'-UTR sequences revealed no signifi-
cant degree of homology between them despite the single coding
exon being very similar amongst the variants. By mRNA circulariza-
tion experiments we have identified a presence of 62 bp and 88 bp
long 3’UTR for H2A.1 and H2A.2 respectively. Interestingly, both
the genes have 26 bp long conserved stem loop structure at their
3'UTR, a typical signature of the replication-dependent histone
genes. A single protein, the stem-loop binding protein (SLBP), binds
to 26 nucleotide sequence and participates in all aspects of his-
tone mRNA metabolism (Dominski et al., 1995; Hanson et al., 1996;

the bars showing standard deviation.

Rattray, 2012). Hence the presence of conserved stem loop in both
H2A.1 and H2A.2 suggests that the downstream mechanisms, like
post transcriptional regulation involved in differential regulation
of expression are similar and may not contribute to the observed
expression changes during differentiation/de-differentiation of
hepatocytes.

In silico studies followed by reporter based promoter assay
confirmed the transcriptional activity for cloned 1.2 and 1.3kb
sequence as H2A.1 and H2A.2 gene promoters. The proximal
promoter of the H2A.1 gene contains typical TATA and CCAAT
boxes, including several consensus transcription factor binding
sites, features that are also present in the promoter of H2A.2.
These are well positioned as earlier reported for replication depen-
dent gene promoters (Rattray, 2012). Excluding the TATA and
CAAT regions, both promoters do not show a high degree in
sequence homology (less than 20%). Replication-dependent histone
gene transcription is known to be regulated by transcription fac-
tors like Oct-1, NFAT, E2F-1 and OCT-1 amongst others (Heintz,
1991; Wijnen et al., 1994; Zhang et al., 2012; Zhao et al., 2000).
Indeed, our in silico analysis for identification of transcription
factor sites revealed the presence of all these sites in both the
promoters. Interestingly, E2F-binding motifs are highly conserved
in both the H2A promoters, and it is known that E2F plays an
important role in the coordinate regulation of S-phase-specific
histone gene expression again indicating towards similar type of
transcriptional regulatory mechanism exists for both the genes
(Becker et al., 2007; Oswald et al., 1996). However, H2A.1 gene
has CpG sites in 5’UTR and coding region whereas, H2A.2 gene
promoter is having a CpG island from position —292 to +378.
Thus, the sequence disparity in both the 5-UTR and the promoter
regions along with presence of CpG sites and islands indicate that
differential H2A.1 and H2A.2 gene expression among different
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Fig. 5. Status of methylated CpG (5mC) and hydroxymethylated CpG (5hmC) on H2A.1 (—40 to +59) and H2A.2 (—221 to —146) in different patho-physiological states. (A)
H2A.1 and H2A.2 promoter sequences were analyzed by the MethPrimer program for presence of putative CpG sequence or islands. CpG sites were found evenly distributed
on the H2A.1 promoter, whereas a single CpG island was predicted in the H2A.2 promoter sequence starting from the nucleotide —290 and extending in to the CDS. The
region also contains the cis-acting elements for basal transcription like TATA box, CAAT box. Real-time PCR (qPCR) was done to check the expression status of histone variants
in CL38 cell line post treatment with (B) DNA methyltransferase inhibitor (5-AzadC) and (E) HDAC inhibitor, TSA. Tslc-1 was used as a positive control. Graphs (C) and (F)
showing the status of 5'methyl cytosine, and (D) and (G) status of 5'hydroxy-methyl cytosine levels on promoters of H2A.1, H2A.2 and Tslc-1, post treatment with 5-Aza-C
and TSA respectively. (H) Expression changes of H2A.1, H2A.2 and H19 in various pathophysiological states. (I) Graph showing the results of MedIP and (J) MeHdIP on liver
tissue genomic DNA followed by qPCR for H2A.1 and H2A.2 genes in control, tumor, embryonic and partial hepatectomy. H19 was used a positive control for the study. For all
the qPCR assays the data was normalized with control gene expression. For MedIP and MeHdIP analysis, the relative fold change was plotted post normalization with input.

Error bars represent standard deviation.

physiological conditions might be governed by DNA methyla-
tion.

Transcriptional repression of tumor suppressor genes via DNA
methylation has been found in certain types of cancer (Baylin
et al, 2001). Accordingly, inhibition of epigenetic suppression
in vitro using specific drugs can reactivate expression of genes
silenced in cancer. Our findings indicate that H2A.2 gene expres-
sion can be induced in CL38 cell line upon treatment with the
DNA methyltransferase-blocking agent 5-AzadC or with histone
deacetylase inhibitor TSA. Transcriptional repression of a gene
can be bought out by a coordinated series of events like DNA
hypermethylation of CpG sites, histone deacetylation, and histone
H3K9 methylation (Sawan et al., 2008). However, little is known
about the precise hierarchical order of events for epigenetic

silencing during development and differentiation. As H2A.2 gene
expression is induced by inhibition of both DNMT and HDAC, it
appears that the histone promoter is silenced by a combination of
both epigenetic processes, however, it will be very interesting to
know which event precedes the other.

Further, methyl DNA immunoprecipitation analysis on H2A.1
and H2A.2 promoters during various physiological states of liver
revealed indeed, DNA methylation dynamically governs the expres-
sion pattern changes of the histone variants. H2A.1 level is known
to be increased significantly in tumor and embryonic tissue and
indeed MedIP signal is very less both in comparison to control
(Fig. 5D). Intriguingly, the MeHdIP signal in contrast to that of
MedlIP, in accordance with its relation to be a positive effector of
transcription. Though having similar genomic organization (Fig. 4A)



M. Tyagi et al. / The International Journal of Biochemistry & Cell Biology 85 (2017) 15-24 23

Adult Control/Regenerating PH Liver

Differentiated hepatocyte

H2A.2 expression

Undifferentiated hepatocyte

v

HCC/Embryonic Liver

Fig. 6. DNA methylation, methylated CpG (5mC) and hydroxymethylated CpG
(5hmC) governs expression changes of H2A.1 and H2A.2 in various pathophysiolo-
gical states of hepatocyte. Model depicting the inverse correlation of 5mC and direct
correlation of 5ShmC with expression status of H2A.1 and H2A.2 genes in control, PH
and tumor, embryo.

H2A.1 and H2A.2 differ in the context of promoter sequence which
further contributes to their DNA methylation differences, thus reg-
ulating their differential expression pattern.

The role of DNA methylation in regulation of histone H2A gene
transcription has not been previously studied. However, many
genome wide methylation analysis has revealed the presence of
methylation on certain set of replication-dependent histone genes
(Daugaard et al., 2016; Decock et al., 2012; Kachakova et al., 2013;
Rabinovich et al, 2012; Sandoval et al,, 2013; Schostak et al.,
2009). Moreover, till date, no functional relationship between DNA
methylation status and histone gene expression level has been
observed. One of the well-chronicled epigenetic change during
cancer is DNA hypermethylation at the CpG islands of the promo-
ters and global DNA hypomethylation. DNA hypermethylation has
been linked to silencing of many tumor suppressor genes during
carcinogenesis. Global DNA hypomethylation in cancer occurs at
various genomic sequences including repetitive elements, retro-
transposons, CpG poor promoters, introns and gene deserts (Jones
etal., 2002). Interestingly, increased DNA hypermethylation is seen
on H2A.2 promoter CpG island and hypomethylation on CpG sites
of H2A.1 promoter which is in sync with the observed hallmark of
cancer. Tumor-specific CpG island methylation can occur through
a sequence- specific instructive mechanism by which DNMTs are
targeted to specific genes by their association with oncogenic tran-
scription factors. However, in case of histone variants, how the

differential DNA methylation status is maintained and what cell
signalling events trigger the changes need to be investigated.

In summary, we have provided experimental results of charac-
terizing the structural organization of the rat histone H2A.1 and
H2A.2 gene, further, we show that the process of DNA methyl-
ation in the context of stage-type specific manner regulates the
gene expression of H2A.1 and H2A.2 and, in turn, they regulate
large numbers of gene expression variations. Here, we present a
strong line of evidence that the balance of H2A.1 and H2A.2 is
maintained through DNA methylation in various pathophysiologi-
cal states of liver (Fig. 6). However, what are the factors contributing
to the change in methylation pattern thus effecting the expression
of these two variants needs further investigation.
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Abstract

Histones, the structural unit of chromatin, must be assembled/dissembled to preserve or change
chromatin organization in accordance to cellular needs. Initially, function of histone chaperones
was thought to be only “histone carriers/vehicles”, but now with accumulating evidences they are
known to be the key actors of histone metabolism. With this outburst of knowledge, histone cha-
perones are now placed at the center of gene regulation, having roles to play in DNA replication,
repair and transcription. This review will focus on the current knowledge we have about the role
of histone chaperones in regulating cellular processes and their relation to disease. In addition, we
discuss the potential of histone chaperones as a therapeutic target.
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1. Introduction

If the DNA of all the cells of a human body is joined end to end, it can cover the distance from the sun to the
Pluto and back. It was always a matter of interest to understand how the DNA of a cell which is over a meter
long is packaged inside the nucleus only about 10 microns in diameter. Later, it was found that basic proteins
called “histones” play a major role in packaging of DNA, in a very orderly fashion so that it can be unwound
quickly when required in specific foci, and then wound back without getting into a tangle. During compaction,
at first ~147 bp of DNA is wrapped around histone octamer comprising 2 each of histones H2A, H2B, H3, H4,
thus giving rise to nucleosome core particle (NCP)—a basic unit of chromatin [1]. This conformation achieved
is also known as “beads on a string structure” or 10-nm chromatin fibre. The nucleosome assembly occurs in an
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orderly fashion. First H3/H4 tetramers are deposited on DNA, thus marking the site for NCP formation (nucleo-
some positioning) followed by deposition of two H2A/H2B dimers [2]. Then linker histone H1 seals off the
NCP by sitting at the entry and exit site of DNA in the octamer. This leads to further compaction giving rise to
the 30-nm chromatin fibre [3]. This structure further folds on itself with the help of other non-histone proteins
ultimately leading to the formation of the highly compact metaphase chromosome. The disassembly of nucleo-
some follows the same events in a reverse order.

What recruits the H3/H4 tetramer and the H2A/H2B dimer onto the DNA? How do the disassembly of NCP
achieve? What prevents the histones? Which are highly basic in nature to form non-specific aggregates within
themselves and with DNA? Which is negatively charged? All these functions are carried out by a class of pro-
teins designated as histone chaperones.

Quite a few histone chaperones have been characterized and the last decade has seen the discovery of many
novel histone chaperones. Besides the discovery of new chaperones in recent years, an outburst of knowledge
about histone chaperones in relation to gene regulation and disease has been seen. The same can be said about
the parcel of the chaperones, the histones and their variants. This review will focus on the current knowledge we
have about the role of histone chaperones in DNA replication, repair and transcription followed by their role in
regulating cellular processes and their relation to disease. Further, we discuss the potential of using histone cha-
perones as a therapeutic target.

2. Histone Chaperones: The Efficient Molecular Couriers

Histones being highly basic in nature are designed to bind to a variety of DNA sequences. However, it was dis-
covered that octamer has got a propensity to bind preferentially to certain DNA sequences like that to a se-
quence contained within 5S RNA gene of sea urchin [4]. This preference is also apparent in in vitro nucleosomal
array reconstitution experiments using the salt dialysis method in which equally spaced arrays are formed only
when positioning sequences like Widom 601 are used [5]. This preference possibly has to do with the bendabil-
ity of the DNA sequence. However, despite the presence of heterogeneous DNA sequence in living organisms
equally spaced arrays are formed with the aid of histone chaperones and chromatin remodelling complexes. In in
vitro systems also when a chaperone like NAP1 is added evenly spaced arrays are formed [6], demonstrating
that the histone chaperones clearly have the ability to form nucleosomes irrespective of sequence preference.

Histone chaperones can be illustrated on the basis of their histone binding selectivity and thus deposition, us-
ing which they can be differentiated into those favorably interacting with H3-H4 from those that prefer
H2A-H2B. Some of the very well-studied chaperones of H2A/H2B includes Nap-1 (nucleosome assembly pro-
tein-1), first identified in HeLa cell extracts as an activity that facilitates the in vitro reconstitution of nucleo-
somes using pure histones in combination with other factors. Another H2A/H2B chaperone is FACT (Facilitates
Active Chromatin Transcription) complex composed of two subunits hSpt16 and SSRP1, identified initially as a
factor indispensable for transcriptional elongation through chromatin [7]. Later it has been shown to form stable
complexes with the histone H2A-H2B dimer and functions through restructuring of nucleosomes within the
ORFs of actively transcribed genes [8]. Examples of H3/H4 chaperones are CAF-1 (Chromatin Assembly Factor)
complex consisting of three subunits: p150, p60 and p48 [9], formerly identified by complementation as a factor
participating in the assembly of chromatin during SV40 origin-dependent DNA replication in human cell ex-
tracts. N1/N2 is also an H3/H4 chaperone, isolated first from oocytes of X. laevis. Later on its homologs were
discovered in budding and fission yeast [10]. Apart from the core histones, linker histone HI also has a chape-
rone-NASP (Nuclear Autoantigenic Sperm Protein), aiding its deposition on to the DNA.

Apart from showing selectivity towards different core histones, some chaperones are also known to be specif-
ic towards certain H3 and H2A isoforms/variants. These chaperones specially bind either replicative variants,
which form the bulk of the histone pool, are expressed and deposited in a replication-coupled manner during S
phase of cell cycle, or replacement variants, which are expressed and incorporated in a replication-independent
fashion. The best studied examples of such specificity are chaperones CAF-1 and HIRA (Histone Regulator A)
preferentially depositing H3.1 (replication coupled) and H3.3 (replication independent) respectively [11]. Other
histone variant specific chaperones include Chz1 (Chaperone of H2A.Z/H2B) of yeast [12], ANP32E a specific
H2A.Z chaperone in humans [13], DAXX and DEK for chaperoning H3.3 histones [14]. Although examples of
preferential chaperone-histone interaction exist, one should not undermine those chaperones which bind to mul-
tiple histones in a specific manner. For example, Nap! despite being a H2A/H2B chaperone binds to linker his-
tone in X. laevis eggs [15]. Similarly, nucleoplasmin, a H2A/H2B chaperone binds to linker histones and re-
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moves them from sperm and somatic chromatin during fertilization and early development [16]. The same is al-
so observed for Nucleophosmin (NPM-1) which interacts with histones H3/H4 and H1 [17].

This raises the question of how histone chaperones interact with histones. Many chaperones like nucleoplas-
min, yeast Asfl, yeast Napl, the Spt16 subunit of FACT and nucleolin contain long acidic amino acid stretches
with which they interact with basic histones leading to charge neutralization [18]. However, charge neutraliza-
tion does not justify for the specificity of the histone-chaperone interaction and it cannot be the universal phe-
nomenon for all the chaperones as, mammalian Asfl and Drosophila Nap-1 lacks an acidic tail [19]. Therefore,
it could be that these acidic regions may assist in strengthening histone-chaperone interaction. May be due to
this reason, Nap-1 undergoes extensive polyglutamylation [20], also Nap-1 is known to aid in nucleosome as-
sembly by eliminating the non-nucleosomal histone DNA interactions. Other chaperones like Asf-1, CAF-1 and
HIRA are known to contain a conserved hydrophobic f-structure, which facilitates interaction with H3/H4
[21]-[23]. Similar structure is also seen in H2A/H2B chaperones SET/TAF-1b and Nap-1, mutational studies
have implicated that this conserved f sheet may be the primary histone recognition motif in these chaperones
[24]. For more extensive examples of how chaperones recognize their target readers may refer to some other
well written review [25].

3. Only a Vehicle or More?

Formerly chaperones were thought to be as mere “histone carriers/vehicles” but now with accumulating evi-
dence they are known to be key players at all phases of histone existence. Chaperones interact with histones
upon their synthesis thus preventing their aggregation and interaction with other cellular moieties. Also guide
them into the nucleus, and help in their specific association with DNA during different processes involving
DNA -replication, repair and transcription (discussed in detail below). They bring about these varied functions
by interacting with many cellular factors with the help of which they determine the site and position of nucleo-
some assembly/disassembly and thus affecting gene regulation. Therefore, from being just an observer to an ac-
tive participant, chaperones have evolved as the crucial component in maintaining chromatin integrity and dy-
namics.

3.1. Histone Chaperones: Role in DNA Replication and Repair

Chromatin acts as a barrier for the DNA pol and RNA pol enzymes for replication and transcription respectively.
Hence, for genome duplication the nucleosomes should be dissembled first and once the replication fork has
progressed and daughter strands have been synthesized they should be assembled back. The same is consistent
for transcription. During replication the hexameric MCM2-7 helicase unwinds double-stranded DNA to facili-
tate the progress of DNA polymerase. In doing so it disrupts existing nucleosomes, releasing histones. With the
aid of its interaction with Mcm4, FACT chaperone complex picks up evicted H2A/H2B dimer [26]. Similarly
Asfl chaperone through its interaction with MCM complex takes up H3-H4 [27]. The existence of both chape-
rones at the replication fork is critical as FACT accelerates the unwinding activity of MCM and promotes for-
mation of DNA replication origins [28]. Similarly, depletion of Asfl has been shown to impair MCM helicase
activity [27]. Once the DNA pol has passed, chaperones transfer parental histones back on to DNA and thus as-
sembling nucleosomes. The Asf1-MCM interaction ensures accurate deposition of parental histones. Any inac-
curate deposition may lead to loss of parental histone post-translational modifications (PTMs) involved in epi-
genetic silencing of gene expression [29]. In addition to parental histone transfer, histone chaperones promptly
deposit newly synthesized histones onto nascent DNA. While deposition, chaperones also modulate, directly or
indirectly, histone posttranslational modifications (PTMs). For example, the association between H3-H4 and
Asfl is required for acetylation of H3 lysine 56 (H3K56) by the Rtt109 acetyl transferase [30]. Following acety-
lation, the H3-H4 dimers are transferred to the next set of chaperones, CAF-1 and Rtt106, which then deposit the
histones onto nascent DNA by their interaction with PCNA (proliferating cell nuclear antigen), known to be a
processivity factor for DNA polymerases [31]. Thus, incorporation of new histones into nucleosomes is a care-
fully designed process carried out by a chain of histone chaperones.

There are no evidences of histone chaperones playing a dynamic role in chromatin disassembly process for
the repair of double-strand break or a UV lesion. This is in disparity with DNA replication, where the lack of
histone chaperones inhibits DNA replication. However, this does not exclude a role of histone chaperones as
histone acceptors during the chromatin disassembly coupled to DNA repair. After nucleotide excision repair, the



D. Reddy et al.

nucleosome reassembly near the repair site is done by the human H3/H4 histone chaperones Asfl and CAF-1 in
a process similar to that of DNA replication [32].

3.2. Histone Chaperones: Role in DNA Transcription

A genome-wide loss of nucleosomes in the regulatory region is seen upon transcriptional activation suggesting
that nucleosome depletion is a key factor involved in transcription [33]. Histone chaperones like FACT, also
known as RNA polymerase II elongation complex, are involved in the rearrangement of histones H2A/H2B
during transcriptional activation. How this disassembly and reassembly is regulated and coordinated with poly-
merase passage is still not very well understood. It is speculated that phosphorylation of the C-terminal domain
(CTD) of the RNA polymerase (RNAP) II and posttranslational modifications of histones play a central role
[34]. After the elongating polymerase has passed the promoter, it is phosphorylated by the Ctk1 kinase on Serine
(Ser) 2 of the CTD [35]. This phosphorylated Ser 2 recruits the Set2 methyltransferase which then methylates
H3 K36 (H3 K36Me), leading to the recruitment of the small Rpd3 (Rpd3S), a histonedeacetylase (HDAC)
complex [36]. Once recruited, it leads to deacetylation of H3 and H4 thereby promoting chromatin reassembly
and compaction. Throughout this process histone chaperones Nap-1 and Vsp75 interact with Ctk-1 kinase and
Set2 [37]. This rapid reassembly is very important because any delay may lead to transcription from cryptic in-
itiation sites present with ORFs, which may interfere with normal programming of the cell [38]. Another impor-
tant prerequisite for rapid assembly is if long stretches of naked DNA are left out they may form R-loops, in
which RNA transcripts are hybridized back to its template DNA strand, an important source of genomic insta-
bility [39]. Cells also have evolved a backup plan to avoid such deleterious effects. Histone chaperone HIRA
deposits specialized histone variant H3.3 in the regions which are actively transcribed [40]. This in part is facili-
tated because ASF1 travels with the transcription machinery and/or rapidly fills in the gaps left in nucleosome
arrays following passage of RNA polymerase by donating H3.3 to HIRA [41]. Therefore, in combination with
reassembly of parental histones, incorporation of histone variants help to cover up DNA after transcription.

4. Histone Chaperones in Regulating Cellular Functions

The barcoding of genome with proper histone variants especially H3 variants safe guards the cellular memory of
the transcriptional status of genes which can be inherited across generations [42]. In this regard, it can be consi-
dered that histone chaperones responsible for the deposition of histone variants, play an active role in the re-
modeling of the chromatin domains in accordance to cell-type specific gene expression patterns. Indeed, as ex-
pected HIRA, a histone chaperone of H3.3 along with depositing H3.3 in a replication independent manner at
transcriptionally active loci also plays a role in cellular processes like skeletal myogenesis [43]. In response to
differentiation signals, rapid accumulation of H3.3 is seen in enhancer regions and promotor regions of MyoD
gene, leading to loss of H1, opening of chromatin, and eventual acceleration of transcription initiation at MyoD
gene locus [44]. Upon their expression DNA binding transcription factors MyoD and Mef2, recruit ATP-de-
pendent chromatin-remodeling complexes and histone-modifying enzymes for the activation of muscle genes
[45]. The role of HIRA in muscle differentiation is more evident when HIRA-null mice die between embryonic
days 10 and 11 with a wide range of phenotypes caused by defective mesendodermal tissues [46]. HIRA and
H3.3 also play a major role in the early steps of osteoblastic differentiation [47]. Also, in response to angiogenic
signal, levels of H3K56 acetylation is increased within endothelial cells, at the chromatin domains of Vegfrl,
Fgf1 and Pdgfa (angiogenic genes) via a HIRA-mediated histone H3 exchange [48]. Not only in myogenesis and
angiogenesis, recent genome-wide analysis of H3.3 has shown many upstream regulatory enhancers enriched
with H3.3, signifying the site specific and regulated deposition of H3.3 by HIRA [14]. The assembly of histone
variant H3.3, into nucleosomes by the replication-independent pathway is mediated by multiple histone chape-
rones, including HIRA (as discussed above), DAXX (death domain-associated protein) and DEK. H3.3 chape-
rones, DEK and DAXX are involved in the deposition and exchange of H3.3 at telomeres and regulatory ele-
ments [49]. DAXX along with the chromatin-remodeling factor ATRX (alpha thalassemia/mental retardation
syndrome X-linked) regulates H3.3 deposition at telomeric heterochromatin regions [50]. DEK plays a major a
role in maintaining heterochromatin integrity through its interaction with HP1a [51]. These facts conclude that
H3.3 deposition at diverse chromatin regions occurs by distinct histone chaperones. Thus chaperones play an
important role in gene expression by altering the chromatin environment locally by depositing their respective

histone variants.
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5. Histone Chaperones and Human Disease

Any mis-positioning of nucleosomes on to a stretch of DNA results in defect in gene expression and at times
genome instability and cancer. Therefore, it is not incorrect to assume that mis-regulation of histone chaperones
or histone-modifying enzymes regulating nucleosome assembly/disassembly may stimulate development of hu-
man disease (Figure 1). Here we discuss few reports highlighting the role of histone chaperones in disease pa-
thogenesis and their potential to be used as a therapeutic marker. Proliferation is one of the key physiological
characters of cancer. Indeed few of histone chaperones are known to be highly expressed in proliferating cells.
For instance-Asflb, an isoform of Asfl in mammalian cells, is essential for cell proliferation as seen to be down
regulated in senescent cells. When its levels were checked in various breast cancer cell lines a correlation was
observed with a proliferative status of cells, with more expression in highly proliferative cells. The same associ-
ation was seen with breast cancer patients and is related to increased metastasis and shorter survival of breast
cancer patients [52]. Apart from Asflb, CAF-1 is also known to be highly expressed in breast cancer tissues and
in prostate cancers [53]. CAF-1 p60 levels also correlated significantly in many solid tumors with disease stage,
especially in renal, endometrial and cervical cancer patients [54]. A splice variant of NASP, tNASP also has
been shown to be expressed in high levels in cancer, germ, transformed, and embryonic cells. When its expres-
sion was reduced in prostate cancer cell line PC-3 and in HeLa, inhibition of proliferation, increased levels of
p21 and apoptosis was seen [55].

FACT complex (H2A/H2B chaperone) is expressed at higher levels in tumor cell lines than in normal cells in
vitro and its knockdown lead to reduced growth and survival of tumor cells [56]. In addition, FACT expression
was found to be elevated during the development of mammary carcinomas in transgenic mice expressing the
Her2/neu protooncogene [57]. Genome-wide analysis for FACT distribution in tumor cells has identified a sub-
set of genes that have activities associated with malignancy and stem-like properties of tumor cells and cellular
stress responses. Also FACT expression is seen to be elevated upon in vitro transformation of fibroblasts and
epithelial cells by various agents indicating its requirement for transformation, but its overexpression cannot
substitute for the requirement of H-Ras"'?. Therefore FACT cannot act as an oncogene but can still accelerate
malignancy by providing certain chromatin changes which still needs to be elucidated. Moreover its expression
can be significantly correlated with aggressiveness of cancers as elevated expression is seen during metastasis of
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Figure 1. Chaperone and disease. Histone chaperones bind to their respective
histone molecules and deposit them on to DNA template, leading to formation of
nucleosome, repeating units of which join together to form a 10 nm chromatin
fibre and upon H1 deposition a 30 nm chromatim structure is formed thus lead-
ing to compaction of DNA. By playing a major role in chromatin assembly, cha-
perones act as a central to DNA replication, repair and transcription. Thus, any
misregulation in the levels of these proteins or any mutation in them leads to
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breast, renal, and prostate cancer [58]. Mutations in another H2A/H2B chaperone Nap-1 have also been asso-
ciated with many human cancers. NPM1 (chaperone for H3/H4 and H1) play a role in ribosome assembly, inhi-
bition of pro-apoptotic pathways, maintenance of genomic stability. It has also been known to interact with the
tumor suppressor protein pS3, Rb, and ARF and also many other viral proteins [59]. Also is significantly abun-
dant in tumor and growing cells compared to normal cells, hence used as a tumor marker and also known to be a
putative proto-oncogene [60]. NPM1 mutations are common in acute myeloid leukemia (AML) which is cha-
racterized by abnormal NPM1 accumulation in the cytoplasm [61]. Survival of NPM-negative colorectal cancer
patients be likely to be better than those for patients with NPM-positive lesions [62].

Overexpression of the DEK, a histone chaperone for H3.3 has been reported in a number of cancers like
glioblastoma, melanoma, colorectal and bladder carcinoma and is known to play major role in promoting epi-
thelial transformation. DEK inhibits senescence and apoptosis via the destabilization of p53, hinting its role in
carcinogenesis. In human promyelocytic HL-60 cells differentiation led to DEK down regulation [63]. Con-
versely, upon overexpression of the DEK, differentiation programs can be neutralized, favoring oncogenic
transformation [63]. A direct proof of DEK as “oncogene” has developed when it was seen that papilloma for-
mation was significantly decreased in DEK knockout mice compared to wild type animals and heterozygote
controls [64]. It also forms a fusion protein with calcium-dependent phosphatase calcineurin (CAN) owing to
chromosomal translocation which has been detected in acute myeloid leukemia (AML) [65]. This fusion results
in reduced interactions of DEK with H3.3 aiding in the recruitment of HP1 and thus promoting leukemia pro-
gression through misregulation of transcriptional repression [51]. Amplifications and copy number increase of
the DEK gene were also found in a variety of malignancies, particularly in bladder cancer, melanoma and reti-
noblastoma [66].

Apart from overexpression, certain mutations within chaperones and their associated proteins have also been
related to cancer. Mutations in Daxx-ATRX-H3.3 pathway have been observed in pancreatic neuroendocrine
tumors [67]. Such mutations have also been identified in pediatric glioblastoma tumor samples. Because of their
high incidence these mutations are now called as the “driver mutations” for promoting cancers [68]. In addition
to cancer, misregulation of histone chaperones has also been reported in other diseases. In DiGeorge syndrome
(DGS), small region of six HIRA genes located on Chromosome 22 is frequently deleted resulting in reduced
levels of HIRA production [69]. It has been reported that reduction of HIRA in animal model systems leads to
persistent truncusarteriosus, a phenotypic change associated with DGS [70], suggesting that HIRA haploinsuffi-
ciency contributes to the development of DGS.

6. Concluding Remarks

Histone chaperones play a central role in governing many of the cellular functions and hence disease (specific
chaperones are exemplified in Table 1). In this era of modern medicine where targeted therapies are being
looked upon as the new ray of hope to win long fought battles against diseases like cancer, targeting histone

Table 1. Histone chaperones, functions and their implications in disease.

Histone Functions Implication in disease LG
chaperone number
Histone import, histone transfer to CAF-1 and .
Asfl HIRA, regulation of H3K 56ac Increased in breast cancer 28,31,44,58
CAF-1 H3.1-H4'1 deposm'on, . Increased in repal, endometrial and 12, 33, 46, 59
heterochromatin formation, repair cervical cancer
DAXX H3.3-H4 deposition at telomeric heterochromatin Mutated in p ancr.eatlc neuroendocrine and 55, 56, 68
glioblastoma
DEK H3.3-H4 deposition, maintenance of DEK-CAN fusion 'due'to chromosomal 55,57, 66, 67
heterochromatin translocation in AML
NASP H1 and H3/H4 supply and turnover Increased in prostate cancer 11, 60
NPM HI and H3/H4 dep051.t ton, n.b.o some assembly, Mutated in AML patients 18, 64, 65
genomic stability
FACT H2A/H2B deposition, Transcription Increased during metastasis of breast, 7,61, 62,63

renal, and prostate cancer
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chaperones may be a new weapon in the armory. Histone chaperones Asflb, CAF-1p60 and tNASP are highly
correlated with proliferating cells and with many cancers. Therefore these can be used as new proliferation
markers of interest for early detection of a wide range of cancers, and can also be used as a powerful prognostic
marker for occurrence of metastasis. Knockdown of tNASP resulted in inhibition of proliferation and apoptosis
[55], leading us to consider them not only as prognostic markers, but also as a target of diagnostic importance.
Another histone chaperone which has been in the limelight in recent years for its correlation with cancer is the
FACT complex. Levels of FACT complex increase in certain cancers, based on which they can be divided into
FACT positive and negative cancers. Survival of patients with FACT-positive tumors was significantly less than
that of patients with FACT-negative tumors. Also, within these FACT-positive cancers, the levels of expression
are very different; the more the expression of FACT, the more aggressive is the cancer. Link between FACT ex-
pression and metastasis is corroborated by the reports of levels of FACT to be significantly correlated with me-
tastasis of breast, renal, and prostate cancer [58]. Hence it can act as a promising marker and target for those
cancers characterized by high aggressiveness and poor prognosis. As FACT expression is absent/less in most
normal cells/tissues, pharmacological inhibition of FACT could be a safe and operative strategy to treat those
types of cancer for which there are very few treatment modalities.

Not only can the levels of chaperones, but also mutations in these proteins contribute towards disease pro-
gression. Using deep sequencing technology, mutations have been found in the H3.3/ATRX-DAXX pathway in
pediatric glioblastoma tissue samples. As these mutations are very specific to cancer, drugs can be developed for
targeting specifically such cancers. Even though many intricate details of how these mutations in chaperones
and related proteins lead to human diseases are still in the dark, but with the advent of recent technologies it is
hopefully just a matter of time for these to be revealed and targeted. However, before using them as therapeutic
targets, further understanding is needed to determine whether the altered abundance of histone chaperones ob-
served in human cancers is the consequence or the cause of tumorigenesis. Nonetheless, it leads us to hypothes-
ize for the role of histone chaperones as a promising molecular target for therapies aiming to reverse epigenetic
alterations in various diseases.
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Histone variant, H3.3 has been a continuous subject of interest in the field of
studies due to its two distinguishing features. First, its incorporation into chromatin is
replication- independent, unlike the replication- coupled deposition of its canonical counterparts
H3.1/3.2. Second, H3.3 has been consistently associated with an active state of chromatin. Apart
from this function research in the past few years has also revealed that H3.3 has a central role
to play in maintaining the somatic cell identity, for efficient ultraviolet induce DNA damage
repair and proper segregation of chromosomes during cell division. Further, the discovery of
“driver mutations™ on this variant has bought it to limelight in cancer biology to the extent that
“oncohistone,” a new term has been coined for different mutants of H3.3. Here, we review the
functional importance of H3.3 in the context of cancer.

chromatin

Key Words: Cancer, DNA damage, epigenome, mutation, oncohistone

Introduction

ucleosome, a fundamental unit of chromatin, is made up
N of 147 bp of DNA wrapped a histone octamer. Histone
octamer is formed by two copies each of the four core histones,
H2A, H2B, H3, and H4.! Although the major functional role
of histones is DNA compaction, recent evidencehas bought
to light that through modulation of the interaction between
histones and DNA many cellular processes are governed.
This modulation is largely brought about by a repertoire
of posttranslational modifications occurring on N- terminal
tails of histones.”” However, histone variants the nonallelic
subtypes of canonical histones are also known to modulate the
chromatin dynamics and thus influencing the activity ofthe
underlying DNA.F!

Histone H3 Variants

Replacement with histone variants/isoforms leads to the
formation of a nucleosome having distinct functions compared
to existing nucleosome with canonical histones inside the
cell. For example, H2A.X nucleosome marks the site for
recruitment of DNA damage proteins. Similarly, histone
H3 variants have differential functions and have been under
research focus since a long time. There are four major different
H3 histones, H3.3 and CENPA (centromere- specific) being
the replacement histones and H3.1 and H3.2 the canonical
histones [Table 1]. Other than these, few tissue- specific
H3 variants like H3t (testis- specific) and primate- specific
variants H3.X and H3.Y are also been reported. In the current
review, we focus on the histone H3.3 variant, its function in
various cellular processes with special emphasis on its role as
“oncohistone.”
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Canonical histone genes are organized into clusters containing
multiple gene copies of each core as well as linker histones.
In humans, three copies of genes encoding H3.2 are located
within a histone cluster on chromosome 1, and ten copies
of genes encoding H3.1 are clustered in the chromosome 6.
These canonical H3- encoding genes are intronless, and their
corresponding transcripts are not polyadenylated but rather have
a conserved 26 bp stem- loop at their 3" ends.”! The tandem
organization of histone genes facilitates their simultaneous
expression, thus aiding in the production of massive amounts
of histone protein required for genome packaging during
S phase. In contrast to the canonical histone H3, histone
variant H3.3 genes, namely, H3F3A and H3F3B in humans,
lie outside the histone gene clusters on chromosomes 1 and
17 respectively [Figure la]. They contain introns, and their
mRNAs have poly (A) tails. Unlike canonical H3 which
is expressed and incorporated into chromatin at S phase in
a replication- dependent manner, variant H3.3 is expressed
throughout the cell cycle.’! In yeast, there is only one
noncentromeric H3 gene, which encodes an H3.3- like protein,
suggesting that H3.3 is more conserved than its canonical
counterparts. At the protein level, H3.3 differs from the
canonical histone H3 at only 4- 5 amino acids [Figure 1b]. In
humans, H3.3 and H3 differ by residues 87, 89, 90, and 96 in
the histone fold domain and residue 31 in the N- terminal tail.
All these specific residues contribute to the distinct properties
of variant H3.3. Amino acid residues 87-90 in H3.1- SAVM
are replaced by AAIG in H3.3. These changes determine
their unique deposition onto chromatin. At the N- terminus,
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Ala 31 in H3.1 is replaced by Ser in H3.3, which undergoes
phosphorylation in the pericentromeric region during mitosis.[

Deposition and Functions of Histone H3.3

Incorporation of canonical H3 variants is mediated by
the “histone chaperone” CAF-1 chromatin assembly
complex, and H3.3 is incorporated through a number
of different pathways, including the CHD1 and ATRX
chromatin remodeling complexes and the HIRA chaperone
complex.” Ala 87 and Gly 90 in AAIG are important for
the recognition of H3.3 by the variant- specific chaperone
death domain—associated protein (DAXX),® and G90 is
also recognized by ubinuclein- 1, a subunit of the HIRA
histone chaperone complex.”" A study with mouse embryonic

Table 1: Histone H3 variants: Differential histone
chaperones,mutation,and role in cancer

Mode of HistoneChaperoneRole In Cancer Mutation
Deposition
Replication H3.1 ~ CAF- | Mutated in H3K27M
Dependent pediatric H3G34V/R/W/L
glioma- DIPG,
. H3K36M
thalamic K36
glioma and
Chrondroblastoma
H3.2 CAF- | NA NA
Replication H3.3 HIRA Mutated in H3K27M
Independent DAXX DIPG, Pediatric  113G34V/R/W/L
glioma and
H3K36M
chrondroblastoma
Decrease levels in
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Figure 1: Genomic location and sequence differences in H3 variants. (a) Histone H3
variants H3.1, H3.2, and H3.3 are located on chromosomes 6, 1 and 17. H3.3 is encoded
by two genes H3F3A and H3F3B located on chromosome 1 and 17, respectively. The
numerical in the bracket indicates the number of genes present encoding the protein in
the cluster. (b) Protein sequence alignment of H3 variants, H3.1, H3.2, and H3.3. Red
highlights the changes amongst them

stem (ES) cells showed that the HIRA complex deposits H3.3
on transcribed genes, while the ATRX complex delivers H3.3
to telomeres and pericentromeric repeats.”’ When incorporated
into a nucleosome, H3.3 amasses modifications associated with
gene activation or open chromatin — including methylation on
K4, K36, and K79 and acetylation on K9 and K14 — and is
deprived of suppressive modifications, including K9 and K27
methylations.”’ H3.3- containing nucleosomes are intrinsically
unstable and promote gene activation, especially along with
histone H2A.Z incorporation.!'”

H3.3 is highly conserved across metazoans, and its in vivo
function has been studied in a number of different model
organisms. In Drosophila, H3.3 is required only for fertility but
is dispensable for both embryonic and postnatal. The fertility
defects in H3.3- null flies can be rescued by ectopic expression
of H3.2."In Xenopus, HIRA - dependent H3.3 depositions are
required for early gastrulation and mesodermal marker gene
activation, and importantly, H3.2 overexpression cannot rescue
the mutant phenotype. H3.3 maintains the somatic epigenetic
memory in nuclear transferred Xenopus nuclei and supports
differentiation of cultured murine muscle precursor cells.'?! In
zebrafish, reduced levels of H3.3 in the nuclei leads to defects
in cranial neural crest cell differentiation. H3f3b knockout
mice also have reduced viability, and surviving adults are
infertile.'! In both ES cells and mouse embryonic fibroblasts,
H3.3 loss caused a dramatic increase of mitotic defects
indicative of chromosome structure dysfunctions, including
anaphase bridges and lagging chromosomes."*! Cells in which
H3.3 has been knocked down are also susceptible to DNA
damage.!"™! This can be explained by the requirement for H3.3
in a gap- filling mechanism to ensure nucleosome replacement
in transcriptionally active areas. H3.3 is incorporated at sites of
ultraviolet (UV) damage, it protects against sensitivity to UV
light and is required to maintain replication fork progression
after UV damage.!"""H3.3 may also be important for the restart
of transcription following DNA damage since knock down of
the H3.3 chaperone HIRA resulted in an impaired recovery of
RNA synthesis after UVC damage.!"”

Thus, HIRA- dependent incorporation of H3.3 is required
for the reprogramming of nuclear transferred murine nuclei,
transcriptional recovery after genomic DNA damage in human
cancer cell lines, and also for polycomb- repressive complex 2
recruitment to bivalent loci in mouse ES cells."*! Furthermore,
somatic mutations in H3.3- encoding genes cause various types
of cancer in humans, underscoring its role in maintaining
tissue homeostasis.

Role of Histone H3.3 in Genomic Stability
and Cancer

With the aid of deep sequencing techniques, more and more
mutations are being found in various chromatin- associated
factors including histones. Histone H3 is found to be mutated
at high frequency in several specific cancer types like
pediatric high- grade glioblastoma (HGG), chondroblastoma
and giant cell tumors of the bone.'”?" The identified missense
mutations K27M, G34V/R/W/L, and K36M were found
predominantly in the genes encoding H3.3, H3F3A,  and
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H3F3B, and to a lesser extent in H3.1 genes, HISTIH3B
and HIST1H3C. Due to such specificity and high frequency
of these mutations they are defined as “Driver mutations™ for
tumorigenesis.*"!

Somatic mutation of H3 lysine 27 to methionine (K27M)
was seen in [130% pediatric HGG tumors. The K27M
mutation is most often found in H3F3A (>70%) with a few
occurrences in HIST1H3B (1120%) and HIST1H3C. Diffuse
intrinsic pontine glioma, a tumor of the pons, has an even
higher incidence of K27M, with >70% of tumors sequenced
containing the mutation and are particularly deadly, with
an approximate age of onset of 8 years and overall survival
rates of [110% postdiagnosis.?**!! Sequencing of H3F3A
and H3F3B in more than seventy chrondroblastomas
revealed nearly 95% of the tumors harbor lysine 36 to
methionine (K36M) substitutions, which mutate the target
site for SETD2 and other K36 methyltransferases.'” Unlike
the K27M mutation of glioblastoma, nearly all of the K36M
mutations were found in H3F3B ([190%) rather than in
H3F3A. Interestingly, histone H3K36Me3 methyltransferase,
SETD2 mutations, and H3.3  mutations are mutually
exclusive. Giant cell tumors of the bone also have shown
a high frequency of H3.3 mutations, with >90% of tumors
sequenced containing substitutions of G34  to  either
tryptophan (G34W) or, in rare cases, leucine (G34 L).*
Mutations of H3.3 were also observed at low frequency in
osteosarcoma (2% containing G34R in H3F3A or H3F3B),
conventional chondrosarcoma (1% containing K36M in
H3F3A), and clear cell chondrosarcoma (7% containing
K36M in H3F3B).”’! Interestingly, although highly prevalent
in pediatric glioblastoma, to date, no K27M mutations have
been observed in bone or cartilage tumors, and the K36M
mutation has not been found in glioblastoma.

The occurrence of K27M, a dominant negative mutation
leads to loss of H3K27Me3, a repressive mark and gain
in H3K27Ac, an active enhancer associated mark thus
leading to the activation of previously silenced  genes

and thus contributing to tumorigenesis.*! Nucleosomes
harboring either a G34R or G34V mutant H3.3 exhibit
reduced H3K36Me2/Me3 levels on the same tail, but have
no dominant effect on total cellular H3K36Me2/Me3 levels,
however, it is linked to an altered transcriptional status of
the cells, with quite widespread changes in RNA polymerase
I association."” Chicken lymphoma DT40 cells either
depleted for histone H3.3 or harboring H3.3 with G34R/V
mutation are sensitive to UV due to loss of DNA repair mark
H3K36Me3.2 The presence of mutant H3.3 or aberrantly
modified H3 proteins (due to dominant effects of K27M or
local effects of G34 mutant H3.3) at key regulatory elements
may be critical to alteration of transcriptional programs
leading to tumor initiation or progression [Figure 2]. Not
only mutations but deregulation of H3.3 levels has also
been seen in certain cancers. MLL5 mediated decrease in
H3.3 expression favors self- renewal properties of adult
glioblastoma (glioblastoma multiforme [GBM]) cells and
phenocopies pediatric GBM with H3.3 mutations, indicating
potential therapeutic strategies for adult GBM.*! Furthermore,
a recent study has highlighted overexpression H3.3 is
associated with lung cancer progression and promotes lung
cancer cell migration by activating metastasis- related genes
through the occupation of intronic regions.?¢!

Histone H3 clipping has been observed in many cellular
systems such as embryonic stem cells (hESCs), senescent
fibroblasts, melanocytes, and hepatocytes. Analysis of the
proteolytic clipping of histone H3 during the differentiation of
hESCs revealed that the N- terminal tail of H3 can be cleaved
at different sites and is mediated by a serine protease.”!
Notably, it has been suggested that cleaved products of H3
could contribute to regulate genes implicated in cell cycle
promotion, DNA replication, cellular proliferation, apoptosis,
and migration in senescence. Furthermore, a recent report
claims a reduction in H3 clipping activity in cervical cancer
cells.”! However, what still remains a mystery is does
this clipping activity has any variant specificity and what

H3 b Onco-histone H3.3/H3.1 |

mﬁg maintenance of
H3K27Me3

{
! wild type | 2 ’
Histone H3.3/H3.1 ; * Efficient DNA repair
o

Efficient RNA pol Il transcription

leading to global loss of H3K27Me3
Deficient DNA repair

% Inhiditory effect

Figure 2: Effect of oncohistone on epigenome of cancer cells. Replacement of wild- type H3 (harboring K27, K36, and G34 residues) with oncohistones (harboring M27, M36, and
V/R/W/L34 residues) leads to inhibitory effect on the activity of the writers, polycomb- repressive complex 2 and SETD2 enzymes, thus leading to alteration of epigenome in favor

of oncogenesis
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are the molecular mechanism through which they mediate
oncogenesis.

H3.3 is incorporated into promoters of developmentally
regulated genes, and these loci bear both H3K27Me3 and
H3K4Me3 marks, marking these promoters as bivalent
domains poised for transcriptional induction.'® H3.3  is
required for the establishment of the H3K27Me3 mark in
these domains and it is easy to envisage that a switch to
K27Ac or possibly K36Me3 either by recruitment of mutated
H3.3 or global decrease in H3.3 may tip the balance to
activation of aberrant developmental programs leading to
tumorigenesis.

Conclusions

Cancer epigenome as a target for better clinical management
gives hope to us all, but more research is required to reveal
exciting aspects in coming years. The deposition of H3.3 by
HIRA is considered as a mark of transcriptional activity, and its
deposition by DAXX at telomeric and a pericentromeric region
marks heterochromatin state. Therefore, H3.3 has a bimodal
functional role depending on the context, i.e., chromosomal
location/chromatin environment. Conclusively, it can be said
that H3.3 is a focal point of convergence for most of the
epigenomic regulations in various cellular processes. Hence, it
does not come as a surprise that H3.3 is mutated or deregulated
in a disease like cancer. However, more in- depth analysis is
required before they can be used as a new diagnostic and
therapeutic target for cancer.

A cknowledgment
All Gupta Laboratory members for valuable discussions.

FinAnciars support And sponsorship
Nil.

ConFlicts oF interest

There are no conflicts of interest.

References

1. Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ.
Crystal structure of the nucleosome core particle at 2.8 A
resolution. Nature 1997;389:251- ¢(.

2. Hake SB, Allis CD. Histone H3 variants and their potential role
in indexing mammalian genomes: The “H3 barcode hypothesis™.
Proc Natl Acad Sci U S A2006;103:6428- 35.

3. Weber CM, Henikoff S. Histone variants: Dynamic punctuation
in transcription. Genes Dev 2014;28:672- 82.

4. Whitfield ML, Zheng LX, Baldwin A, Ohta T, Hurt MM,
Marzluff WF. Stem- loop binding protein, the protein that binds
the 3’ end of histone mRNA, is cell cycle regulated by both
translational and posttranslational mechanisms. Mol Cell Biol
2000;20:4188- 98.

5. Ahmad K, Henikoff S. The histone variant H3.3 marks active
chromatin by replication- independent nucleosome assembly. Mol
Cell 2002;9:1191- 200.

6. Hake SB, Garcia BA, Kauer M, Baker SP, Shabanowitz J,
Hunt DF, et al. Serine 31 phosphorylation of histone variant
H3.3 is specific to regions bordering centromeres in metaphase
chromosomes. Proc Natl Acad Sci U S A 2005;102:6344- 9.

7. Elasaesser SJ, Allis CD. Atp- dependent. HIRA and Daxxconstitute

20.

21.

2.

24.

two  independent  histone  H3.3- containingpredeposition
complexes. Cold Spring Harb Symp Quant Biol2010;978-
1936113- 07 - |

Wong LH, McGhie JD, Sim M, Anderson MA, Ahn S,
Hannan RD, er al. ATRX interacts with H3.3 in maintaining
telomere structural integrity in pluripotent embryonic stem cells.
Genome Res 2010;20:351- 60.

Filipescu D, Miiller S, Almouzni G. Histone H3 variants
and their chaperones during development and disease:
Contributing to epigenetic control. Annu Rev Cell Dev Biol
2014:30:615- 46.

Jin C, Felsenfeld G. Nucleosome stability mediated by histone
variants H3.3 and H2A.Z. Genes Dev 2007;21:1519- 29.

Wen D, Banaszynski LA, Liu Y, Geng F, Noh KM, Xiang J,
et al. Histone variant H3.3 is an essential maternal factor
for oocyte reprogramming. Proc Natl Acad Sci U S A
2014;111:7325- 30.

Loppin B, Bonnefoy E, Anselme C, Laurencon A, Karr TL,
Couble P. The histone H3.3 chaperone HIRA is essential
for chromatin assembly in the male pronucleus. Nature
2005;437:1386- 90.

Yuen BT, Bush KM, Barrilleaux BL, Cotterman R, Knoepfler PS.
Histone H3.3 regulates dynamic chromatin states during
spermatogenesis. Development 2014;141:3483- 94,

Jang CW, Shibata Y, Starmer J, Yee D, Magnuson T.
Histone H3.3 maintains genome integrity during mammalian
development. Genes Dev 2015;29:1377- 9.

Ray- Gallet D, Woolfe A, Vassias I, Pellentz C, Lacoste N,
Puri A, et al. Dynamics of histone H3 deposition in vivo reveal
a nucleosome gap- filling mechanism for H3.3 to maintain
chromatin integrity. Mol Cell 2011;44:928- 41.

Frey A, Listovsky T, Guilbaud G, Sarkies P, Sale JE. Histone
H3.3 is required to maintain replication fork progression after
UV damage. Curr Biol 2014;24:2195- 201.

Adam S, Polo SE, Almouzni G. Transcription recovery after
DNA damage requires chromatin priming by the H3.3 histone
chaperone HIRA. Cell2013;155:94- 106.

Banaszynski, Wen D, Dewell S,Whitcomb S, Lin M,
Diaz N, Elsasser S et al. Hira dependent histone H3.3 deposition
facilitates PRC2 recruitment at developmental loci in ES cells.
Cell 2013:155,107- 12.

Lu C, Jain SU, Hoelper D, Bechet D, Molden RC, Ran L,
et al. Histone H3K36 mutations promote sarcomagenesis
through altered histone methylation landscape.Science, 2016;
352(6287):844- 9.

Schwartzentruber J, Korshunov A, Liu XY, Jones DT,
Pfaff E, Jacob K, et al. Driver mutations in histone H3.3 and
chromatin remodelling genes in paediatric glioblastoma. Nature
2012:482:226- 31.

Chan KM, Fang D, Gan H, Hashizume R, Yu C, Schroeder M,
et al. The histone H3.3K27M mutation in pediatric glioma
reprograms H3K27 methylation and gene expression. Genes Dev
2013;27:985- 90.

Behjati S, Tarpey P, Presneau N, Scheipl S, Pillay N,
Loo P, et al. Distinct H3F3A and H3F3B driver mutations
define chrondroblastoma and giant cell tumor of bone. Nature
Genetics,2013:45, 1479-1482.

Joseph CG, Hwang H, Jiao Y, Wood LD, Kinde I, et al. Exomic
analysis of myxoid liposarcomas, synovial sarcomas and
osteosarcomas. Genes Chromosomes Cancer, 2014;53:15- 24.
Weinberg DN, Allis CD, Lu C. Oncogenic mechanisms of
histone H3 mutations. Cold Spring Harb Perspect Med 2017;7.
pii: A026443.




Reddy and Gupta: Functional implications of H3.3 oncohistone

25. Gallo M, Coutinho FJ, Vanner RJ, Gayden T, Mack SC, 27, Santos- Rosa H, Kirmizis A, Nelson C, Bartke T, Saksouk N,

Murison A, et al. MLL35 orchestrates a cancer self- renewal Cote J, et al. Histone H3 tail clipping regulates gene expression.

state by repressing the histone variant H3.3 and globally Nat Struct Mol Biol 2009;16:17- 22.

reorganizing chromatin. Cancer Cell, 2015;28:715- 29. 28 Sandoval- Basilio J, Serafin- Higuera N, Reyes- Hernandez,
26. Park SM, Choi EY, Bae M, Kim S, Park JB, Yoo H, et al. Serafin- Hique ra 1, Leija- Montova G, Blanco- Monles M, et

Histone variant H3F3A promotes lung cancer cell migration al. Low proteolytic clipping of histone H3 in cervical cancer. J

through intronic regulation. Nat Commun 2016;7:12914. Cancer 2016;7(13): 1856~ 1860.




	01_title
	02_certificate
	03_prelim_pages
	04_contents
	05_abstract
	06_tabfiglist
	07_chapter_1
	08_chapter_2
	09_chapter_3
	10_chapter_4
	11_chapter_5
	12_chapter_6
	13_chapter_7
	14_misc

