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ABSTRACT 

Recent data highlight the virtually unlimited therapeutic potentials of histone 

deacetylation (HDAC) inhibitors in treating cancer, inflammatory diseases, and psychiatric 

disorders.  This unlimited therapeutic potential is due to the pleiotropic effects of HDAC 

inhibitors at cellular and systemic levels.  The wide range of effects induced by HDAC inhibitors 

may have different consequences on histone acetylation that may result in various responses 

from cell type to cell type and from individual to individual.  In this project, we used six different 

transformed mammalian cell lines from three species and different tissues.  We treated them with 

sodium butyrate (NaBu), vorinostat (SAHA), and trichostatin A (TSA).  After that, we used 

high-resolution two-dimensional polyacrylamide gel electrophoresis to resolve histones and 

show the global changes in histone acetylation without using antibodies.  We found that NaBu, 

SAHA, and TSA differentially caused an increase in acetylation of core histones in different cell 

lines.  This result indicates that HDAC inhibitors may cause differential epigenetic patterning in 

different cell types.  Thus, we chose seven different HDAC inhibitor drugs, which belong to 

different classes, to treat the HEK cells.  The purpose of this experiment was to test how 

different HDAC inhibitor drugs affect the histone acetylation in one cell line.  We hypothesized 

that HDAC inhibitor drugs differentially targeted histone subtypes with potentially differing 

consequences in chromatin structure, gene activity, and clinical outcomes.  We found that both 

canonical and variants histones involved in histone modification and acetylated in a sequence.  

We proposed that the histone acetylation pattern may be a new way to learn the efficacy of 

HDAC inhibitor drugs.   
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CHAPTER 1 

INTRODUCTION 

The Food and Drug Administration (FDA) has approved several histone deacetylase 

(HDAC) inhibitors for clinical use including belinostat for the treatment of  relapsed or 

refractory peripheral T-cell lymphoma (PTCL), panobinostat for the treatment of multiple 

myeloma, vorinostat (SAHA) and romidepsin for the treatment of  cutaneous manifestations of 

cutaneous T-cell lymphoma (CTCL) and valproic acid for the treatment of epilepsy (Goldenberg, 

2010; Mottamal, Zheng, Huang, & Wang, 2015; Wagner, Hackanson, Lubbert, & Jung, 2010; 

West, Johnstone, West, & Johnstone, 2014).  Additional HDAC inhibitor drugs are in clinical 

trials as anti-cancer drugs including abexinostat, pracinostat, resminostat, givinostat, CUDC-101, 

mocetinostat, entinostat and apicidin (Mottamal et al., 2015; Wagner et al., 2010; West et al., 

2014).  With a wide range of clinical application, HDAC inhibitor drugs are also well-known 

with their pleiotropic effects (Bolden, Peart, & Johnstone, 2006; Bridle et al., 2013; 

Dokmanovic, Clarke, & Marks, 2007; Ganslmayer, Konturek, Herold, Neurath, & Zopf, 2012; 

Kee et al., 2006; Konstantinopoulos, Vandoros, & Papavassiliou, 2006; Mombelli et al., 2011; 

Savarino et al., 2009). 

Most HDAC inhibitors are small molecules that can activate transcription through 

increasing histone acetylation and loosening chromatin structure.  There are five classes of 

HDAC inhibitors based on their chemical structures, including benzamides, hydroxamic acids, 

short-chain fatty acids, cyclic depsipeptides with a prodrug moiety and cyclic tetrapeptides.  

Moreover, these HDAC inhibitors are also divided into two functional types:  Pan-specific 

inhibitors and selective inhibitors.  The pan-specific inhibitors inhibit several HDACs of 
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different classes at once, whereas selective inhibitors inhibit specific HDACs separately.  

HDACs are a family of enzymes defined by their ability to catalyze the removal of lysyl groups 

from histones (Kawaguchi et al., 2003).  Based on the specific molecular substrates, each HDAC 

has a distinct role (Dokmanovic et al., 2007; Ganslmayer et al., 2012; West et al., 2014).  Thus, 

HDACs may have differential effects on histones.   

Histones are highly conserved basic proteins that organize and pack DNA into chromatin 

via electrostatic interactions between positively charged lysyl residues in histones and negatively 

charged phosphate groups in DNA (Baxevanis & Landsman, 1996; Wolffe, 1998).  When 

histones undergo modifications, they can alter access of transcription factors to DNA in 

chromatin and thus alter gene expression as they condense or open regions in the chromatin 

(Wolffe, 1998).  There are four core histones:  Histones H2A, H2B, H3 and H4 (Holde, 1989; 

Wolffe, 1998).  Two dimers of H2A/H2B and a tetramer (H3/H4)2 form a histone octamer 

(Wolffe, 1998).  High salt concentrations can separate histones from DNA, in which histones 

H2A and H2B dissociate first, followed by histones H3 and H4 as H2A-H2B dimers are easier to 

be removed and exchanged than (H3/H4)2 tetramer (Corujo & Buschbeck, 2018; Louters & 

Chalkley, 1985; Wolffe, 1998).  On the other hand, the (H3/H4)2 tetramer associates with DNA 

first and plays a critical role in positioning nucleosome and organizing DNA (Hayes, Clark, & 

Wolffe, 1991).  H2A-H2B dimers associate later and interact with transcription factors (Baer & 

Rhodes, 1983; Louters & Chalkley, 1985).  The core histones have several variants, which also 

play critical roles in gene expression, repair, recombination and segregation (Malik & Henikoff, 

2003).  Thus, it seems that all core histones and their variants are involved in histone 

modification and the control of chromatin structure. 
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Histones H3 and H4 have been biomarkers for studying on histone modifications, 

especially histone acetylation (Ahn et al., 2009; Chang et al., 2012; Daigle et al., 2011; Eyüpoglu 

et al., 2005; Fenic et al., 2008; Hubeek et al., 2008; Jain & Zain, 2011; Kraker et al., 2003; J. Lee 

& Huang R, 2013; Leng, Marinova, Reis-Fernandes, Nau, & Chuang, 2010; Ramsey et al., 2013; 

Richon et al., 1998; Saito et al., 1999; Yoshidas, 1990).  H3 and H4 histones are the primary 

histones for which commercially supplied antibodies that recognize acetylated lysyl residues in 

histones are available for immunoblotting applications.  Moreover, they are the most highly 

conserved proteins, while histones H2A and H2B are slightly less conserved and have fewer 

available antibodies (Thatcher & Gorovsky, 1994; Wolffe, 1998).  Thus, acetylated lysyl 

residues in histones for which antibodies are not available have gone largely unrecognized in 

studies on the effects of HDAC inhibitors on histone acetylation.  However, it is clear that 

HDAC enzymes also target histone subtypes other than highly conserved histone H3 and H4.  

For example, in collaboration with Dr. Eric Selker's laboratory at the University of Oregon, we 

found that the Neurospora crassa HDA1 enzyme targets histone H2B using the high-resolution 

two-dimensional gel electrophoresis methodology to be applied in the present study (Anderson, 

Green, Smith, & Selker, 2010; Smith et al., 2010).  In addition, our research in collaboration with 

Dr. Diane Matesic's laboratory at Mercer University on transformed cell lines treated with the 

HDAC inhibitor SAHA showed that in addition to histones H3 and H4, HDAC enzymes also 

target histone H2B in these cell lines (Ali et al., 2015). 

For this project, instead of using immunoblotting methods which only show a snapshot of 

the acetylation of one histone subtype and mainly depend on limited commercially available 

antibodies, we used high-resolution two-dimensional polyacrylamide gel electrophoresis 

(AUTxAU 2D gels) to show the global changes in histone acetylation without using antibodies.  
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We investigated six different cell lines representing potential in vivo targets of these therapeutic 

treatments, including human lung cancer cells (H2009), human embryonic kidney cells (HEK), 

rat liver epithelial cells (WBras-1), pheochromocytoma of rat adrenal medulla (PC12), rat 

macrophages (RAW 264.7) and immortalized mouse brain endothelial cells (BEND3).  We 

treated the cell lines with three different HDAC inhibitor drugs:  Sodium butyrate, vorinostat, 

and trichostatin A.  We hypothesized that HDAC inhibitors will increase acetylation of core 

histones other than histones H3 and H4 previously detected using immunoblotting techniques.  

We found that these three HDAC inhibitor drugs increase acetylation of different core histones in 

cell- and drug-dependent manner, creating differential patterns of histone acetylation in different 

cell types.   

We also treated Human Embryonic Kidney (HEK) 293 cells with two selective histone 

deacetylase (HDAC) inhibitor drugs from each of the HDAC inhibitor classes (short-chain fatty 

acid, hydroxamate, cyclic depsipeptide with a prodrug moiety, cyclic tetrapeptide, and 

benzamide) to survey the global changes in histone acetylation.  We hope to contribute to a 

critical discussion about chromatin structure, especially concerning epigenetic patterning.  Based 

on the distinct roles of each HDAC and the broad effects of HDAC inhibitor drugs, we 

hypothesize that different classes of HDAC inhibitor drugs have differential effects on chromatin 

structure as they differentially target core histones and their variants.  After treating HEK cells 

with a range of different HDAC inhibitor drugs, we found that some of the drugs increased the 

same set of histone acetylations and some drugs increased the different set of histone 

acetylations.   

In short, we proposed that characterizing histone acetylation patterns as a function of 

HDAC inhibitor treatment will help predict the state of chromatin structure as it relates to the 
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efficacy of HDAC inhibitor treatment.  We hope this work will support a discussion about the 

differential epigenetic patterning in chromatin structure for different cell types and provide 

resources for future investigations of epigenetic patterning for the purpose of developing better 

diagnostics and treatments for cancer and other diseases.
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CHAPTER 2 

LITERATURE REVIEW 

Abstract 

Recent data highlight the virtually unlimited therapeutic potential of histone deacetylation 

(HDAC) inhibitors in treating cancer, inflammatory diseases, and psychiatric disorders.  The 

enormous therapeutic potential of HDAC inhibitors is due to the pleiotropic effects at cellular 

and systemic levels.  In addition to altering gene expressions, HDAC inhibitors affect a wide 

range of different cellular proteins.  The wide range of effects induced by HDAC inhibitors may 

have different consequences on histone acetylation that result in various responses from cell type 

to cell type and from individual to individual.  Thus, the overall effects of HDAC inhibitors are 

difficult to define.  This chapter will explore the impacts of HDAC inhibitors on HDACs and 

different biological pathways and reveal how these impacts correlate with different histone 

acetylation patterning.  Characterization of these histone acetylation patterns will not only help 

us identify the modes of action of HDAC inhibiters and their off-target effects, it will also help 

us design better drugs and predict the clinical efficacy of these drugs. 

Introduction 

Histones are highly conserved basic proteins that organize and pack DNA into chromatin 

via electrostatic interactions between positively charged lysyl residues in histones and negatively 

charged phosphate groups in DNA (Baxevanis & Landsman, 1996; Wolffe, 1998).  When 

histones undergo modification, they can alter access of transcription factors to DNA in chromatin 

and thus alter gene expression as they condense or open regions in the chromatin (Wolffe, 1998).  

There are four core histones:  H2A, H2B, H3 and H4 histones (Holde, 1989; Wolffe, 1998).  
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Two dimers of H2A/H2B and a tetramer (H3/H4)2 form a histone octamer (Wolffe, 

1998).  The core histones and their several variants play critical roles in gene expression, repair, 

recombination, and segregation and have different functions, which suggests that all core 

histones and their variants may be involved in histone modification (Baer & Rhodes, 1983; 

Corujo & Buschbeck, 2018; Hayes et al., 1991; Jackson, 1987, 1990; Louters & Chalkley, 1985; 

Malik & Henikoff, 2003; Volmar & Wahlestedt, 2015).  Histones can undergo several 

modifications such as methylation, acetylation, and phosphorylation that influence chromatin 

structure and gene activity (Wolffe, 1998).   

Histone acetylation is regulated by the relative activities of histone acetyltransferases 

(HATs) and histone deacetylases (HDACs;  Davie, 1996; Wolffe, 1998).  HATs and HDACs 

govern the balance between the addition and removal, respectively, of acetyl groups at distinct 

lysyl residues that regulate transcription (Davie, 1996; Wolffe, 1998).  HDACs restore the 

positive charge on lysines, causing chromatin condensation, making DNA inaccessible and 

repressing gene expression  (Shahbazian & Grunstein, 2007).  HDACs are a family of enzymes 

defined by their ability to catalyze the removal of lysyl groups from histones.  Based on the 

specific molecular substrates, each HDAC has a distinct role (Dokmanovic et al., 2007; 

Ganslmayer et al., 2012; West et al., 2014).  Thus, as HDACs affect different biological 

pathways, HDACs may have differential effects on histones.   

Histone deacetylation inhibitors are used to inhibit HDACs and activate transcription 

through increasing histone acetylation and loosening chromatin structure.  The Food and Drug 

Administration (FDA) has approved several HDAC inhibitors, such as belinostat for the 

treatment of relapsed or refractory peripheral T-cell lymphoma (PTCL), panobinostat for the 

treatment of multiple myeloma, vorinostat (SAHA) and romidepsin for the treatment of 
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cutaneous manifestations of cutaneous T-cell lymphoma (CTCL) and valproic acid for the 

treatment of epilepsy (Goldenberg, 2010; Mottamal et al., 2015; Wagner et al., 2010; West et al., 

2014).  Additional HDAC inhibitor drugs are in clinical trials as anti-cancer drugs including 

abexinostat, pracinostat, resminostat, givinostat, CUDC-101, mocetinostat, entinostat and 

apicidin (Mottamal et al., 2015; Wagner et al., 2010; West et al., 2014).  With a wide range of 

clinical application, HDAC inhibitors are well-known with their pleiotropic effects as they 

differentially affect HDACs and impact different biological pathways (Bolden et al., 2006; 

Bridle et al., 2013; Dokmanovic et al., 2007; Ganslmayer et al., 2012; Hull, Montgomery, & 

Leyva, 2016; Kee et al., 2006; Konstantinopoulos et al., 2006; Koyama et al., 2000; Mombelli et 

al., 2011).  Thus, as all core histones and their variants involved in histone modification have 

distinct functions, HDAC inhibitors may cause different histone acetylation patterning.   

We will use high-resolution two-dimensional polyacrylamide gel electrophoresis 

(AUTxAU gel) to survey the different histone acetylation patterning that HDAC inhibitors 

impose on histone acetylation.  Rather than use conventional immunoblotting techniques 

employing commercial antibodies to detect specific acetylated lysyl residues we will employ 

histone analysis using high-resolution two-dimensional polyacrylamide gel electrophoresis, a 

method that allows global changes in the histone acetylation state of different histones subtypes 

and their variants to be detected (Green & Do, 2008).  Combining the effects of HDAC inhibitors 

on HDACs and biological pathways and matching these effects with different histone acetylation 

patterning, we will identify new biomarkers to design better HDAC inhibitor drugs.  At the same 

time, we will access the efficacy of HDAC inhibitor treatment in individual patients.   
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The Core Histones and Their Variants Work Independently but Coordinately 

as a Machine 

Function and Structure of Histones 

Each nucleosome consists of two copies of each of the core histones (octamer – H2A, 

H2B, H3, and H4), forming a globular core wrap 146 base pairs of DNA (Holde, 1989; Wolffe, 

1998).  As a norm, hyperacetylation of histones H3 and H4 is the biomarker to start gene 

activation and loosening chromatin structure, but H2A and H2B are also involved in the process 

(Holde, 1989; Wolffe, 1998). 

H3 and H4 evolved before H2A and H2B and are 10-fold less divergent than H2A and 

H2B (Malik & Henikoff, 2003; Thatcher & Gorovsky, 1994).  H3 and H2A can self-dimerize in 

the histone octamer, whereas H4 and H3B cannot (Malik & Henikoff, 2003).  The H3 self-

dimerization is a much stronger and ancestrally retained dimerization domain than the H2A self-

dimerization (Malik & Henikoff, 2003).  Thus, H3 and H4 are only found as a tetramer and have 

a simultaneous origin, while H2A and H2B are only found as a dimer and appear after H3 and 

H4 (Malik & Henikoff, 2003).  In the nucleosomal structure, H2A-H2B dimers can be removed 

and exchanged more efficiently than the stable H3-H4 core (Corujo & Buschbeck, 2018). 

H3 and H2A have major roles in transcription and DNA repair, and there are several H3 

and H2Avariants involved in these processes.  On the other hands, H4 and H2B include few to 

no variants (Malik & Henikoff, 2003).  H3 and H2A histone variants have three evolutionary 

origins:  H2A.F/Z-type variants arose once early in evolution, while H2A.X variants arose 

separately, during the evolution of multicellular animals.  H3.3-type variants have arisen in 

multiple independent events (Thatcher & Gorovsky, 1994).  Several core histone variants exist 

that have specific changes from normal histones both in the N-terminal tails and in the DNA-
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binding surfaces of the C-terminal histone-fold domains (Wolffe & Pruss, 1996).  As mentioned 

above, both core histones and their variants are involved in the histone acetylation process.  We 

will explore how they interact with each other (Table 1). 

 

 

 

Table 1 
The functions of histones and their variants 

 
1:  (Malik & Henikoff, 2003) 

2:  (Hake et al., 2006) 

3:  (Aul & Oko, 2001) 

4:  (Wolffe & Pruss, 1996) 

5:  (Corujo & Buschbeck, 2018) 

6:  (Ahuja et al., 2016; Bassing et al., 2003; Celeste et al., 2002; Rogakou, Pilch, Orr, Ivanova, & Bonner, 1998; Turinetto et al., 2012)  

7:  (Fernandez-Capetillo et al., 2003) 

8:  (Meneghini, Wu, & Madhani, 2003; Stargell et al., 1993) 

9:  (Malik & Henikoff, 2003; Suto, Clarkson, Tremethick, & Luger, 2000) 
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Histone H4 Has No Known Specific Role.  The histone H4 is one of the most slowly 

evolving proteins, so H4 has a high degree of constraint.  Some positions in alpha2 helix of the 

globular region of histone H4 appear to tolerate no amino acid substitutions.  The N-terminal tail 

of H4 is also modified extensively by kinases, acetyltransferases, and methyltransferases.  The 

modified residues and the rest of the N-terminal tail are highly constrained except in some outlier 

lineages, strongly suggesting an early origin and maintenance of histone modifications in the 

eukaryotic lineage.  Some outlier lineages are the only notable feature in the phylogeny of 

representative H4 protein (Malik & Henikoff, 2003).  There are no sequence distinctions 

between S-phase-specific and replication-coupled H4 genes in plants and animals, and in the 

case of mammals, the two forms are produced as a result of alternative processing of the same 

primary transcript.  Thus, there is little evidence for any H4 functional specialization, and H4’s 

role has remained constant throughout eukaryotic evolution (Malik & Henikoff, 2003).   

Histone H3 Organizes the Nucleosome.  Similar to histone H4, H3 histones are also 

slowly evolving proteins, but histone H3 differs substantially in its evolutionary specialization.  

H3 histones have many variants with unique roles in transcription and chromosome segregation 

(Malik & Henikoff, 2003).   

Histone H3 Has a Crucial Role in Organizing the Nucleosome.  The two-fold symmetry 

of the nucleosome attaches along the dimerization interface of the two H3 molecules using their 

C-terminal ends creates a four-helix bundle.  In addition, H3 histones make contact with H4, 

H2A, and nucleosomal DNA (Malik & Henikoff, 2003).   

Histone H3 contains three variants:  H3.3, H3.2, and H3.1.  Histone H3.3 contains marks 

associated with transcriptionally active chromatin, whereas H3.2 contains mostly silencing 

modifications that have been associated with facultative heterochromatin (Hake et al., 2006).  
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Interestingly, H3.1 is enriched in both active and repressive marks, although the later markers are 

different from those observed in H3.2 (Hake et al., 2006).  H3.3 also has a role in de-

transitioning from sperm-specific protamine back to canonical histones after fertilization (Aul & 

Oko, 2001).   

Histone H2B Stacks Nucleosomal Units.  Histone H2B is less evolutionarily constrained 

than H3 and H4.  In addition to its histone fold domain, H2B has a C-terminal alpha-helix 

(alphaC) that seems to help mediate its interaction with nucleosomal DNA.  The alphaC helices 

are on the outer planes of the nucleosomal disc and could have a role in stacking of different 

nucleosomal units into a higher-order structure (Malik & Henikoff, 2003).   

H2B has one variant – SubH2Bv – a sperm-specific histone in mammals (Aul & Oko, 

2001).  SubH2Bv associates with acrosome formation.  In addition to its role in chromatin 

packaging, SubH2Bv may represent a storage form of H2B that is important for the de-

transitioning from sperm-specific protamine back to canonical histones after fertilization (Aul & 

Oko, 2001).   

Histone H2A Contacts with Nucleosome-protein Complexes.  The N-terminal tails of all 

core histones and the C-terminal tail of histone H2A protrude on the outside of the nucleosome, 

where they can potentially make contacts with the nucleoprotein complexes (Wolffe & Pruss, 

1996).  Mammals have an additional H2A replacement variant, H2A.X, which arose 

independently during vertebrate evolution (Thatcher & Gorovsky, 1994).  The H2AF/Z histone 

variants have core sequences that are different from the conserved cores of the major H2As, 

while the H2A.X core region is nearly identical to that of the major vertebrate H2A (Thatcher & 

Gorovsky, 1994).  Mammalian histone H2A.X has an unusual C-terminal region that 

distinguishes it from the major H2A and contains a sequence element also found in the C-
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terminal regions of some H2As from lower eukaryotes.  The significance of this element is 

unknown, and it is not clear whether it arose by chance or convergent evolution, or whether it is 

a genuinely ancient conserved sequence that has been lost from most other H2As (Thatcher & 

Gorovsky, 1994).   

Histone H2A.X is typically expressed throughout the cell cycle.  It may be incorporated 

at a diluted level in the course of DNA replication throughout the genome, but in response to 

double-strand breaks, H2A.X may be preferentially deposited at the disrupted nucleosomal 

(Malik & Henikoff, 2003).  By being similar in primary sequence to the canonical H2A, H2A.X 

is packaged along with the canonical H2A.  Indeed, it seems from the phylogeny of the H2A 

proteins that the H2A.X variants, defined by the presence of the C-terminal motif, have had 

multiple evolutionary origins (Malik & Henikoff, 2003).  In short, histone H2A.X responds to 

double-strand break and DNA damage (Ahuja et al., 2016; Bassing et al., 2003; Celeste et al., 

2002; Rogakou et al., 1998; Turinetto et al., 2012).  H2A.X is also involved in chromatin 

remodeling and inactivation of sex chromosomes (Fernandez-Capetillo et al., 2003). 

H2A.Z is highly conserved through most of eukaryotic evolution (Thatcher & Gorovsky, 

1994).  Unlike H2A.X, H2A.Z had a single evolutionary origin and had remained distinct from 

canonical H2A throughout eukaryotic evolution (Thatcher & Gorovsky, 1994).  This ancient 

evolutionary specialization implies that H2A.Z has a role that cannot be substituted by a 

canonical H2A (Allis et al., 1986; J. D. Jackson & Gorovsky, 2000).  Studies on H2A.Z have 

strongly indicated that this variant is critical for maintaining a transcriptionally permissive open 

state and in protecting euchromatin from encroachment by silent heterochromatin (Meneghini et 

al., 2003; Stargell et al., 1993).  In order to improve the accessibility of nucleosomal DNA to 



  

 

14 
transcriptional apparatus, H2A.Z can destabilize the interface between H2A.Z-H2B and the H3-

H4 dimers at the docking domain (Malik & Henikoff, 2003; Suto et al., 2000).   

MacroH2A is enriched in the chromatin of the inactive X chromosome in female 

mammals (also referred to as the Barr body) and in the transcriptionally silent XY body in male 

meiosis (Costanzi & Pehrson, 1998; Richler, Dhara, & Wahrman, 2000).  MacroH2A and 

H2A.X act as tumor suppressors (Corujo & Buschbeck, 2018).  Last but not least, ubiquitination 

of the C-terminal tail of H2A is also correlated with transcriptional activation (Wolffe & Pruss, 

1996).  

How Histones Work Together as a Machine  

The differences in the rates of evolution between H3/H4 and H2A/H2B can be 

rationalized regarding current models of chromatin assembly and function (Thatcher & 

Gorovsky, 1994).  During DNA replication, an (H3/H4)2 tetramer is the first particle to assemble 

on newly synthesized DNA, and this tetramer has been shown to position itself at the same sites 

as whole nucleosomes.  Two H2A/H2B dimers assemble later, appear to interact with 

transcription factors and may release or unfold from the nucleosome upon transcription.  Thus, it 

is likely that H3 and H4 play critical roles in DNA binding and chromatin assembly, roles that 

have changed little throughout eukaryotic evolution and which impose strict constraints on their 

structure.  H2A and H2B, which may interact with non-histone chromatin proteins, transcription 

factors, and the transcription apparatus, are probably not only permitted but required to evolve to 

optimize interactions with other proteins as they have evolved along different eukaryotic lineages 

(Thatcher & Gorovsky, 1994).   

The release of the H3, H4 tetramer and/or H2A, H2B dimer occurs as a consequence of 

replication (Jackson, 1990).  Histones H2A and H2B dissociate first as the salt concentration is 
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raised followed by histones H3 and H4.  Studies of this type, coupled to chemical cross-linking, 

demonstrated that histones H2A and H2B form a stable dimer (H2A/H2B), whereas histones H3 

and H4 form a stable tetramer ((H3/H4) 2 ) in the absence of  DNA (Wolffe, 1998). 

Transcription dissociates nucleosome structure and releases H2A and H2B.  H2A and 

H2B histones enter a pool of free histones in which on a random basis these histones may 

redeposit either at the replication fork or at active genes.  The model also indicates that H3 and 

H4 do not undergo this exchange process, but remain associated with the DNA during 

transcription (Jackson, 1990).  The new H3 and H4 deposit onto newly replicated DNA as a 

tetramer associated primarily with old H2A and H2B.  New histones H2A and H2B deposit as a 

dimer with primarily old H2A, H2B, H3 and H4 (Jackson, 1990).  New H3, H4 tetramers, and 

new H2A, H2B dimers were not deposited in the same nucleosomes (Jackson, 1987). 

Histones H2A (5-15%) and H2B (2-5%) are found covalently attached to ubiquitin, and 

these histones are in turn found within nucleosomes (Jackson, 1987).  The conjugation of H2A 

and H2B by ubiquitin occurs when these proteins are in a free pool within the nucleus (Jackson, 

1987).  The conjugation of H2A and H2B with ubiquitin occurs while these histones are in the 

free histone pool and that subsequent deposition of the conjugates into nucleosomes is 

independent of replication and transcription (Jackson, 1990).   

How Histone Deacetylases Govern Histone Acetylation 

Histone acetylation is regulated by the relative activities of histone acetyltransferases 

(HATs) and histone deacetylases (HDACs; Davie, 1996; Wolffe, 1998).  HATs and HDACs 

govern the balance between the addition and removal, respectively, of acetyl groups at distinct 

lysyl residues, which regulate transcription (Davie, 1996; Wolffe, 1998).  HDACs restore the 

positive charge on lysines, causing chromatin condensation, making DNA inaccessible and 



  

 

16 
repressing gene expression  (Shahbazian & Grunstein, 2007).  In addition to targeting histones, 

HDACs affect a wide range of nonhistone proteins, which impacts different biological pathways 

(Falkenberg & Johnstone, 2014). 

Different HDAC classes and their impacts on different biological pathways 

In humans, there are eighteen different HDACs, which are divided into two families 

based on their catalytic mechanism of action and sequence homology (Falkenberg & Johnstone, 

2014).  Eleven HDACs are zinc-dependent and belong to the Rd3/Hda1 family.  These eleven 

HDACs are divided into four classes:  Class I (HDAC1, 2, 3 and 8), Class IIa (HDAC4, 5, 7 and 

9), Class IIb (HDAC6 and 10) and class IV (HDAC11).  Based on their specific molecular 

substrates, each HDAC has a distinct role (Dokmanovic et al., 2007; Ganslmayer et al., 2012; 

West et al., 2014).  In addition to target histones, HDACs target non-histone proteins.  Moreover, 

one HDAC can affect the activity of other HDACs.  Thus, inhibitors of HDACs can have broad 

effects (Falkenberg & Johnstone, 2014) (Table 2).   

 

 

 

 

 

 

 

 

 

 



  

 

17 
Table 2 
Different HDAC isoforms affect different biological pathways 

 
1:  (Chuang, Chang, Chang, Yao, & Chen, 2006; David et al., 1998; Dhordain et al., 1997; Gaughan, Logan, Cook, Neal, & Robson, 2002; 

Hiebert et al., 2001; A. Ito et al., 2002; Jin et al., 2004; Lagger et al., 2002; Martínez-Balbás, Bauer, Nielsen, Brehm, & Kouzarides, 2000; 

Santoro et al., 2013; Senese et al., 2007; Simonsson, Heldin, Ericsson, & Grönroos, 2005; Wilson et al., 2006; Wilting et al., 2010; Yamaguchi et 

al., 2010; Yuan, Guan, Chatterjee, & Chin, 2005) 

2:  (Bereshchenko, Gu, & Dalla-Favera, 2002; Guan et al., 2009; Harms & Chen, 2007; K. Ito et al., 2006; Jung et al., 2012; Simonsson et al., 

2005; Wilson et al., 2006; Wilting et al., 2010; Yamaguchi et al., 2010; Yuan et al., 2005) 

3:  (Atsumi, Tomita, Kiyoi, & Naoe, 2006; Bhaskara et al., 2010; Chuang et al., 2006; Fischle et al., 2002; Kramer et al., 2009; Simonsson et al., 

2005; Weber & Henikoff, 2014; Wilson et al., 2006) 

4:  (Oehme et al., 2009; Yang et al., 2013) 

5:  (Chuang et al., 2006; Fischle et al., 2002; Majdzadeh et al., 2008; Mottet et al., 2009; Sando III et al., 2012; Sarkar et al., 2014; Simonsson et 

al., 2005; Sun, Wei, Chen, & Terek, 2009; Wilson et al., 2008) 

6:  (Chuang et al., 2006; Fischle et al., 2002; Jin et al., 2004; Simonsson et al., 2005) 

7:  (Fischle et al., 2002; Ma & D’Mello, 2011; S. Malik et al., 2010) 

8:  (Kotian, Liyanarachchi, Zelent, & Parvin, 2011; Lang et al., 2012) 

9:  (Bali et al., 2005; Kawaguchi et al., 2003; Liesz et al., 2013; Park et al., 2008; X. Xu, Kozikowski, & Pozzo-Miller, 2014; Zhang et al., 2004) 

10:  (Kotian et al., 2011; Park et al., 2008) 

11:  (Deubzer et al., 2013; Gao, Cueto, Asselbergs, & Atadja, 2002; Kizuka et al., 2014) 
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Histone Deacetylation Inhibitors Have Differential Effects on Histone Deacetylases and 

Biological Pathways that may Cause Different Histone Patterning and Clinical Efficacy 

Most HDAC inhibitors are small molecules that can activate transcription through 

increasing histone acetylation and loosening chromatin structure. There are five classes of 

HDAC inhibitors based on their chemical structures, including benzamides, hydroxamic acids, 

short-chain fatty acids, cyclic depsipeptides with a prodrug moiety and cyclic tetrapeptides.  

Some of these HDAC inhibitors have been approved by FDA such as valproic acid (VPA), 

sodium butyrate (NaBu), vorinostat (suberoylanilide hydroxamic acid, SAHA) and romidepsin 

(depsipeptide, FK228).  Moreover, these HDAC inhibitors are also divided into two functional 

types:  Pan-specific inhibitors and selective inhibitors.  The pan-specific inhibitors inhibit several 

HDACs of different classes at once, whereas selective inhibitors inhibit specific HDACs 

separately.  Table 3 below shows how different classes of HDAC inhibitors target different 

HDACs, which suggests that different classes of HDAC inhibitors have differential effects on 

chromatin structure and gene activity.  
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Table 3 
Histone deacetylase inhibitors inhibit different HDAC isoforms 

 
-:  indicates that the HDAC inhibitor inhibits that HDAC isoform. 

1:  (Davie, 2003; H. Lee & Kim, 2012; Marinova, Leng, Leeds, & Chuang, 2011; Walkinshaw & Yang, 2008) 

2:  (Khan et al., 2008; H. Lee & Kim, 2012; Marinova et al., 2011; Walkinshaw & Yang, 2008) 

3:  (Chang et al., 2012; Khan et al., 2008; Schultz et al., 2004) 

4:  (Khan et al., 2008; Stankov, Pavlovic, & Mikov, 2015) 

5:  (Chang et al., 2012; Furumai et al., 2002) 

6:  (Khan et al., 2008; Olsen, Montero, Leman, & Ghadiri, 2012) 

7:  (Furumai et al., 2002; Walkinshaw & Yang, 2008) 

8:  (Kraker et al., 2003) 

9:  (Khan et al., 2008; Marinova et al., 2011) 

 

 

 

As HDACs affect a wide range of cellular proteins, HDAC inhibitors also affect different 

biological pathways.  For example, SAHA can activate the intrinsic apoptotic pathway by 

activating caspase-3 and degrading PARP (poly (ADP-ribose) polymerase via releasing of 

cytochrome c due to loss of mitochondrial transmembrane structure (Emanuele et al., 2007).  

SAHA also can activate the extrinsic apoptotic pathway by increasing expression of FasL (a 

transmembrane protein from tumor necrosis factor family) and FasL receptors, which activates 

caspase-8 and initiates of cell death cascade (Emanuele et al., 2007).  Another HDAC inhibitor, 
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droxinostat, which inhibits HDAC3, HDAC6, and HDAC8, also causes cell death cascade by 

decreasing expression of FLIP (an inhibitor of caspase-8).  LAQ824, an HDAC inhibitor that 

inhibits Bcl-2 (B-cell lymphoma 2, a regulator protein that regulates cell apoptosis), Bcl-xL (a 

transmembrane protein of mitochondria from Bcl-2 family), XIAP (X-linked inhibitor of 

apoptosis protein that stops apoptotic) and Mcl-1 (a protein from Bcl-2 family).  At different 

concentrations, LAQ824 has different effects.  At low concentration, LAQ824 causes a delayed 

increase in reactive oxygen species (ROS), induction of p21WAF1/CIP1, pRb dephosphorylation, 

growth arrest of cells in the G0/G1 phase, and differentiation.  At high concentration, LAQ824 

causes an early increase in ROS, the arrest of cells in the G2/M phase, down-regulation of XIAP 

and Mcl-1 (Rosato, 2005). HDAC inhibitors such as SAHA and NaBu can also cause apoptosis 

by regulating the activity of tumor suppressors p53 (Wang et al., 2016).  This wide range of 

effects induced by HDAC inhibitors may have significant consequences for the histone 

patterning and the efficacy of HDAC inhibitor drugs.  

Conclusions 

As histone deacetylase inhibitors have differential effects on HDACs and biological 

pathways and core histones and their variants work independently, these drugs are likely to cause 

different effects on histone patterns, chromatin structure and gene activity.  The different histone 

patterns may result in different responses from cell to cell and from individual to individual.  If 

we can characterize these different histone patterns, we can predict the clinical efficacy and 

decrease the pleiotropic effects of HDAC inhibitors.  We can use the high-resolution two-

dimensional electrophoresis gels (AUTxAU gels) to learn different histone patterns (Green & 

Do, 2008). 

The AUTxAU gels can show us the global changes in histone acetylation without 
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imposing the limitation of immunoblotting methods.  We can see the big picture and learn the 

histone patterns for each HDAC inhibitor treatment.  Thus, we can predict the state of histones 

and DNA accessibility, which can help us to predict the efficacy of the HDAC drug treatment.  

At the same time, we can also identify new biomarkers and off-targets of HDAC drug treatment.   
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CHAPTER 3 

ASSESSMENT OF EPIGENETIC PATTERNING IN CHROMATIN STRUCTURE 

Abstract 

The high-resolution two-dimensional polyacrylamide (AUTxAU 2D) gel system provides 

a qualitative and quantitative assessment of global histone acetylation state based on the intensity 

and number of spots for each major histone without depending on antibodies (Green and Do, 

2008).  Combed with modified histone acid-extraction methods, we have useful tools to study 

histone modifications in a variety of systems and learn about the epigenetic patterning, which 

can help us to map out and classify the epigenetic patterning in chromatin structure for central 

nervous system diseases, cancers, diabetes, and aging.  This information will ultimately be used 

to create an in vivo marker for diagnosis and treatment of these diseases.   

Introduction 

According to the Food and Drug Administration (FDA), there are several HDAC 

inhibitor pharmaceuticals that have been approved for clinical use including belinostat for the 

treatment of  relapsed or refractory peripheral T-cell lymphoma (PTCL), panobinostat for the 

treatment of multiple myeloma, vorinostat (SAHA) and romidepsin for the treatment of  

cutaneous manifestations of cutaneous T-cell lymphoma (CTCL) and valproic acid for the 

treatment of epilepsy (Goldenberg, 2010; Mottamal et al., 2015; Wagner et al., 2010; West et al., 

2014).  Additional HDAC inhibitor drugs are in clinical trials as anti-cancer drugs including 

abexinostat, pracinostat, resminostat, givinostat, CUDC-101, mocetinostat, entinostat and 

apicidin (Mottamal et al., 2015; Wagner et al., 2010; West et al., 2014).  With the widespread use 

of HDAC inhibitor drugs in the clinic, especially for the treatment of cancer, a method to 
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accurately assess the efficacy of these drugs in individual patients would help measure and 

monitor drug dynamics and inform treatment strategies. 

This chapter shows a methodology that may ultimately be used to analyze HDAC 

inhibitor targets in vivo using biological samples from individual patients.  Current 

immunoblotting methods use site-specific antibodies to recognize a single type of histone 

acetylation event (acetylation of lysyl residue 9 in histone H3, for example), which can only 

provide a snapshot of the global acetylated lysyl residues.  On the other hand, the high-resolution 

two-dimensional polyacrylamide gel electrophoresis methodology can show an overall picture of 

the global changes in histone acetylation.  Moreover, the immunoblotting methods depend 

mainly on the quality of commercially available antibodies to recognize acetylated lysyl residues 

in histones.  In fact, more than 50% of the results reported in the current scientific literature 

cannot be independently reproduced due to the quality of antibodies (Baker, 2015; Begley & 

Ellis, 2012; Bradbury & Plückthun, 2015). Specifically, the performance of commercially 

available antibodies can suffer from product variability and reproducibility (Baker, 2015; 

Bradbury & Plückthun, 2015), which can create stringent requirements for positive and negative 

controls and problems with experimental reproducibility.  High-resolution two-dimensional 

polyacrylamide gel electrophoresis can resolve histone variants and their charge-altered 

derivatives to reveal the global histone targets of HDAC enzymes without reliance on antibodies.  

In the future, we hope to use this method to develop a clinical assay that can detect histone 

acetylation changes in cancer patients engaged in HDAC inhibitor therapies and provide a 

patient-specific in vivo record of HDAC inhibitor activity that will reveal the efficacy of those 

therapies.  This chapter provides detailed procedures for histone isolation and AUTxAU 2D gels, 

which can be useful for both chromatin research and clinical research.  
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Materials and Methods 

The goal of this project was to develop a novel methodology to identify all histone 

variants targeted by HDAC enzymes, which could provide valuable information in the fields of 

chromatin structure, HDAC inhibitor pharmaceuticals, and the clinical assessment of HDAC 

inhibitor therapies.  We approached this goal by mapping all histone variants targeted by HDAC 

enzymes in different transformed mammalian cell lines by treating these cells with a clinically 

relevant HDAC inhibitor.  These cell lines were from three species (mouse, rat, and human), 

from different tissues (kidney, lung, liver, adrenal medulla, blood, and brain), and different cell 

types (epithelial cells, a mixture of neuroblastic and eosinophilic cells, endothelial cells, and 

macrophages).  The long-term objective of this research was to formulate an accessible tool that 

can apply to the study of chromatin structure and gene regulation, develop new HDAC inhibitor 

therapeutics, and assess clinical efficacy and dosing regimen in individual patients.  

Cell Cultures 

Cell Lines.  As mentioned above, HDAC inhibitors have been used in a wide range of 

clinical applications including the treatment of cancer, neuropsychiatric disorders, and 

neurodegenerative diseases.  Thus, we used eight different cell lines representing potential in 

vivo targets of these therapeutic treatments, including human lung cancer cells (H2009), human 

embryonic kidney cells (HEK), rat liver epithelial cells (WBras-1), rat liver epithelial cells with 

retroviral vector containing a neo gene (WBneo), pheochromocytoma of rat adrenal medulla 

(PC12), mouse macrophages (RAW264.7), immortalized mouse brain endothelial cells 

(BEND3), and mouse dendritic cells (DC2.4).  H2009 cells were from the American Type 

Culture Collection (ATCC, Manassas, VA) and provided by Dr. Matesic at Mercer University.  

HEK cells were from the American Type Culture Collection (ATCC, Manassas, VA) and 
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provided by Dr. Moniri at Mercer University.  WBras-1 and WBneo cells, which were derived 

from WB-F344 rat liver epithelial cells, were from the American Type Culture Collection 

(ATCC, Manassas, VA) and provided by Dr. Matesic at Mercer University.  PC12 and 

RAW264.7 cells were from the American Type Culture Collection (ATCC, Manassas, VA) and 

obtained from Dr. Moniri at Mercer University. The DC2.4 cells were from the American Type 

Culture Collection (ATCC, Manassas, VA) and obtained from Dr. D’Souza at Mercer 

University. 

H2009 cells were grown in RPMI-1640 media supplemented with 2.0mM L-glutamine, 

10% fetal bovine serum (FBS).  HEK and RAW264.7 cells were grown in DMEM media 

supplemented with 2.0 mM L- glutamine and 10% FBS.  WBras-1 and WBneo cells were grown 

in DMEM media supplemented with 2.0 mM L-glutamine and 5% FBS.  G418 antibiotic 

(Thermo Fisher Scientific) was added to cell plates of both these cell lines for culture, but not for 

experiments.  The PC12.0cells were cultured in DMEM media with 10% horse serum, 5% FBS 

with 1% Pen/Strep.  The DC2.4 cells were grown in DMEM media supplemented with 2.0 mM 

L- glutamine, 5% FBS and 1% Pen/Strep.  All these cell lines were incubated at 37℃ with 5% 

CO2.  Except for HEK cells, all other cell lines were trypsinized when they were subcultured at a 

confluence of 80-90%.  The HEK cells were triturated to detach from the cell culture dish.  
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Table 4  
Cell lines were used in the project. 

 
HEK:  Human Lung Embryonic Cells 

H2009:  Human Non-Small Lung Cancer Cells 

PC12:  Pheochromocytoma of Rat Adrenal Medulla 

Wbras-1:  WB-F344 Rat Diploid Liver Epithelial Cancer Cells 

RAW246.7:  Mouse Macrophages 

DC2.4:  Mouse Dendritic Cells 

 

 

 

Thawing Cells.  Frozen cells in a cryovial were thawed in a small beaker of ethanol at 

room temperature (RT).  Immediately after the cells were thawed, they were transferred into a 15 

ml sterile conical tube with 10 ml of culture medium added.  The cells were centrifuged at 2000 

rpm for four minutes.  The culture medium was poured off, and 5.0 ml of new medium was 

added in the tube.  The cells were triturated and transferred to a 10 ml cell culture dish.  The 

culture medium was changed after 24 hours to remove dead cells and fragments.  

Freezing Cells.  The cell culture medium was poured off and the cells were washed with 

sterile phosphate-buffered saline (PBS).  We added 2.0 ml of 1x trypsin solution.  As the cells 
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detached, new culture medium was added.  The cells were triturated several times, transferred 

into a 15 ml sterile conical tube and spin at 2000 rpm for four minutes.  The culture medium was 

poured off, and 1 ml of the new culture was added.  The cells were triturated several times, and 

5.0 ml of 10% dimethyl sulfoxide (DMSO) freezing medium was added.  The cells were 

triturated in freezing the medium mixture and transferred to cryovials.  These cryovials were 

immediately placed in a cryogenic freezing container with 100% isopropyl alcohol and stored in 

a -80℃ freezer overnight.  After that, these cryovials were transferred to a liquid nitrogen tank 

for long-term storage.   

Histone Extraction 

Whole Cell Extraction with Acid/Urea Loading Buffer (AULB).  After the drug 

treatment, the cell culture medium was poured off.  The cells were washed with all-purpose 

buffer (APB) that included a mixture of 0.15 M sodium chloride and 10 mM Tris-chloride.  The 

acid/urea loading buffer (AULB) that contained 8.0 M urea, 5.0% v/v acetic acid, 5.0% v/v 𝛽𝛽-

mercaptoethanol, and 0.2 mg/mL crystal violet were added on the cell culture plate.  All cells 

were collected and transferred into a microtube.  The microtube was sonicated in a bath 

sonicator.  The samples in the microtubes were stored at -20℃ before electrophoresis.  At the 

time of electrophoresis, the samples were thawed, briefly sonicated in a bath sonicator and 

centrifuged at 4000 rpm for four minutes.  The electrophoresis samples for two-dimensional 

polyacrylamide gel electrophoresis were the clear supernatant solution.   

Whole Cell Extraction with 0.5% TritonX-100.  After the drug treatment, the cell culture 

medium was poured off.  The cells were washed with APB.  The lysis buffer that included 0.5% 

TritonX-100 (TX-100) in APB was added on the cell culture dish.  The cell culture dish was put 

on ice for an hour.  The solution was transferred into two microtubes and centrifuged at 6000rpm 
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for two minutes.  The supernatant was discarded.  The AULB that contained 8M urea, 5.0% v/v 

acetic acid, 5.0% v/v 𝛽𝛽-mercaptoethanol, and 0.2 mg/ml crystal violet were added into the 

microtubes.  The microtubes were sonicated in a bath sonicator.  The solution in the microtubes 

was transferred into one tube.  The samples in the microtubes were stored at -20℃ before 

electrophoresis.  At the time of electrophoresis, the samples were thawed, briefly sonicated in a 

bath sonicator and centrifuged at 4000 rpm for four minutes.  The electrophoresis samples for 

two-dimensional polyacrylamide gel electrophoresis were the clear supernatant solution. 

Whole Cell Extraction with Protamine Sulfate (PS) and Acid/Urea Loading Buffer 

(AULB).  After the drug treatment, the cell culture medium was poured off.  The cells were 

washed with APB.  The histones in the cells were extracted by a mixture of acid/urea loading 

buffer (AULB) and one mg/ml protamine sulfate (PS).  The isolated-histone samples were 

transferred to a microtube and stored at -20℃ before electrophoresis.  At the time of 

electrophoresis, the samples were thawed, briefly sonicated in a bath sonicator and centrifuged at 

4000 rpm for 4 minutes.  The samples in the microtubes were stored at -20℃ before 

electrophoresis.  At the time of electrophoresis, the samples were thawed, briefly sonicated in a 

bath sonicator and centrifuged at 4000 rpm for four minutes.  The electrophoresis samples for 

two-dimensional polyacrylamide gel electrophoresis were the clear supernatant solution. 

Whole Cell Extraction with Trypsin, Protamine Sulfate (PS), and Acid/Urea Loading 

Buffer (AULB).  First, we trypsinized the cells using the same steps for when we froze and 

subcultured the cells.  After treating the cells, the cell culture medium was poured off and the 

cells were washed with sterile PBS.  Trypsin solution was added to detach the cells.  New culture 

medium was added.  The cells were triturated several times, transferred into a 15-ml sterile 

conical tube and centrifuge at 2000 rpm for four minutes.  The culture medium was discarded.  
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The histones were extracted by either the mixture above—AULB and one mg/ml PS—or 0.5% 

TX-100.  The histone samples were transferred to a microtube and stored at -20℃ before 

electrophoresis.  At the time of electrophoresis, the samples were thawed, briefly sonicated in a 

bath sonicator and centrifuged at 4000 rpm for four minutes.  The samples in the microtubes 

were stored at -20℃ before electrophoresis.  The electrophoresis samples for two-dimensional 

polyacrylamide gel electrophoresis were the clear supernatant solution.   

Acid Extraction Method.  After treating the cells, the cell culture medium was poured off 

and the cells were washed with PBS twice.  A mixture of APB, 0.5% TX-100, and 1.0 mM 

phenylmethane sulfonyl fluoride (PMSF) was added on the cell culture dish.  The dish was put 

on ice for five minutes.  The solution was transferred into two microtubes and centrifuged at 

8000 rpm for ten minutes to pellet cell nuclei.  The supernatant was poured off.  A mixture of 

APB and 0.8 N sulfuric acid (H2SO4) with a ratio of 1:1 was added to suspend the nuclei.  The 

microtubes were left on ice for two hours or in the fridge overnight.   

The microtubes were then centrifuged at 14000 rpm for four minutes.  The supernatant of 

the two microtubes was transferred into one new microtube.  Add ¼ of the final volume 100% 

TCA into the extracted histones and put on ice for at least an hour.   

The microtube was put on ice for 30 minutes and centrifuged at 14000 rpm for five 

minutes.  The supernatant was poured off.  Acetone was added to wash the pellet.  The microtube 

was put on ice for five minutes and centrifuged at 14000 rpm for two minutes.  The supernatant 

was poured off.  The AULB was added into the microtube to dissolve the acetone pellet.  This 

microtube was stored at -20℃ before electrophoresis.  At the time of electrophoresis, the samples 

were thawed, briefly sonicated in a bath sonicator and centrifuged at 4000 rpm for four minutes.   
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Acid Extraction Method with Protamine Sulfate (PS).  The steps were the same as the 

acid extraction method above, except for adding PS to APB and H2SO4.  After treating cell 

cultures with HDAC inhibitors in 100 mm cell plates, the cell culture medium was poured off.  

The histone isolation process was carried out on ice.  One milliliter APB was used to wash off 

the remaining media.  3.0 ml 0.5% TX-100 in APB was added to the plate to lyse the cells.  The 

cell lysate was centrifuged at 6000xg at 4.0℃ for two minutes to pellet the nuclei, and the 

supernatant was discarded.  The nuclear pellet was suspended in 200 𝜇𝜇L 0.5 mg/ml PS in APB.  

After that, 200 𝜇𝜇L 0.8 N H2SO4 was added.  The mixture was left in the fridge overnight with 

frequent mixing.  Following that, the mixture was centrifuged at 10000xg for two minutes at 

4.0℃.   

The supernatant was transferred to a new microtube.  Add ¼ of the final volume 100% 

TCA into the extracted histones and put on ice for at least an hour.  The extracted histones were 

centrifuged at 10000xg for five minutes at 4.0℃.  The supernatant was poured off.  One milliliter 

cold acetone was added in the histone pellet and briefly sonicated.  The extracted histones were 

put on ice for about ten minutes.  The extracted histones were then centrifuged at 10000xg for 

two minutes at 4.0℃.  The supernatant was poured off.  A hundred 𝜇𝜇L AULB was added in and 

fully dissolved the histone pellet.  The histone samples were stored at -20℃ before 

electrophoresis.  At the time of electrophoresis, the samples were thawed, briefly sonicated in a 

bath sonicator and centrifuged at 4000 rpm for four minutes.   

High-resolution Two-dimensional Polyacrylamide Gel Electrophoresis (AUTxAU 2D Gels) 

Reagents and protocol for this AUTxAU 2D gel are described in the article Purification, 

and Analysis of Variant and Modified Histones Using 2D PAGE by Green and Do (Green & Do, 

2008).  The first-dimensional gel (AUT gel) was 1.0mm thick.  This AUT gel was used for both 
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preliminary gel (to check on whether the histones were there) and 2D gel.  In a 100-ml beaker, 

50 mg of ammonium persulfate (APS), 30 ml of 10 M urea, 10 ml of 60%/0.4% 

acrylamide/bisacrylamide, 5.0 ml of water, 2.0 ml of Triton X-100, 2.5 ml of acetic acid, and 0.5 

ml of tetramethylenediamine (TEMED) were added and mixed well together.  This mixture was 

filled the gel stand to about 1.0 cm below the top.  Water was added to fill up to the top.  After 

the gel polymerized, the water overlay was poured off and replaced with separating gel pre-

electrophoresis buffer (10M urea, 5.0% acetic acid, 2 ml TX-100, 0.05% crystal violet, and 

water).  The gel was pre-electrophoresed at 100 V until the dye reaches the bottom of the gel.  

The gel was overlaid with a stacking gel (6.0 M urea, 10 mM potassium acetate, and 0.5% v/v 

acetic acid).  A gel-forming comb was inserted into the stacking gel solution.  The stacking gel 

was polymerized using a strong fluorescent light source.  After the stacking gel was polymerized, 

the gel-forming comb was removed, and the samples were added into the wells with 

cystamine/protamine solution (1.0 mg cystamine and 10 mg protamine in 1.0 ml acetic acid) 

overlaid.  The gel was run at 100 V until the dye reached the bottom.   

The AU gel was made similarly but without the TX-100.  This gel was 1.5 mm thick.  It 

contained 5.0% acetic acid, 8 M urea, and 12% polyacrylamide.  The separating gel buffer 

contained 10 M urea, acetic acid, crystal violet, and water.  The AU gel had the same stacking 

gels as the AUT gel, but it did not need the gel-forming comb. 

After the dye reached the bottom of the AUT gel, the AUT gel was removed and soaked 

briefly in Coomassie blue gel stain (0.05% w/v Coomassie blue R-250, 40% v/v ethanol and 

5.0% v/v acetic acid) until the lanes were visible to cut.  Each of the lanes was cut out and 

transferred to the second-dimension AU gel.  The AU gel apparatus was assembled and run at 

100 V until the dye reaches the bottom of the gel. 
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The gel was then removed and stained in the same Coomassie blue gel stain mentioned 

above.  The gel was first destained in 20% ethanol and 0.5 % acetic acid.  Then, the gel was 

destained in 40% methanol and 1.0% glycerol.  Finally, the gel was dried between two 

cellophane sheets.   

Interpreting the Results 

To quantify the amount of histone protein present in each gel spot resolved by high-

resolution two-dimensional polyacrylamide gel electrophoresis, we used Bio-rad ChemiDoc 

Imaging Systems, which includes a ChemiDoc Imager machine and Image Lab software.  The 

ChemiDoc Imager Machine can capture pictures of the gels.  The Image Lab software has a 

function to quantify the intensity of the gel spots.   

Results 

The Whole Cell Extraction Method with Acid/Urea Loading Buffer (AULB) and Protamine 

Sulfate (PS) Produced an Unclear Two-dimensional High-resolution Gels (2D Gels) When 

Loaded 60 𝜇𝜇L of Sample and Produced a Clear Gel Image When Loaded 100 𝜇𝜇L of Sample 

The whole cell extraction with Acid/Urea Loading Buffer (AULB) and protamine sulfate 

(PS) method produced a good gel picture when we loaded 100 𝜇𝜇L.  However, with this method, 

we could not extract histone variants.  In this method, we used all-purpose-buffer (APB), which 

includes 0.15 M sodium chloride and ten mM Tris-chloride, to wash off the remaining media.  

Then, we mixed AULB, which contains 8 M Urea, 5.0% v/v acetic acid, 5.0% v/v 𝛽𝛽-

mercaptoethanol, and 0.2 mg/ml crystal violet, with one mg/ml protamine sulfate (PS).  The PS 

helps with histone extraction.  In short, this method requires a high volume of the sample but can 

only extract the core histones (Figure 1).   
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Figure 1.  The whole cell extraction method with Acid/Urea Loading Buffer and protamine 
sulfate required a high loading volume of sample to produce a good image of the 2D gels.  
Figure 1A shows the AUT gel of this method.  We could not see the spots of the core histones.  
Figure 1B shows the AU gel with 60 𝜇𝜇L of loading volume, while Figure 1C shows the AU gel 
with 100 𝜇𝜇L of loading volume.  We could see the spots of the core histones clearly. However, 
this volume is too high to use.  
 

 

 

The Whole Cell Extraction with 0.5% Tritonx-100 Method Produced a Blurry Two-dimensional 

High-resolution Gels (2D Gels) Image 

Even loading 100 𝜇𝜇L of sample, the whole cell extraction with 0.5% Triton X-100 method 

still produced a blurry gel image (Figure 2).  In this method, we used APB to wash off the 

remaining media.  After that, we used Triton X-100 and APB to lyse the cells and use AULB to 

dissolve the histones.  This method poorly extracted histones from the cells. 
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Figure 2.  The whole cell extraction with 0.5%TritonX-100 method produced a blurry image 
when loading 100 𝜇𝜇L of sample.  Figure 2A shows the AUT gel of this method, while Figure 2B 
shows the AU gel with 100 𝜇𝜇L of loading volume.  Even with high loading volume, the spots of 
histones were blurry.  
 

 

 

Both the Whole Cell Extraction Method with Acid/Urea Loading Buffer (AULB) and rhe 

Original Nuclear Extraction Method Produced an Unclear 2D Gel Images 

The whole cell extraction method with Acid/Urea Loading Buffer (AULB) produced an 

unclear image (Figure 3A-3D).  In this method, we used APB to wash off the remaining media.  

We used AULB to collect the cells and extract histones. 

The original acid extraction method also could not extract histones effectively (Figure 3E 

and Figure 3F).  In this method, we used the mixture of APB, Triton X-100, and phenylmethane 

sulfonyl fluoride (PMSF) to harvest nuclei.  We then used APB and acid sulfuric (H2SO4) to 

extract histones.  We used trichloroacetic acid (TCA) to help to precipitate histones further.  We 

used acetone to purify histones and AULB to dissolve histones for the 2D gels.  The original acid 

extraction method is a commercial method to extract histones.  We found that this method did 

not extract histones in some cell lines effectively. 
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Figure 3.  The whole cell extraction method with Acid/Urea Loading Buffer (AULB) and the 
original nuclear extraction method produced unclear 2D gel images.  Figure 3A shows the whole 
cell extraction method with 25 𝜇𝜇L of loading volume.  Figure 3B shows the whole cell extraction 
with method 20 𝜇𝜇L of loading volume.  Figure 3C shows the whole cell extraction method with 
ten 𝜇𝜇L of loading volume.  Figure 3D shows the whole cell extraction method with 5.0 𝜇𝜇L of 
loading volume.  Figure 3E shows nuclear extraction with 10 𝜇𝜇L of loading volume.  Figure 3F 
shows the nuclear extraction method with 5.0 𝜇𝜇L of loading volume.   
 

 

 

The Whole Cell Extraction Method with Trypsin, Protamine Sulfate (PS), and Acid/Urea 

Loading Buffer (AULB) Could Extract a Large Amount of Histones, but Produced Inconsistent 

Results as Sometimes Lacking Histone H1  

The whole cell extraction method with trypsin, protamine sulfate (PS), and Acid/Urea 

Loading Buffer (AULB) produced inconsistent results.  In this method, we used trypsin to detach 
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the cells from the plate effectively.  We used a mixture of AULB and PS to extract and dissolve 

histones.  This method could extract a large amount of histones, but it produced an inconsistent 

result due to impurified histones.   

 

 

 

 

Figure 4.  The whole cell extraction method - with trypsin, protamine sulfate (PS), and 
Acid/Urea Loading Buffer (AULB) - could extract a large amount of histones, but produced 
inconsistent results as sometimes lacking histone H1.  Figure 4A shows the AUT gel of this 
method that showed histone H1.  Figure 4B shows the AU gel of this method showed histone 
H1.  Figure 4C shows the AUT gel of this method that did not show histone H1.  Figure 4D 
shows the AUT gel of this method that did not show histone H1. 
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The Nuclear Extraction Method with Protamine Sulfate (PS) Extracted a Good Amount of 

Histones and Produced a Clear 2D Image with All of the Canonical and Variant Histones  

The nuclear extraction method with protamine sulfate (PS) extracted a good amount of both 

canonical and variant histones and produced a clear gel image.  This method is same as the 

original acid extraction method, but we added PS to help to extract histones.  In this method, we 

used APB to wash the media.  We did not use trypsin to detach the cells because trypsin can 

interfere with the result.  We lysed the cells with Triton X-100 and APB.  We then add a mixture 

of APB, H2SO4, and PS to extract histones.  We used TCA to precipitate histones further and 

used acetone to wash histones.  We used AULB to dissolve histones.  We can use this method to 

extract a variety of cell lines. 

 

 

 

 

Figure 5.  The nuclear extraction method with protamine sulfate extracted a good amount of 

histones and produced a clear gel image with all of the canonical and variant histones.  Figure 5A 

shows the AUT gel of this method, while Figure 5B shows the AU gel of this method. 
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The Nuclear Extraction Method with Protamine Sulfate (PS) Could Extract Histones for Six 

Different Cell Lines from Different Species and Different Types 

We modified the commercial acid extraction method as we added protamine sulfate (PS).  

This modification helps us to extract a large amount of both canonical and variant histones.  We 

can use this method in different types of cells (Figure 6).  We could produce a consistent result 

for all cell lines and drug treatments.   

 

 

  

 

Figure 6.  The nuclear extraction method with protamine sulfate (PS) extracted both canonical 
and variant histones from six different cell lines that belong to different species and different cell 
types.   
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Combining the Modified Nuclear Extraction Method with The High-Resolution Two-

Dimensional Electrophoresis Gel Is a Powerful Tool for Us to Study the State of Chromatin 

Structure and the Efficacy of Drug Treatment 

The modified acid extraction method produced a clear gel image.  In Figure 7, we can see the 

changing in global histone acetylation after drug treatment.  As we can survey the changing in 

global histone acetylation, we can draw the pattern of histone acetylation and detect the state of 

chromatin structure.   

 

 

 

 
  

Figure 7.  High-resolution two-dimensional polyacrylamide gel electrophoresis (AUTxAU) 
shows global changes in histone acetylation without using antibodies.  Human lung cancer cells 
(H2009) were treated with 25 mM Sodium Butyrate for four hours.  Histones were isolated and 
resolved by AUTxAU gels.  Figure 7A shows the control group with water treated cell culture.  
Figure 7B shows sodium butyrate treated cell culture.  Additional diagonal spots above the 
parent spots shown in the control group represent an increase in acetylation of each histone 
caused by inhibition of HDAC enzymes that target that histone class.  The intensity and numbers 
of the spot of each core histone show the level of acetylation.  For an instant, in the control 
group, histone H4 has two spots, and the lower spot is more intense than the upper spot.  It 

A B 
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indicates that the lower spot is about 80% of acetylation, while the upper spot is about 20% of 
acetylation.  In the sodium butyrate treatment group, histone H4 has four spots, and their 
intensity is the same.  After the treatment with sodium butyrate, each of the spots in histone H4 
has 25% of acetylation.  The acetylation has shifted from 80% to 25%, which represents an 
increase in acetylation of H4. 
 

 

 

 

Discussion 

The high-resolution two-dimensional polyacrylamide gel electrophoresis can analyze 

global changes in histones acetylation.  Currently, immunoblotting has been widely used to study 

histone modification; however, this technique can only reveal the changes in histone acetylation 

at one lysyl residue in one core histone at a time.  In contrast, high-resolution two-dimensional 

gel electrophoresis (AUTxAU) reveals the global changes in histone modification, as shown in 

Figure 3.  Thus, this method reveals changes in histone acetylation for all histone variants at once 

without the use of antibodies.  In this 2D gel electrophoresis system, the first-dimensional gel 

(AUT) gel separates proteins by their charge/mass ratio, with all proteins bearing maximal 

positive charges at the acidic pH of 4.0 employed in the gel system.  Triton X-100 in AUT gel is 

a non-ionic detergent that differentially binds to histones of different classes and histone variants 

within a histone class, reducing their mobility in the AUT gel dimension.  Based on the degree of 

detergent binding, histone H2A binds the most to Triton X-100, which causes it to migrate 

slowest in AUT dimension.  The first dimensional (AUT) gel is then electrophoresed in the 

second dimensional (AU) gel.  The AU gel separate histones again by charge/mass ratio.  
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Smaller, more positively charged proteins migrate more quickly, as typified by histone H4.  

Larger less positively charged proteins migrate more slowly, for example, H1 histones 

Our AUTxAU gel system provides a qualitative and quantitative assessment of global 

histone acetylation state based on the intensity and number of spots for each major histone 

without the need to use antibodies.  When comparing histones from sodium butyrate-treated 

H2009 cells (Figure 7B) with histones from controls (Figure 7A), we can see increased 

acetylation in order of histone H4, H3, H2A, and H2B.  For histone H4, there are two spots in the 

control group, while there are four spots in the treatment group. 

Additionally, the intensity of the lower spot is much higher than the upper spot in the 

control group, while the intensity of the four spots is equal in the treatment group.  It indicates 

that the acetylation of histone H4 has shifted from 80% to 25% from the control group to the 

treatment group.  For histone H3 variants (H3.1,2,3), there is one spot in the control group, while 

there are also four equally spots.  It indicates that the acetylation of histone H3 has shifted from 

100% to 25% from the control group to the treatment group.  For histone H2A, there are two 

spots in the control group and the treatment group.  The lower spot in the control group is about 

90%, while the upper spot is about 10%. 

On the other hand, the two spots in the treatment group are equal.  It indicates that the 

acetylation of histone H2A has shifted from 90% to 50% from the control group to the treatment 

group.  Finally, for histone H2B, there is one spot in the control group, while there are several 

small spots in the treatment group.  Histone H2B decreases acetylation from 100% in the control 

group to about 80% in the treatment group.  In short, AUTxAU gel system can provide a 

qualitative and quantitative assessment of global histone acetylation without using antibodies.   
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This powerful tool may give us the chance to unlock the mechanism and function of 

differential modification of variant histone subtypes.  With this knowledge, we not only can 

study in-depth about the chromatin structure but also can apply to study the clinical efficacy of 

histone deacetylase drugs such as cancer, central nervous system diseases, diabetes, and anti-

aging.  Paired with the AUTxAU 2D gels, we used a commercial acid extraction method with a 

few modifications to isolate histone from various sources such as cell cultures and animal 

models.  These methods are productive tools to study histone modifications in a variety of 

systems.  This information will ultimately be used to create an in vivo marker for the clinical 

efficacy of these drugs for the treatment of central nervous system diseases, cancers, diabetes, 

and aging.  
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CHAPTER 4 

VORINOSTAT, SODIUM BUTYRATE, AND TRICHOSTATIN A INDUCE DIFFERENT 

EPIGENETIC PATTERNING IN DIFFERENT CELL LINES 

Abstract 

Vorinostat (SAHA), sodium butyrate (NaBu), and trichostatin A (TSA) are pan-inhibitors 

that nonspecifically target histone deacetylases to increase acetylation of histone H3 and H4.  

They also have a wide range of effects on cellular proteins as they affect different proteins to 

cause apoptosis in different cell types.  Thus, we hypothesize that NaBu, SAHA, and TSA have a 

differential effect on the core histones in a drug- and cell-dependent manner.  To test this 

hypothesis, we treated six different transformed mammalian cell lines - human embryonic kidney 

(HEK), human lung cancer (H2009), pheochromocytoma of rat adrenal medulla (PC12), rat liver 

epithelial cancer cells (WBras-1), mouse macrophages (RAW 264.7), and mouse dendritic 

(DC2.4)–from three species (mouse, rat and human) and from different tissues (kidney, lung, 

liver, adrenal medulla and leukemia) with NaBu, SAHA, and TSA.  We isolated histones by the 

acid-extraction method and dissolved histones in the high-resolution two-dimensional 

polyacrylamide gels (AUTxAU 2D gels).  We found that NaBu, SAHA, and TSA caused an 

increase in acetylation of core histones differently in a different cell line, which indicates that 

they cause differential epigenetic patterning in different cell type.  This result is valuable 

information for investigating epigenetic patterning for developing a better diagnostic and 

treatment of cancer or other diseases.
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Introduction 

Histones are highly conserved basic proteins that organize and pack DNA into chromatin 

and alter the access of transcription factors to DNA; thus, they alter gene expression as they open 

or condense chromatin structure(Baxevanis & Landsman, 1996; Wolffe, 1998).  There are four 

classes of core histones – H4, H3, H2B and H2A – which can undergo several modifications 

such as methylation, acetylation and phosphorylation that influence chromatin structure and gene 

activity (Holde, 1989; Wolffe, 1998).  Histone acetylation is regulated by relative activities of 

histone acetyltransferases (HATs) and histone deacetylases (HDACs) (Davie, 1996; Wolffe, 

1998).  HDACs remove the acetyl group at distinct lysyl residues, which restore positive charge 

on lysines, causing chromatin condensation, making DNA inaccessible and repressing gene 

expression, and vice versa for HATs (Davie, 1996; Deal & Henikoff, 2010; Wolffe, 1998).  

HDACs are a family of enzymes, contain eighteen HDACs isoforms that are divided into four 

classes.  Based on the specific molecular substrates, each HDAC has a distinct role (Dokmanovic 

et al., 2007; Ganslmayer et al., 2012; West et al., 2014).  In addition to target histones, HDACs 

target non-histone proteins.  Moreover, one HDAC can affect the activity of other HDACs.  

Thus, inhibitors of HDACs can have broad effects (Falkenberg & Johnstone, 2014).   

Sodium butyrate (NaBu) and vorinostat (SAHA) are two HDAC inhibitor drugs that have 

been approved by FDA for treating colitis and cutaneous T cell lymphoma, respectively  

(Mottamal et al., 2015; Richon, 2006; Wagner et al., 2010; West et al., 2014).  Sodium butyrate, 

a byproduct of anaerobic microbial fermentation in the gastrointestinal tract, belongs to short-

chain fatty acids HDAC inhibitor class and inhibits class I and IIa HDACs (Davie, 2003; 

Ververis, Hiong, Karagiannis, & Licciardi, 2013), while SAHA belongs to hydroxamate HDAC 

inhibitor class and inhibits class I, IIa and IIb HDACs (Mottamal et al., 2015; Richon, 2006; 
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Ververis et al., 2013; Wagner et al., 2010; West et al., 2014).  Besides targeting HDACs, NaBu 

and SAHA also affect a wide range of different cellular proteins (Bailon et al., 2010; Bellarosa et 

al., 2012; Bergada, Yeramian, Sorolla, Matias-guiu, & Dolcet, 2014; Davie, 2003; Emanuele et 

al., 2007; Sampson, Amin, Schwarz, Keefe, & Rosier, 2011; Wang et al., 2016).  Both NaBu and 

SAHA have shown increasing acetylation of histone H3 and H4 (Bellarosa et al., 2012; Kim et 

al., 2007; Kumagai et al., 2007; Reeves & Cserjesi, 1979; Richon et al., 1998; Wawra, Pockl, 

Mullner, & Wintersberger, 1981), but how they affect four core histones at once in different cell 

types is still left unclear.  Trichostatin A (TSA), which was the first natural hydroxamate 

compounds found to inhibit HDAC class I and II, has been used as an antifungal drug (Mottamal 

et al., 2015; W. S. Xu, Parmigiani, & Marks, 2007). 

In this project, we used six different transformed mammalian cell lines – human 

embryonic kidney (HEK), human lung cancer (H2009), pheochromocytoma of rat adrenal 

medulla (PC12), rat liver epithelial cancer cells (WBras-1), mouse macrophages (RAW 264.7), 

and mouse dendritic (DC2.4)–from three species (mouse, rat and human) and from different 

tissues (kidney, lung, liver, adrenal medulla and leukemia ) - which representing potential in vivo 

targets of different therapeutic treatments.  We treated these cells with NaBu, SAHA, and TSA at 

three different doses for four hours, eight hours, and 24 hours and isolated the histones by using 

the modified acid extraction method.  The isolated histones were resolved in the high-resolution 

two-dimensional polyacrylamide gels (AUTxAU 2D gels) to show the global changes in histone 

acetylation without using antibodies.  As we compare the histone acetylation pattern between 

different cell lines, we can learn about the epigenetic patterning in chromatin structure for 

different drugs and different cell types, which can help us to have a specific target and avoid the 

nonspecific effects of HDAC inhibitor therapies and provide a resource for further investigations 
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of epigenetic and chromatin structure.  We hypothesize that NaBu, SAHA, and TSA have 

differential effects on the core histones in a drug- and cell-dependent manner.   

Materials and Methods 

Histone Isolation  

 The cells were treated with histone deacetylase either vorinostat (SAHA) or sodium 

butyrate (NaBu) and lysed with 0.5% Triton X-100 (TX-100) in buffer (0.15 M sodium chloride, 

10 mM Tris-Cl, pH 8.0).  The cells were centrifuged at 6000xg at 4.0℃ for two minutes to 

collect the nuclei.  The nuclei were put in 0.5 mg/ml protamine sulfate (PS) and 0.8 N sulfuric 

acid (H2SO4) to extract histones and precipitated in 20% trichloroacetic acid.  The histones were 

centrifuged, washed with ice cold acetone and dissolved in acid/urea loading buffer and stored at 

20℃ prior to electrophoresis. 

High-resolution Two-dimensional Polyacrylamide Gel Electrophoresis (AUTxAU 2D Gels) 

The detail of AUTxAU 2D gel is in the article by Green and Do (Green & Do, 2008).  

The first-dimension gel (AUT gel) - 12% polyacrylamide, 5.0% acetic acid, 6.0 mM Triton X-

100 and 5.0 M urea – was used as preliminary data and transferred to the second dimensional gel 

(AU gel) - 5.0% acetic acid, 8.0 M urea and 12% polyacrylamide.  The gels were stained in 

Coomassie blue gel stain (0.05% w/v Coomassie blue R-250, 40% v/v ethanol and 5.0% v/v 

acetic acid) and destained in 20% ethanol and 0.5 % acetic acid.  Then, the gels were destained 

in 40% methanol and 1.0% glycerol and dried between two cellophane sheets (Green & Do, 

2008).   

Interpreting the Results.  We used Bio-rad ChemiDoc Imaging Systems, which includes a 

ChemiDoc Imager machine and Image Lab software, to take picture of the gels (Figure 1) and 

quantify the intensity of each spot of the core histones.  We also used the Image Lab software to 
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quantify the intensity and area of each spot of the core histones.  To indicate an increase in 

acetylation of one core histone, we compare the number of spot and the intensity of that core 

histone between the treatment group and the control group.  For example, we compare the 

acetylation state of the four core histones – H4, H3.1, H2A and H2B – between NaBu treatment 

groups of the HEK cells (Figure 8B) and the control (CT) group of this cell line (Figure 8A), 

NaBu increased acetylation of all core histones.  The histone H4 in the CT group (Figure 8A) has 

three spots with the intensity ratio of 45:45:10, while the histone H4 in the HEK cells (Figure 

8B) has five spots with the intensity ratio of 13.5:27:27:27:5.5, which indicates that NaBu 

increased acetylation of histone H4 in the HEK cells.  The histone H3.1 in the CT group (Figure 

8A) has three identical spots (intensity ratio is 33.33:33.33:33.33), while the histone H3.1 in the 

treatment group (Figure 1B) has three spots with the ratio intensity of 10:10:80, which indicates 

that NaBu also increased acetylation of histone H3.1.  The histone H2A in the CT group (Figure 

8A) has two spots with the intensity ratio of 80:20, the histone H2A in the treatment group 

(Figure 8B) has two spots with the intensity ratio of 50:50, which indicates that NaBu increased 

acetylation of histone H2A.  The histone H2B in the CT group (Figure 8A) has one spot, the 

histone H2B in the treatment group (Figure 8B) has two sports with the intensity ratio of 90:10, 

which indicates that NaBu increased acetylation of histone H2B.  In short, NaBu increased 

acetylation of all core histones in HEK cells.   

Cell Lines 

As HDAC inhibitors have a wide range of clinical applications, we used five different 

cell lines representing potential in vivo targets of different therapeutic treatments, including 

human lung cancer cells (H2009), human embryonic kidney cells (HEK), rat liver epithelial cells 

(WBras-1), pheochromocytoma of rat adrenal medulla (PC12) and macrophages (RAW 264.7).  
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H2009 cells was from the American Type Culture Collection (ATCC, Manassas, VA) and 

provided by Dr. Matesic at Mercer University.  HEK cells was from the ATCC and provided by 

Dr. Moniri at Mercer University.  WBras-1 cells, which are derived from WB-F344 rat liver 

epithelial cells, was from ATCC and provided by Dr. Matesic at Mercer University.  PC12 and 

RAW 264.7 cells were from ATCC and obtained from Dr. Moniri at Mercer University.  The 

DC2.4 cells were from the American Type Culture Collection (ATCC, Manassas, VA) and 

obtained from Dr. D’Souza at Mercer University. 

H2009 cells were grown in RPMI-1640 media supplemented with 2.0 mM L-glutamine, 

10% fetal bovine serum (FBS).  HEK and RAW 264.7 cells were grown in DMEM media 

supplemented with 2.0 mM L- glutamine and 10% FBS.  WBras-1 cells will be grown in DMEM 

media supplemented with 2.0 mM L-glutamine and 5.0% FBS.  G418 antibiotic (Thermo Fisher 

Scientific) was added to cell plates of both these cell lines for culturing but not for experiments.  

The PC12 cells were cultured in DMEM media with 10% horse serum, 5.0% FBS with 1% 

Pen/Strep.  The DC2.4 cells were grown in DMEM media supplemented with 2.0 mM L- 

glutamine, 5.0% FBS and 1% Pen/Strep.  All these cell lines were incubated at 37℃ with 5.0% 

CO2.  For all these cell lines, trypsinization was used for subculturing after cell confluent reaches 

80-90%.   
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Table 5  
Descriptive characteristic of five cell lines from three species. 

 
HEK:  Human Lung Embryonic Cells 

H2009:  Human Non-Small Lung Cancer Cells 

PC12:  Pheochromocytoma of Rat Adrenal Medulla 

Wbras-1:  WB-F344 Rat Diploid Liver Epithelial Cancer Cells 

RAW246.7:  Mouse Macrophages 

DC2.4:  Mouse Dendritic Cells 

 

 

 

Drug Treatments  

The five cell lines were treated with SAHA, NaBu and TSA at three different doses for 

four hours and 24 hours.   

Sodium butyrate (NaBu) was purchased from Sigma-Aldrich.  Vorinostat (SAHA) and 

trichostatin A (TSA) were obtained from Sigma-Aldrich and provided by Dr. Matesic at Mercer 

University.  
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Table 6  
Doses and vehicles of Vorinostat (SAHA) and sodium butyrate (NaBu).  The doses were chosen 
based on the affective doses determined in preliminary experiments.  The vehicles were the 
solvents used to dissolve the HDAC inhibitor drugs.  

 

 

 

Results 

Based on the intensity and number of spots in Figures 8 to Figure 25 and the summary of 

acetylation state of the core histones in Table 7, sodium butyrate (NaBu), vorinostat (SAHA), 

and trichostatin A (TSA) differentially targeted histone subtypes in cell- and drug-dependent 

manner.  

In Human Embryonic Kidney (HEK) Cells, Sodium Butyrate (Nabu) and Vorinostat (SAHA) 

Increased Acetylation of all Core Histones, While Trichostatin A (TSA) Slightly Increased only 

Histone H4 at High Concentration 

The human embryonic kidney (HEK) cells were treated with sodium butyrate (NaBu), 

vorinostat (SAHA), and trichostatin A (TSA) at three different doses for four hours, eight hours, 

and 24 hours.  Figure 8A shows the control treatment.  The control groups were treated with 

media, 25 mM water, 5.0 𝜇𝜇M DMSO, and 500 nM DMSO.  These vehicles (water, DMSO, and 
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DMSO) increased the same set of core histones – H3, H4, and H2A.  In Figure 8A, histone H2B 

has one spot, which means this histone was not acetylated.  Histones H3 and H4 have two spots, 

while histone H2A has two spots.  Two or more spots indicate that these histones are in acetylate 

state.  As the number of spots and the intensity ratio between these spots are same among the 

different control groups, we used the result of the control group that was treated with 25mM 

water.  The data suggests that at a normal state, the HEK cells have already increased acetylation 

of histone H3, H4, and H2A, which indicates that HEK cells were in active transcription stage.   

When we treated HEK cells with NaBu at different doses (3.0 mM, 12.5 mM, and 25 

mM) for different intervals (four hours, eight hours, and 24 hours), we found that NaBu 

increased acetylation of all core histones – H2A, H2B, H3, and H4.  The results for treatment at 

same doses of NaBu in different time intervals were similar, so we only show the result for 

treatment of NaBu at 3.0 mM for four hours.  In Figure 8B, at 3.0 mM for four hours, NaBu 

increased acetylation of all core histones in HEK cells.  NaBu also increased acetylation of all 

core histones in HEK cells at 3.0 mM for eight and 24 hours.  In Figure 8C, when we treated 

HEK cells with SAHA at 0.8 𝜇𝜇M for four hours, we found SAHA increased acetylation of all 

core histones.  SAHA also increased acetylation of all core histones in HEK cells at 0.8 𝜇𝜇M for 

eight and 24 hours.  In Figure 8D, when we treated HEK cells with TSA at 20 nM for four hours, 

we found that TSA did not affect any core histones.  When we treated HEK cells with TSA at 20 

nM for eight and 24 hours, we did not see any effect on histone acetylation.   

 

 



  

 

52 

 

 
Figure 8.  After treating the human embryonic kidney (HEK) cells with low dose for four hours, 
sodium butyrate (NaBu) and vorinostat (SAHA) increased acetylation of all core histones; while 
trichostatin A (TSA) did not affect acetylation of any core histones.  The intensity and the 
number of spots of each histone subtype indicate the level of acetylation.  For treatment groups, 
additional diagonal spots above the parent spots shown in the control group indicate an 
increasing in acetylation.  On the other hand, the less intensity of the parent spot the more 
acetylation of that histone variant.  In this part of the project, we only focus on the canonical 
histones – H4, H3.1, H2A and H2B.  When we compare Figures 8B to Figure 8A, histone H2A 
in Figure 8A has two spots (“a” and “b”) with the intensity ratio between these two spots about 
80:20, while histone H2A in Figures 8B has three spots (“a”, “b”, and “c”) with the intensity 
ratio between these three spots about 48:48:4. This result indicates that after treating HEK cells 
with NaBu at 3mM, NaBu increased acetylation of histone H2A. Histone H3 in Figure 8A has 
three spots with the intensity ratio between these spots about 33.33:33.33:33.33, while histone 
H3 in Figure 8B also had three spots but the intensity ratio between these spots about 20:30:50. 
This result indicates that after treating HEK cells with NaBu at 3mM, NaBu increased 
acetylation of histone H3.  In Figure 8A, histone H2B has one spot (“a”), and histone H4  has 
three spots (“a”, “b”, and “c”).  In Figure 8B, histone H2B has three spots (“a”, “b”, and “c”), 
and histone H4 has five spots (“a”- “e”).  The increasing in number of spot of histones H2B and 
H4 after treating with NaBu indicates that NaBu increased acetylation of histones H2B and H4.  
As a result, NaBu increased acetylation of all core histones in HEK cells.  The number of spots 
and the intensity ratio between the spots of each core histone (H2A, H2B, H3, and H4) in Figure 
8B are same as in Figure 8C, which indicates that SAHA also increased acetylation of all core 
histones.  In Figure 8D, after treating HEK cells with TSA at 20 nM, the number of spots and the 
intensity ratio between spots of histones H2A, H2B, H3, and H4 are same as the number of spots 
and the intensity ratio between spots of histones H2A, H2B, H3 and H4 in the control group 
(Figure 8A).  In short, TSA at 20 nM did not affect the core histones of HEK cells.   
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When we treated HEK cells with 12.5 mM, the results remained the same for different 

treatment intervals – four hours, eight hours, and 24 hours.  At this concentration, NaBu and 

SAHA targeted the same core histones, while TSA did not increase acetylation of any core 

histone (Figure 9).   

 

 

  

 
Figure 9.  After treating the human embryonic kidney (HEK) cells with IC50 dose for eight 
hours, sodium butyrate (NaBu) and vorinostat (SAHA) targeted the same core histones as low 
concentration, while Trichostatin A (TSA) did not affect acetylation of any core histone. The 
number of spots and the intensity ratio between these spots of each core histone after treating 
with NaBu, SAHA, and TSA at IC50 (Figure 9B, 9C, and 9D) are same as the number of spots 
and the intensity ratio between these spots of each core histone after treating with NaBu, SAHA, 
and TSA at low dose (Figure 8B, 8C, and 8D). This result indicates that at IC50, NaBu and 
SAHA increased acetylation of all core histones, while TSA did not increase actylation of any 
core histone.  

 

 

 

Figure 10 indicates that when treating HEK cells with NaBu and SAHA at high 

concentration, they targeted the same histone acetylation.  However, TSA at high concentration 

increased acetylation of histone H4.  We could see that all core histone involved in the histone 
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modification, and each HDAC inhibitor drug may have a distinct histone acetylation pattern.  

Moreover, the change in histone acetylation is concentration-dependent manner. 

 

 

 

 
Figure 10.  After treating the human embryonic kidney (HEK) cells with high dose for 24 hours, 
sodium butyrate (NaBu) and vorinostat (SAHA) targeted all core histones with same intensity, 
while trichostatin A (TSA) increased acetylation of histone H4.  The number of spots and the 
intensity ratio between these spots of each core histone after treating with NaBu and SAHA at 
high dose (Figure 10B, 10C, and 10D) are same as the number of spots and the intensity ratio 
between these spots of each core histone after treating with NaBu and SAHA at low dose and 
IC50 (Figure 8B, 8C, 8D, 9B, 9C, and 9D).  This result indicates that NaBu and SAHA increased 
acetylation of all core histones at different doses.  In contrast, TSA increased acetylation of 
histone H4 at high concentration (Figure 10D). In Figure 10D, after treating HEK cells with 
TSA at 500nM, histone H4 has four spots (“a” – “d”) with the intensity ratio between these spots 
about 26:26:24:24.  In Figure 10A, histone H4 of the control group of HEK cells also has four 
spots but the intensity ratio between these spots about 45:45:5:5.  This result indicates that after 
treating HEK cells with TSA at 500 nM, the intensity ratio between the spots of histone H4 had 
changed.  Thus, TSA only caused increased in acetylation of histone H4 at high dose, which 
indicates that histone deacetylation inhibitor drugs may affect histone acetylation in 
concentration-dependent manner.  
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In Human Lung Cancer (H2009) Cells, Sodium Butyrate (Nabu), Vorinostat (SAHA), and 

Trichotatin A (TSA) Increased Acetylation of Histones H3, H4, and H2A 

We treated the Human Lung Cancer (H2009) cells with sodium butyrate (NaBu), 

Vorinostat (SAHA), and Trichostatin A (TSA) at three different concentration for four, eight, 

and 24 hours.  We found that at normal stage (Figure 11A, 12A, and 13A), the histone H2A in 

H2009 cells has already at hyperacetylation state.  Histone H2A has two spots (“a” and “b”), 

while histones H2B, H3, and H4 have one spot.   

When we treated H2009 cells with NaBu, SAHA, and TSA at low concentration (3.0 

mM, 0.8 𝜇𝜇M. and 20 nM, respectively), we found that NaBu, SAHA, and TSA increased 

acetylation of histones H3, H4, and H2A (Figure 11B, 11C, and 11D).   

 

 

  

 
Figure 11.  After treating the human lung cancer (H2009) cells at low dose for four hours, 
sodium butyrate (NaBu), vorinostat (SAHA), and trichotatin A (TSA) increased acetylation of 
histones H3, H4, and H2A.  After treating H2009 cells with these drugs, histone H2B still had 
one spot, which indicates that these drugs did not affect histone H2B (Figure 11B, 11C and 
11D).  After treating H2009 cells with these drugs, histone H2A had two spots with the intensity 
between these two spots about 50:50, while in the control group, histone H2A had two spots but 
the intensity between these two spots about 80:20 (Figure 11A – 11D).  The shift of intensity 
from the lower spot to the upper spot indicates that these drugs increased acetylation of histone 
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H2A.  The number of spots of histone H3 in the treatment groups is higher than the number of 
spots of histone H3 in the control group.  NaBu and SAHA treatment groups had three spots for 
histone H3 (Figure 11B and 11C), while TSA treatment group had two spots for histone H3 
(Figure 11D).  The increase in number of spots in histone H3 of the treatment group from 
number of spots in histone H3 of the control group indicates that NaBu, SAHA, and TSA 
increased acetylation of histone H3.  The number of spots of histone H4 in the treatment groups 
is also higher than the number of spots of histone H4 in the control group.  NaBu and SAHA 
treatment groups had five spots for histone H4 (Figure 11B and 11C), while TSA treatment 
group had two spots for histone H4 (Figure 11D).  The increase in number of spots in histone H4 
of the treatment group from number of spots in histone H4 of the control group indicates that 
NaBu, SAHA, and TSA increased acetylation of histone H4.  In short, NaBu, SAHA, and TSA 
increased acetylation of histones H2A, H3, and H4 at low dose for four, eight, and 24 hours 
treatments.  
  
 

 

 

 

When we treated H2009 with NaBu, SAHA, and TSA at IC50 concentration, we found the 

same result as we treated at low concentration (Figure 12).   

 

 

 
Figure 12.  After treating the human lung cancer (H2009) cells at IC50 dose for eight hours, 
sodium butyrate (NaBu), vorinostat (SAHA), and trichotatin A (TSA) increased acetylation of 
histones H3, H4, and H2A.  After treating H2009 cells with NaBu, SAHA, and TSA at IC50, the 
number of spots and the intensity of these spots for each core histone (Figures 12B, 12C, and 
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12D) are same as the number of spots and the intensity of these spots for each core histone after 
treating with these drugs at low dose (Figures 11B, 11C, and 11D).  
 

 

 

When we repeated the experiments with high concentration, we also found the same 

result (Figure 13).  These results also indicate that longer interval does not affect the pattern of 

histone acetylation.  Moreover, there may be different patterns between different cell lines.  We 

saw that these drugs increased acetylation of different set of histones in different cell lines.   

 

 

 

 
Figure 13.  After treating the human lung cancer (H2009) cells at high dose for 24 hours, sodium 
butyrate (NaBu), vorinostat (SAHA), and trichotatin A (TSA) increased acetylation of histones 
H3, H4, and H2A.  After treating H2009 cells with NaBu, SAHA, and TSA at IC50, the number 
of spots and the intensity of these spots for each core histone (Figures 13B, 13C, and 13D) are 
same as the number of spots and the intensity of these spots for each core histone after treating 
with these drugs at low dose and IC50 (Figures 11B, 11C, 11D, 12B, 12C, and 12D). 
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In Rat Adrenal Medulla (PC12) Cells, Sodium Butyrate (NaBu) Increased Acetylation of H3, 

H4, and H2B; while Vorinostat (SAHA) And Trichostatin A (TSA) Increased Acetylation of H3 

and H4 

Histones H2A and H3 in the PC12 cells have already in hyperacetylation state (Figure 

14A, 15A, and 16A).  Histone H2B had one spot, which indicates that histone was not acetylated.  

Histone H2A had two spots (“a” and “b”), histone H3 had three spots (“a”, “b”, and “c”), and 

histone H4 had four spots (“a”, “b”, “c”, and “d”).  A histone has two or more spots means that 

the histone is in acetylated state.  Thus, histones H2A, H3, and H4 have already in 

hyperacetylation state.  

When we treated the PC12 cells with NaBu at low concentration (3mM), NaBu increased 

acetylation of histones H3, H4, and H2B but decreased acetylation of histone H2A (Figure 14B).  

On the other hand, at low concentration (0.8 𝜇𝜇M and 20 nM, respectively), SAHA and TSA 

increased acetylation of histones H3 and H4 (Figure 14C and 14D).  We saw the same results for 

four, eight, and 24 hours. 
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Figure 14.  After treating the rat adrenal medulla (PC12) cells at low dose for four hours, sodium 
butyrate (NaBu) increased acetylation of histones H3, H4, and H2B but decreased acetylation of 
histone H2A; while vorinostat (SAHA) and trichostatin A (TSA) increased acetylation of H3 and 
H4.  After treating PC12 cells with NaBu, histone H2A had one spot (Figure 14B), which is 
lower in number of spot than the control group (Figure 14A), This lower in number of spot 
indicates that NaBu decreased acetylation of histone H2A at low concentration.  Both histones 
H2B and H3 increased in number of spots after treating PC12 cells with NaBu at low 
concentration.  In Figure 14A, histone H3 had three spots, and histone H2B had one spot.  
However, in Figure 14B, histone H3 had four spots, and histone H2B had three spots.  The 
increasing in the number of spots after drug treatment indicates that NaBu increased acetylation 
of histone H3 and H2B.  Histone H3 in the control group had two spots (Figure 15A), while 
histone H3 in the SAHA and TSA treatment groups had three spots (Figure 14C, and 14D).  This 
increasing in number of spot of histone H3 indicates that SAHA and TSA increased acetylation 
of histone H3.  Histone H4 for both control group and treatment groups have four spots, but the 
intensity ratio between these spots is different.  In the control group, the intensity ratio between 
the four spots is 48:48:2:2 (Figure 14A).  The intensity ratio between the four spots in the 
treatment groups is 45:48:5:2 (Figure 14B, 14C, and 14D). This change in intensity ratio 
between the four spots of the treatment groups indicates that NaBu, SAHA, and TSA increased 
acetylation of histone H4.  
 
 

 

 

The two HDAC inhibitor drugs – SAHA and TSA – affected the same set of histone 

acetylation at IC50 concentration in PC12 cells (Figure 15C and D), while NaBu only affected 

histones H2B, H3, and H4.  When we treated PC12 cells with NaBu at 12.5 mM, NaBu increased 

acetylation of histones H3, H4, and H2B.  NaBu at IC50 did not affect acetylation of histone 
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H2A, which indicates that HDAC inhibitor drugs affect acetylation of histone in a concentration-

manner.  When we treated PC12 cells with SAHA and TSA at 2.5 𝜇𝜇M and 200 nM, respectively, 

SAHA and TSA increased acetylation of histones H3 and H4.  We saw the same results for four, 

eight, and 24 hours. 

 

 

 

 
Figure 15.  After treating the rat adrenal medulla (PC12) cells at IC50 dose for eight hours, 
sodium butyrate (NaBu) increased acetylation of H3, H4, and H2B; while vorinostat (SAHA) 
and trichostatin A (TSA) increased acetylation of H3 and H4.  The number of spots and the 
intensity ratio between the spots of histone H2A is the same for both control group and treatment 
group, which indicates that NaBu, SAHA, and TSA did not affect histone H2A.  Histone H3 in 
the control group had two spots (Figure 15A), while histone H3 in the treatment groups had three 
spots (Figure 15B, 15C, and 15D).  This increasing in number of spot of histone H3 indicates 
that NaBu, SAHA, and TSA increased acetylation of histone H3.  Histone H4 for both control 
group and treatment groups have four spots, but the intensity ratio between these spots is 
different.  In the control group, the intensity ratio between the four spots is 48:48:2:2 (Figure 
15A).  The intensity ratio between the four spots in the treatment groups is 45:48:5:2 (Figure 
15B, 15C, and 15D). This change in intensity ratio between the four spots of the treatment 
groups indicates that NaBu, SAHA, and TSA increased acetylation of histone H4.  
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At high concentration, NaBu, SAHA, and TSA also affected the same set of histone 

acetylation (Figure 16).  When we treated PC12 cells with NaBu at 25 mM, NaBu increased 

acetylation of histones H3, H4, and H2B.  However, NaBu increased acetylation of H2B stronger 

at high concentration than at low concentration and IC50.  When we treated PC12 cells with 

SAHA and TSA at 5.0 𝜇𝜇M and 500 nM, SAHA and TSA increased acetylation of histones H3 

and H4.  We saw the same results for four, eight, and 24 hours.  These results indicate that the 

changing in histone acetylation is in cell- and concentration-dependent manners.   

 

 

 

 

 
Figure 16.  After treating the rat adrenal medulla (PC12) cells at high dose for 24 hours, sodium 
butyrate (NaBu) increased acetylation of H3, H4, and H2B; while vorinostat (SAHA) and 
trichostatin A (TSA) increased acetylation of H3 and H4.  The number of spots and the intensity 
between the spots of all core histones when treating at high dose is same as the number of spots 
and the intensity between the spots of all core histones when treating at IC50, except for histone 
H2B in the NaBu treatment group.  After treating PC12 cells with NaBu at high dose, histone 
H2B had five spots (Figure 16B).  After treating PC12 cells with NaBu at low dose and IC50, 
histone H2B had three spots (Figure 14B and 15B).  This result indicates that NaBu affect 
acetylation of histone in a concentration-manner.  
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In Rat Epithelial Cancer (Wbras-1) Cells, Sodium Butyrate (NaBu), Vorinostat (SAHA), and 

Trichostatin A (TSA) Increased Acetylation of All Core Histones 

Histones H2A in the control group of Wbras-1 cells has already been in the 

hyperacetylation state (Figure 17A, 18A, and 19A).  Histone H2A had two spots, which indicates 

that this histone has already been in the hyperacetylation state.  The other core histones (H2B, 

H3, and H4) had only one spot.  

After treating the Wbras-1 cells with NaBu at low concentration (3.0 mM), NaBu heavily 

increased acetylation of all core histones (Figure 17B).  When we treated the Wbras-1 cells with 

SAHA at 0.8 𝜇𝜇M, SAHA heavily increased acetylation of histones H2A, H2B, and H4 but 

slightly increased acetylation of histone H3 (Figure 17C).  When we treated the Wbras-1 cells 

with TSA at 20 nM, TSA slightly increased acetylation of all core histones (Figure 17D).   

 

 

 

 
Figure 17.  After treating the rat epithelial cancer (Wbras-1) cells at low dose for four hours, 
sodium butyrate (NaBu), vorinostat (SAHA), and Trichostatin A (TSA) increased acetylation of 
all core histones.  Histone H2A in the control had two spots with the intensity ratio between 
these two spots about 50:50 (Figure 17A).  Histone H2A in NaBu and SAHA treatment groups 
had two spots, but the intensity ratio between these two spots shifted to 5:95 (Figure 17B and 
17C).  Histone H2A in the TSA treatment group had two spots with the intensity ratio between 
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these two spots about 45:55 (Figure 17D).  The change in the intensity ratio between the spots 
indicates that NaBu, SAHA, and TSA increased acetylation of histone H2A.  Histone H2B in the 
control group had one spot (Figure 17A).  Histone H2B in NaBu and SAHA treatment groups 
had five spots (Figure 17B and 17C), and histone H2B in TSA treatment group had two spots 
(Figure 17D).  The increasing in the number of spots of histone H2B indicates that NaBu, 
SAHA, and TSA increased acetylation of histone H2B.  Histone H3 in the control group had one 
spot (Figure 17A).  Histone H3 in the SAHA and TSA treatment groups had two spots (Figure 
17C and 17D), while histone H3 in the NaBu had four spots (Figure 17B).  The increasing in the 
number of spots of histone H3 in the treatment groups indicates that NaBu, SAHA, and TSA 
increased acetylation of histone H3.  Histone H4 in the control group had one histone (Figure 
17A).  Histone H4 in the NaBu and SAHA treatment groups had five spots (Figure 17B and 
17C), and histone H4 in the TSA treatment group had two spots (Figure 17D). The increasing in 
the number of spots of histone H4 in the treatment groups indicates that NaBu, SAHA, and TSA 
increased acetylation of histone H4.  

 

 

 

When we treated the Wbras-1 cells with NaBu and SAHA at IC50 (12.5 mM and 2.5 𝜇𝜇M, 

respectively), NaBu and SAHA increased acetylation the same set of histones.  NaBu and SAHA 

still increased acetylation of all histones (Figure 18B and 18C).  When we treated WBras-1 with 

TSA at 200 nM, TSA increased acetylation of histones H2A and H2B stronger.  TSA increased 

the same level of acetylation for histones H3 and H4 (Figure 18D).  This result indicates that 

HDAC inhibitor drugs increased acetylation in a concentration-manner.  
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Figure 18.  After treating the rat epithelial cancer (Wbras-1) cells at IC50 dose for eighthours, 
sodium butyrate (NaBu), vorinostat (SAHA), and Trichostatin A (TSA) increased acetylation of 
all core histones.  TSA increased acetylation of H2A and H2B more at IC50 than at low dose.  
After treating Wbras-1 with NaBu and SAHA at IC50, the number of spots and the intensity 
between these spots of all core histone are same as those when treating with NaBu and SAHA at 
low dose (Figure 18B and 18C).  After treating Wbras-1 with TSA at IC50, histones H3 and H4 
had the same number of spots and the intensity ratio between these spots as when treating with 
TSA at low dose.  However, the intensity of the two spots in histone H2A of the TSA treatment 
group had shifted from 45:55 at low dose (Figure 17D) to 20:80 at IC50 (Figure 18D).  At the 
same time, the number of spots of histone H2B of the TSA treatment group had increased from 
two spots at low dose (Figure 17D) to four spots at IC50 (Figure 18D).  These results indicate 
that TSA increased acetylation of H2A and H2B more at IC50 than at low dose, which means that 
HDAC inhibitor drugs may affect histone acetylation in a concentration-manner.  
 

 

 

When we treated the Wbras-1 with NaBu, SAHA, and TSA at high concentration (25 

mM, 5.0 𝜇𝜇M, and 500 nM, respectively), NaBu, SAHA, and TSA increased acetylation of all 

core histones at the same degree as when treated at IC50 concentration.  These results indicate 

that HDAC inhibitor drugs affect histone acetylation in a concentration-dependent manner.  

Thus, it is important to identify the therapeutic window of the HDAC inhibitor drugs. 
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Figure 19.  After treating the rat epithelial cancer (Wbras-1) cells at high dose for 24 hours, 
sodium butyrate (NaBu), vorinostat (SAHA), and trichostatin A (TSA) increased acetylation of 
all core histones.  After treating Wbras-1 with NaBu, SAHA, and TSA at high dose, these drugs 
changed the number of spots and the intensity ratio between these spots of histones at the same 
degree as treating these drugs at IC50.  
 

 

 

In Mouse Macrophages (RAW246.7) Cells, Sodium Butyrate (NaBu), Vorinostat (SAHA), and 

Trichostatin A (TSA) Increased Acetylation of Different Set of Core Histones   

At normal state, histones H4 and H2A of RAW246.7 cells have already been in 

hyperacetylation stage.  Histones H4 and H2A had two spots in the control group (Figure 20A, 

21A, and 22A).  Other core histones (H3 and H2B) had one spot in the control group.  

When we treated RAW246.7 cells with NaBu at 3.0 mM for four, eight, and 24 hours, 

NaBu increased acetylation of histones H2B, H3, and H4 but decreased acetylation of histones 

H2A (Figure 20B).  When we treated RAW246.7 cells with SAHA for four, eight, and 24 hours, 

SAHA increased acetylation of histones H3 and H4 (Figure 20C).  When we treated RAW246.7 

cells with TSA for four, eight, and 24 hours, TSA increased acetylation of histones H3 and H4 

(Figure 20D).   

 



  

 

66 

 

 

 

 
Figure 20.  After treating the mouse macrophages (RAW246.7) cells at low dose for four hours, 
sodium butyrate (NaBu) increased acetylation of H3, H4, H2A, and H2B; vorinostat (SAHA) 
increase acetylation of H2B, H3, and H4; and trichostatin A (TSA) increased acetylation of H3 
and H4.  After treating the RAW246.7 cells with NaBu at low dose, the intensity of two posts of 
histone H2A had shifted from 55:45 in the control group (Figure 20A) to 95:5 in the NaBu 
treatment group (Figure 20B).  This result indicates that NaBu at low dose decreased acetylation 
of histone H2A in RAW246.7 cells.  The number of spots of histones H3 and H4 in the NaBu 
treatment group is four (Figure 20B), while the number of spots of histones H3 and H4 in the 
control group is one and two, respectively (Figure 21A).  The increasing in the number of spots 
of histones H3 and H4 in the NaBu treatment group indicates that NaBu increased acetylation of 
histones H3 and H4.  Histone H2B in the NaBu treatment group had five spots (Figure 20B), 
while histone H2B in the control group had one spot (Figure 20A). The increasing in the number 
of spots of histones H2B in the NaBu treatment group indicates that NaBu increased acetylation 
of H2B.  Histone H2A and H2B in the SAHA and TSA treatment groups had the same number 
of spots and the intensity ratio between these spots as the control group (Figure 20A, 20C and 
20D).  This result indicates that SAHA and TSA did not increase acetylation of histone H2A and 
H2B.  Histones H3 and H4 in the SAHA and TSA treatment groups had three spots (Figure 20C 
and 20D), while histone H3 and H4 in the control group had one spot (Figure 20A).  This result 
indicates that SAHA and TSA increased acetylation of histone H3 and H4. 

 

 

 

When we treated RAW246.7 cells with SAHA and TSA at IC50 for four, eight, and 24 

hours, SAHA and TSA increased acetylation of the same set of histones (Figure 21C and 21D).  
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However, at IC50, NaBu decreased acetylation of histone H2A, instead of increasing acetylation 

of histone H2A like when treating at low concentration (Figure 21B).   

 

 

 

 
Figure 21.  After treating the mouse macrophages (RAW246.7) cells at IC50 dose for eight hours, 
sodium butyrate (NaBu) also increased acetylation of H3, H4, and H2B but decreased acetylation 
of H2A; while vorinostat (SAHA) and trichostatin A (TSA) increased acetylation the same set of 
histones.  The number of spots and the intensity ratio between the spots of all core histones of the 
treatment groups were the same the number of spots and the intensity ratio between the spots of 
all core histones of the control groups 

 

 

 

When we treated RAW246.7 cells with SAHA and TSA at high concentration (5.0 𝜇𝜇M, 

and 500 nM, respectively), SAHA and TSA increased acetylation of the same set of histones 

(Figure 22C, and 22D).  When we treated RAW246.7 cells with NaBu at high concentration (25 

mM), NaBu did not affect acetylation of histone H2A (Figure 22B), instead of decreasing 

acetylation of histone H2A as in low dose and IC50 (Figure 20B and 21B).  However, NaBu at 

high dose increased acetylation of histones H3 and H4 at the same degree as low dose and IC50 
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(Figure 20B).  The result indicates that HDAC inhibitor drugs increased acetylation of histones 

in a concentration-dependent manner.   

 

 

 

 
Figure 22.  After treating the mouse macrophages (RAW246.7) cells at high dose for 24 hours, 
sodium butyrate (NaBu) increased acetylation of all core histones; while vorinostat (SAHA) and 
trichostatin A (TSA) increased acetylation of H3 and H4.  SAHA and TSA at high dose 
increased acetylation of histones H3 and H4 at the same degree as at low dose and IC50 (Figure 
20C, 20D, 21C, 21D, 22C, and 22D).  NaBu also increased acetylation of histones H2B, H3, and 
H4 at the same degree as at low dose and IC50 (Figure 20B, 21B, and 22B).  However, NaBu at 
high dose did not affect acetylation of histone H2A, instead of decreasing acetylation of histone 
H2A as at low dose and IC50.  The intensity ratio of the two spots of histone H2A of NaBu at 
high dose treatment group is 50:50 (Figure 22B) same as the intensity ratio of the two spots of 
histone H2A of the control group (Figure 22B). 
 

 

 

In Mouse Dendritic Cells (DC2.4), Sodium Butyrate (NaBu); Vorinostat (SAHA) and 

Trichostatin A (TSA) Increased Acetylation of Different Set of Core Histones. 

Histone H2A of the control group of DC2.4 cells has already been in the hyperacetylation 

stage (Figure 23A, 24A, and 25A).  Histone H2A had two spots, while histones H2A, H3, and H4 

had one spot. 
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When we treated DC2.4 cells with NaBu at 3.0 mM for four, eight, and 24 hours, NaBu 

increased acetylation of H4, H3, and H2B (Figure 23B).  When we treated DC2.4 cells with 

SAHA at 0.8 𝜇𝜇M, SAHA increased acetylation of histone H3 and H4 (Figure 23C).  When we 

treated DC2.4 cells with TSA at 20 mM, TSA increased acetylation of histone H4 (Figure 23D).  

NaBu, SAHA, and TSA increased acetylation of the same set of histones when treated DC2.4 

cells at IC50 and high concentration (Figure 24 and 25).  The result indicates that HDAC 

inhibitor drugs increase acetylation of histones in drug-dependent manner.   

 

 

 

 
Figure 23.  After treating the mouse dendritic (DC2.4) cells at low dose for four hours, sodium 
butyrate (NaBu) increased acetylation of histones H3, H4, and H2B; vorinostat (SAHA) 
increased acetylation of histones H3 and H4; while trichostatin A (TSA) increased acetylation of 
histone H4.  Histone H2A in both control group and treatment group had two spots with the 
intensity ratio between these two spots about 95:5 (Figure 23A-D), which indicates that NaBu, 
SAHA, and TSA did not affect acetylation of histone H2A. Histone H4 in all treatment groups 
had four spots (Figure 23B, 23C, and 23D), while histone H4 in the control group had one spot 
(Figure 23A). This increasing in the number of spots of histone H4 in the treatment groups 
indicates that NaBu, SAHA, and TSA increased acetylation of histone H4.  Histone H3 of NaBu 
and SAHA treatment groups had three spots (Figure 23B and 23C), while histone H3 of TSA 
treatment group and the control group had one spot (Figure 23A and 23D).  This result indicates 
that NaBu and SAHA increased acetylation of histone H3, while TSA did not affect acetylation 
of histone H3.  Histone H2B of the NaBu treatment group had four spots (Figure 23B), while 
histone H2B of the control group and SAHA and TSA treatment group had one spot (Figure 
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23A, 23C, and 23D). This result indicates that NaBu increased acetylation of histone H2B, while 
SAHA and TSA did not affect acetylation of histone H2B. 
 

 

 

 
Figure 24.  After treating the mouse dendritic (DC2.4) cells at IC50 dose for eighthours, sodium 
butyrate (NaBu) increased acetylation of H3, H4, and H2B; while vorinostat (SAHA) and 
trichostatin A (TSA) increased acetylation of H3 and H4.  NaBu, SAHA, and TSA at IC50 
affected acetylation of the core histones at the same degree as at low dose. 

 

 

 

 

 
Figure 25.  After treating the mouse dendritic (DC2.4) cells at high dose for 24 hours, sodium 
butyrate (NaBu) increased acetylation of H3, H4, and H2B; while vorinostat (SAHA) and 
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trichostatin A (TSA) increased acetylation of H3 and H4.  NaBu, SAHA, and TSA at high dose 
affected acetylation of the core histones at the same degree as at low dose and IC50. 

 

 

 

Overall, we found that the length of the treatment interval did not interfere the increasing 

of histone acetylation.  However, the concentration of HDAC inhibitor drugs increased 

acetylation of histones at different degree and in different way.  For example, in HEK cells, at 

IC50, TSA increased acetylation of histone H4, but at low concentration, TSA did not increase 

acetylation of histone H4.  At IC50, NaBu decreased acetylation of histone H2A in RAW246.7 

cells, but at low concentration, NaBu increased acetylation of histone H2A.   

At the normal state, the acetylation of histones was at different stage for different cell 

lines.  Moreover, HDAC inhibitor drugs increased acetylation of different set of histones in 

different cell lines.   

Discussion 

In the present work, we demonstrated that histone deacetylase (HDAC) inhibitor drugs 

may have a different epigenetic patterning for different cell types as our data shows that sodium 

butyrate (NaBu), vorinostat (SAHA), and trichostatin A (TSA) differentially targeted the core 

histones in cell- and drug-dependent manner.  This may be because of the pleiotropic 

characteristics of these drugs as they have nonspecific effects on HDACs and target several 

cellular proteins differently in different cell types.  We can take the advantage of the 

differentially effects of these drugs on different cell types to reveal functional differences in 

epigenetic patterning and find the biomarkers for the clinical efficacy of HDAC inhibitor drugs 

for treatment of cancer and other diseases.   
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NaBu affects different pathways in different cell types.  NaBu induces apoptosis by 

mediating caspase-3/7 in immune cell types such as activated T-lymphocytes, non-differentiated 

epithelial HT-29 cells and macrophages RAW 264.7 cells.  In HT-29 cells, NaBu inhibits 

expression of IL-8, while it inhibits TNF𝛼𝛼 and iNOS in RAW 264.7 cells and inhibits Th1, Th2 

and Th3 in activated T-lymphocytes.  However, NaBu does not induce apoptosis in differentiated 

epithelial cells or primary macrophages (Bailon et al., 2010).  NaBu increases cellular 

differentiation and suppresses tumor growth in five different human hepatocellular carcinoma 

(HCC) cells depend on p21 but not p53 (Yamamoto et al., 1998).  In contrast, NaBu causes 

apoptosis in Human TNBC cells MDA-MB-231 (p53R280) by regulating the activity of p53 

(Wang et al., 2016).  Same as NaBu, SAHA also induces different pathways in different cell 

types.  In HepG2 cells, SAHA can activate the intrinsic apoptotic pathway by activating caspase-

3 and degrading of PARP via releasing of cytochrome c due to loss of mitochondrial 

transmembrane (Emanuele et al., 2007).  On the other hand, in acute T cell leukemia cell line 

CEM-CCRF, SAHA induces apoptosis without activating caspase-8 or-3 (Ruefli et al., 2001).  

This may explain for the differential targeting of core histones when treated with SAHA and 

NaBu on different cell types.   

The differential targeting of core histones may reveal distinct epigenetic patterning for 

different types of cancer or other diseases.  Besides the core histone, the high-resolution two-

dimensional polyacrylamide gel can also show the changing in acetylation of histone variants, 

which can provide a big picture of epigenetic patterning.  As we can see which core histone or 

histone variant increase in acetylation, we can choose that core histone or histone variant for 

further investigation by using western blotting, mass spectrometry, SDS-gel or microarray to 
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map out and classify the specific trend of acetylation of different lysine residues for different 

types of cancer or other diseases.   

In conclusion, we found that SAHA, NaBu, and TSA differentially target core histones in 

different cell lines.  Moreover, these drugs affect acetylation of histones in concentration-

dependent manner, not in time-of-treatment-dependent manner.  At the normal state of the cells, 

some of their histones have already been in hyperacetylation stage.  These results indicate that all 

core histones involve in histone modification.  They act independently but coordinately as 

machine to control the chromatin structure.   

We hope this work can bear a discussion about the differential epigenetic patterning in 

chromatin structure for different cell types and provide resources for future investigations of 

epigenetic patterning for developing a better diagnostic and treatment of cancer or other diseases.  
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CHAPTER 5 

DIFFERENTIAL TARGETING OF HISTONE SUBTYPES BY HISTONE DEACETYLASES 

IN HUMAN EMBRYONIC KIDNEY (HEK) 293 CELLS. 

Abstract 

Histone deacetylation (HDAC) inhibitors have enormous therapeutic potential that is 

clinically used for a wide range of treatment from cutaneous manifestations of cutaneous T-cell 

lymphoma to epilepsy.  The enormous therapeutic potential of HDAC inhibitors is due to the 

pleiotropic effects at cellular and systemic levels.  Besides altering gene expressions, HDAC 

inhibitors affect a wide range of different cellular proteins that results in cell-type specific 

effects.  Thus, the effects of HDAC inhibitors are complicated to understand.  This paper will 

explore the complexity of the effect of HDAC inhibitors at the cellular level.  We investigated 

the epigenetic patterning of even different histone deacetylase (HDAC) inhibitor drugs that 

belong to five different classes in the human embryonic kidney (HEK) cells.  We isolated 

histones by the acid-extraction method and resolved histones in the high-resolution two-

dimensional polyacrylamide gels (AUTxAU 2D gels).  We hypothesized that different types of 

HDAC inhibitor drugs target histone subtypes differently with potentially differing consequences 

in chromatin structure, gene activity, and clinical outcomes.  We found that both canonical and 

variants histones involved in histone modification in a drug-dependent manner and they worked 

independently from each other.  Through this project, we hope to bear a critical discussion about 

the epigenetic patterning in chromatin structure, which can help us to monitor drug dynamics and 

inform treatment strategies for patients who engage in HDAC inhibitor therapy as well as 

improve drug development and efficacy.
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Introduction 

In the previous chapter, we found that all core histones involved in histone modification 

in a cell-, drug-, and concentration-dependent manner.  In this chapter, we investigated whether 

histone variants also involved in histone modification. 

Each nucleosome consists of two copies of each of the core histones (octamer – H2A, 

H2B, H3, and H4), forming a globular core wrap 146 base pairs of DNA (Holde, 1989; A.  

Wolffe, 1998).  As a norm, hyperacetylation of histones H3 and H4 is the biomarker to start gene 

activation and loosening chromatin structure, but H2A and H2B also involved in the process 

(Holde, 1989; Wolffe, 1998). 

H3 and H2A have essential roles in transcription and DNA repair, so they have several 

variants.  On the other hands, H4 and H2B include few to none variant (Malik & Henikoff, 

2003).  Histone variants have three evolutionary histories:  H2A.F/Z-type variants arose once 

early in evolution, while H2A.X variants arose separately, during the evolution of multicellular 

animals.  H3.3-type variants have arisen in multiple independent events (Thatcher & Gorovsky, 

1994).  Several histone variants exist that have specific changes from core histones both in the 

N-terminal tails and in the DNA-binding surfaces of the C-terminal histone-fold domains 

(Wolffe & Pruss, 1996).  As mentioned above, both core histones and their variants involved in 

the histone acetylation process.  We will explore how they interact with each other.   

In this chapter, we also used high-resolution two-dimensional polyacrylamide gel 

electrophoresis (AUTxAU 2D gels) to show the global changes in histone acetylation without 

using antibodies.  We treated Human Embryonic Kidney (HEK) 293 cells with seven selective 

Histone Deacetylase (HDAC) inhibitor drugs from each of the HDAC inhibitor classes (Short-

chain fatty acid, hydroxamate, cyclic depsipeptide with a prodrug moiety, cyclic tetrapeptide and 
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benzamide) to survey the global changes in histone acetylation with the hope to bear a critical 

discussion about the chromatin structure, especially about epigenetic patterning and propose new 

biomarkers.  Based on the distinct role of each HDACs and the broad effects of HDAC inhibitor 

drugs, we hypothesize that different classes of HDAC inhibitor drugs have differential effects on 

chromatin structure as they differentially target the core histones and their variants.   

Materials and Methods 

Cell Lines 

The human embryonic kidney (HEK) cell was from the American Type Culture 

Collection (ATCC, Manassas, VA) and provided by Dr. Moniri at Mercer University.  HEK cells 

were grown in DMEM media supplemented with 2.0 mM L- glutamine and 10% FBS and 

incubated at 37℃ with 5.0 % CO2.  The cells were treated or subculturing by trypsinization after 

cell confluent reached 80-90%.   

Histone Isolation  

After treating cell cultures with HDAC inhibitors in 100mm cell plates, we lysed the cells 

with 0.5% Triton X-100 (TX-100) in buffer (0.15 M sodium chloride, 10 mM Tris-Cl, pH8.0).  

The nuclei were collected by centrifugation at 6000xg at 4.0℃ for two minutes.  The histones 

were extracted in 0.5 mg/ml protamine sulfate (PS) and 0.8 N sulfuric acid (H2SO4) and 

precipitated in 20% trichloroacetic acid.  The precipitated histones were collected by 

centrifugation and washed with ice-cold acetone.  Finally, the histone samples were dissolved in 

acid/urea loading buffer and stored at 20℃ before electrophoresis.   

High-Resolution Two-Dimensional Polyacrylamide Gel Electrophoresis (AUTxAU 2D Gels) 

Reagents and protocol for this AUTxAU 2D gel were described in the article Purification 

and Analysis of Variant and Modified Histones Using 2D PAGE by Green and Do (Green & Do, 
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2008).  The first-dimension gel (AUT gel) contained 12% polyacrylamide, 5.0 % acetic acid, 6.0 

mM Triton X-100, and 5.0 M urea, while the second-dimensional gel (AU gel) contained 5.0 % 

acetic acid, 8.0 M urea and 12% polyacrylamide.  The gels were stained in Coomassie blue gel 

stain (0.05% w/v Coomassie blue R-250, 40% v/v ethanol and 5.0 % v/v acetic acid).  The gels 

were first destained in 20% ethanol and 0.5% acetic acid.  Then, the gels were destained in 40% 

methanol and 1.0% glycerol.  Finally, the gels were dried between two cellophane sheets.   

Interpreting the Results.  We used Bio-rad ChemiDoc Imaging Systems, which includes a 

ChemiDoc Imager machine and Image Lab software, to take pictures of the gels (Figure 26) and 

quantify the intensity of each spot of the core histones.  We also used the Image Lab software to 

quantify the intensity and area of each spot of the core histones.  The intensity and the number of 

spots of each histone subtype indicate the level of acetylation.  For treatment groups, additional 

diagonal spots above the parent spots shown in the control group indicate an increase in 

acetylation and vice versa - fewer spots indicate a decreasing in acetylation. 

On the other hand, the less intensity of the parent spot the more acetylation of that histone 

subtype.  For an instant, in the control group in Figure 26A, histone H4 has three spots, and the 

two lower spots are more intense than the upper spot.  It indicates that each of the two lower 

spots is about 45% of acetylation, while the upper spot is about 10% of acetylation.  In the 

Sodium Butyrate treatment group, histone H4 has five spots with a ratio of 13.5:27:27:27:5.5.  

After the treatment, Sodium Butyrate increases the acetylation of histone H4 as the number of 

spots of H4 in the treatment group compared to the control group increases from three spots to 

five spots and the intensity of the lowest spot shifts from 45% to 13.5%. 
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Drug Treatments  

Two compounds from each of the five classes of HDAC inhibitors were used to treat the 

HEK cells.  Cells were grown in cell culture plates until they reach about 70-80% confluency, 

followed by drug treatment at three different doses for four hours and 24 hours. 

Sodium butyrate (NaBu) was purchased from Sigma-Aldrich.  Vorinostat (SAHA) was 

obtained from Sigma-Aldrich and provided by Dr. Matesic at Mercer University. Valproic acid 

(VPA), pracinostat (SB393), romidepsin (FK228), apicidin, trapoxin A, CI-994, and BML-210 

were obtained from Cayman Chemical.  Table 7 shows the doses and vehicles that were used in 

the experiment. 
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Table 7   
Selective HDAC Inhibitor Drugs.  Representative compounds were chosen for each of the HDAC 
inhibitor classes above.  The doses were chosen based on the effective doses determined in 
preliminary experiments.  The vehicles were the solvents used to dissolve the HDAC inhibitor 
drugs.   

 

 

 

 

Results 

Histone Deacetylases Differentially Targeted Histone Subtypes and Histone Variants in a Drug-

dependent Manner in Human Embryonic Kidney (HEK) Cells 

In Human Embryonic Kidney (HEK) cell culture, based on the intensity and the number 

of the spots of each histone subtype, changing in acetylation of histone subtypes was in a drug-

dependent manner.  Besides histones H3 and H4, histone deacetylases also targeted H2A and 

H2B.  Same as histone variants H3.1 and H3.2 acted independently from histone H3.3, histone 
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variants H2A.X and H2A.Z also acted independently from histone H2A and ubiquitous H2A (ub 

H2A).   

 

 

 

 
Figure 26.  After treating the Human Embryonic Kidney (HEK) cells at low doses for four hours, 
histone deacetylase (HDAC) inhibitor drugs differentially targeted the core histones and variant 
histones.  After the treatment, histones were isolated and resolved by AUTxAU gels.  A) Control 
with media.  B-H) Seven different HDAC inhibitor drugs treated HEK cells.  The intensity and 
the number of spots of each histone subtype indicate the level of acetylation.  For treatment 
groups, additional diagonal spots above the parent spots shown in the control group indicate an 
increase in acetylation.  On the other hand, the less intensity of the parent spot the more 
acetylation of that histone variant.   
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Figure 27.  As the dose increased to IC50 and treated the HEK cells for eight hours, histone 
deacetylase (HDAC) inhibitor drugs targeted the same core histones and variant histones.  After 
the treatment, histones were isolated and resolved by AUTxAU gels.  A) Control with media.  B-
H) Seven different HDAC inhibitor drugs treated HEK cells.   
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Figure 28.  When treating the HEK cells at high doses for 24 hours, histone deacetylase (HDAC) 
inhibitor drugs had the same targets as lower doses.  After the treatment, histones were isolated 
and resolved by AUTxAU gels.  A) Control with media.  B-H) Seven different HDAC inhibitor 
drugs treated HEK cells.   
 
 
 

After treating the HEK cells for four hours with three different doses for each HDAC 

inhibitor drug, all HDAC inhibitor drugs increased acetylation of histone H4.  Based on Figures 

26A, 27A, and 28A, the histone H4 in the control group (CT) had already increased in 

acetylation.  FK228, Trapoxin A, CI-994 and apicidin (Figures 26D,26E, 26F, 26G, 27D, 27E, 

27F, 27G, 28D, 28E, 28F, and 28G) increased acetylation of histone H4 significantly.  As in 

these figures, histone H4 has five spots with the ratio of the intensity of 13.5:27:27:27:5.5, while 

in Figure 1A, histone H4 has three spots with the ratio of 45:45:10.  The result indicated that 

FK228, Trapoxin A, CI-994, and apicidin increased acetylation of histone H4 significantly.  
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VPA, SB393 and BML-210 (Figure 26B, 26C, 26H, 27B, 27C, 27H, 28B, 28C, and 28H) 

slightly increased acetylation of H4 as there are four spots with the ratio of 40:40:10:10.   

The HEK cells have three histone H3 variants – H3.1, H3.2, and H3.3 – which acted 

independently from each other.  Based on Figures 1A, 2A, and 3A, histone H3.3 and H3.1 in the 

CT group have three spots with the ratio of 33.33:33.33:33.33, which indicates that under the 

control condition, histone H3.3 and H3.1 of the HEK cells had already increased in acetylation.  

Histone H3.2 under this condition also has three spots, but the ratio is 40:40:20, which indicates 

that histone H3.2 had also already increased in acetylation but slightly less than H3.3 and H3.1.  

When treating the HEK cells with FK228, trapoxin A and CI-994 (Figures 26D, 26F, 26G, 27D, 

27F, 27G, 28D, 28F, and 28F), these HDAC inhibitor drugs increased acetylation of all histone 

H3.2, H3.3 and H3.1 significantly as the three spots of these histone H3 variants shifted from 

ratio of 33.33:33.33:33.33 to 10:10:80.  In Figures 26E, 27E, and 28E, apicidin slightly 

increased all histone H3 variants.  On the other hands, in Figures 26C, 27C, and 28C, SB393 

slightly increased acetylation of histone H3.2 as the ratio of the three spots shifted from 40:40:20 

to 33.33:33.33:33.33; while in Figure 26C and 26I, VPA and BML-210 only decreased 

acetylation of histone H3.2 as the ratio of the three spots shifted from 40:40:20 to 45:45:10.   

Besides the two main histones H3 and H4, histone deacetylases also affected histone 

H2B.  The CT group in Figures 26A, 27A, and 28A has one spot for H2B, which indicates that 

the histone H2B was not acetylated under the control condition.  In Figures 2A and 3A, there are 

three spots for H2B, which indicates three different variants of H2B.  Both the control group and 

treatment group showed that these three variants of H2B worked the same.  The spot of the 

middle variant of H2B was more intense than the spots of the other two variants, so we only 

consider the middle variant.  VPA, SB393 and BML-210 did not affect histone H2B (Figure 
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26B, 26C, 26H, 27B, 27C, 27H, 28B, 28C, and 28H).  In Figures 26E, 27E, and 28E, apicidin 

slightly increased histone H2B as histone H2B has two spots with a ratio of 90:10.  FK228, 

trapoxin A and CI-994 (Figure 26D, 26F, 26G, 27D, 27F, 27G, 28D, 28F, and 28G) increased 

acetylation of H2B significantly as histone H2B has three spots with the ratio of 50:25:25.   

In the HEK cells, the histone variants H2A.Z, H2A.X acted independently from histone 

H2A and ubiquitous H2A (ub H2A).  The histone H2A in the CT group (Figures 26A, 27A, and 

28A) had already increased acetylation as there are two spots with the ratio of 80:20.  VPA, 

SB393 and BML-210 (Figure 26B, 26C and 26H) did not affect histone H2A, while FK228, 

trapoxin A, CI-994 and apicidin (Figures 26D, 26F, 26G, 26H, 27D, 27F, 27G, 27H, 28D, 28F, 

28G, and 28H) increased acetylation of histone H2A as the two spots shifted the ratio from 80:20 

to 50:50.  All HDAC inhibitor drugs affected histone ub H2A same as histone H2A.  In contrast, 

the histone H2A.X in the CT group (Figures 26A, 27A, and 28A) has one spot, which indicates 

under the control condition, the histone H2A.X of the HEK cells had no acetylation.  All HDAC 

inhibitor drugs increased acetylation of histone H2A.X, except for VPA (Figures 26B, 27B, and 

28B).  After treating the HEK cells with SB393, FK228, BML-210, and apicidin, histone H2A.X 

increased acetylation as there were two spots with the ratio of 60:40.  Trapoxin A and CI-994 

increased acetylation of H2A.X significantly as there were three spots with the ratio of 40:40:10.  

Same as histone H2A.X, histone H2A.Z in the HEK cells under the control condition has only 

one spot, which indicates there was no acetylation.  VPA also did not affect histone H2A.Z.  

SB393 and BML-210 slightly increased acetylation of H2A.Z as there were two spots with the 

ratio of 80:20 (Figures 16C and 26H).  FK228, trapoxin A, CI, and apicidin significantly 

increased acetylation of H2A.Z as there are four spots with the ratio of 30:30:20:20.   
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Discussion 

We found that both canonical and variants histones involve in histone modification in a 

drug-dependent manner.  Our data suggest that histone variants – H3.3, H2A.X, and H2A.Z – act 

independently from the canonical histones.  The canonical histones H3.2 and H3.1 are also 

independent of each other. 

According to the results, all selective histone deacetylases (HDAC) inhibitor drugs 

targeted all histones, except for valproic acid (VPA), pracinostat (SB393) and BML-210.  Both 

SB393 and BML-210 increased acetylation of H4, H2A.X, and H2A.Z, while VPA only 

increased acetylation of H4.  SB393 and VPA decreased the acetylation of H3.2.  Barbetti and 

her colleague found that vorinostat (SAHA) induced acetylation faster and targeted different 

residue from VPA (Barbetti et al., 2013), which may explain why VPA, SB393, and BML-210 

acted differently from other HDAC inhibitor drugs.   

Furthermore, the tetramer (H3-H4)2 associated with DNA first, then the dimers H2A-

H2B follow (Baer & Rhodes, 1983; Hayes et al., 1991; Louters & Chalkley, 1985), as these 

drugs only slightly increased acetylation of H4, which may suggest that the tetramer (H3-H4)2 

has assembled but not the dimers H2A-H2B.  Thus, these drugs may have different timing for 

histone modification and the histone modification, especially acetylation of histones, is in the 

order of increasing acetylation of H4, decreasing acetylation of H3.2, increasing acetylation of 

H3.2, increasing acetylation of H2A.X and H2A.Z and increasing acetylation of H3.3, H3.1, 

H2B, H2A, and ubH2A.  In contrast, HDAC inhibitor drugs have a wide range of effects on 

cellular proteins, which may also cause differential effects on histone subtypes.  We hope that 

these findings will initiate a critical discussion about the overall picture of the epigenetic 

patterning in the chromatin structure.   
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Most HDAC inhibitor drugs are small molecules that can activate transcription through 

increasing histone acetylation and loosening chromatin structure (Volmar & Wahlestedt, 2015).  

Based on the finding of Hake and her colleagues, histone H3.1 contained both transcriptionally 

active and repressive marks, histone H3.2 contained repressive transcriptional marks, and histone 

H3.3 contained active transcriptional marks (Hake et al., 2006).  Hence, HDAC inhibitor drugs 

would increase acetylation of H3.1 and H3.3, while decrease acetylation of H3.2.  This finding 

supports our results that histone H3.1, H3.2, and H3.3 acted independently from each other, but 

challenges our findings that only VPA and SB393 decreased acetylation of H3.2.  VPA, SB393, 

and BML-210 did not increase acetylation of H3.1 and H3.3 may be because of timing as 

mentioned above.  As H3.2 contained repressive transcriptional marks, VPA and BML-210 

decreased acetylation of H3.2.  However, our results challenged the finding of Hake and her 

colleagues as other HDAC inhibitor drugs – sodium butyrate (NaBu), SB393, SAHA, 

romidepsin (FK228), trapoxin A, CI-994 and apicidin increased acetylation of H3.2.  This result 

suggests that H3.2 may also involve in both activating and repressing transcription.  The 

repressing transcriptional marks of H3.2 may act first, follow by activating transcriptional marks.  

As all HDAC inhibitor drugs affected H3.2, we propose that following increasing acetylation of 

H4 is decreasing acetylation of H3.2, then increasing acetylation of H3.2.   

Same as histone H3, our data also shows that histone variants H2A.X and H2A.Z acted 

independently from the core histone H2A as each of them has a distinct function.  The histone 

variant H2A.X has an identical core region as H2A, but different C-terminal region (Thatcher & 

Gorovsky, 1994), which gives this histone variant the ability to compact chromatin and break 

DNA double-strands (Rogakou et al., 1998).  On the other hand, histone variant H2A.Z has a 

different core region from H2A (Thatcher & Gorovsky, 1994), which gives this histone variant 



  

 

87 

 

the ability to initiate transcription and protect euchromatin from silencing (Guillemette et al., 

2005; Meneghini et al., 2003).  With the critical role in activating replication and transcription, 

HDAC inhibitor drugs should increase the acetylation of these two histone variants – H2A.X and 

H2A.Z.  Our data supports this as most HDAC inhibitor drugs increased acetylation of these two 

histone variants, except for VPA, which may be because of the timing as mentioned above.  

Hence, we think that increasing acetylation of H2A.X and H2A.Z follows the increasing 

acetylation of H3.2. 

SB393 and BML-210 increased acetylation of H2A.X and H2A.Z but did not increase 

acetylation of H2A and H2B.  As the dimer H2A-H2B assemble after the tetramer (H3-H4)2 

(Baer & Rhodes, 1983; Hayes et al., 1991; Louters & Chalkley, 1985), it suggests that increasing 

acetylation of H2A and H2B may follow the increasing acetylation of H2A.X and H2A.Z.  VPA, 

SB393, and BML-210 also did not increase the acetylation of H3.3 and H3.1.  It may suggest 

that increasing of H3.3 and H3.1 may occur at the same time as increasing acetylation of H2A 

and H2B.  Overall, it may suggest that histone modification is in order of increasing acetylation 

of H4, decreasing acetylation of H3.2, increasing acetylation of H3.2, increasing acetylation of 

H2A.X and H2A.Z and increasing acetylation of H3.3, H3.1, H2B, H2A, and ubH2A. 

However, HDAC inhibitors not only affect HDACs, but they also affect a wide range of 

different cellular proteins.  For example, SAHA can activate the intrinsic apoptotic pathway by 

activating caspase-3 (caspases - a family of endoproteases that regulates inflammation and cell 

death) and degrading of PARP (poly (ADP-ribose) polymerase – a family of proteins that 

involves in several cellular processes such as DNA repair, genomic stability, chromatin function 

and programming cell death) via releasing of cytochrome c due to loss of mitochondrial 

transmembrane (Emanuele et al., 2007).  SAHA also can activate the extrinsic apoptotic pathway 



  

 

88 

 

by increasing expression of FasL (a transmembrane protein from tumor necrosis factor family) 

and FasL receptors, which activates caspase-8 and initiates of cell death cascade (Emanuele et 

al., 2007).  Another HDAC inhibitor, droxinostat, which inhibits HDAC3, HDAC6, and HDAC8, 

also causes cell death cascade by decreasing expression of FLIP (an inhibitor of caspase-8).  

LAQ824, an HDAC inhibitor that inhibits Bcl-2 (B-cell lymphoma 2, a regulator protein that 

regulates cell apoptosis), Bcl-xL (a transmembrane protein of mitochondria from Bcl-2 family), 

XIAP (X-linked inhibitor of apoptosis protein that stops apoptotic) and Mcl-1 (a protein from 

Bcl-2 family).  At different concentration, LAQ824 has different effects.  At low concentration, 

LAQ824 causes a delayed increase in reactive oxygen species (ROS), induction of p21WAF1/CIP1, 

pRb dephosphorylation, growth arrest of cells in the G0/G1 phase, and differentiation.  At high 

concentration, LAQ824 causes an early increase in ROS, arrest of cells in the G2/M phase, 

down-regulation of XIAP and Mcl-1 (Rosato, 2005).  HDAC inhibitors such as SAHA and NaBu 

can also cause apoptosis by regulating the activity of tumor suppressors p53 (Wang et al., 2016).  

This wide range of effects induced by HDAC inhibitors may have significant consequences for 

their targets on histone subtypes.  This result may explain why in our results, VPA, SB393, and 

BML-210 acted differently from other HDAC inhibitor drugs. 

As we treated the HEK in four hours and 24 hours (data not shown), we saw the same 

results for all drug treatments.  The explanation about different timing may be incorrect.  The 

three drugs (VPA, SB393, and BML-210) may have a different histone modification mechanism, 

so they target different histone subtypes.  With different epigenetic patterning in chromatin 

structure, it can help us to predict the consequences of gene activity and clinical outcomes, which 

can help us to monitor drug dynamics and inform treatment strategies for the patients who 
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engage in HDAC inhibitor therapy.  Moreover, if we have more biomarkers, we will be able to 

improve drug development and efficacy. 

With the strength of showing the global changes in histone acetylation and proving that 

all histone subtypes involve in histone modification, this project still had some limitations.  We 

need to treat the different cells with all HDAC inhibitor drugs and analyze histones at a different 

period to have a more defined histone modification mechanism and to see whether this 

mechanism is permanent or reversible.  Furthermore, we also want to investigate more about the 

function of histone H3.2. 

In conclusion, this project has mapped out the global changes in histone acetylation, 

which suggests that the epigenetic mechanism involve both canonical and variants histones in a 

drug-dependent manner and they may work independently from each other.  Through this 

project, we hope to initiate a critical discussion about the epigenetic patterning in chromatin 

structure and propose that besides the two main biomarkers – H3 and H4 – other histone 

subtypes – H2A and H2B - also play important roles in chromatin structure.   
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CHAPTER 6 

HISTONE ACETYLATION PATTERNING:  A NEW DIRECTION TO REVEAL THE 

CLINICAL EFFICACY OF HDAC INHIBITORS 

Abstract 

Recent data highlight the unlimited therapeutic potentials of histone deacetylation 

(HDAC) inhibitors in treating cancer, inflammatory diseases, and psychiatric disorders.  This 

unlimited therapeutic potential is due to the pleiotropic effects of HDAC inhibitors at cellular 

and systemic levels.  The wide range of effects induced by HDAC inhibitors may have different 

consequences on histone acetylation that may result in various responses from cell type to cell 

type and from individual to individual.  In this project, we used six different transformed 

mammalian cell lines from three species and different tissues.  We treated them with sodium 

butyrate (NaBu), vorinostat (SAHA), and trichostatin A (TSA).  After that, we used high-

resolution two-dimensional polyacrylamide gel electrophoresis to resolve histones and show the 

global changes in histone acetylation.  We found that NaBu, SAHA, and TSA caused increasing 

in acetylation of different set of core histones in different cell lines.  This result indicates that 

HDAC inhibitors may cause differential epigenetic patterning in different cell types.  Thus, we 

chose seven different HDAC inhibitor drugs, which belong to different classes, to treat the HEK 

cells.  The purpose of this experiment was to test how different HDAC inhibitor drugs affect the 

histone acetylation in one cell line.  We hypothesized that HDAC inhibitor drugs differentially 

targeted histone subtypes with potentially differing consequences in chromatin structure, gene 

activity, and clinical outcomes.  We found that both canonical and variants histones involved in 
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histone modification and acetylated in a sequence.  We proposed that the histone acetylation 

pattern may be a new way to learn the efficacy of HDAC inhibitor drugs.   

Introduction 

The Food and Drug Administration (FDA) has approved several histone deacetylase 

(HDAC) inhibitors for clinical use including belinostat for the treatment of  relapsed or 

refractory peripheral T-cell lymphoma (PTCL), panobinostat for the treatment of multiple 

myeloma, vorinostat (SAHA) and romidepsin for the treatment of  cutaneous manifestations of 

cutaneous T-cell lymphoma (CTCL), and valproic acid for the treatment of epilepsy 

(Goldenberg, 2010; Mottamal et al., 2015; Wagner et al., 2010; West et al., 2014).  Additional 

HDAC inhibitor drugs are in clinical trials as anti-cancer drugs including abexinostat, 

pracinostat, resminostat, givinostat, CUDC-101, mocetinostat, entinostat and apicidin (Mottamal 

et al., 2015; Wagner et al., 2010; West et al., 2014).  Despite of the wide range of clinical 

applications, HDAC inhibitor drugs are well-known with their pleiotropic effects (Bolden et al., 

2006; Bridle et al., 2013; Dokmanovic et al., 2007; Ganslmayer et al., 2012; Kee et al., 2006; 

Konstantinopoulos et al., 2006; Mombelli et al., 2011; Savarino et al., 2009). 

Most HDAC inhibitors are small molecules that can activate transcription through 

increasing histone acetylation and loosening chromatin structure.  There are five classes of 

HDAC inhibitors based on their chemical structures, including benzamides, hydroxamic acids, 

short-chain fatty acids, cyclic depsipeptides with a prodrug moiety and cyclic tetrapeptides.  

Moreover, these HDAC inhibitors are also divided into two functional types:  pan-specific 

inhibitors and selective inhibitors.  The pan-specific inhibitors inhibit several HDACs of 

different classes at once, whereas selective inhibitors inhibit specific HDACs separately.  
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Histone deacetylases (HDACs) are a family of enzymes defined by their ability to 

catalyze the removal of lysyl groups from histones (Kawaguchi et al., 2003).  Based on the 

specific molecular substrates, each HDAC has a distinct role (Dokmanovic et al., 2007; 

Ganslmayer et al., 2012; West et al., 2014).  Thus, HDACs may have differential effects on 

histones.   

Histones are highly conserved basic proteins that organize and pack DNA into chromatin 

via electrostatic interactions between positively charged lysyl residues in histones and negatively 

charged phosphate groups in DNA (Baxevanis & Landsman, 1996; Wolffe, 1998).  When 

histones undergo modifications, they open regions in the chromatin.  As the chromatin is in open 

state, transcription factors can access to DNA and alter gene expression.  Thus, histones can alter 

the accessibility of transcription factors to DNA in chromatin and the gene expression (Wolffe, 

1998).  There are four core histones: H2A, H2B, H3 and H4 histones (Holde, 1989; Wolffe, 

1998).  

Two dimers of H2A/H2B and a tetramer (H3/H4)2 form a histone octamer (Wolffe, 

1998).  High salt concentration can separate histones from DNA, in which histones H2A and 

H2B dissociate first, then histones H3 and H4 dissociate.  H2A-H2B dimers are easier to be 

removed and exchanged than (H3/H4)2 tetramer (Corujo & Buschbeck, 2018; Louters & 

Chalkley, 1985; Wolffe, 1998).  In contrast, (H3/H4)2 tetramer associates with DNA first and 

plays a critical role in positioning nucleosome and organizing DNA (Hayes et al., 1991).  H2A-

H2B dimer associates later and interacts with transcription factors (Baer & Rhodes, 1983; 

Louters & Chalkley, 1985).  The core histones have several variants, which also play critical 

roles in gene expression, repair, recombination and segregation (Malik & Henikoff, 2003).  Thus, 

it seems that all core histones and their variants may involve in histone modification. 
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The commercial immunoblotting methods can only show a snapshot of the acetylation of 

one histone subtype and mainly depend on limited commercially available antibodies.  Thus, in 

this project, we used high-resolution two-dimensional polyacrylamide gel electrophoresis 

(AUTxAU 2D gels) to show the global changes in histone acetylation without using antibodies 

(Green & Do, 2008).  

We used six different cell lines representing potential in vivo targets of these therapeutic 

treatments, including human lung cancer cells (H2009), human embryonic kidney cells (HEK), 

rat liver epithelial cells (WBras-1), pheochromocytoma of rat adrenal medulla (PC12), and 

macrophages (RAW 264.7) and immortalized mouse brain endothelial cells (BEND3).  We 

treated them with three HDAC inhibitor drugs, including sodium butyrate (NaBu), vorinostat 

(SAHA), and trichostatin A (TSA).  We hypothesized that HDAC inhibitors increased 

acetylation of all core histones at once.  We found that these three HDAC inhibitor drugs 

increased acetylation of core histones in cell-, drug-, and concentration-dependent manner, which 

created different histone acetylation patterns.   

We then treated Human Embryonic Kidney (HEK) 293 cells with two selective Histone 

Deacetylase (HDAC) inhibitor drugs from each of the HDAC inhibitor classes (Short-chain fatty 

acid, hydroxamate, cyclic depsipeptide with a prodrug moiety, cyclic tetrapeptide, and 

benzamide).  The purpose of this step was to survey the global changes in histone acetylation 

after different HDAC inhibitor drug treatments.  We hoped to bear a critical discussion about the 

chromatin structure, especially about epigenetic patterning.  Based on the distinct role of each 

HDACs and the broad effects of HDAC inhibitor drugs, we hypothesized that different classes of 

HDAC inhibitor drugs have differential effects on chromatin structure as they differentially 

target the core histones and their variants.  After treating HEK cells with different HDAC 
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inhibitor drugs, we also found that these drugs affected histone acetylation in cell-, drug-, and 

concentration manners.  Besides, we found that histones and their variants dependently 

acetylated in a sequence.   

In short, we proposed that learning the histone acetylation patterns could help us to 

predict the state of chromatin structure, which could help us to predict the efficacy of HDAC 

inhibitor treatment.  We hoped that this work could bear a discussion about the differential 

epigenetic patterning in chromatin structure for different cell types and provide resources for 

future investigations of epigenetic patterning for developing a better diagnostic and treatment of 

cancer or other diseases. 

Materials and Methods 

Cell Cultures 

Cell Lines.  As mentioned above, HDAC inhibitors have been used in a wide range of 

clinical applications including the treatment of cancer, neuropsychiatric disorders, and 

neurodegenerative diseases.  Thus, we used eight different cell lines representing potential in 

vivo targets of these therapeutic treatments, including human lung cancer cells (H2009), human 

embryonic kidney cells (HEK), rat liver epithelial cells (WBras-1), rat liver epithelial cells with 

retroviral vector containing a neo gene (WBneo), pheochromocytoma of rat adrenal medulla 

(PC12), mouse macrophages (RAW264.7), immortalized mouse brain endothelial cells 

(BEND3), and mouse dendritic cells (DC2.4).  H2009 cells were from the American Type 

Culture Collection (ATCC, Manassas, VA) and provided by Dr. Matesic at Mercer University.  

HEK cells were from the American Type Culture Collection (ATCC, Manassas, VA) and 

provided by Dr. Moniri at Mercer University.  WBras-1 and WBneo cells, which were derived 

from WB-F344 rat liver epithelial cells, were from the American Type Culture Collection 
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(ATCC, Manassas, VA) and provided by Dr. Matesic at Mercer University.  PC12 and 

RAW264.7 cells were from the American Type Culture Collection (ATCC, Manassas, VA) and 

obtained from Dr. Moniri at Mercer University.  The DC2.4 cells were from the American Type 

Culture Collection (ATCC, Manassas, VA) and obtained from Dr. D’Souza at Mercer 

University. 

H2009 cells were grown in RPMI-1640 media supplemented with 2.0 mM L-glutamine, 

10% fetal bovine serum (FBS).  HEK and RAW264.7 cells were grown in DMEM media 

supplemented with 2.0 mM L- glutamine and 10% FBS.  WBras-1 and WBneo cells were grown 

in DMEM media supplemented with 2.0 mM L-glutamine and 5.0 % FBS.  G418 antibiotic 

(Thermo Fisher Scientific) was added to cell plates of both these cell lines for culture, but not for 

experiments.  The PC12 cells were cultured in DMEM media with 10% horse serum, 5.0% FBS 

with 1.0% Pen/Strep.  The DC2.4 cells were grown in DMEM media supplemented with 2.0 mM 

L- glutamine, 5.0% FBS and 1% Pen/Strep.  All these cell lines were incubated at 37℃ with 5.0 

% CO2.  Except for HEK cells, all other cell lines were trypsinized when they were subcultured 

at the confluent of 80-90%.  The HEK cells were triturated to detach from the cell culture dish.   

 

 
 
 
 
 
 
 
 
 
 
 
 
 



  

 

96 

 

 
Table 8  
Cell lines were used in the project. 

 
HEK:  Human Embryonic Kidney Cells 

H2009:  Human Non-Small Lung Cancer Cells 

PC12:  Pheochromocytoma of Rat Adrenal Medulla 

Wbras-1:  WB-F344 Rat Diploid Liver Epithelial Cancer Cells 

RAW246.7:  Mouse Macrophages 

DC2.4:  Mouse Dendritic Cells 

 

 

 

Drug Treatments  

Two compounds from each of the five classes of HDAC inhibitors were used to treat the 

HEK cells.  Cells were grown in cell culture plates until they reach about 70-80% confluency, 

followed by drug treatment at three different doses for four hours and 24 hours. 

Sodium butyrate (NaBu) was purchased from Sigma-Aldrich.  Vorinostat (SAHA) was 

obtained from Sigma-Aldrich and provided by Dr. Matesic at Mercer University.  Valproic acid 

(VPA), pracinostat (SB393), romidepsin (FK228), apicidin, trapoxin A, CI-994, and BML-210 
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were obtained from Cayman Chemical.  Table 9 shows the doses and vehicles that were used in 

the experiment 

 

 

 

Table 9  
Selective HDAC Inhibitor Drugs.  Representative compounds were chosen for each of the HDAC 
inhibitor classes above.  The doses were chosen based on the effective doses determined in 
preliminary experiments.  The vehicles were the solvents used to dissolve the HDAC inhibitor 
drugs.   

 

 

 

Histone Extraction 

After treating cell cultures with HDAC inhibitors in 100mm cell plates, the cell culture 

medium was poured off.  The histone isolation process was carried out on ice.  One milliliter all-

purpose buffer (APB), which included a mixture of 0.15 M sodium chloride and ten mM Tris-
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chloride, was used to wash off the remaining media.  Three ml 0.5% Triton X-100 (TX-100) in 

APB was added to the plate to lyse the cells.  The cell lysate was centrifuged at 6000xg at 

4.0℃ for two minutes to pellet the nuclei, and the supernatant was discarded.  The nuclear pellet 

was suspended in 200 𝜇𝜇L 0.5 mg/ml protamine sulfate (PS) in APB.  After that, 200 𝜇𝜇 L 0.8 N 

sulfuric acid (H2SO4) was added.  The mixture was left in the fridge overnight with frequent 

mixing.  Following that, the mixture was centrifuged at 10000xg for two minutes at 4.0℃.   

The supernatant was transferred to a new microtube.  Add ¼ of the final volume 100% 

trichloroacetic acid (TCA) into the extracted histones and put on ice for at least an hour.  The 

extracted histones were centrifuged at 10000xg for five minutes at 4.0℃.  The supernatant was 

poured off.  One ml cold acetone was added in the histone pellet and briefly sonicated.  The 

extracted histones were put on ice for about ten minutes.  The extracted histones were then 

centrifuged at 10000xg for two minutes at 4.0℃.  The supernatant was poured off.  A hundred 

𝜇𝜇L acid/urea loading buffer (AULB), which contained 8 M urea, 5.0% v/v acetic acid, 5.0% v/v 

𝛽𝛽-mercaptoethanol, and 0.2 mg/ml crystal violet, was added in and fully dissolved the histone 

pellet.  The histone samples were stored at -20℃ before electrophoresis.  At the time of 

electrophoresis, the samples were thawed, briefly sonicated in a bath sonicator and centrifuged at 

4000 rpm for 4 minutes.   

High-resolution Two-dimensional Polyacrylamide Gel Electrophoresis (AUTxAU 2D Gels) 

Reagents and protocol for this AUTxAU 2D gel are described in the article Purification, 

and Analysis of Variant and Modified Histones Using 2D PAGE by Green and Do (Green & Do, 

2008).  The first-dimensional gel (AUT gel) was 1.0 mm thick.  This AUT gel was used for both 

preliminary gel (to check on whether the histones were there) and 2D gel.  In a 100-ml beaker, 

50 mg of ammonium persulfate (APS), 30 ml of 10 M urea, 10 ml of 60%/0.4% 
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acrylamide/bisacrylamide, 5.0 ml of water, 2.0 ml of Triton X-100, 2.5 ml of acetic acid, and 0.5 

ml of tetramethylenediamine (TEMED) were added and mixed well together.  This mixture was 

filled the gel stand to about 1.0 cm below the top.  Water was added to fill up to the top.  After 

the gel is polymerized, the water overlay was poured off and replaced with separating gel pre-

electrophoresis buffer (10 M urea, 5.0% acetic acid, TX-100, 0.05% crystal violet, and water).  

The gel was pre-electrophoresed at 100V until the dye reaches the bottom of the gel.  The gel 

was overlaid with a stacking gel (6.0 M urea, 10 mM potassium acetate, and 0.5% v/v acetic 

acid).  A gel-forming comb was inserted into the stacking gel solution.  The stacking gel was 

polymerized using a strong fluorescent light source.  After the stacking gel was polymerized, the 

gel-forming comb was removed, and the samples were added into the wells with 

cystamine/protamine solution overlaid.  The gel was run at 100V until the dye reached the 

bottom.   

The AU gel was made similarly but without the TX-100.  This gel was 1.5 mm thick.  It 

contained 5.0% acetic acid, 8.0 M urea, and 12% polyacrylamide.  The separating gel buffer 

contained 10 M urea, acetic acid, crystal violet, and water.  The AU gel had the same stacking 

gels as the AUT gel, but it did not need the gel-forming comb. 

After the dye reached the bottom of the AUT gel, the AUT gel was removed and soaked 

briefly in Coomassie blue gel stain (0.05% w/v Coomassie blue R-250, 40% v/v ethanol and 

5.0% v/v acetic acid) until the lanes were visible to cut.  Each of the lanes was cut out and 

transferred to the second-dimension AU gel.  The AU gel apparatus was assembled and run at 

100 V until the dye reaches the bottom of the gel. 

The gel was then removed and stained in the same Coomassie blue gel stain mentioned 

above.  The gel was first destained in 20% ethanol and 0.5 % acetic acid.  Then, the gel was 
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destained in 40% methanol and 1.0% glycerol.  Finally, the gel was dried between two 

cellophane sheets.  

Interpreting the Results 

To quantify the amount of histone protein present in each gel spot resolved by high-

resolution two-dimensional polyacrylamide gel electrophoresis, we used Bio-rad ChemiDoc 

Imaging Systems, which includes a ChemiDoc Imager machine and Image Lab software.  The 

ChemiDoc Imager Machine can capture pictures of the gels.  The Image Lab software has a 

function to quantify the intensity of the gel spots.   

Results 

We treated six different cell lines – human embryonic kidney cells (HEK), human non-

small lung cancer cells (H2009), pheochromocytoma of rat adrenal medulla (PC12), murine 

macrophages (RAW246.7), and mouse dendritic cells (DC2.4) - with sodium butyrate (NaBu), 

vorinostat (SAHA), and trichostatin A (TSA) at three different concentration for four, eight, and 

24 hours.  We used the modified acid-extraction method to extract histones and used the high-

resolution two-dimensional electrophoresis gels (AUTxAU 2D gels) to resolve histones.  

We found that some of the core histones of these cell lines had already been at the 

hyperacetylation stage.  After treating these cells with NaBu, SAHA, and TSA, these drugs 

changed acetylation of a different set of histones in concentration-, cell-, and drug-dependent 

manners.  The changing in acetylation of histones did not depend on the length of treatment.   

We then treated HEK cells with nine histone deacetylation (HDAC) inhibitor drugs from 

five different classes — short-chain fatty acid, hydroxamate, cyclic depsipeptide with a prodrug 

moiety, cyclic tetrapeptide, and benzamide — for four and 24 hours at three different doses.  We 

found that all core histones and histone variants independently involved in histone modification.  
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There may be a sequence of acetylation based on the concentration of HDAC inhibitor drugs.  

Through this finding, we proposed that learning the histone acetylation pattern may be a new 

way to study the efficacy of HDAC inhibitor drugs.   

Variety of Histone Acetylation Patterns in the Control Group of Different Cell Lines 

Table 11 and Figure 29 show that at the normal state, each cell line had a specific set of 

histones that had already been in the hyperacetylation stage.  Histones H3, H4, and H2A of the 

human embryonic kidney cells (HEK) and pheochromocytoma of rat adrenal medulla (PC12) 

had already been in the hyperacetylation stage. The human non-small lung cancer cells (H2009) 

had histone H2A in the hyperacetylation stage, while the rat diploid liver epithelial cancer cells 

(WBras-1) had histone H2A in the hyperacetylation stage.  Histone H2A of the murine 

macrophages (RAW246.7) and mouse dendritic cells (DC2.4) had already been in the 

hyperacetylation stage.  Histone H4 of RAW246.7 had already been in the hyperacetylation 

stage.  These results indicate that at the normal state, these cells had already undergone some 

histone modifications. As a result, the chromatin structure of these cells may be partially open, 

and their DNA may become accessible for transcription. 

We also noticed that each cell line had a different set of core histones and its variants.  

For example, HEK cells have histones H1, H4, H3.3, H3.2, H3.1, H2B, H2A, ubH2A, H2A.X, 

and H2A.Z.  PC12 cells have the same set of histones, except that they have three H2B.  This 

result indicates that histones from different cell line may act differently.  
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Figure 29.  At normal state, these selective cell lines had already undergone histone 
modification.  From the number of the spot for each histone, we could determine the degree of 
change in histone acetylation.  If a histone has one spot, it means that the histone is not 
acetylated.  If a histone has two or more spots, it means that the histone is acetylated.  Each cell 
line has different set of histone variants, so we focused on the core histones — H2A, H2B, H3.2, 
and H4.  At normal state, human embryonic kidney (HEK) cells had histones H2A, H3.2, and H4 
in hyperacetylated stage because these histones had two or more spots (two, three, and four, 
respectively; Figure 29A).  Human lung cancer cells (H2009) had histones H2A in 
hyperacetylated stage because this histone had two spots (Figure 29B).  Pheochromocytoma of 
rat adrenal medulla cells (PC12) had histones H2A, H3, and H4 in hyperacetylated stage because 
these histones had two or more spots (two, three and four, respectively; Figure 29C).  Rat 
epithelial cancer cells (Wbras-1) had histone H2A in hyperacetylated stage because this histone 
had two spots (Figure 29D).  Mouse macrophages (RAW246.7) had histones H2A and H3 
because these histones had two spots (Figure 29E).  Mouse dendritic cells (DC2.4) had histone 
H2A in hyperacetylated stage because this histone had two spots (Figure 29F). 
 
 

 

All Core Histones and Histone Variants Involved in Histone Modification 

We treated six cell lines with NaBu, SAHA, and TSA at three different doses for four, 

eight, and 24 hours.  We then treated the HEK cells with nine different HDAC inhibitor drugs at 
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three different doses for four and 24 hours.  After extracting histones and dissolving histones in 

AUTxAU 2D gels, we found that histone deacetylation inhibitor drugs affect all core histones 

and their variants (Table 11 and 12).   

Comparing the histone spots in the AUTXAU 2D gels of the control group with the 

histone spots in the gels of the treatment group, we can determine the stage of histone 

acetylation after drug treatment (Figure 30).  We can detect the changing in histone acetylation 

with our eyes.  We can see the changing in the number of spots and the intensity of the spot for 

each histone to determine the degree of changing in acetylation of that histone.  However, in 

order to get accurate results, we measured the area of each spot of one histone by using 

ImageJ.  On the basis of the area of these spots, we calculate the intensity ratio between these 

spots of one histone.  

First, we looked at the number of the spot of each histone to determine whether that 

histone has an increase in acetylation.  If the number of the spot of that histone in the 

treatment group is higher than the number of the spot of that histone in the control group, it 

means that that histone has an increase in acetylation.  For example, in Figure 30A, histone H2B 

has one spot, while in Figure 30B, histone H2B has three spots.  The increasing in the number of 

spots (from one spot of the control group to three spots of the treatment group) in the 

treatment group indicates that histone H2B had an increase in acetylation after the drug 

treatment.  Second, we look at the intensity ratio between the spots of each histone to 

determine the acetylation state of that histone.  When the histone in the treatment group has 

the same number of spots — two or more spots — we compare the difference in the intensity 

ratio between these spots to determine whether the acetylation stage of that histone has 
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changed.  For instant, in Figure 2A and 2B, both histones H3 in the control group and the NaBu 

treatment group have three spots.  The intensity ratio between these three spots in the control 

group is 33.33:33.33:33.33, while the intensity ratio between these three spots in the NaBu 

treatment group is about 20:30:50.  

 

 

 

 
Figure 30. After treating the human embryonic kidney (HEK) cells with high dose for 24 hours, 
sodium butyrate (NaBu) and vorinostat (SAHA) increased acetylation of all core histones; while 
trichostatin A (TSA) increased acetylation of histone H4.  The intensity and the number of spots 
of each histone subtype indicate the level of acetylation.  For treatment groups, additional 
diagonal spots above the parent spots shown in the control group indicate an increasing in 
acetylation.  On the other hand, the less intensity of the parent spot the more acetylation of that 
histone variant.  We used Image J to measure the area of each spot in one histone.  Then, we 
calculate the ratio between these spots to generate the intensity ratio between these spots in one 
histone.  In this part of the project, we only focus on the canonical histones – H4, H3.1, H2A and 
H2B.  When we compare Figures 30B to Figure 30A, histone H2A in Figure 30A has two spots 
(“a” and “b”) with the intensity ratio between these two spots about 80:20, while histone H2A in 
Figures 30B has three spots (“a”, “b”, and “c”) with the intensity ratio between these three spots 
about 48:48:4. This result indicates that after treating HEK cells with NaBu at 3mM, NaBu 
increased acetylation of histone H2A. Histone H3 in Figure 30A has three spots with the 
intensity ratio between these spots about 33.33:33.33:33.33, while histone H3 in Figure 30B also 
had three spots but the intensity ratio between these spots about 20:30:50. This result indicates 
that after treating HEK cells with NaBu at 3mM, NaBu increased acetylation of histone H3.  In 
Figure 30A, histone H2B has one spot (“a”), and histone H4 has three spots (“a”, “b”, and “c”).  
In Figure 30B, histone H2B has three spots (“a”, “b”, and “c”), and histone H4 has five spots 
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(“a”- “e”).  The increasing in number of spot of histones H2B and H4 after treating with NaBu 
indicates that NaBu increased acetylation of histones H2B and H4.  As a result, NaBu increased 
acetylation of all core histones in HEK cells.  The number of spots and the intensity ratio 
between the spots of each core histone (H2A, H2B, H3, and H4) in Figure 30B are same as in 
Figure 30C, which indicates that SAHA also increased acetylation of all core histones.  In 
Figure 30D, after treating HEK cells with TSA at 500nM, the number of spots and the intensity 
ratio between spots of histones H2A, H2B, and H3 are same as the number of spots and the 
intensity ratio between the spots of histones H2A, H2B, and H3 in the control group (Figure 
30A).  However, the intensity ratio between the spots of histone H4 in the TSA treatment group 
had shifted to 30:30:20:20 (Figure 30D), while the intensity ratio between the spots of histone 
H4 in the control group was 48:48:4:4.  In short, TSA at 500 nM increased acetylation of histone 
H4 of HEK cells.   

 

 

From the information of the number of the spots and of the intensity ratio between 

these spots in one histone, we could determine whether that histone was acetylated.  We 

summarized our results in Table 11 and Table 12.  Table 11 shows the changing in acetylation of 

core histones in six cell lines after treating with NaBu, SAHA, and TSA.  Table 12 shows the 

changing in acetylation of both core histones and their variants in HEK cells after treating with 

nine different HDAC inhibitor drugs.  
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Table 11  
Based on the intensity and the number of the spots of each core histone, vorinostat (SAHA), 
sodium butyrate (NaBu), and trichostatin A (TSA) affect a specific set of core histones in both 
drug- and cell-dependent manners, N=27 

 
HEK:  Human Lung Embryonic Cells 

H2009:  Human Non-Small Lung Cancer Cells 

PC12:  Pheochromocytoma of Rat Adrenal Medulla 

Wbras-1:  WB-F344 Rat Diploid Liver Epithelial Cancer Cells 

RAW246.7:  Mouse Macrophages 

DC2.4:  Mouse Dendritic Cells 

NaBu:  Sodium Butyrate 

SAHA:  Vorinostat 

TSA:  Trichostatin A 

+:  Increase in acetylation  

-:  Decrease in acetylation 
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Table 12  
Based on the intensity and the number of the spots of each histone subtype, the result indicates 
that histone deacetylases affect a specific set of histone subtypes in a drug-dependent manner 
in Human Embryonic Kidney (HEK) cell, N=18 

 
+:  Increase in acetylation 

-:  Decrease in acetylation 

 

 

 

After treating the six cell lines with NaBu, NaBu increased acetylation all core histones 

and their variants, except for PC12 and DC2.4 (Table 11 and 12).  Other HDAC inhibitor drugs 

such as SAHA, trapoxin A, and CI-994 also increased acetylation of all core histones and their 

variants in HEK cells (Table 12).  These results determine that all core histones and their variants 

involved in histone modification.  Thus, it is essential to learn about the patterns and sequences 

of histone acetylation, which can help us to predict the stage of chromatin structure and clinical 

efficacy.  

Histone Deacetylation Inhibitors Affect Histone Acetylation in a Cell-Dependent Manner 

After treating six different cell lines, NaBu, SAHA, and TSA differentially affect histone 

acetylation in a cell-dependent manner (Table 11).  In HEK and WBras-1, NaBu increased 
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acetylation all of the core histones.  On the other hand, NaBu increased acetylation of histones 

H3, H4, and H2B in DC2.4 cells.  NaBu increased acetylation of histones H3, H4, and H2A in 

H2009 cells.  NaBu increased acetylation of histones H3, H4, and H2B but decreased acetylation 

of H2A in PC12 and RAW246.7 cells.   

Same as NaBu, SAHA also increased acetylation of a different set of histones in different 

cell lines. SAHA increased acetylation of all core histones in HEK and WBras-1 cells.  In H2009 

cells, SAHA increased acetylation of histones H3, H4, and H2A.  SAHA increased acetylation of 

H3 and H4 in PC12 cells, RAW246.7 cells and DC2.4 cells.  

TSA also differentially affect histone acetylation in different cell lines. In HEK cells, 

TSA increased acetylation of histone H4, while TSA increased acetylation of H3, H4, and H2A 

in H2009 cells. TSA increased acetylation of all core histones in WBras-1 cells, while TSA only 

increased acetylation of histones H3 and H4 in PC12 and RAW246.7 cells.  TSA increased 

acetylation of histone H4 in DC2.4 cells. 

In short, HDAC inhibitor drugs affect histone acetylation in a cell-dependent manner.  As 

mentioned above, at the normal state, each cell line has a specific histone acetylation pattern.  

Besides targeting histones, HDACs also target a wide range of proteins.  This wide range of 

effect of proteins combining with the differential effects on histone acetylation in a cell-

dependent manner is the cause of the pleiotropic effects of HDAC inhibitor drugs.  Thus, if we 

could survey the histone acetylation patterns of different cell types, we may be able to detect the 

biomarkers of a specific cell type.  These biomarkers can help us to decrease the pleiotropic 

effects of HDAC inhibitor drugs as we can tailor the drugs to the specific targets.   

Histone Deacetylation Inhibitors Affect Histone Acetylation in a Drug-Dependent Manner 
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Besides affecting histone acetylation in a cell-dependent manner, HDAC inhibitor drugs 

also affect histone acetylation in a drug-dependent manner.  In HEK cells, each drug has a 

specific set of histone acetylation pattern (Table 12).  Valproic acid (VPA) slightly increased 

acetylation of histone H4 but decreased acetylation of histone H3.2.  Pracinostat (SB393) slightly 

increased acetylation of H3.2, H4, H2A.X, and H2A.Z.  BML-210 slightly increased acetylation 

of histones H4, H2A.X, and H2A.Z but decreased acetylation of histone H3.2.   

In PC12 and DC2.4 cells, NaBu increased acetylation of histones H3, H4, and H2B; 

while SAHA increased acetylation of histones H3 and H4.  In DC2.4 cells, TSA increased 

acetylation of histone H4 only.  In RAW246.7 cells, SAHA and TSA increased acetylation of 

histones H3 and H4; while NaBu increased acetylation of histones H3, H4, and H2B but 

decreased acetylation of histone H2A (Table 11). 

In conclusion, as HDAC inhibitor drugs affect histone acetylation in a drug- and cell-

dependent manner, it is essential to identify the correct HDAC inhibitor drugs and biomarkers. 

Histone Deacetylation Inhibitors Affect Histone Acetylation in a Concentration-Dependent 

Manner 

At different concentration, HDAC inhibitor drugs affected histone acetylation differently. 

In HEK cells, TSA did not affect any histones at low concentration (20 nM) and IC50 (200 nM), 

but TSA slightly increased acetylation of histone H4 at high concentration (500 nM).  In WBras-

1, TSA increased acetylation of histone H2B and H2A stronger at IC50 (200 nM) and high dose 

(500 nM).  In RAW246.7, NaBu decreased acetylation of histone H2A at low concentration, but 

did not affect acetylation of histone H2A at IC50 and high concentration (Table 11).   

We treated the cells for four, eight, and 24 hours, the results for histone acetylation 

remained the same.  These results indicate that HDAC inhibitor drugs affect histone acetylation 
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in a concentration-dependent manner, not in length-of-treatment-manner.  Thus, it is necessary to 

identify the therapeutic window of drugs. 

Discussion 

Through this project, we found that in a normal state, cancer cells and rapid-replicated 

cells had some histones in the hyperacetylation stage.  This result indicates that these cells may 

have already undergone histone modification and changes in chromatin structure.  Moreover, we 

also found that all core histones and their variants involved in histone modification.  Finally, our 

results indicate that histone deacetylation (HDAC) inhibitor drugs affect histone acetylation in a 

cell-, drug-, and concentration-dependent manner but not in a length-of-treatment manner. 

Histone Deacetylation Inhibitor Drugs Differentially Affect Histone Deacetylases and Non-

Histone Proteins, which Causes Histone Acetylation in a Cell- and Drug-Dependent Manner 

As HDAC inhibitor drugs affect different HDACs and affect both histones and non-

histone proteins, it is evident that HDAC inhibitor drugs affect histone acetylation in a cell- and 

drug-dependent manner.  In human, there are eighteen different HDACs, which divided into two 

families based on their catalytic mechanism of action and sequence homology.  Eleven HDACs 

are zinc-dependent and belong to the Rd3/Hda1 family.  These eleven HDACs are divided into 

four classes:  Class I (HDAC1, 2, 3 and 8), Class IIa (HDAC4, 5, 7 and 9), Class IIb (HDAC6 

and 10) and class IV (HDAC11).  Based on the specific molecular substrates, each HDAC has a 

distinct role (Dokmanovic et al., 2007; Ganslmayer et al., 2012; West et al., 2014).  In addition to 

target histones, HDACs target non-histone proteins.  Moreover, one HDAC can affect the 

activity of other HDACs.  Thus, inhibitors of HDACs can have broad effects (Falkenberg & 

Johnstone, 2014). 
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As HDACs affect a wide range of different cellular proteins, HDAC inhibitors also affect 

different biological pathways.  For example, SAHA can activate the intrinsic apoptotic pathway 

by activating caspase-3 (caspases - a family of endoproteases that regulates inflammation and 

cell death) and degrading of PARP (poly (ADP-ribose) polymerase – a family of proteins that 

involves in several cellular processes such as DNA repair, genomic stability, chromatin function 

and programming cell death) via releasing of cytochrome c due to loss of mitochondrial 

transmembrane (Emanuele et al., 2007).  SAHA also can activate the extrinsic apoptotic pathway 

by increasing expression of FasL (a transmembrane protein from tumor necrosis factor family) 

and FasL receptors, which activates caspase-8 and initiates of cell death cascade (Emanuele et 

al., 2007).  In short, HDAC inhibitor drugs differentially affect HDACs and non-histone proteins, 

which can cause differential effects on histone acetylation in a cell-and drug-dependent manner.   

Core Histones and their Variants Have Different Roles, which also Leads to Different Histone 

Acetylation Patterns in Control Groups and Treatment Groups 

Moreover, each histone has a distinct function, which makes the core histones and their 

variants work independently but coordinately as a machine.  In our results, we found that all core 

histones and their variants involved in histone modification.  Moreover, in the normal state, some 

histones have been in the hyperacetylation stage.  After HDAC inhibitor drug treatments, we 

found that HDAC inhibitor drugs affect histone acetylation in a concentration-dependent manner.  

These results may be because of the different functions of histones, which can create a 

mechanism or sequence of histone acetylation. 

Each nucleosome consists of two copies of each of the core histones (octamer – H2A, 

H2B, H3, and H4), forming a globular core wrap 146 base pairs of DNA (Holde, 1989; Wolffe, 

1998).  H3 and H4 evolved before H2A and H2B and are 10-fold less divergent than H2A and 
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H2B (Malik & Henikoff, 2003; Thatcher & Gorovsky, 1994).    H3 and H2A can self-dimerize in 

the histone octamer, whereas H4 and H3B cannot (Malik & Henikoff, 2003).  The H3 self-

dimerization is a much stronger and ancestrally retained dimerization domain than the H2A self-

dimerization (Malik & Henikoff, 2003).  Thus, H3 and H4 are only found as a tetramer and have 

a simultaneous origin, while H2A and H2B are only found as a dimer and appear after H3 and 

H4 (Malik & Henikoff, 2003).  In the nucleosomal structure, H2A-H2B dimers can be removed 

and exchanged more efficiently than the stable H3-H4 core (Corujo & Buschbeck, 2018). 

H3 and H2A have huge roles in transcription and DNA repair, and they have several 

variants.  On the other hands, H4 and H2B include few to none variant (Malik & Henikoff, 

2003).  Histone variants have three evolutionary histories:  H2A.F/Z-type variants arose once 

early in evolution, while H2A.X variants arose separately, during the evolution of multicellular 

animals.  H3.3-type variants have arisen in multiple independent events (Thatcher & Gorovsky, 

1994).  Several core histone variants exist that have specific changes from normal histones both 

in the N-terminal tails and in the DNA-binding surfaces of the C-terminal histone-fold domains 

(Wolffe & Pruss, 1996).  As in our results, both core histones and their variants involved in the 

histone acetylation process. 

The core histones and their variants have different roles, which may explain why HDAC 

inhibitor drugs affect histone acetylation in a concentration-dependent manner and why some 

histones have been in the hyperacetylation stage at the normal state.  Histone H4 has no specific 

role.  The histone H4 is one of the most slowly evolving proteins, so H4 has a high degree of 

constraint.  Some positions in alpha2 appear to tolerate any amino acid substitutions.  The N-

terminal tail of H4 is also modified extensively by kinases, acetyltransferases, and 

methyltransferases.  The modified residues and the rest of the N-terminal tail are highly 
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constrained except in some outlier lineages, strongly suggesting an early origin and maintenance 

of histone modifications in the eukaryotic lineage.  Some outlier lineages are the only notable 

feature in the phylogeny of representative H4 protein.  There are no sequence distinctions 

between S-phase-specific and replication-coupled H4 genes in plants and animals, and in the 

case of mammals, the two forms are produced as a result of alternative processing of the same 

primary transcript.  Thus, there is little evidence for any H4 functional specialization, and H4’s 

role has remained constant throughout eukaryotic evolution (Malik & Henikoff, 2003).   

Histone H3 organizes the nucleosome.  Same as H4, H3 histone is also the most slowly 

evolving proteins, but histone H3 differ substantially in their evolutionary specialization.  H3 

have many variants with unique roles in transcription and chromosome segregation (Malik & 

Henikoff, 2003).   

Histone H3 has a crucial role in organizing the nucleosome.  The two-fold symmetry of 

nucleosome attaches along the dimerization interface of the two H3 molecules using their C-

terminal ends creates a four-helix bundle.  In addition, H3 histones make contact with H4, H2A, 

and nucleosomal DNA (Malik & Henikoff, 2003).   

Histone H3 contains three variants:  H3.3, H3.2, and H3.1.  H3.3 contains marks 

associated with transcriptionally active chromatin, whereas H3.2, in contrast, contains mostly 

silencing modifications that have been associated with facultative heterochromatin.  

Interestingly, H3.1 is enriched in both active and repressive marks, although the later markers are 

different from those observed in H3.2 (Hake et al., 2006).  H3.3 also has a role in de-

transitioning from sperm-specific protamine back to canonical histones after fertilization (Aul & 

Oko, 2001).   
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Histone H2B stacks nucleosomal units.  H2B is less evolutionarily constrained than H3 

and H4.  In addition to its histone fold domain, H2B has a C-terminal alpha-helix (alphaC) that 

seems to help mediate its interaction with nucleosomal DNA.  The alphaC helices are on the 

outer planes of the nucleosomal disc and could have a role in stacking of different nucleosomal 

units into a higher-order structure (Malik & Henikoff, 2003).   

H2B has one variant – SubH2Bv – a sperm-specific histone in mammals(Aul & Oko, 

2001).  SubH2Bv associates with acrosome formation.  Besides the role in chromatin packaging, 

SubH2Bv may represent a storage form of H2B that is important for the de-transitioning from 

sperm-specific protamine back to canonical histones after fertilization (Aul & Oko, 2001).   

Histone H2A contacts with nucleosome-protein complexes.  The N-terminal tails of all 

core histones and the C-terminal tail of histone H2A protrude on the outside of the nucleosome, 

where they can potentially make contacts with the nucleoprotein complexes (Wolffe & Pruss, 

1996).  Mammals have an additional H2A replacement variant, H2A.X, which arose 

independently during vertebrate evolution (Thatcher & Gorovsky, 1994).  The H2AF/Z variants 

have core sequences which are different from the conserved cores of the major H2As, while the 

H2A.X core region is nearly identical to that of the major vertebrate H2A (Thatcher & 

Gorovsky, 1994).  H2A.X has an unusual C-terminal region that distinguishes it from the major 

H2A and which contains a sequence element also found in the C-terminal regions of some H2As 

from lower eukaryotes.  The significance of this element is unknown, and it is not clear whether 

it arose by chance or convergent evolution, or whether it is a genuinely ancient conserved 

sequence that has been lost from most other H2As (Thatcher & Gorovsky, 1994).   

H2A.X is typically expressed throughout the cell cycle.  It may be incorporated at a 

diluted level in the course of DNA replication throughout the genome, but in response to double-
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strand breaks, H2A.X may be preferentially deposited at the disrupted nucleosomal (Malik & 

Henikoff, 2003).  By being similar in primary sequence to the canonical H2A, H2A.X is 

packaged along with the canonical H2A.  Indeed, it seems from the phylogeny of the H2A 

proteins that the H2A.X variants, defined by the presence of the C-terminal motif, have had 

multiple evolutionary origins (Malik & Henikoff, 2003).  In short, H2A.X responds to double-

strand break and DNA damage (Ahuja et al., 2016; Bassing et al., 2003; Celeste et al., 2002; 

Rogakou et al., 1998; Turinetto et al., 2012).  H2A.X also involved in chromatin remodeling and 

inactivation of sex chromosome (Fernandez-Capetillo et al., 2003) 

H2A.Z is highly conserved through most of eukaryotic evolution.  Unlike H2A.X, H2A.Z 

had a single evolutionary origin and had remained distinct from canonical H2A throughout 

eukaryotic evolution (Thatcher & Gorovsky, 1994).  This ancient evolutionary specialization 

implies that H2A.Z has a role that cannot be substituted by a canonical H2A (Allis et al., 1986; J. 

D. Jackson & Gorovsky, 2000).  Studies on H2A.Z have strongly indicated that this variant is 

critical for maintaining a transcriptionally permissive open state and in protecting euchromatin 

from encroachment by silent heterochromatin (Meneghini et al., 2003; Stargell et al., 1993).  In 

order to improve the accessibility of nucleosomal DNA to transcriptional apparatus, we can 

destabilize the interface between H2A.Z-H2B and the H3-H4 dimers at the docking domain 

(Malik & Henikoff, 2003; Suto et al., 2000).   

MacroH2A is enriched in the chromatin of the inactive X chromosome in female 

mammals (also referred to as the Barr body) and in the transcriptionally silent XY body in male 

meiosis (Costanzi & Pehrson, 1998; Richler et al., 2000).  MacroH2A and H2A.X act as tumor 

suppressors (Corujo & Buschbeck, 2018).  Last but not least, ubiquitination of the C-terminal tail 

of H2A is also correlated with transcriptional activation (Wolffe & Pruss, 1996).   
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Despite Different Role, Core Histones and their Variants Work Together as a Machine 

Even the core histones and their variants have different roles; they do work together as a 

machine.  The differences in the rates of evolution between H3/H4 and H2A/H2B can be 

rationalized regarding current models of chromatin assembly and function.  During DNA 

replication, an (H3/H4)2 tetramer is the first particle to assemble on newly synthesized DNA, and 

this tetramer has been shown to position itself at the same sites as whole nucleosomes.  Two 

H2A/H2B dimers assemble later, appear to interact with transcription factors and may release or 

unfold from the nucleosome upon transcription.  Thus, it is likely that H3 and H4 play critical 

roles in DNA binding and chromatin assembly, roles that have changed little throughout 

eukaryotic evolution and which impose strict constraints on their structure.  H2A and H2B, 

which may interact with non-histone chromatin proteins, transcription factors, and the 

transcription apparatus, are probably not only permitted but required to evolve to optimize 

interactions with other proteins as they have evolved along different eukaryotic lineages 

(Thatcher & Gorovsky, 1994).   

The release of the H3, H4 tetramer and/or H2A, H2B dimer occurs as a consequence of 

replication (Jackson, 1990).  Histones H2A and H2B dissociate first as the salt concentration is 

raised followed by histones H3 and H4.  Studies of this type, coupled to chemical cross-linking, 

demonstrated that histones H2A and H2B form a stable dimer (H2A/H2B), whereas histones H3 

and H4 form a stable tetramer ((H3/H4) 2 ) in the absence of  DNA (Wolffe, 1998). 

Transcription dissolves nucleosome structure and releases H2A and H2B.  H2A and H2B 

histones enter a pool of free histones in which on a random basis these histones may redeposit 

either at the replication fork or at active genes.  The model also indicates that H3 and H4 do not 

undergo this exchange process, but remain associated with the DNA during transcription 
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(Jackson, 1990).  The new H3 and H4 deposit onto newly replicated DNA as a tetramer 

associated primarily with old H2A and H2B.  New histones H2A and H2B deposit as a dimer 

with primarily old H2A, H2B, H3 and H4 (Jackson, 1990).  New H3, H4 tetramers, and new 

H2A, H2B dimers were not deposited in the same nucleosomes (Jackson, 1987). 

Histones H2A (5-15%) and H2B (2-5%) are found covalently attached to ubiquitin, and 

these histones are in turn found within nucleosomes (Jackson, 1987).  The conjugation of H2A 

and H2B by ubiquitin occurs when these proteins are in a free pool within the nucleus (Jackson, 

1987).  The conjugation of H2A and H2B with ubiquitin occurs while these histones are in the 

free histone pool and that subsequent deposition of the conjugates into nucleosomes is 

independent of replication and transcription (Jackson, 1990).  

The Histone Acetylation Machine may have a Sequence in a Concentration-Dependent Manner, 

not in a Length-of-Treatment-Manner 

According to our results, all selective histone deacetylases (HDAC) inhibitor drugs 

targeted all histones, except for valproic acid (VPA), pracinostat (SB393) and BML-210.  Both 

SB393 and BML-210 increased acetylation of H4, H2A.X, and H2A.Z, while VPA only 

increased acetylation of H4.  SB393 and VPA decreased the acetylation of H3.2.  Barbetti and 

her colleague found that vorinostat (SAHA) induced acetylation faster and targeted different 

residue from VPA (Barbetti et al., 2013), which may explain why VPA, SB393, and BML-210 

acted differently from other HDAC inhibitor drugs.   

Furthermore, the tetramer (H3-H4)2 associated with DNA first, then the dimers H2A-

H2B follow (Baer & Rhodes, 1983; Hayes et al., 1991; Louters & Chalkley, 1985), as these 

drugs only slightly increased acetylation of H4, which may suggest that the tetramer (H3-H4)2 

has assembled but not the dimers H2A-H2B.  Thus, these drugs may have different timing for 
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histone modification and the histone modification, especially acetylation of histones, is in the 

order of increasing acetylation of H4, decreasing acetylation of H3.2, increasing acetylation of 

H3.2, increasing acetylation of H2A.X and H2A.Z and increasing acetylation of H3.3, H3.1, 

H2B, H2A, and ubH2A. 

 Based on the finding of Hake and her colleagues, histone H3.1 contained both 

transcriptionally active and repressive marks, histone H3.2 contained repressive transcriptional 

marks, and histone H3.3 contained active transcriptional marks (Hake et al., 2006).  Hence, 

HDAC inhibitor drugs would increase acetylation of H3.1 and H3.3, while decrease acetylation 

of H3.2.  This finding supports our results that histone H3.1, H3.2, and H3.3 acted independently 

from each other, but challenges our findings that only VPA and SB393 decreased acetylation of 

H3.2.  VPA, SB393, and BML-210 did not increase acetylation of H3.1 and H3.3 may be 

because of timing as mentioned above.  As H3.2 contained repressive transcriptional marks, 

VPA and BML-210 decreased acetylation of H3.2.  However, our results challenged the finding 

of Hake and her colleagues as other HDAC inhibitor drugs – sodium butyrate (NaBu), SB393, 

SAHA, romidepsin (FK228), trapoxin A, CI-994 and apicidin increased acetylation of H3.2.  

This result suggests that H3.2 may also involve in both activating and repressing transcription.  

The repressing transcriptional marks of H3.2 may act first, follow by activating transcriptional 

marks.  As all HDAC inhibitor drugs affected H3.2, we propose that following increasing 

acetylation of H4 is decreasing acetylation of H3.2, then increasing acetylation of H3.2.   

Same as histone H3, our data also shows that histone variants H2A.X and H2A.Z acted 

independently from the core histone H2A as each of them has a distinct function.  The histone 

variant H2A.X has an identical core region as H2A, but different C-terminal region (Thatcher & 

Gorovsky, 1994), which gives this histone variant the ability to compact chromatin and break 
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DNA double-strands (Rogakou et al., 1998).  On the other hand, histone variant H2A.Z has a 

different core region from H2A (Thatcher & Gorovsky, 1994), which gives this histone variant 

the ability to initiate transcription and protect euchromatin from silencing (Guillemette et al., 

2005; Meneghini et al., 2003).  With the critical role in activating replication and transcription, 

HDAC inhibitor drugs should increase the acetylation of these two histone variants – H2A.X and 

H2A.Z.  Our data supports this as most HDAC inhibitor drugs increased acetylation of these two 

histone variants, except for VPA, which may be because of the timing as mentioned above.  

Hence, we think that increasing acetylation of H2A.X and H2A.Z follows the increasing 

acetylation of H3.2. 

SB393 and BML-210 increased acetylation of H2A.X and H2A.Z but did not increase 

acetylation of H2A and H2B.  As the dimer H2A-H2B assemble after the tetramer (H3-H4)2 

(Baer & Rhodes, 1983; Hayes et al., 1991; Louters & Chalkley, 1985), it suggests that increasing 

acetylation of H2A and H2B may follow the increasing acetylation of H2A.X and H2A.Z.  VPA, 

SB393, and BML-210 also did not increase the acetylation of H3.3 and H3.1.  It may suggest 

that increasing of H3.3 and H3.1 may occur at the same time as increasing acetylation of H2A 

and H2B.   

However, when we treated six cell lines with NaBu, SAHA, and TSA, we found that 

NaBu, SAHA, and TSA increased acetylation of histones H3 and H4 in all cell lines.  These 

drugs selectively affect histones H2A and H2B.  This result indicates that acetylation of histones 

H2A and H2B may occur after acetylation of histone H3.   

Overall, it may suggest that histone modification is in order of increasing acetylation of 

H4; decreasing acetylation of H3.2; increasing acetylation of H3.2; increasing acetylation of 
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H2A.X and H2A.Z; increasing acetylation of H3.3, H3.1; and increasing acetylation of H2B, 

H2A, and ubH2A.   

Learning the Histone Acetylation Patterning may be a New Way to Study Clinical Efficacy of 

HDAC Inhibitor Drugs 

As histone deacetylase inhibitors have differential effects on HDACs and biological 

pathways, along with core histones and their variants work independently, it can cause different 

histone acetylation patterns.  The different histone acetylation patterns may result in different 

responses from cell to cell and from individual to individual.  If we can learn different histone 

acetylation patterns, we can measure the therapeutic window, predict the clinical efficacy, and 

decrease the pleiotropic effects of HDAC inhibitors.   

Through this project, we found that histone acetylation may have a sequence in a 

concentration-manner, which can help us to measure the therapeutic window of HDAC inhibitor 

drug in an individual patient.  On the basis of the function of core histones and their variants, the 

sequence goes histone H4; H3.2; H2A.X and H2A.Z; H3.3, H3.1; and H2A, ubH2A, and H2B.  

We can measure the histone acetylation before and after the treatment to determine which 

histones the dose causes acetylation.  From here, we can predict the stage of histones and 

chromatin structures, which can help us to predict the accessibility of the DNA to transcription 

factors.  In consequence, we can predict the efficacy of the drug. 

Moreover, as HDAC inhibitor drugs affect histone acetylation in drug- and cell-

dependent manner, through surveying histone acetylation patterns, we can detect the biomarkers 

for these drugs.  These biomarkers can help us to decrease the pleiotropic effects of HDAC 

inhibitor drugs.   
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Strengths and Limits 

The high-resolution two-dimensional electrophoresis (AUTxAU gels) can show us the 

global changes in histone acetylation without using antibodies.  This gel system may ultimately 

be used to analyze HDAC inhibitor targets in vivo using biological samples from individual 

patients.  In contrast to current widely used immunoblotting methods for assessing HDAC 

activity, this high-resolution two-dimensional polyacrylamide gel electrophoresis methodology is 

widely available and affordable to most research laboratories.   

Current immunoblotting methods use site-specific antibodies to recognize a single type of 

histone acetylation event (acetylation of lysyl residue 9 in histone H3, for example), which can 

only provide a snapshot of the global acetylated lysyl residues.  On the other hand, the high-

resolution two-dimensional polyacrylamide gel electrophoresis methodology can show an overall 

picture of the global changes in histone acetylation.  Moreover, the immunoblotting methods 

depend mainly on the quality of commercially available antibodies to recognize acetylated lysyl 

residues in histones.  In fact, more than 50% of the results reported in the current scientific 

literature cannot be independently reproduced due to the quality of antibodies (Baker, 2015; 

Begley & Ellis, 2012; Bradbury & Plückthun, 2015).  Specifically, the performance of 

commercially available antibodies can suffer from product variability and reproducibility (Baker, 

2015; Bradbury & Plückthun, 2015), which can create stringent requirements for positive and 

negative controls and a crisis in experiments' reproducibility.  This high-resolution two-

dimensional polyacrylamide gel electrophoresis methodology can resolve histone variants and 

their charge-altered derivatives to reveal the global histone targets of HDAC enzymes without 

reliance on antibodies.  In the future, we hope to use this method to develop a clinical assay that 

can detect histone acetylation changes in cancer patients engaged in HDAC inhibitor therapies 
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and provide a patient-specific in vivo record of HDAC inhibitor activity that will reveal the 

efficacy of those therapies.   

With the strength of showing the global changes in histone acetylation and proving that 

all histone subtypes involve in histone modification, this project still had some limitations.  We 

need to treat the different cells with all HDAC inhibitor drugs and analyze histones at a different 

period to have a more defined histone modification mechanism and to see whether this 

mechanism is permanent or reversible.  Furthermore, we also want to investigate more about the 

function of histone H3.2. 

Conclusion 

In conclusion, we found that all core histones and their variants involved in histone 

modification and worked together in a sequence.  We also found that HDAC inhibitor drugs 

affect histone acetylation in cell-, drug-, and concentration-dependent manners.  Through this 

project, we propose that learning histone acetylation patterns may be a new direction to study the 

efficacy of HDAC inhibitor drugs.
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