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ABSTRACT 

HEMANGI PATIL 

CELL CYCLE DEPENDENT ASSOCIATION AND ACTIVATION OF A HISTONE 
H1 .3-HDAC3 COMPLEX 

DECEMBER 2009 

Eukaryotic DNA is organized with nucleoproteins into a dynamic structure 

named chromatin. Chromatin compaction and decompaction plays an important 

role in modulation of various DNA-dependent functions in the cell. Histone 

deacetylases (HDACs), which remove acetyl groups from core histone proteins, 

regulate the compaction of the chromatin fiber, thus modulating gene 

transcription levels. Chromatin binding proteins, such as linker histone H1, are 

also known to cause chromatin compaction. Histone H1 and HDAC3 were 

independently reported to be involved in the regulation of mitosis. The hypothesis 

of this study was that histone H1 and HDAC3 could form a complex that will be 

involved in chromatin condensation and mitosis regulation. Co

immunoprecipitation assay results demonstrated the formation of stable 

complexes between HDAC3 and histone H 1 .3 in HeLaS3 human cervical 

carcinoma epithelial cells. Although the amount of complex increased during the 

late-G2 and mitosis phases of the cell" cycle, the complex was activated for 

chromatin deacetylation only in mitosis. Studies in vitro demonstrated that 

HDAC3 was highly phosphorylated on Ser-424 in the mitotic complex but not the 
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G2 complex. Further studies also showed that HDAC3 from late-G2 complex can 

be activated in vitro by phosphorylating on Ser-424 with casein kinase II (CK2). 

Based on the immunocytochemistry and confocal imaging studies, the HDAC3-

H1 .3 complexes co-localized with mitotic polar microtubules. The complex 

included also silencing mediator of retinoic acid receptor and thyroid hormone 

receptor (SMRT), glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 

annexin I. GAPDH, annexin I and histone H1 are known to bind tubulins and thus 

increases confidence that they may tether HDAC3 to the polar spindle mitotic 

microtubules. This report is the first, to the best of our knowledge, in which 

histone H1 and a class I HDAC are shown to form a complex. This is also the 

first record of a co-localization of histone H 1 with microtubules in an animal 

kingdom. 
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CHAPTER I 

INTRODUCTION 

Cell Cycle Regulation 

The eukaryotic cell cycle is a highly regulated by series of events 

composed of four main phases-Gap 1 (G1 phase), Synthesis (S phase), Gap 2 

(G2 phase), and mitosis (M phase) (Karp, 2005). The correct order and timing of 

events during the cell division process is tightly regulated and coordinated. In 

eukaryotic cells, the order of the cell division events is reinforced by the 

dependence of one event on another and by the networking of the cell cycle 

machinery with the control system. Different types of regulatory proteins, called 

cyclins, are synthesized at a specific cell cycle phases. The major components of 

the cell cycle control system are the family of enzymes called as cyclin

dependent kinases (Cdks). Cdks are activated by binding to cyclins (Karp, 2005). 

The cyclins form the regulatory subunit, whereas Cdks form the catalytic subunit 

of an active cyclin-Cdk complex which phosphorylates the components of the cell 

cycle machinery resulting in the initiation of the cell cycle event (Karp, 2005). 

During cell division, the cell passes through regulatory transition points called cell 

cycle checkpoints (Lodish, 2004). The known eukaryotic cell cycle checkpoints 

are-the DNA damage checkpoints between G1 phase and S phase and 

between G2 and M phase, DNA damage checkpoint in G1 and S phases, 
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unreplicated DNA checkpoint at the entry of M phase, spindle assembly 

checkpoint at metaphase, and chromosome-segregation checkpoint at telophase 

(Fig. 1) (Lodish, 2004 ). 

DNA damage 

checkpoint ~ 

Unreplicated-DNA 
checkpoint phase 

entry 

Spindle Chromosome 
assembly segregation checkp[ [kpoint 

(tf ,g; 
':S::' ':S::' 
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Figure 1: Cell cycle and cell cycle checkpoints. 

The DNA damage checkpoints activate ataxia telangiectasia mutated 

(ATM) or ataxia telangiectasia Rad3-related (ATR) kinases, which can initiate 

Chk1/2-Cdc25A and p53-p21 pathways causing arrest in the cell cycle. At the 

entry of M phase the transition into mitosis is regulated by DNA damage and 

completion of DNA replication. At the end of metaphase the initiation of sister

chromatid separation can be blocked if the mitotic spindles are not fully 
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assembled. Telophase events can be stopped by blocking activation of cdh1 due 

to abnormal chromosome-segregation (Lodish, 2004). Among all the 

checkpoints, mitotic checkpoints are considered vital. 

Regulation of Mitosis 

The onset of mitosis is triggered by activation of the mitotic Cdk1-cyclinB 

(cdc2-cyclinB) complex, which in turn is involved in phosphorylation of lamins, 

kinesin related motor proteins, microtubule binding proteins, condensins and 

golgi matrix components (Kimura, 1998; Lowe, 1998; Nigg, 1995). When 

activated these complexes trigger chromosome condensation and mitotic spindle 

assembly. During the early mitosis, Polo-like kinases (Plks) regulate centrosome 

maturation in human cells (Lane, 1996); while the separation of centrosomes is 

regulated by NIMA-related kinase 2 (Nek2) that phosphorylates centrosomal 

protein, and by centrosomal Nek2-associated protein 1 (C-Nap1) that dissolves 

structural complexes that tethers duplicated centrosomes (Fry, 1998). Kinesin

related motor proteins like Eg5 (Sawin, 1995a), and aurora A family members 

(Bischoff, 1999) are also involved in centrosome separation and activation. 

During early mitosis histone H1 is heavily phosphorylated by Cdk1 -cyclin B and 

histone H3 serine 1 0 (H3S 10) is phosphorylated by Aurora (Li, 2006) and never 

in mitosis A (NIMA) related kinases (De Souza, 2000). Prior to the metaphase 

checkpoint securin prevents the protease, separase, from degrading the 

multiprotein complex cohesin that keeps sister-chromatids together (Karp, 2005; 

Lodish, 2004). Anaphase starts by separation of the sister-chromatids, which is 

3 



triggered by the degradation of an inhibitor securin. Even though many protein 

complexes are linked to mitosis, the mitosis progression is not completely 

understood. Along with the mitotic checkpoint system, the progress of mitosis is 

highly coordinated with the dynamic changes in the mitotic spindle fibers, which 

is discussed next. 

Spindle fiber dynamics during mitosis. The mitotic spindle is a bipolar 

array of microtubules. The basic building block of microtubules is a tubulin dimer 

of a-tubulin and ~-tubulin attached with non-covalent interactions. Tubulin dimers 

join head to tail in the same orientation forming a linear protofilament. A 

microtubule is formed by thirteen parallel protofilaments forming a hollow 

cylinder. Because all the tubulin dimers in the microtubule filaments orient in the 

same way, microtubules form one end called minus-end where a-tubulin is 

exposed and is embedded in a spindle pole; while the other end, called as plus

end pointing outwards from the pole where ~-tubulin is exposed (Lodish, 2004). 

The spindle assembly during mitosis depends on the instability and treadmilling 

of microtubule polymers, the microtubule stabilizing and destabilizing proteins, 

and the dynein and kinesin family proteins (Lodish, 2004). During mitosis three 

distinct types of microtubules-polar, astral and kinetochore are formed in the 

spindle (Fig. 2). When the plus-end of microtubules from two opposite poles 

overlap with each other, that results in antiparrallel arrays of microtubules; these 

are called as polar microtubules. The microtubules that form asters radiating out 

from centrosome towards the cell cortex and helping position the mitotic 
4 



apparatus are called astral microtubules. Microtubules that attach to the 

kinetochore of the chromosomes are kinetochore microtubules (Lodish, 2004). 

CHD3/4 

microtubules microtubules Eg5 

Figure 2: Mitotic spindle microtubules. 

Chromosomes as well as centrosomes participate in spindle assembly. 

Chromosomes help to organize mitotic spindles (Li, 2004); while centrosomes 

provide site for nucleation and organization of the microtubules (Karp, 2005). 

Many transcription factors and components of chromatin remodeling complexes 

have been shown to localize to mitotic centrosomes, mitotic spindles and poles. 

The human switch/sucrose nonfermentable-B (SWI/SNF-B) chromatin

remodeling complex is seen to localize at kinetochore during mitosis (Xue, 2000). 

DNA binding proteins-CHD3 and CHD4 are also shown to be required for 

anchoring of y-tubulin to the centrosomes (Sillibourne, 2007) . A regulatory motor 
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protein- Eg5 organizes the polar microtubule meshwork by crosslinking the 

antiparrallel polar microtubules (Valentine, 2006). 

Chromatin Regulation Along the Cell Cycle 

In the eukaryotic cells, the higher-order condensed chromatin structure is 

poorly understood. The chromatin structure undergoes dynamic changes 

throughout the cell cycle with the highest compaction in metaphase chromosome 

and the least compaction during interphase. The most recent proposal is that the 

mitotic chromosomes condense by the gradual folding of chromatin fibers from a 

30 nm fiber to more compact structures (Kireeva, 2004). A progressive 

decondensation of chromatin follows from G1 to S phase (Zhao, 2001 ); while a 

progressive condensation follows during late S phase and G2 phase (Barlow, 

1977; Colomb, 1992). 

Changes in the intranuclear chromatin location occur with the change in the 

cell cycle stages. The early replicating regions preferably locate to the nuclear 

interior while the late replicating regions are localized to nuclear periphery. This 

pattern is established during early G1 phase (Tumbar, 1999). The 

decondensation of the chromatin is accompanied by re-localization of the 

chromatin region from the nuclear periphery to the nuclear interior (Tumbar, 

1999). According to the cell cycle stages the chromosome structure and its 

organization shows dynamic changes. A short discussion of chromatin and its 

organization is given in the following topics. 

6 



Chromatin 

The human genome is compacted over 10,000 fold in a eukaryotic 

nucleus. This is achieved by organizing the double stranded DNA in association 

with proteins, in a complex structure, termed chromatin. Chromatin is a higher 

order nucleoprotein complex with the nucleosome as its basic unit. The electron 

microscopic examination of chromatin, at low salt concentration, shows "beads 

on a string" structure. The string is free DNA called "linker-DNA" connecting 

nucleosomes that appear as beads. Linker histones bind to the nucleosomes and 

fo ld the chromatin structure further into a higher level. The following topics briefly 

discuss this chromatin organization. 

Nucleosomal Core Particle 

Nucleosomes are 11 nm in diameter and are composed of DNA and core 

histone proteins (Lodish, 2004). Each nucleosomal core particle is composed of 

an octamer of core histones (two each of histones H2A, H28, H3 and H4), 

around which 1.65 turns of a left-handed helical DNA (~147 bp) is wrapped 

(Libertini, 1988; Lodish, 2004) (Fig. 3). 

Nucleosome Linker DNA 
( \ 

Histone Core 

Figure 3: DNA organization in nucleosomal structure. 
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Core histones are small (11-15 kDa), highly basic proteins which are 

associated with the DNA . The core histones share a common structural motif, a 

histone-fold domain, and a unstructured histone N-terminal domain (hNTD) 

(Luger, 1997). The C-terminal regions of most core histones are tightly folded in 

the octamer structure while the hNTD is structurally non-conserved and freely 

extends out (Luger, 1998). The N-terminal tails of the core histones play an 

important role in the assembly of nucleosomes into the higher order chromatin 

fiber. Being an excellent substrate for reversible posttranslational modifications, 

the tails modulate a dynamic interaction between the nucleosomes within the 

chromatin fibers. On the hNTDs, various lysine residues (K) are the sites for 

acetylation, lysine and arginine residues are sites for methylation; whereas serine 

and threonine residues are the sites for phosphorylation. In addition, the tails can 

serve as recognition sites for transcription remodeling machinery, and can also 

interact with the other nuclear proteins responsible for chromatin structure 

modulation (Watson, 2004). The 10 nm diameter nucleosomal structure is further 

folded into a 30 nm fiber by the binding of the linker histones to increases the 

degree of chromatin compaction (Libertini, 1988). Further folding of these fibers 

generates more compacted higher-order chromatin structures as discussed in 

the next topic. 

Higher Order Chromatin Structure 

The 30 nm fiber is stabilized by binding of histone H 1 and by interactions 

of the core histone hNTDs. The chromatin is further compacted into a 300 nm 
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chromosomal scaffold structure by forming loops of 40-90 kb. The chromosomal 

protein scaffold is the nuclear structure which anchors the loops to form 

chromatin fibers of 300 nm during interphase, and 700 nm diameter which 

represents mitotic chromatids. The two sister chromatids make the mitotic 

chromosome with a diameter of 1400 nm, the most compact form of the 

chromatin (Fig . 4) . Topoisomerase II and structural maintenance of 

chromosomes (SMC) protein classes are known to contribute to the higher order 

scaffold structure (Lewin, 2000; Lodish, 2004; Watson, 2004). Such compaction 

gives a highly protected form of DNA and makes DNA accessibility difficult for the 

regulatory proteins. These proteins locally regulate chromatin compaction by 

interacting with histones and therefore control the accessibility of DNA. Till today, 

the higher order chromatin structures are well studied, yet the progression of 

chromatin condensation during mitosis remains unclear. 
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Figure 4: Packaging of dsDNA in to higher order chromatin . 

Linker Histone (Histone H1) 

The linker histones are composed of three distinct domains-the hNTD, a 

central globular winged helix domain, and a long ( ~ 100 amino acids) highly basic 

unstructured histone C-terminal domain (hCTD) (Wolffe, 1997). Binding of one 

molecule of histone H 1 to one nucleosomal unit includes an extra of ~20 base 

pairs (bp) of DNA due to formation of a stem-loop structure in the linker-DNA 

(Bednar, 1998). Condensation and stabilization of the higher order chromatin 
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structure is mediated by histone H1 hCTDs (Carruthers, 2000; Lu, 2004). Histone 

H1 is regarded as a global repressor, acting by compacting the chromatin and 

blocking nonspecific transcription (Laybourn, 1991 ). 

The number of histone H1 variants and their divergence is much greater 

than that of core histones. Somatic mammalian cells contain a total of eleven 

histone H1 variants. The seven major histone H1 variants in somatic cells are

H1 .0, H1 .1, H1 .2, H1 .3, H1 .4, H1 .5, (Albig, 1993) and H1 X (Happel, 2005; 

Yamamoto, 1996). The spermatogenic variants are-H1t (Seyedin, 1980), H1T2 

(Martianov, 2005) and HILS1 (Yan, 2003), and the oocytes variant is H1oo 

(Tanaka, 2003). Histone H1 .0 variant is thought to be mainly restricted to non

proliferating and terminally differentiated cells (Zlatanova, 1994). Expression of 

the histone H1 X gene is tissue specific. Linker histone variants like histone H1t 

(Lennox, 1984; Seyedin, 1981) and H 1 T2 (Martianov, 2005) are found in testis, 

H1LS1 (Yan, 2003) is found in spermatids and histone H1oo (Tanaka, 2003) is 

present in oocytes. Somatic histone H 1 variants differ in their expression pattern 

during development and differentiation (Kochbin, 1994). They also differ in their 

phosphorylation during the cell cycle (Talasz, 1996). 

Histone H1 is shown to play a role in the chromatin condensation during 

mitosis, and in the gene-specific transcription repression (Bustin, 2005; Herrera, 

2000; Sarg, 2006; Vaquero, 2004). Because histone H1 is involved in chromatin 

folding, it is essential for mitotic condensation (Gurley, 1995). Histone H1 is 

heavily phosphorylated during mitosis when maximum chromatin compaction is 
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achieved (Gurley, 1995) and recent findings indicate that the phosphorylated 

histone H1 are dissociated from mitotic chromosomes (Bhattacharjee, 2006). 

However the mechanism of histone H1 participation in mitosis is not completely 

understood. Histone H1 specifically inhibits the core histone acetylation and 

helps maintain their deacetylated state (Herrera, 2000). Thus, histone H1 is 

regarded as a global repressor of transcription, acting by compacting the 

chromatin and blocking nonspecific transcription (Laybourn, 1991 ). Thus far 

histone H1 variants were thought to be redundant, but recent research has 

provided evidence for their specificity which is described in the following topics. 

Regulation of Chromatin Structure and Function by Histone H1 Variants 

The primary sequences of histone H1 variants are moderately conserved 

between animal species (Ponte, 1998). While the globular domain shows high 

sequence conservation, the hCTD shows sequence variation, indicating it is likely 

that functional heterogeneity of H1 variants is due to hCTD. The number of lysine 

residues and S/TPXK phosphorylation motifs of the hCTD are highly conserved 

in each variant (Ponte, 1998). The presence of more S/TPXK sites in the long 

hCTD of histone H1 .4 and H1 .5 may be responsible for their higher binding 

affinity to chromatin (Th'ng, 2005). Histone H1 .2 and H1 .1 shows the lowest 

binding affinity to chromatin. Histone H1 .1 and H1 .2 also show the presence of 

shorter hCTD as compare to other somatic histone H 1 variants, which might 

contribute to their rapid fluorescence recovery after photobleaching (FRAP) 
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recovery time (Th'ng, 2005). Histone H1 .0 and H1 .3 binds to chromatin with the 

intermediate affinity and have highest lysine content (Th'ng, 2005). 

Current FRAP experiments have also shown differences in binding 

affinities of histone H1 variants to the chromatin (Th'ng, 2005). Their movement 

and distribution in the chromatin environment could be influenced by post 

translational modifications such as phosphorylation (Hendzel, 2004; Lever, 2000; 

Th'ng, 2005), the core histone variant composition of the nucleosome (Ausi6, 

2001 ), the transcription activation pathways (Bustin, 2005), and the presence of 

other chromatin binding proteins such as high mobility group nucleosomal 

proteins (HMGNs), heterochromatin protein 1 (HP1 ), methyl CpG binding protein 

2 (MeCP2) (Bustin, 2005; Catez, 2002; Luger, 2005). Using immunoflurescence 

study, Parseghian et al have demonstrated differences in the localization of 

histone H1 variants in human fibroblast cells (Parseghian, 2000). Histone H1 .5 

preferentially localizes to the nuclear periphery, histone H 1 .2 localization 

changes with the change on DNA content of the chromatin; whereas histone 

H1 .3 and H1 .4 demonstrate punctuate staining pattern (Parseghian, 2000). With 

chromatin immunoprecipitation (ChlP) analysis, it was shown that histone H1 .5 is 

predominant and histone H1 .3 and H1 .4 are absent from the transcriptionally 

active chromatin; while inactive chromatin showed presence of all the histone H1 

variants (Parseghian, 2001; Parseghian ,' 2000). Moreover, histone H1 .2 is 

suggested to be responsible for basal level of chromatin compaction as it was 

seen to reside at a promoter site of transcriptionally induced genes (Parseghian, 
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2000) . Using green fluroscent protein (GFP)-tagged histone H1 variants, Hendzel 

et al have studied their localization in human neuroblastoma cells, demonstrating 

that histone H1 .0, H1 .1, H1 .2, and H1 .3 are localized to the euchromatin region 

(Hendzel , 2004); and histone H1 .4 and H1 .5 were seen to be in the 

heterochromatic region (Th'ng, 2005). The immunoflurescence studies by 

Parseghian et al and GFP-tagged protein studies by Hendzel et al are not 

completely consistent as there are differences in the cell types used for the 

study, and the effect of the large GFP tag. Specific histone H1 variants also show 

distinct functionality, suggesting that the structural variability of histone H1 variant 

is functionally relevant. 

Role of Histone H1 in Gene Expression and Cell Growth 

Studies have shown that the loss of histone H1 in unicellular organisms 

can have severe consequences. In Saccharomyces cerevisiae, loss of H1 

(Hho1 p) can shortens cells life span as a result of defect in recombination 

(Downs, 2003). In Tetrahymena thermophila, loss of histone H1 results in 

enlarged nuclei and less condensed mitotic chromosomes (Shen, 1996). In 

mouse, knockout of a single histone H1 variant (H1 c/H1 .2, H1 d/H1 .3 or 

H1 e/H1 .4) causes no noticeable phenotype, but upregulation of remaining 

variants compensated the loss of a single variant and maintained a normal 

histone H1 to nucleosomal ratio (Fan, 2001 ). However, the triple knockout for 

mouse H1 c, H1 d, H1 e results in a 50% decrease in the histone H1 to 

nucleosomal ratio (Fan, 2003), and reduces chromatin compaction, H4K12 
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acetylation, and H3K27 methylation (Fan, 2005). These studies in higher 

eukaryotes indicate that minimum levels of histone H1 are required for survival 

and proper functionality. Using short hairpin RNA (shRNA)-mediated knockdown 

study, Sancho et al have demonstrated that, histones H1 .3, H1 .2 and H1 .4 are 

the variants to control gene expression, and they control high number of 

regu lated genes (Sancho, 2008). 

Histone H 1 variants also act as regulators for specific genes. 

Overexpression of H1 (0) and H1 c show increase in transcription under mouse 

mammary tumor virus (MMTV) promoter (Gunjan, 1999); which suggests that a 

specific chromatin structure influenced by specific variants of histone H1 

presence is required for binding of transcription factors. Histone H 1 b/H 1.5 is 

linked to gene silencing (Kaludov, 1997). Gene specific effects of histone H1 are 

due to its interaction with DNA regulatory factors. Histone H1 .1 associates with 

DNA binding protein barrier to autointegration factor (BAF) (Montes de Oca, 

2005). Histone H1 .5 association with transcription factor MSX1 is required for 

inhibition of specific target promoter (Lee, 2004b). Histone H1 .4 associates with 

SirT1 and allows recruitment of HP1 causing heterochromatinization (Vaquero, 

2004). Isolated histone H1 .2 complex has recently been shown to acts as a 

repressor of p53 mediated transcription (Kim, 2008). In addition, histone H1 .2 

was shown to be involved in apoptosis induced by DNA double strand breaks 

(Konishi, 2003). Thus, histone H1 variants interaction with transcription factors 
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seems to be common mechanism for transcription regulation, and yet many 

histone variants remain to be studied for such a molecular mechanism. 

Histone H1 and Cell Cycle 

To meet the increased need of histone H1 during DNA replication, the 

histone H1 synthesis dramatically increases during S phase (Plumb, 1984). The 

rise in histone production is governed both by the cell cycle control system and 

by regulatory mechanisms that couple histone production to DNA synthesis. 

Except for histone H1 .1-H1 .5, other histone variants are expressed in a 

replication-independent manner during the cell cycle (Khochbin, 2001 ). 

Studies have shown that the change in the expression of histone H1 

variants can have effects on the cell cycle progression. Delay in cell cycle 

progression is seen due to overexpression of H1 (0) in mouse 3T3 cells (Gunjan, 

1999). Using inducible shRNA expression system, Sancho et al have showed 

that the depletion of histone H 1 .4 leads to cell death in human breast cancer cell 

line T47D and inhibition of histone H1 .2 causes a G1 arrest, defects in chromatin 

structure, and changes in expression of genes linked to cell cycle (Sancho, 

2008) . More studies need to be conducted to learn specific effects of histone H1 

variants on cell cycle. Histone H1 has been viewed as a chromatin structural 

protein. However, recent studies have shed light on the involvement of histone 

H1 in the non-chromatin functions. 
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Non-Chromatin Functions of Histone H1 

Recent studies in plant cells have helped to broaden perspective about 

histone H 1, as it was found to participate as a structural component of the 

cellular microtubules. In the attempt to isolate the microtubule nuclei from 

Tobacco BY-2 cells, Hotta et al had identified histone H1 as a component of the 

microtubule organizing center (MTOC) (Hatta, 2007; Nakayama, 2008). Histone 

H1 forms a complex with a- and ~-tubulin, and organizes the microtubules in 

asters. This finding suggests the ability of histone H1 to form a complex with 

tubulin and act as microtubule organizer (Hotta, 2007). The ability of tubulin and 

histone H 1 to form complex in vitro has revealed that the tubulin dimer binds to 

histone H1 in 1 :1 ratio (Nakayama, 2008). Furthermore, the immunoflurescence 

analysis in BY-2 cells has demonstrated localization of histone H 1 on the nuclear 

surface, in contrast to the known localization of histone H1 in chromatin (Hotta, 

2007). Further investigation of such non-chromatin function of histone H1 will 

help us to understand its wider role in cellular architecture. 

Histone Deacetylases 

The core histone deacetylation mechanism involves removal of acetyl 

groups from acetylated lysine residues of histones. Mammalian HDACs have 

been classified into four classes based on their homology to three distinct 

HDACs isolated from Saccharomyces cerevisiae. Class I HDACs (HDAC1, -2, -3, 

and -8) are closely related to Rpd3p transcription repressor of Saccharomyces 

cerevisiae. Class 11 HDACs (HDAC4, -5, -6, -7, -9, and -10) are homologous to 
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Hda 1 p (De Ruijter, 2003). Based on the similar domain organization of protein 

sequences class II HDACs are further sub-classified into class Ila (HDAC4, -5, -

7, and -9) and class llb (HDAC6 and -10) (Gregoretti, 2004 ). The most recently 

identified HDAC is HDAC11, which is classified as a class IV HDAC (Gregoretti, 

2004 ). Class Ill HDACs (SirT1-7) are homologous to Sir2p and form structurally 

distinct class of NAO+ dependent enzymes and they are located in the nucleus 

and the cytoplasm (Gray, 2001 ). The most of the HDACs require association with 

other proteins and/ or complexes in order to be enzymatically active. Following is 

a brief summary of various HDAC complexes. 

HDAC Complexes 

Recombinant HDAC1 and HDAC2 are inactive for deacetylation in vitro, 

suggesting their dependence on other cofactors or complexes (De Ruijter, 2003). 

In vivo, HDAC1 and HDAC2 are found in three protein complexes: Sin3, NuRD 

(Heinzel, 1997), and Co-REST (De Ruijter, 2003). HDAC1 and HDAC2 activity is 

regulated by their post-translational modification and interaction with co

repressors. Interestingly, hyper-phosphorylation of HDACs increases their 

deacetylation ability, but reduces their complex formation ability; whereas hypo

phosphorylation increases complex formation ability but decreases deacetylation 

activity (Galasinski, 2002). HDAC3 displays some distinct characteristics 

compared to other members of class I HDACs, requiring hCTD for its activity. In 

addition to an nuclear localization signal (NLS), it harbors an nuclear export 

signal (NES) as well, and is localized in both nucleus and cytoplasm. 
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Endogenous HDAC3 has been reported to associate with itself to form a 

homodimer (Yang, 2002). HDAC3 is found in complex with silencing mediator for 

retinoic acid and thyroid hormone receptor (SMRT) and nuclear receptor 

corepressor (N-CoR) and this association is necessary for its deacetylation 

activity (Li, 2000b). Little is known about HDAC8 complexes. Unlike other HDAC 

class I proteins, the recombinant HDAC8 peptide is active for deacetylation 

without association with other proteins (Hu, 2000) and HDAC8 phosphorylation 

by protein kinase A leads to its inactivation (Lee, 2004a) . Recent experiments 

have shown HDAC8 to associate with a-actin and is essential for the muscle 

contractility (Waltregny, 2005). 

Class II HDAC proteins have catalytic domains located near the hCTD and 

NLSs situated close to hNTDs. Their cytoplasmic localization is the result of their 

phosphorylation and post-phosphorylation interaction with 14.3.3 protein (De 

Ruijter, 2003). SirT1, a class Ill HDAC protein, deacetylates H4K16 preferentially 

and is found in association with linker histone H1 (Vaquero, 2004). SirT2 also 

has been reported to preferentially deacetylate histone H4 (Inoue, 2007). 

HDAC3 complexes. Thus far, HDAC3 has been shown to have 

association with many proteins: Aurora B kinase (Li, 2006), SMRT (Li, 2000b), N

CoR (Li, 2000b; Wen, 2000), TBL 1 (Li, 2000b; Li, 2006; Yoon, 2003), TBLR1 

(Yoon, 2003), GPS2 (Li, 2006; Zhang, 2002b), AKAP95 (Li, 2006), YY1 

(Thomas, 1999), HA95 (Li, 2006), CORO2A (Yoon, 2003), HDAC10 (Tong, 

2002), HDAC7 (Fischle, 2001) HDAC9 (Zhou, 2000), Runx2 (Schroeder, 2004), 
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DAXX (Li , 2000a), BCoR (Huynh, 2000), SRY (Thevenet, 2004), GLIS2 (Kim, 

2005), CBFA2T3 (Amann, 2001 ), NRIP1 (Wei, 2000), DACH1 (Wu, 2003), 

JMJD2A (Gray, 2005), CBP (Cowger, 2006), GATA-2 (Ozawa, 2001 ), MEF2 

(Gregoire, 2007), TFll-I family proteins (Wen, 2003), GCMa (Chuang, 2006), and 

protein phosphatase 4 (PP4) (Zhang, 2005). HDAC3 functions in multiprotein 

complexes. The most studied HDAC3 complexes contain members of the 

nuclear receptor co-repressor family N-CoR/ SMRT (Guenther, 2001 ). Binding of 

HDAC3 with the membrane associated tyrosine kinase-Src, suggests its role in 

signal transduction (Longworth, 2006). HDAC3 is also known to play role in cell 

proliferation by causing inhibition of p15 and p21 (Huang, 2006). Many 

transcription factors interact with HDAC3 and target it to a specific DNA 

sequence. HDAC3 also associates with p300 and PCAF to repress p300/PCAF 

mediated transcription (Blanco-Garcf a, 2009). HDAC3 is regulated by 

phosphorylation, by casein kinase II (CK2) and PP4 (Zhang, 2005). During 

caspase dependent apoptosis the hCTD of HDAC3 is removed and the resultant 

cleaved protein accumulates in the cytoplasm (Escaffit, 2007). 

Regulation of Chromatin Functions by HDACs 

Acetylation of core histone tails, depending on acetylation extent and other 

associated marks, recruits either co-repressor or coactivator complexes; allowing 

further changes that can lead to transcription activation or repression (Ogryzko, 

2001 ). Deacetylation of H3K9, H3K14, H4K8, H4K16 sites in the chromatin of the 

promoter regions and the 5' -terminal region of active genes leads to transcription 
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repression (Agalioti, 2002; Alberts, 2002). The fact that some acetyl marks on 

core histones are retained through the mitosis have led to the model that HATs 

and HDACs remain bounded to chromosomes through mitosis and provide 

epigenetic imprinting to post-mitotic chromosomes for gene reactivation. 

However, immunoflurescence study in situ have failed to support this hypothesis 

(Kruhlak, 2001 ). So even though regulation of chromatin function by HDACs is 

mainly related to histone deacetylation, HDACs also have many non-histone 

targets. 

Non-Histone Targets of HDACs 

Even though HDACs were identified as histone deacetylating enzymes, 

there are many studies that indicate that HDACs have several substrates which 

are non-histone proteins. Some of these non-histone targets include transcription 

factors like p53, Yin-Yang 1 (YY1 ), GATA factors, and STAT3. The tumor 

suppressor and DNA binding transcription factor, p53, is acetylated at multiple 

lysine residues on the hCTD · (Gu, 1997). HDAC1 as well as SirT1 can 

deacetylate p53, and decrease its activity (Luo, 2000; Vaziri, 2001 ). Sequence 

specific DNA binding protein, YY1 interacts with HDAC1, HDAC2 and HDAC3 

(Yang, 1996), which affects its DNA binding and transcriptional activity (Yao, 

2001 ). Transcription inhibition of a cytoplasmic transcription factor, STAT3, 

targeted genes can be a result of deacetylation of STAT3, which is deacetylated 

by HDAC3 (Yuan , 2005). Nuclear receptors like androgen receptor and estrogen 

receptor a are also targeted by HDACs. HDAC1 can deacetylate androgen 
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receptor and represses its activation function (Fu, 2002). Another nuclear 

receptor, an estrogen receptor a is acetylated by p300 (Cui, 2004 ), while its 

deacetylation by HDAC1 results in increased cell proliferation (Kawai, 2003). 

Acetylation of GATA 1 transcription factor increases its DNA binding ability. 

GATA1 interacts with HDAC3, -4, and HDAC5 with its hNTD resulting in its 

deacetylation (Watamoto, 2003). Acetylation of GATA2 increases its DNA 

binding and transcriptional activation (Hayakawa, 2004), whereas its 

deacetylation by HDAC3 represses this ability (Ozawa, 2001 ). 

Tubulin is also targeted by HDACs. Stable and dynamic microtubules 

include deacetylated a-tubulin, while non-dynamic microtubules include 

acetylated a-tubulin. HDAC6 and SirT2 are known to deacetylate a-tubulin 

(Hubbert, 2002; Matsuyama, 2002; North, 2003). Even though not much is 

known about non-histone deacetylation, it is clear that many HDACs target 

proteins other than histones and affect various functions in the cell. 

HDAC3 and Mitosis 

Recent studies have revealed an essential role of HDAC3 in mitosis. Ishii 

et al have studied the localization of HDAC3 during mitosis in Hela cells. Using 

immunoflurescence, HDAC3 core complex, including N-CoR, TBL 1, and TBLR1, 

were shown to localize on mitotic spindles. Ishii et al have also provided 

evidence for the involvement of HDAC3 in the formation and regulation of 

functional mitotic spindles, and in the proper assembly of kinetochore

microtubule during metaphase (Ishii, 2008b). A study by Li et al group has also 
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showed the transcription-independent involvement of HDAC3 in mitosis 

progression (Li, 2006). Depletion of HDAC3 in Hela cells leads to G2/M arrest 

and chromosomal defects during mitosis (Li, 2006). HDAC3 has to deacetylate 

the hNTD of core histone H3 and H4, as a primary requirement for 

phosphorylation of H3S 1 O during mitosis progression (Li, 2006). Another study 

by Eot-Houllier et al have described the role of HDAC3 in sister-chromatin 

cohesion and deacetylation of H3K4 at centromere during mitosis (Eot-Houllier, 

2008). Thus far, HDAC3 was thought to be involved only in transcriptional 

repression of gene expression. However, these new evidences indicate that 

HDAC3 may also have a non-classical role that is a transcription-independent · 

function in mitosis, which still remains to be studied. 

Association Between Linker Histones and HDACs

Functional Significance 

Since both HDAC3 and histone H 1 play a role in chromatin compaction 

mechanisms and in mitosis progression, this dissertation hypothesizes that 

HDAC3 and histone H1 are associated with each other. Only two reports in the 

literature have shown association of histone H1 and a HDAC enzyme (Vaquero, 

2004). The first report showed in vivo association of linker histone H1 .4 (H1 b) 

with SirT1 (HDAC class Ill protein) for formation of heterochromatin. Studies in 

vitro, demonstrated a role of SirT1 in deacetylation of H 1 K26 (Vaquero, 2004). 

However, since linker histone is very insignificantly acetylated in vivo, this study 

carried out in vitro acetylation of H1 by p300 for further deacetylation studies in 
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vitro. Conversely, other H1 variants also showed similar results to histone H1 .4 

i.e . SirT1 deacetylates histone H1 variants in the deacetylation assay in vitro. 

Therefore, further studies in vivo are required to clarify histone H 1 deacetylation 

by HDAC proteins. The second report of histone H1 and HDAC interaction 

comes from study in C. elegance by Jedrusik et al. In this report, histone H1 .1 

was shown to participate with Sir-2.1 in repeat-dependent silencing of transgenes 

in C. elegance (Jedrusik, 2003). 

Linker histone deacetylation by an associated HDAC enzyme can lead to 

similar effects on the chromatin structure as a core histone deacetylation. Thus, 

the deacetylated form of histone H1 can bind to nucleosome with higher affinity 

and induce compaction. A SirT1 targeted gene repression study showed 

recruitment of histone H 1 .4 along with SirT1 to the chromatin region. This finding 

supports the model that SirT1 and histone H 1 interaction is functionally active for 

chromatin compaction (Vaquero, 2004). 

Most HDACs, including SirT1 are part of large complexes which include 

also histone methyltransferases. Thus, the deacetylated lysine/ arginine residues 

on the core histones can be readily methylated, which mostly leads to gene 

repression (Vaquero, 2004). Consequently, in most cases, linker histone binding 

with core histone deacetylation and followed by core histone hNTD methylation 

could be facilitating chromatin compaction. HDACs like SirT2 and HDAC6 are 

known to deacetylate tubulins (Hubbert, 2002; North, 2003). Currently, many 

HDAC inhibitors (HDls) are known to cause hyperacetylation of tubulins and are 
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more potent to kill malignant cells (Blagosklonny, 2002a). This sensitivity 

indicates the importance of non-chromatin targets of HDACs for cell cycle 

progression and cell growth. 

This dissertation hypothesizes that there are two proteins playing key role 

in chromatin compaction mechanisms and in mitosis progression i.e. HDACs and 

linker histone H 1 are associated with each other. This hypothesis is derived from 

the fact that in spite of H 1 being very efficiently acetylated by histone deacetylase 

(HATs) in vitro, H1 has very low levels of acetylation in vivo (Dr. Michael Sergei, 

personal communication). This suggests that histone H1 is possibly interacting 

with HDAC proteins that constitutively deacetylates it. Earlier reports showed that 

HDAC3 mediated gene repression is due to deacetylation on core histones 

around the targeted genes (Li, 2002). Here, results indicate that association of 

HDAC3 with histone H1 plays a role in the chromatin compaction during mitosis 

or in the other mitosis related activities such as microtubule maintenance. 
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CHAPTER II 

MATERIALS AND METHODS 

Cell Culturing and Extraction 

HeLa and HeLaS3 cells were maintained in Dulbecco's Modified Eagle's 

Medium (Gibco/ BRL, #10566), supplemented with 10% fetal bovine serum 

(Benchmark/ Gemini, #100-106) and 1 % penicillin and streptomycin (Gibco/ BRL, 

#15140-122). Cells were grown in an incubator in presence of 5% atmospheric 

CO2 and 100% humidity at 37°C. HeLaS3 cells were grown in spinner flasks and 

maintained in logarithmic phase. Logarithmically growing HeLaS3 cells were 

harvested and washed with cold 1 X phosphate buffer saline (PBS) (Cellgro, #21-

040-CV) and lysed in radio-immunoprecipitation assay (RIPA) buffer [1 X PBS 

with 0.5% Nonidet P40, 0.8% 0.5 M NaF, 2% 100 mM sodium orthovanadate, 

mini complete protease inhibitor tablet (Roche Diagnostic, cat #1186153001 )]. 

After 30 minutes of incubation at 4 °C, cell lysates were passed through 20 gauge 

needles and centrifuged for 20 minutes at 10,000 X g, 4°C. The supernatant was 

collected and used for immunoprecipitation assays and Western blot 

experiments. Protein estimation of the RIPA extracts was done using micro BCA 

protein assay kit (Pierce Biotechnology, #2~235). HeLa cells were maintained 

routinely in either 75 cm2 or 185 cm2 flasks. For immunostaining, logarithmically 
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growing Hela cells were seeded at a concentration of 20,000 cells in a 0.8 cm2 

chamber on the chamber slides (LabTek/ Fisher, #12-565-22). 

Co-lmmunoprecipitation Assay 

The RIPA extract of HelaS3 cell samples were adjusted to 500-2000 

µg/ml total protein using RIPA buffer with protease inhibitor (mini complete 

tablet) . The extracts were pre-cleared for 1 hour at 4 °C with 0.25 µg of non

immune (control) lgG (Santa Cruz Biotechnology, #2027, #2025) or lgM 

(Chemicon, #PP50) and with 20 µI of protein-A/G agarose (Santa Cruz 

Biotechnology, #2003) or protein-L agarose beads (Santa Cruz Biotechnology, 

#2336), respectively. lmmunoprecipitations were performed with 1-2 µg/ml of the 

following antibodies: goat anti-HDAC1 (Santa Cruz Biotechnology, #6299), goat 

anti-HDAC2 (Santa Cruz Biotechnology, #6296), mouse anti-HDAC3 (Santa Cruz 

Biotechnology, #17795), mouse anti-HDAC4 (Abeam, #12171 ), goat anti-HDAC5 

(Santa Cruz Biotechnology, #5252), goat anti-HDAC6 (Santa Cruz 

Biotechnology, #5258), goat anti-HDAC7 (Santa Cruz Biotechnology, #11489), 

rabbit anti-HDAC8 (Santa Cruz Biotechnology, #11405), goat anti-HDAC9 (Santa 

Cruz Biotechnology, #19870), goat anti-HDAC10 (Santa Cruz Biotechnology, 

#54215), mouse anti-HDAC11 (Abeam, #13694), mouse anti-Histone H1 (Santa 

Cruz Biotechnology, #8030), or mouse anti-phospho H1 (Millipore, #05-805) 

(table 1 ). lmmunoprecipitate with 2 µg/ml non-immune lgG or non-immune lgM 

was used as a negative control for all the experiments. After an overnight 

incubation at 4°C, immunocomplexes and protein beads were collected by 
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centrifugation at 1000 X g, 4 °C for 5 minutes. The immunocomplexes were 

washed three times with RIPA buffer. According to the experimental needs, the 

immunocomplex was either resuspended in 30 µI of 1 X Laemmli buffer and 

denatured by heating at 95°C for 5 minutes for Western blotting or used to 

perform HDAC assays as described later. Input into immunoprecipitations was 

assayed from Western blots of 1 .5% of the total protein in all experiments. 

lmmunoprecipitations were performed with 2 mg protein from the cell extracts, 

unless differently specified. Since Hela and HelaS3 cells are of human origin, 

all the antibodies used were against human proteins. 

Western Blots 

The protein extracts in 1 X Laemmli buffer were resolved by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SOS-PAGE) (8% for HDAC3, 

SMRT and N-CoR; 12% for histone H1; 10% for HDAC8 and actin; 15% for 

histone H3 and histone H4). Proteins were transferred from the gel to 8.2 cm X 

5.6 cm polyvinylidene fluoride (PVDF) membranes (Millipore, #IPVH20200) by 

using semi-dry blotter (Bio-Rad) operated at 28 mA for 2 hours. The membranes 

were blocked in 1 X PBS containing 5% skim milk (Nestle-Carnation) (mPBS) and 

0.1 % Tween 20 (Fisher, #BP337) (mPBST) for 45 minutes at room temperature 

on shaker. The membranes were then incubated overnight at 4 °C on a shaker 

with appropriate primary antibodies: mouse anti-HDAC3 (2 µg/ml in 2.5% mPBS; 

Santa Cruz Biotechnology, #17795), rabbit anti-HDAC3 (0.2 µg/ml in 2.5% 

mPBS; Bio-vision, #3603), mouse anti-histone H1 (0.4 µg/ml in 2.5% mPBS; 
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Santa Cruz Biotechnology, #8030), rabbit anti-histone H1 (0.042 µg/ml in 2.5% 

mPBS; Dr. M. Bustin, NIH), rabbit anti-HDAC8 (0.1 µg/ml in 2.5% mPBS; Santa 

Cruz Biotechnology, #11405), mouse anti-actin (1 :2000 in 5% mPBS; Sigma, 

#A4700), rabbit anti-phospho-H3S10 (0.2 µg/ml in 5% mPBS; Upstate, #06-570), 

rabbit anti-phospho-H1 (0.7 µg/ml in 2.5% mPBS; Upstate, #06-597), rabbit anti

histone H1.1 (1 µg/ml in 2.5% mPBS; Abeam, #17584), rabbit anti-histone H1.2 

(1 :500 in 2.5% mPBS; Abeam, #4086), rabbit anti-histone H1 .3 (0.5 µg/ml in 

2.5% mPBS; Abeam, #24174), rabbit anti-histone H1 .5 (1 :1600 in 2.5% mPBS; 

Abeam, #18208), goat anti-SMRT (1 µg/ml in 0.5% mPBS; Santa Cruz 

Biotechnology, #1610), rabbit anti-N-CoR (0.4 µg/ml in 2.5% mPBS; Santa Cruz 

Biotechnology, #8994), rabbit anti-acetyl-H3K9 (1 µg/ml in 3% mPBS; Millipore, 

#06-942), rabbit anti-acetyl-H4K5 (0.04 µg/ml in 5% mPBS; Santa Cruz 

Biotechnology, #8659R), rabbit anti-trimethyl-H3K9 (1 :5000 in 3% mPBS; 

Millipore, #07-523), rabbit anti-phospho-serine (1 µg/ml in 3% BSA; lnvitrogen

Zymed laboratories, #61-8100), or rabbit anti-HDAC3-P-S424 (1 µg/ml in 2.5% 

mPBS; Abeam, #61056). Membranes were rinsed with 1 X PBS and then washed 

once with 1 X PBST for 1 0 minutes, and twice with 1 X PSST for 5 minutes. After · 

a quick rinse with 1 X PBS, the membranes were incubated with horseradish 

peroxidase-conjugated secondary antibodies: goat anti-rabbit (0.1 µg/ml in 0.5% 

mPBS; Pierce Biotechnology, #31460), rabbit anti-mouse (0.1 µg/ml in 2.5% 

m PBS; Pierce Biotechnology, #31450), or rabbit anti-goat (0.05 µg/ml in 2.5% 

mPBS; Pierce Biotechnology, #31402) for 1 hour at room temperature. Following 
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the incubation, membranes were rinsed three times with 1 X PBS then washed 

with 1 X PSST as above. The immunoreactive proteins were then visualized by 

incubating with enhanced chemi-luminescence reagent for 5 minutes according 

to the ECL Plus kit (Amersham Biosciences/ GE healthcare, #RPN2132), then 

exposed to X-ray hyperfilm (Amersham Biosciences/ GE healthcare, #28906835) 

and developed (Kodak; developer #1249259, fixer #8868804). The films were 

scanned for densitometric analysis, using spot analysis method, with the 

Fluorchem HD2 Imaging System (Alpha lnnotech, San Leandro, CA). For the 

spot analysis method, the protein bands were selected to obtain integrated 

density value (IDV). An equal area without bands was selected from the same 

lane to obtain the background IDV, which was subtracted from the protein band 

IDV to get the density value of the protein band. Further biostatistical analysis 

was performed with a=0.05 significance level. 

lmmunoflurescence Microscopic Analysis 

Hela cells were grown on chamber slides (LabTek/ Fisher, #12-565-22) to 

80% confluency, washed with 1 X PBS and fixed with 4% para-formaldehyde 

(Fisher, #T353) for 1 0 minutes at room temperature. The cells were washed 

three times with 1 X PBS for 7 minutes each time and then treated with 0.1 % 

Triton X-100, 1 % FBS, 0.1 % NaN3 in 1 X PBS (TNBS buffer) for 20 minutes for 

permeabilization and blocking. The cells were then incubated overnight at 4 °C 

with a desired primary antibody: mouse anti-HDAC3 (0.004 µg/µI; Santacruz, 

#17795), rabbit anti-histone H1 .3 (0.02 µg/µI; Abeam, #24174) or goat anti-Eg5 
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(0.003 µg/µI; Santa Cruz, #31644). Negative control for all the experiments were 

performed using non-immune lgG (control-lgG) as a primary antibody. Following 

five washes with 1 X PBS for 5 minutes each, cells were incubated with 

appropriate secondary antibodies: goat/donkey anti-mouse-fluorescein 

isothiocyanate (FITC) (Santa Cruz Biotechnology, #2010, #2099), goat/donkey 

anti-rabbit-Texas red (TR) (Santa Cruz Biotechnology, #2780, #2784), donkey 

anti-goat-FITC (Santa Cruz Biotechnology, #2024) or donkey anti-goat-TR 

(Santa Cruz Biotechnology, #2783) (0.002 µg/µI) for 1 hour 15 minutes at room 

temperature in dark. After the 1 X PBS washes, DNA and nuclei were stained with 

Hoechst (2.5 µg/ml; lnvitrogen, #H3570) for 5 minutes in dark. The cells were 

washed with 1 X PBS and then prolong antifade mounting medium (5-1 0 µI per 

chamber; lnvitrogen, #P7481) was added to each chamber of the slide. The slide 

was then covered with coverslip and sealed using clear nail-paint (Sally-Hansen). 

The used fluorophores Hoechst (blue), FITC (green) and TR (red) were excited 

with 405, 488 and 568 nm, respectively, using Zeiss Axiovert 200M optical 

microscope with confocal attachment. The images were collected with a 

Hamamatsu camera set for a 64 gain for the blue channel and a 128 gain in the 

green and red channels. The control samples images were collected at the 

maximum exposure times used (blue 6 s, green 7 s, red 7 s) for collecting 

stained images. The emission light was collected using 1 000X total magnification 

(oil emersion objective). The cell images were captured at a single section at the 
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center of the cell. The digital images were visualized and selected for 

presentation using lmageJ software. 

Cell Synchronization 

Exponentially growing HelaS3 cells were treated twice with 2 mM thymidine 

(Sigma, #T1895) for 18 hours each time, with 11 hours release between two 

treatments to block the cells in S phase . Before and after each treatment cells 

were washed with 1 X PBS. Early-G2 cells were collected 3 hours after the 

release from S phase block; while late-G2 cells were collected 6 hours after the 

release . S phase cells after 3 hours of release were further treated with 100 nM 

nocodazole (Sigma, #M1404) to arrest the cells in mitosis. After two washes with 

1 X PBS, the synchronized cell populations (3 X 106 cells) were fixed with 4% 

para-formaldehyde for 15 minutes at room temperature, for analysis with flow 

cytometry (BO FACSCalibur system). From each synchronized cell population, 

the cells were washed twice with 1 X PBS and the whole cell extracts (20 X 106 

cells/ 1 ml RIPA buffer) were prepared in RIPA buffer for co-immunoprecipitation 

assays as described earlier. 

Flow-Cytometric Analysis 

The formaldehyde fixed cells were washed twice with · 1 X PBS and 

permeabilized with 0.25% Triton X-100 (Fisher, #BP151) for 10 minutes at room 

temperature. The cells were then blocked for non-specific antibody binding using 

1 % BSA (Sigma, #84287) for 30 minutes at room temperature . To separate 

mitotic cells from G2 phase cells, staining with the mitosis specific marker 
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antibody phospho-H3S 10 conjugated with FITC ( 1 .5 µg in 500 µ I of 1 % BSA; 

Millipore, #16-222) at room temperature for 45 minutes in the dark. A negative 

control staining with control antibody lgG-FITC ( 1 .5 µg in 500 µI of 1 %BSA; 

Millipore, #12-487) was performed to confirm absence of background staining. 

After washing the cells twice with 1 % BSA, the cells were counterstained using 

propidium iodide (Pl) with RNase (BO Biosciences, #550825) for DNA analysis of 

cell cycle (3 X 106 cells/ 1 ml Pl). The staining was for 15 minutes at room 

temperature in the dark. The stained samples were passed through a 37 micron 

mesh and analyzed by BO FACSCalibur at 585/42 nm for detection of Pl and at 

530/30 nm for detection of phospho-H3S 10-FITC. The Density plots ( dot-plots/ 

histograms) of stained cells were plotted to see different populations of interest. 

Hyperacetylated Core Histones Isolation 

HelaS3 cells were logarithmically grown and treated with 2 µM tricostatin 

A (TSA) (Millipore, #19-138) for 20 hours. Cells were collected by centrifugation 

and were washed twice with ice cold 1 X PBS. Cells were lysed with lysis buffer-A 

(10 mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.5% NP-40, 1 mM PMSF) 

and lysis buffer-B (10 mM Tris-HCI pH 7.4, 3 mM CaCl2, 2 mM MgCl2, 1 % NP-40, 

1 mM PMSF) (1 ml buffer A and 1 ml buffer B for 50 X 106 cells). Cells were 

broken to isolate nuclei using a Dounce homogenizer (pestle-B, 10 strokes). The 

nuclei were isolated by centrifugation at 500 X g for 8 minutes at 4 °C and were 

resuspended in glycerol storage buffer (50 mM Tris-HCI pH 8.3, 40% glycerol, 5 

mM MgCl2, 0.1 mM EDT A pH 8) to store at -80°C until used. The isolated nuclei 
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were centrifuged at 500 X g for 15 minutes at 4 °C, resuspended and washed in 

sucrose gradient buffer ( 10 mM Tris-HCI pH 7.4, 1 mM EDTA, 10 mM NaCl). The 

nuclei were resuspended in 0.25 M H2SO4, passed through a Dounce 

homogenizer (pestle-A) and then incubated on ice for 15 minutes. The acid 

extract was centrifuged at 4,000 X g for 10 minutes at 4°C. The supernatant was 

added to six volumes of ice-cold 100% acetone, incubated at -20°C for 3 hours 

and then centrifuged at 4,000 X g for 10 minutes at 4 °C. The obtained core 

histone pellet was washed twice with 95% acetone, dried overnight, and 

reconstituted in sterile de-ionized distilled water to store at -80°C. The obtained 

core histones were assessed by resolving then on 15% SOS-PAGE to visualize 

the presence of equimolar quantities of core histones and proteins integrity. A 

control Western blot analysis was also performed with acetylated H3K9 antibody 

to assess acetylation of this core histone residue. Only after performing these 

controls, resulting hyperacetylated core histones were used for HDAC assays. 

Hyperacetylated Mononucleosomes Isolation 

HelaS3 cells were treated with 2 µM tricostatin A for 20 hours. The cell 

nuclei were isolated as described in core histone isolation method. The isolated 

nuclei were washed and resuspended in mononuclease digestion buffer (85 mM 

KCI, 1 mM CaCl2, 5 mM PIPES pH 7.5, 5% sucrose). The nuclei were then 

subjected to micrococcal nuclease digestion (300 units/ 500 µg DNA) at 4 °C on a 

shaker for 1 hour. The digestion reaction was stopped by adding 0.5 M EDTA. 

Histone H 1 was removed from nucleosomes by three sequential 2 hours 
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incubations with Sephadex beads (Sigma, #C-25120) in wash buffer (0.5 M 

NaCl, 0.1 mM EOTA, 10 mM Tris-HCI pH 7 .5) at 4 °C on a rocker. The resulting 

nucleosomes were dialyzed in Slide-A-Lyzer cassette (10,000 MWCO) (Pierce 

Biotechnology, #66453) against sucrose dilution buffer (dialysis buffer) (25 mM 

NaCl, 10 mM Tris-HCI pH 7 .5, 0.1 mM EOTA) for overnight at 4 °C with constant 

stirring. After the dialysis the sample was loaded on a 12-50% sucrose gradient. 

The gradient was ultra-centrifuged at 100,000 X g for 24 hours at 4 °C. Fractions 

were collected from the gradient and analyzed on 2% agarose gel to detect 

fractions containing mononucleosomes. Fractions containing mononucleosomes 

were combined arid stored in sucrose buffer at 4 °C. The isolated 

mononucleosomes were resolved on 15% SOS-PAGE and stained with 

Coomassie blue to assess relative equimolar concentrations of ·core histones. 

Western blot analysis (12% SOS-PAGE) on mononucleosomes sample was 

done with anti-histone H 1 antibody to confirm stripping of histone H 1. Acetylation 

of core histone residues H3K9 and H4K5 was also checked by performing 

Western blot (15% SOS-PAGE) using anti-acetylated H3K9 and anti~acetylated 

H4K5 antibodies. Only after ensuring with control blots, the resulting 

mononucleosomes were used for HOAC assays. 

Histone Deacetylase Assay 

HelaS3 cell extracts from late-G2 phase and mitosis phase were 

immunoprecipitated as described earlier using antibodies anti-HOAC3 (Santa 

Cruz Biotechnology, #17795), anti-histone H1 (Santa Cruz Biotechnology, 
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#8030), anti-phospho-histone H1 (Upstate, #05-805) or non-immune lgG (Santa 

Cruz Biotechnology, #2025) mixed with A/G agarose beads (Santa Cruz 

Biotechnology, #2003). Obtained immunocomplexes were washed twice with 

RIPA buffer and the last wash was done with deacetylation buffer (10 mM Tris

HCI pH 8.0, 10 mM NaCl, 10% glycerol, and mini complete protease inhibitor). 

The washed immunocomplexes were incubated with hyperacetylated 

mononucleosomes or hyperacetylated core histones in HDAC buffer at 37°C for 

40 minutes. After the incubation 1 X Laemmli buffer was added to the reaction 

mixture, and proteins were resolved by SOS-PAGE. Western blot analysis was 

performed using either anti-acetyl-H3K9 or anti-acetyl-H4K5 antibody. The HDAC 

assay reaction with recombinant HDAC3/N-CoR2 (HDAC3/SMRT) complex (Cell 

Sciences, #CRH010) served as a positive control; while the reaction with non

immune lgG served as a negative control. 

Giemsa Staining 

Exponentially growing HelaS3 cells were treated with 100 nM nocodazole 

(Sigma, #M 1404) for 20 hours to arrest the cells in metaphase. Cells treated with 

DMSO (vehicle control) were used as a vehicle control for nocodazole treatment. 

After the treatment, cells were collected by centrifugation and washed twice with 

1 X PBS. Ice-cold hypotonic solution (0.7% KCI) was added to the cells in drop

wise manner for 5 minutes. The cells were collected by centrifugation, 

resuspended in 10 ml of methanol:acetic acid (3: 1) fixative solution and fixed for 

45 minutes at room temperature. The cells were collected by centrifugation, 
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washed with fixative, and resuspended in fixative (0.5 ml fixative for 106 cells). 

The cell sample was dropped on the ice-cold slides to achieve a metaphase 

spread . Slides were heated on hot-plate at 70°C and then placed in the Giemsa 

stain (Gibco, #10092-013) for 4 minutes. The slides were washed in Gurr buffer 

(pH 6.8) (Gibco, #10582-013) to remove extra stain. After washing the slides 

twice with deionized distilled water, the metaphase spreads were observed under 

a light compound microscope (400X total magnification) and cells from 200 

microscopic fields are counted per treatment to find the mitotic index. 

Microscopic fields were scanned from left to right and then down, right to left, in 

zigzag fashion to ensure each microscopic field was free of overlap from 

previously counted fields. The mitotic index was calculated using the number of 

metaphase spreads observed divided by total number of cells counted in the 200 

fields for both the treatments independently. 

Histone H1 Isolation (5% Perchloric Acid Extraction) 

Logarithmically growing HelaS3 cells were collected by centrifugation and 

washed twice with 1 X PBS. The cells were lysed using lysis buffer (140 mM 

NaCl, 1 .5 mM MgCb, 10 mM Tris-HCI pH 8.6, 0.5% NP-40, and mini complete 

protease inhibitor tablet) and Dounce homogenizer (pestle A, 10 strokes). The 

resulting cell extract was added to 5% perchloric acid and incubated at room 

temperature for one hour with constant stirring. The mixture was then centrifuged 

at 13,000 X g for 1 0 minutes to collect the supernatant of the perchloric acid 

extract. Ice-cold 100% acetone (six volumes) was added to the perchloric acid 
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extract and stored at -20°C for 3 hours for precipitating the proteins. The resulting 

white floating protein precipitates were collected by centrifugation at 13,000 X g 

for 15 minutes. The protein pellet was washed twice with ice-cold acetone (95% 

and 80%). The pellet was dried overnight, resuspended in sterile deionized 

distilled water and stored at -80°C until used. Protein estimation of the extract 

was done using micro BCA protein assay kit (Pierce Biotechnology, #23235). 

Proteins obtained were tested by performing Coomassie blue staining on 12% 

SOS-PAGE to visualize purity and presence of histone H1 bands. Extracts were 

also analyzed by Western blot with anti-histone H1 antibody to confirm presence 

of all histone H 1 variants before using for pull down assays. 

Pull-Down Assays 

Recombinant human-HDAC3 (1.05 µg) (Biomol, #SE-507) was incubated 

with equimolar quantity of 5% perchloric acid extracted histone H1 (1.76 µg). The 

reaction was incubated at 4°C, overnight with either 2 µg of anti-histone H1 

antibody or with non-immune lgG (negative control) and 20 µI of protein A/G

agarose beads. After the incubation, the reaction was subjected to centrifugation 

at 1000 X g for 5 minutes at 4°C. The complex attached to the beads was 

washed three times with RIPA buffer to remove nonspecific binding. The 

complexes were dissociated from the beads by adding 1 X Laemmli buffer and 

then were resolved on 12% SOS-PAGE. ·The gel was stained with Coomassie 

blue RX-250 (Bio-Rad, #161-0400) to visualize the protein bands. The stained 

protein bands were analyzed by densitometry using the Fluorchem HD2 system. 
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The densitometric values were corrected for the molecular weight of the protein 

bands of interest to obtain the ratio of HDAC3 to histone H 1 .3 in the complex. 

Statistical analysis to compare the ratios was done by using Chi square 

goodness of fit test at a significance level of 0.05. 

Phosphorylation of HDAC3-H1.3 Complex 

HDAC3-H 1.3 immunocomplexes were isolated from late-G2 cell extract as 

described above. The HDAC3-H1 .3 was subjected to phosphorylation with CK2 

((New England Biolabs, #P601 OS) or cyclinB-cdc2 (New England Biolabs, 

#P6020S). The reaction included 200 mM ATP with y-32P-ATP (Perkin Elmer, # 

BLU002250UC) at a specific activity 500 µCi/mmol. The reaction was performed 

at 30°C for 30 minutes. To confirm phosphorylation, the proteins from the 

reaction were dissociated by adding 1 X Laemmli buffer, and then the extracts 

were heated at 95°C for 5 minutes. The resulting extracts were resolved by SOS

PAGE (8% and 12%). The gel was dried and then put in the cassette for 

exposing to phosphor-imager (Kodak) screen for 48 hours. The image was 

captured by exposing the screen to Molecular imager FX (Bio-Rad) and using 

Quantity-One software to visualize phosphorylation of HDAC3 and histone H1 .3. 

Phosphorylated immunocomplexes were used for further HDAC assays as 

described earlier. 
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Isolation and Identification of Cellular HDAC3-H1 .3 Complex 

lmmunocomplexes from late-G2 and mitosis cell extracts were obtained as 

described earlier with anti-histone H1 antibodies (Santa Cruz Biotechnology, 

#8030) and with anti-HDAC3 antibodies (Santa Cruz Biotechnology, #17795). 

lmmunoprecipitation with non-immune lgG (Santa Cruz Biotechnology, #2025) 

was used as a negative control. lmmunocomplexes were resolved on SOS

PAGE (8% and 12%) and the gel was stained using silver stain kit (Pierce 

Biotechnology, #24600). Bands of interest were excised and destained following 

the procedure from the kit to confirm protein identity using Western blot analysis 

as described earlier. Excised bands of unidentified proteins were analyzed by 

mass spectrometry (LC-ESI-MS/MS) at UT Southwestern core facility. 
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Table 1 
Summary of Antibodies Used for lmmunoprecipitation Assays and Western 
Blotting 

SPECIES 
(poly/mono-

ANTIBODY clonal) COMPANY CATALOGUE# 

1 Acetylated H3K 14 Rabbit (poly) Upstate 06-911 

2 Acetylated H3K9 Rabbit (poly) Upstate 06-942 

Santa Cruz 

3 Acetylated H4K5 Rabbit (poly) Biotechnology 8659r 

4 Actin Mouse (mono) Sigma Aldrich A4700 

Santa Cruz 

5 Control lgG Mouse Biotechnology 2025 

Santa Cruz 

6 Control lgG Rabbit Biotechnology 2027 

7 Control lgM Mouse Chemicon PP50 

Santa Cruz 

8 EG5 Goat (poly) Biotechnology 31644 

Santa Cruz 

9 HDAC1 Goat (poly) Biotechnology 6299 

Santa Cruz 

10 HDAC2 Goat (poly) Biotechnology 6296 
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Santa Cruz 

11 HDAC3 Mouse (mono) Biotechnology 17795 

12 HDAC3 Rabbit (poly) Bio-vision 3603 

13 HDAC4 Mouse (mono) Abeam 12171 

Santa Cruz 

14 HDAC5 Goat (poly) Biotechnology 5252 

Santa Cruz 

15 HDAC6 Goat (poly) Biotechnology 5258 

Santa Cruz 

16 HDAC7 Goat (poly) Biotechnology 11489 

Santa Cruz 

17 HDAC8 Goat (poly) Biotechnology 11544 

Santa Cruz 

18 HDAC8 Mouse (poly) Biotechnology 17778 

Santa Cruz 

19 HDAC8 Rabbit (poly) Biotechnology 11405 

Santa Cruz 

20 HDAC9 Goat (poly) B iotec h no logy 19870 

Santa Cruz 

21 HDAC10 Goat (poly) Biotechnology 54215 

22 HDAC11 Goat (poly) Abeam 13694 
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Santa Cruz 

23 Histone H1 Mouse (mono) Biotechnology 8030 

24 Histone H1 Rabbit (poly) Dr. Bustin --

25 Histone H 1.1 Rabbit (poly) Abeam 17584 

26 Histone H1 .2 Rabbit (poly) Abeam 4086 

27 Histone H 1 .3 Rabbit (poly) Abeam 24174 

28 Histone H1 .5 Rabbit (poly) Abeam 18208 

Goat Anti- Pierce 

29 lgG Rabbit Biotechnology 31460 

Rabbit Anti- Pierce 

30 lgG Goat Biotechnology 31402 

Rabbit Anti- Pierce 

31 lgG Mouse Biotechnology 31450 

Donkey Anti- Santa Cruz 

32 lgG-FITC Goat Biotechnology 2024 

Donkey Anti- Santa Cruz 

33 lgG-FITC Mouse Biotechnology 2099 

Goat Anti- Santa Cruz 

34 lgG-FITC Mouse Biotechnology 2010 

35 lgG-FITC Mouse Upstate 12-487 
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Donkey Anti- Santa Cruz 

36 lgG-TR Goat Biotechnology 2783 

Donkey Anti- Santa Cruz 

37 lgG-TR Rabbit Biotechnology. 2784 

Goat Anti- Santa Cruz 

38 lgG-TR Rabbit Biotechnology 2780 

Santa Cruz 

39 N-CoR Rabbit (poly) Biotechnology 8994 

40 Phospho H3S 10 Rabbit (poly) Upstate 06-570 

Phospho 

41 HDAC3S424 Rabbit (poly) Abeam 61056 

lnvitrogen-

42 Phospho serine Rabbit (poly) Zymed Lab 61-8100 

Phospho-H3S 10-

43 FITC Mouse Upstate 16-222 

44 Phospho-histone H 1 Mouse (mono) Upstate 05-805 

45 Phospho-histone H 1 Rabbit (poly) Upstate 06-597 

Santa Cruz 

46 SMRT Goat (poly) Biotechnology 1610 

47 Trimethylated H3K9 Rabbit (poly) Upstate 07-523 
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CHAPTER Ill 

RESULTS 

HDAC3 is Stably and Directly Associated With Histone H1 .3 

Histone deacetylases and histone H1 are both known to cause chromatin 

compaction and are important in the progression through mitotic phase of the cell 

cycle (Kruhlak, 2001; Li, 2006; Stevens, 2008; Th'ng, 2005). This dissertation 

hypothesizes that HDACs and histone H1 might associate, and that their 

interaction might correlate with mitotic events. Experiment explored a possible 

interaction of HDACs and histone H 1 in human cells, with a series of co

immunoprecipitation assays. HelaS3 cell extracts were made using RIPA buffer 

and co-immunoprecipitation assays were carried out against class I, II and IV 

HDACs. Class Ill HDACs (SirT1-7) were not investigated in this study for 

association with histone H1 as these are NAO+ dependent HDACs. Western blot 

analysis for histone H1 revealed the stable co-immunoprecipitated complex of 

histone H1 and HDAC3 (Fig. 5A). The reciprocal immunoprecipitation using anti

histone H1 antibody was assayed to detect HDAC3 by Western blotting, which 

confirmed HDAC3 association with histone H 1 (Fig. 5B). This attempt to 

investigate if histone H1 also interacts with other HDACs showed no association 

of histone H1 with HDAC1, 2, 4, 5, 6, 7, 9, 10 or HDAC11 (Fig. 6A, 6B) based on 
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co-immunoprecipitation assays. Co-immunoprcipitation assays also detected 

association of HOACB and histone H1 but only when using anti-HOACB for 

immunoprecipitation (Fig. 6C) and not when using anti-histone H1 antibody (data 

not shown). Therefore, further experiments tested to see if HOAC3 and HOACB 

are part of the same complex with histone H1. The immunoprecipitate with anti

HOAC3 was analyzed for presence of HOACB and vice versa, which indicated no 

association between HOAC3 and HOACB (Fig. 60, E); suggesting that these two 

HOACs might form two different complexes with histone H1. 
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Figure 5: HOAC3 interacts with histone H 1. 
(A) Representative blot of HelaS3 whole cell extracts, co-immunoprecipitated 
with anti-HOAC3, non-immune lgG (negative control) and Western blotted (12% 
SOS-PAGE) for the presence of histone H1 (n=5). (8) Representative blot of 
HelaS3 whole cell extracts, co-immunoprecipitated with anti-histone H 1, anti
HDAC3 (positive control), and non-immune lgG (negative control), and analyzed 
by Western blotting (8% SOS-PAGE) for the presence of HOAC3 (n=5). All input 
lanes represent 1.5% of the total protein used for immunoprecipitation in this and 
all other figures. 
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Figure 6: HDAC3 and HOAC8, but no other class I, II and IV HDAC proteins, 
associate with histone H1. 
(A) Western blot for detecting histone H1 (12% SOS-PAGE) in 
immunoprecipitates of anti-HDAC1, 2, 3, 5, 6, 7 and HDAC9 from HelaS3 cell 
extracts. (B) Western blot for detecting histone H1. lmmunoprecipitate with anti
HOAC3, 4, 10 and HOAC11 were tested for the presence of histone H1 by 
Western blotting. (C) Western blot to detect histone H1 in anti-HDAC8 (1 µg 
antibody) immunoprecipitate (with 1 mg protein extract) from HelaS3 cell 
extracts. (0) Western blot (10% SOS-PAGE) to detect presence of HDAC8 in 
anti-HOAC3 immunoprecipitate from HelaS3 cell extracts. (E) Western blot (8% 
SOS-PAGE) to test presence of HDAC3 in anti-HDAC8 immunoprecipitate. 
lmmunoprecipitate with non-immune lgG _served as a negative control in all the 
experiments. All the experiments were performed in triplicate with similar results. 
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There are five major histone H1 variants (histone H1 .1, H1 .2, H1 .3, H1 .4, 

H1 .5) in human somatic cells. To find out which specific histone H1 variant is 

associated with HDAC3, co-immunoprecipitation assays were carried out using 

antibody against HDAC3. The following Western blot analysis was performed 

using antibodies for histone H1 .1, H1 .2, H1 .3 and H1 .5. A specific association 

between HDAC3 and histone H1 .3 was observed by virtue of the interaction with 

anti-histone H1 .3 antibody on the Western blot analysis and by using the 

molecular weight of histone H1 .3, in input, as a marker (Fig. 7B). Experiments 

could not detect association of HDAC3 with histone H1 .5 (Fig. 7A), H1 .2 (Fig. 

7C), or H1 .1 (Fig. 7D) based on co-immunoprecipitation assays. 
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Figure 7: HDAC3 interacts specifically with histone variant H1 .3. 
(A-D) Western blot analysis (12% SOS-PAGE) for detecting (A) H1 .5, (8) H1 .3, 
(C) H1 .2 and (D) H1 .1 in immunoprecipitates with anti-HDAC3. 
lmmunoprecipitation with non-immune lgG was used as a negative control. All 
experiments were performed three times with similar results. 
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To confirm direct interaction between HDAC3 and histone H1 .3 and to 

determine their stoichiometric ratio in the complex, pull-down assays in vitro 

were performed using recombinant human HDAC3 (hHDAC3) protein and 

histone H1 isolated from HelaS3 cells by 5% perchloric acid extraction. Pull

down was carried out using histone H1 antibody. The pulled-down complex was 

resolved on SOS-PAGE and Coomassie staining was performed to visualize the 

protein bands. The results demonstrate that HDAC3 binds directly to histone 

H1 .3 (Fig. 8), which was consistent with the co-immunoprecipitation assays. The 

density values of histone H1 .3 and HDAC3 were obtained using spot analysis 

method. To compare the density values of histone H1 .3 and HDAC3, the density 

of the proteins was corrected to represent their molecular weight (HDAC3=49; 

H1 .3=28) (Table 2). Chi square analysis with pairwise comparison of three 

independent experiments supports a stoichiometric ratio of 2: 1 between HDAC3 

and H1 .3 in the complex (Chi square goodness of fit test, a=0.05, x2=0.76, 

p=0.38, df=1 ). Thus, these results support the association of a HDAC3 dimer with 

a single histone H 1 molecule in the complex. 
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Figure 8: HDAC3 interacts directly with histone H1 in 2:1 molar ratio. 
Representative Coomassie blue stained SOS-PAGE gel for pull down assays 
(n=3). Recombinant hHDAC3 and histone H1 (extracted with 5% perchloric acid) 
were mixed in equimolar. concentrations and subjected to pull-down with anti
histone H1. The precipitate was resolved on 12% SOS-PAGE followed by 
Coomassie blue staining. Pull-down with non-immune lgG served as a negative 
control. 
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Table 2 
Integrated Density Values (IOV) for HDAC3 and H1 .3 in Pull-Down Assays. The 
Average Corrected IDV and SD Were Calculated After Correcting IDV for 
Molecular Weight of The Proteins. (n=3) 

HDAC3: 
average H1.3 

set 1 set 2 set 3 corrected IDV + ratio 
SD (a I b) 

IDV (HDAC3) 6929 5840 8649 

Corrected IDV= IDV 

(HDAC3) / MW 141.41 119.18 176.51 145.70 ± 28.90 

(HDAC3) (a) 1.86 

IDV (histone H1 .3) 1632 1575 3361 

Corrected IDV= IDV 

(H1 .3) I MW (H1 .3) (b) 58.29 56.25 120.04 78.19 ± 36.25 

SD=standard deviation; MW=molecular weight 

During mitosis, chromatin is in its most condensed form (Lewin, 2000; 

Lodish, 2004). Since the experiments have shown that HDAC3 associates with 

histone H 1 and we know that both of these proteins participate in compaction of 

chromatin (Eot-Houllier, 2008; Herrera, 2000; Li, 2000b; Li, 2002; Maresca, 

2005a; Th 1ng, 2005; Vaquero, 2004), the question was whether this complex has 

a role in mitosis. Since earlier studies demonstrated higher phosphorylation 

levels on histone H1 during mitosis (Halmer, 1996 ; Sarg, 2006), experiments 

examined whether HDAC3 can interact with a phosphorylated form of histone 
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H1 . To this end, co-immunoprecipitation assays were carried out using 

antibodies against HDAC3 and Western blot analysis with antibodies against 

phosphorylated histone H 1. The resulting immunoblot, demonstrated an 

association of HDAC3 and phosphorylated histone H 1 (Fig. 9) . Based on the 

molecular weight of the immunoprecipitated band, it is assumed that HDAC3 

interacts with phosphorylated H 1.3 but not with other phosphorylated histone 

variants. 
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Figure 9: HDAC3 associates with phosphorylated histone H1. 
Representative blot of, HelaS3 whole cell extracts, co-immunoprecipitated with 
anti-HDAC3 and non-immune lgG (negative control) then resolved on 12% SOS
PAGE and tested by Western blotting for the presence of phosphorylated histone 
H1 (n=3). 
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To determine if HDAC3 is preferentially binding phosphorylated histone 

H1 .3 over the non-phosphorylated histone H1 .3, immunoprecipitation against 

HDAC3 was performed on unsynchronized HelaS3 cells extracts. The 

immunoprecipitated extract was divided into halves and each half was analyzed 

by immunoblotting against either phospho-histone H1 antibody or histone H1 .3 

antibody. The experiment was performed three times and densitometric analysis 

was carried out on the immunoblots to analyze the amount of proteins present. 

The resulting band was normalized against the input band to standardize for the 

effect of band intensity due to antibody specificity (Fig. 10). The resultant 

densitometric value was used to evaluate the relative binding of HDAC3 to 

histone H1 .3 in logarithmically growing cells. The obtained ratio was 2.05:1 for 

phospho-histone H1 .3:H1 .3 (Table 3). Therefore, HDAC3 shows a twice more 

binding to phosphorylated histone H1 .3 (see Fig. 9) as compare to non

phosphorylated histone H1 .3 (see Fig. 78) (Chi square goodness of fit test, 

a=0.05, x2=3.94x1 o-6 , p=0.99, df=1, n=3). Thus, HDAC3 binds twice more to 

phosphorylated histone H 1 .3 than non-phosphorylated histone H 1 .3 in 

logarithmically growing HelaS3 cells. 
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Figure 10: Schematic to calculate relative binding of HDAC3 to phosphorylated 
and unphosphorylated H 1 .3 in an unsynchronized HelaS3 cell extracts. 
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Table 3 
Integrated Density Values (IDV) for Calculation of Relative HDAC3 Binding With 
Phospho H1 .3 and Histone H1.3. (n=3) 

average 
relative 

average binding 
set 1 set 2 set 3 relative ratio 

binding± SD (a/ b) 

IDV (IP: pH1 .3) 4193664 3448313 44837010 

IDV (Input pH1 .3) 1137925 588565 12941643 

HDAC3 relative binding 3.69 5.86 3.46 4.33 ± 1.32 

~o phospho H1 (a) 

IDV (IP: histone H1 .3) 11834483 10823795 29644040 2.05 

IDV (Input H1 .3) 5938326 3547854 20245971 

HDAC3 relative binding 

to histone H 1 .3 (b) 1.99 3.05 1.46 2.11 ± 0.81 

IP=immunoprecipitated band; SD=standard deviation 
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The Interaction of HDAC3 With Histone H1 .3 Increases During Late-G2 and 

Mitosis 

Both HDAC3 and histone H1 were independently known to be involved in 

mitosis regulation (Eot-Houllier, 2008; Ishii, 2008b; Izzo, 2008; Li, 2006; 

Magnaghi-Jaulin, 2007; Maresca, 2005a; Ohsumi, 1993; Stevens, 2008; Thoma, 

1979). Therefore, after demonstrating HDAC3 interaction with phosphorylated 

histone H1 .3, the correlation of this complex with mitosis was studied using the 

hypothesis that if this complex is involved in mitosis regulation, its level will 

increase during mitosis. HelaS3 cells were treated with nocodazole to obtain a 

higher proportion of mitotic cells. Then quantified the mitotic index of cells was 

quantified by Giemsa staining. Metaphase spreads were counted from 200 

microscopic fields. Experiments obtained 54% of metaphase cells (Fig. 11) after 

nocodazole treatment versus 2.28% metaphase cells with DMSO (vehicle 

control). 

an 
interphase 
cell Metaphase 

spread 

Figure 11: Nocodazole treatment arrested 54% HelaS3 cells in metaphase. 
Representative Giemsa staining, of HelaS3 cells after 100 nM nocodazole 
treatment for 20 hours, showed metaphase spreads (bold arrow) and interphase 
cells (open arrow). Observing and counting 200 microscopic fields (total 
cells=3178) at 400X total magnification, 54% of the cells were arrested in 
metaphase compared to 2.28% metaphase cells with DMSO (vehicle control) 
treatment. 
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Nocodazole and DMSO treated HelaS3 cell extracts were further 

analyzed by immunoblotting to confirm high phosphorylation levels of histone H1 

(Fig. 128). The phosphorylation of histone H1 indeed was elevated correlating 

with the higher levels of mitotic cells. The levels of HDAC3 proteins were also 

tested by performing Western blot analysis and no observable changes between 

the nocodazole treated and untreated cells were seen (Fig. 12A). 

A 

B 
Nocodazole 

DMSO + 
+ 
+ 

~ HDAC3 

~ Phospho H1 

Figure 12: HelaS3 cell extracts were treated with Nocodazole and analyzed for 
protein expression by Western blot analysis. 
(A, B) Western blot analysis of HelaS3 cells treated with nocodazole or DMSO 
(vehicle control) (30 µg protein for each treatment), with: (A) anti-HDAC3 (8% 
SOS-PAGE) to evaluate protein levels; and with (8) anti-phospho-histone H1 
(12% SOS-PAGE) to confirm higher phosphorylation of histone H1 in the mitotic 
cells. 

After confirming the higher phosphorylation levels of histone H1 upon 

nocodazole treatment, the complex levels were analyzed by immunoprecipitation 

assays with anti-HDAC3 antibodies followed by a Western blot analysis using 

antibodies against phosphorylated histone H1 (Fig. 13A). The results 

demonstrate higher levels of HDAC3 and phospho-histone H1 complex after 
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nocodazole treatment. To confirm the results, a reciprocal co

immunoprecipitation was done against phosphorylated histone H1 and Western 

blot analysis was performed to detect HDAC3 levels. The resulting immunoblot 

supported the earlier findings, i.e. higher levels of HDAC3 and phospho-histone 

H1 association during mitosis (Fig. 138). 

A 
Phospho H1 

Nocodazol - + + + 
DMSO + + + + 

IP ~ ;f:' ~..._, ':::::.~ 
0 

<z' <z' ~ J'-
B C' <Y cP ,~q 

f- HDAC3 

Nocodazol - + + + 
DMSO + + + + 

Figure 13: HDAC3 interaction with phospho-H1 is higher after nocodazole 
treatment. 
(A) Western blot (12% SOS-PAGE) to detect phosphorylated histone H1 in anti
HADC3 immunoprecipitate from nocodazole and DMSO treated HelaS3 cell 
extracts. (B) Presence of HDAC3 was tested with Western blot (12% SDS
PAGE) in anti-phospho-histone H1 immunoprecipitate from nocodazole and 
DMSO treated HelaS3 cell extracts. 

Since only 54% metaphase arrest was obtained after nocodazole 

treatment, the question was what the cell cycle phase of the remaining cells was 

and if that influenced the higher complex formation upon treatment. This 
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dissertation hypothesized that if the complex is essential for the onset of mitosis, 

it must accumulate in higher levels before mitosis. To answer this question, a 

flow-cytometric cell cycle analysis of nocodazole treated cells was performed. 

The cells were stained first with Pl, which stains DNA, to distinguish among cells 

in G0 -G1 phase, S phase, and GrM phase (Fig. 14A, C; histograms). 

Experiments showed higher GrM phase cell population (second peak in 

histograms) after nocodazole treatment as compared to DMSO treatment (Fig. 

14A, C). Since Pl staining cannot distinguish between G2 phase cells and mitotic 

cells, mitosis-specific marker antibodies were used against phosphorylated 

histone H3 serine 1 O (phospho H3S10) conjugated with FITC, along with Pl for 

DNA counterstaining (Fig. 14B, D, E; dot-plots). In this analysis, mitotic cells 

separated out higher on the Y-axis ( dot-plots, upper right quadrants) due to FITC 

staining and could be distinguished from the G2 phase cell population (dot-plots, 

bottom right quadrants). The result from this analysis showed 38.39% G2 phase 

cells after nocodazole treatment (Fig. 14D, upper right quadrant) as compared to 

22.74% G2 phase cells with DMSO treatment (Fig. 14B, upper right quadrant), 

which raised the question, whether the higher levels of HDAC3-H1 .3 complex 

occurred in mitosis or G2 phase. 
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Figure 14: Cell cycle flow-cytometric analysis of nocodazole treated cells. 
(A) Histogram of DMSO treated cells (unsynchronized) subjected to Pl staining 
showed Go/G1 (first peak), G2/M (second peak), and S phase (cell population in 
the middle of two peaks). (8) Dot-plot of DMSO treated cells (unsynchronized) 
stained with phospho-H3S10-FITC and Pl that separated 5.82% mitotic cells 
(upper right quadrant) from 22.74% G2 phase cells (bottom right quadrant). (C) 
Histogram of 100 nM nocodazole cells subjected to Pl staining showed higher 
G2/M cell population (taller second peak). (D) Dot-plot of 100 · nM nocodazole 
treated cells after phospho-H3S10-FITC and Pl staining showed 43.58% mitotic 
cells and 38.39% G2 phase cells. (E) Dot-plot of 100 nM nocodazole treated cells 
after lgG-FITC (negative control) and Pl staining showed 1.23% mitotic cells. 
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Histone H1 and HDAC3 were independently implicated in mitosis 

regulation by earlier studies (Ishii, 2008a; Li, 2006; Maresca, 2005b). The 

nocodazole treatment studies suggested that HDAC3-H1 .3 complex may have a 

potential role in inducing and/or progressing mitosis. Therefore, the dissertation 

hypothesized that the complex may be formed in higher amounts just before 

entering mitosis. To test this hypothesis, the HDAC3-H1 .3 complex concentration 

was examined in a more detailed cell cycle analysis (Fig. 15). 

Hela S3 Cells in log phase 

~ 
Double thymidine block _. S-Phase cells 

1
----+ 3 hr release _.Early G2 phase cells 

Cell 
synchronization 

Flow 
cytometry 

----+ 6 hr release _.Late G2 phase cells 

3 hr release and ___. Metaphase cells 
100 nM Nocodazole 

Fixed for FCM RIPA buffer 
staining 

l 
FCM Stained with 
analysis +---1. H3S 1 0P-FITC 

2. Pl 

extracts 

! 
lmmunoprecipitation 

Complex 
analysis 

Figure 15: Schematic plan for analysis of HDAC3-H1 .3 complex abundance 
during cell cycle phases. HelaS3 cells were synchronized in S phase, early-G2, 
late-G2 and mitosis, using double thymidine and nocodazole treatments. Double 
thymidine block (2 µM) for 18 hours each with 11 hours release between two 
treatments helped synchronize cells in S phase. A release of 3 hours from S 
phase yielded early-G2 cells, while late-G2 cells were collected after a release of 
6 hours. Following a release of 3 hours from double thymidine block, a 
nocodazole treatment (100 nM) arrested the cells in mitosis. 
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A flow-cytometric analysis on synchronized cell population was performed 

using a double staining with Pl for DNA quantitation and phospho-H3S 10-FITC 

as a mitotic marker. The staining was used to analyze the synchronization of the 

cell populations; and with the help of obtained density plots, (dot-plots and 

histograms) experiments confirmed that the cells are in the desired cell cycle 

stages (Fig. 16A-F). The percentage of mitotic cells obtained based on the flow

cytometric analysis was 86.42% (Fig. 16E), which was much higher than the 

range of mitotic cells obtained by synchronizing with nocodazole alone. Mitotic 

cells in the late-G2 cell population were detected to be 0.55% (Fig. 16D, dot-plot), 

which is same as a background staining of mitotic cells performed using lgG

FITC antibody (Fig. 16F), thus the late-G2 cell population was free of mitotic cell 

contamination. Further investigations of the levels of phopsho-H3S 10 in the 

various cell cycle stages (Fig. 17) were performed using the synchronized cell 

extracts to support the flow-cytometric analysis with immunoblotting. Experiments 

demonstrated with the help of the immunoblot (Fig. 17), that the mitotic cells had 

higher levels of phosphorylated H3S 10 in comparison to all the other stages. The 

levels of phosphorylation on H3S 10 seen in all other synchronized cell cycle 

stages were the basal level modification on this residue. Thus, the Western blot 

and flow cytometric analysis support the conclusion that the late-G2 phase was 

free of contamination with mitotic cells. 
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Figure 16: Flow cytometric analysis of synchronized S phase, early-G2, late-G2 

and mitosis cells. 
(A) Histogram (Pl staining) and dot-plot (phospho-H3S 10-FITC and Pl staining) 
of unsynchronized HeLaS3 cells. Histogram showed Go/G1 (first peak), G2/M 
(second peak), and S phase (cell population in the middle of two peaks). Dot-plot 
showed 2.86% mitosis in unsynchronized cells. (8-F) Histogram and dot-plot of 
HelaS3 cells synchronized to S phase (8) using double thymidine block (2 µM), 
early-G2 (C) after 3 hours of release from double thymidine block, late-G2 (D) 
after 6 hours of release from double thymidine block and mitosis (E) after 3 hours 
of release from double thymidine block followed by nocodazole (100 nM) 
treatment. (F) Mitosis control dot-plot serves as a negative control staining for 
mitosis population with lgG-FITC and Pl ~taining. 
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Figure 17: Phosphorylated histone H3 serine-1 O levels are elevated during 
mitosis. 
(A) Western blot of synchronized HelaS3 cell cycle extracts from S phase, early
G2, late-G2 and mitosis, resolved on 15% SOS-PAGE and immunoblotted for 
phospho-H3S 10 as a mitosis marker. (8) Coomassie blue staining of the same 
extracts served as a loading control. 

To examine the HDAC3-H1 .3 complex levels at different cell cycle stages, 

co-immunoprecipitation assays were carried out using antibodies against histone 

H1 (Fig. 18A) or phospho-histone H1 (Fig. 188) followed with the Western blot 

analysis for detection of HDAC3 protein. With the results from three independent 

experiments, the results show a significantly higher association between HDAC3 

and histone H1, and also between HDAC3 and phospho-histone H1 at late-G2 

phase as compared to other cell cycle stages; and the complex levels remained 

high during mitosis [Kruskal-Wallis nonparametric one way analysis of variance 

with Student-Newman-Keuls (SNK) grouping, p~0.05, n=3]. To further confirm 

the results, the reciprocal co-immunoprecipitation assays were performed with 

anti-HDAC3 and Western blot analysis was carried out for detection of either 

histone H 1 .3 (Fig. 18C) or phospho-histone H 1 (fig. 180). The results from this 
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experiment supported the previous experimental conclusions that HDAC3-H1 .3 

complex was at higher levels during late-G2 and remained higher during mitosis 

(Fig. 19). To test if one of the proteins in the complex was more abundant in late

G2 or mitosis, the levels of histone H1 .3 (Fig. 20A), phospho-histone H1 .3 (Fig. 

208), and HDAC3 (Fig. 20C) were examined by Western blot analysis in three 

independent experiments. Levels of phosphorylated histone H 1 .3 were detected 

using a general anti-phospho histone H 1 antibody and based on the molecular 

weight of the histone H1.3. The amount of histone H1 .3 seemed to be unaltered 

during various cell cycle stages (Kruskal-Wallis nonparametric one way analysis 

of variance with SNK grouping, p2:0.05). However HDAC3 levels were relatively 

higher during late-G2 (p~0.05) (Fig. 20E), perhaps explaining the observed higher 

complex formed during late-G2. Phosphorylation of histone H1 .3 was seen to be 

higher during mitosis (Fig. 208); however this could not explain the higher levels 

of complex during late-G2. lmmunoblot against actin (Fig. 20D) served as a 

loading control of proteins. 
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Figure 18: Interaction of HDAC3 with histone H1 .3 increases during late-G2 and 
mitosis. 
(A-0) Representative Western blots (n=3). Synchronized HelaS3 cell extracts 
from S phase, early-G2, late-G2 and mitosis were co-immunoprecipitated with 
antibodies: (A) anti-histone H1, (8) anti-phospho-H1 and (C, D) anti-HOAC3. This 
followed by Western blot analysis to detect (A and 8) HDAC3 (8% SOS-PAGE), 
(C) histone H1 .3 (12% SOS-PAGE) and (0) phospho-H1 (12% SOS-PAGE). 
lmmunoprecipitation with non-immune lgG on mitotic cell extracts served as a 
negative control. lmmunoprecipitation on OMSO treated cell extracts served as a 
vehicle control. · 
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Figure 19: HDAC3-H 1.3 complex is higher during late-G2. The graph illustrates 
average % ± SD integrated density values of HDAC3-H1 .3 complex levels in S 
phase, early-G2, late-G2 and mitosis (n=3) ; *, # , and ** indicates significant 
difference in the complex levels from other cell cycle phase, p!S0.05 (Kruskal
Wallis nonparametric one way analysis of variance with SNK grouping). 
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Figure 20: Histone H1 .3, phospho histone H1 and HDAC3 levels in S, early-G2 , 

late-G2, and mitosis phase of synchronized Hela cells. 
(A-D) Western blots of, HelaS3 cells synchronized for S phase, early-G2, late-G2 
and mitosis, analyzed to detect protein levels of (A) histone H1 .3 (12% SDS
PAGE), (8) phospho-histone H1 (12% SOS-PAGE), (C) HDAC3 (8% SDS
PAGE) and (D) actin (10% SOS-PAGE) as a loading control. (E) The graph 
illustrates average % ± SD integrated density value of HDAC3 and histone H1 .3 
protein levels in S phase, early-G2, late-G2 and mitosis (n=3); * indicates 
significant difference in HDAC3 protein level from other cell cycle phases, p:50.05 
(Kruskal-Wallis nonparametric one way analysis of variance with SNK grouping). 
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HDAC3 Associated With Histone H1 .3 in a Complex is Functionally Active 

as Deacetylase When Isolated From Mitotic but not From Late-G2 Cells 

Class I HDACs are known to be regulated by their association with protein 

complexes (De Ruijter, 2003; Guenther, 2001; Heinzel, 1997). To characterize 

the activity of HDAC3 associated with histone H1 .3, experiments were performed 

to investigate ability of HDAC3 to deacetylate acetylated histone H3 lysine 9 

(H3K9) and histone H4 lysine 5 (H4K5). These lysine residues were previously 

described as specific substrates for HDAC3 (Eot-Houllier, 2008; Fu, 2005). As a 

substrate for deacetylation assay, hyper-acetylated mononucleosomes from 

HelaS3 cell nuclei were isolated by sedimentation on sucrose gradient and by 

stripping the nucleosomes of histone H1. Results confirmed absence of histone 

H1 from the nucleosomes by immunoblotting nucleosomes against histone H1 

antibody (Fig. 21 A). Experiments were done to test the nucleosomes for integrity 

of all the core histones by Coomassie staining (Fig. 21 B) and for presence of 

linker DNA region by ag~rose gel electrophoresis (Fig. 21 C). Only after all these 

control-tests were successful, the nucleosomes were used as substrates for the 

HDAC assays. 

70 



C 

100bp 

Figure 21: Controls-Isolated mononucleosomes are depleted of histone H1, 
have core histones in equimolar proportions and contain linker DNA. 
(A) The Western blot analysis with anti-histone H1 antibody verified stripping of 
histone H 1 from hyperacetylated mononucleosomes. Hyperacetylated 
mononucleosomes were isolated from HelaS3 cells treated with TSA (2 µM) and 
then subjected to 12% SOS-PAGE. (B) Coomassie staining (15% SOS-PAGE) of 
acetylated mononucleosomes showed the presence of core histones in 
equimolar proportions suggesting the lack of degradation. (C) Agarose gel 
electrophoresis (2%) of hyperacetylated mononucleosomes to verify the 
presence of linker DNA. Loading of core particles served as a negative control 
(absence of linker DNA). 
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HDAC3-H1 .3 complexes were isolated by co-immunoprecipitation with 

antibodies against histone H1, HDAC3 or phospho-histone H1. The last wash 

during the co-immunoprecipitation was with deacetylation buffer. These 

complexes were then tested by immunoblotting against HDAC3 (Fig. 22A), to 

show the presence of HDAC3 in each complex and also to allow the 

quantification of the amount of HDAC3 present in each immunoprecipitated 

complex. These immunocomplexes were subjected to HDAC assay by incubating 

them with acetylated mononucleosomes in deacetylation buffer at 37°C for 40 

minutes. The reaction was stopped by adding 1 X Laemmli buffer and by boiling 

the samples at 95°C for 3 minutes. The resulting deacetylation was detected by 

Western blotting using antibodies against acetylated H3K9 and against 

acetylated H4K5. The immunoblots show deacetylation of acetylated H3K9 (Fig. 

228, top panel; lane 1, 2, and 3), but not H4K5 (Fig. 228, bottom panel; lane 1, 2, 

and 3), in the anti-histone H1 precipitates, and anti-phospho-histone H1 

precipitates for a less extent when complexes were isolated from mitotic extracts 

(Fig. 228) (Table 4). Interestingly, when the same complexes were isolated from 

late-G2 cell extract, the HDAC3 from the complex did not deacetylate the same 

substrates (Fig. 22C). Control lgG (negative control) did not immunoprecipitate 

any HDAC activity (Fig. 228, C; lane 4). Incubation of acetylated 

mononucleosomes with anti-HDAC3 immunoprecipitates and with recombinant 

HDAC3/N-CoR2 (HDAC3/SMRT) complex was used as a positive control for 

HDAC assay (Fig. 228, C; lane 5). 
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In order to rule out the possibility of intrinsic HDACs in the fraction of 

mononucleosomes, the levels of deacetylation of acetylated nucleosomes 

incubated for 40 minutes at 37°C (Fig. 228, C; lane 6) were compared to the 

same nucleosomes incubated at 4°C (Fig. 228, C; lane 7). No difference was 

observed indicating that there is little intrinsic HDAC contamination in the 

nucleosomes preparation. The levels of the acetylation in negative controls using 

lgG immunoprecipitation were also comparable, indicating that there is no 

detectable non-specific absorbance of HDACs to the beads. 
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Figure 22: Deacetylation activity of HDAC3 is associated with histone H1 .3 
during late-G2 and mitosis. 
(A) control-HDAC3 input for HDAC assay determined by Western blot analysis 
using HDAC3 antibody on immunoprecipitated HelaS3 cell extracts (mitosis) 
with anti-histone H1, anti-phospho-histone H1, non-immune lgG (negative 
control) and anti-HDAC3 (positive control). (8, C) Deacetylation activity of 
HDAC3-H1 .3 complex was assayed upon immunoprecipitation with anti-histone 
H1, anti-HDAC3, and anti-phospho H1 in HelaS3 cell extracts from (8) mitosis 
and (C) late-G2. Deacetylation of acetylated H3K9 and acetylated H4K5 in 
hyperacetylated mononucleosomes is assessed by Western blot analysis (15% 
SOS-PAGE) after deacetylation assay. Deacetylation with recombinant hHDAC3-
SMRT complex and anti-HDAC3 immunc;:>precipitate served as a positive control; 
while non-immune lgG immunoprecipitate served as a negative control. 
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Table 4 
Integra ted Density Values for H3K9 Acetylation (Fig. 228, Top Panel) and 
HDAC3 Input (Fig. 22A) for Calculation of Relative Deacetylation in HOAG 
Assay. 

IP H1 Pospho-H1 HDAC3 lgG 

IDV (acetylation signal) 44000 519000 43000 552000 

(from Fig. 188, top panel) 

IDV (lgG) - IDV (IP) (a) 508000 33000 509000 -

HDAC input 

(from Fig 18.A) (b) 7022 1014 9643 130 

Relative deacetylation (a/b) 72.34 32.54 52.78 -

IDV= integrated density value 

Since the HDAC3-H1 .3 complex deacetylates H3K9 but not H4K5 in vitro, 

it was examined whether histone H3K9 and H4K5 are deacetylated in vivo 

(HelaS3 cells) during mitosis. The levels of acetylation on H3K9 and H4K5 were 

determined by Western blot analysis, in the synchronized cell extracts, using 

antibodies for acetylated H3K9 and for acetylated H4K5. With help of 

immunoblots, results demonstrated a significant reduction in acetylation of H3K9 

and H4K5 during mitosis (Fig. 23A, 8). The results support the postulated that 

the novel complex of HDAC3 associated with histone H1 .3 may be involved in 

deacetylation of acetylated H3K9 during mitosis. The mechanism for 

deacetylation of H4K5 remains undetermined. 
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Acetylation-deacetylation and methylation of core histone residues can be 

coordinately regulated (Berger, 2002). Since acetylation of H3K9 and methylation 

of H3K9 is on the · same histone residue, it can be mutually exclusive. 

Experiments were done to determine if deacetylation of H3K9 during mitosis 

contributes to its trimethylation, which is a well known marker for 

heterochromatinization (Bernstein, 2005; Rougeulle, 2004; Schotta, 2004). When 

synchronized cell extracts were analyzed for the levels of methylation on H3K9, 

the immunoblot indicated no correlation between the H3K9 tri-methylation and 

H3K9 deacetylation (Fig. 23C). Coomassie staining of the cell cycle extracts 

indicated no observable differences in protein loading (Fig. 230) for all the 

Western blot analysis. 
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Figure 23: Acetylation levels of histone H3K9, H4K5 and methylation of histone 
H3K9 during S phase, early-G2, late-G2 and mitosis. 
(A, 8) Western blots of, HelaS3 cells synchronized for S phase, early-G2 , late-G2 

and mitosis. The cell extracts were resolved on 15% SOS-PAGE, and then 
analyzed by Western blotting to detect acetylation levels of (A) H3K9 and (8) 
H4K5. (C) Western blot analysis for detection of trimethylation levels on H3K9 
during various cell cycle stages. (D) Coomassie staining served as a loading 
control. 
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The HDAC3-H1 .3 Complex Includes SMRT but not N-CoR 

Since the HDAC3 within HDAC3-H1 .3 complex was active in mitotic cells 

but not in late-G2, it was desirable to find out the mechanism that activates 

HDAC3 upon the entry of the cells to mitosis. Activation of HDAC3 by its 

association with SMRT or with N-CoR was previously documented (Guenther, 

2001; Li, 2000b). Therefore, it was desirable to examine if SMRT or N-CoR are 

associated with the isolated complex and if their presence is altered between 

late-G2 and mitosis. To this end, co-immunoprecipitation with antibodies against 

histone H1 and HDAC3 on mitotic (Fig. 24A) and late-G2 (Fig. 248) cell extracts 

were performed and tested by Western blot analysis for the presence of SMRT 

and N-CoR. Using the resulting immunoblots, experiments demonstrate that 

SMRT but not N-CoR was associated with the isolated complex. Since the 

presence of the SMRT was detected in mitosis as well as in late-G2, it cannot 

explain the activation of the HDAC3-H1 .3 complex during mitosis. 
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Figure 24: SMRT but not N-CoR associates with HDAC3-H1 .3 complex. 
(A, B) Representative Western blot of, HelaS3 whole cell extracts of (A) mitosis 
and (B) late-G2 phase, immunoprecipitated with anti-histone H1, anti-HDAC3, 
and non-immune lgG (negative control). The immunoprecipitates were resolved 
on 8% SOS-PAGE and tested by Western blotting for the presence of SMRT (A 
and B, top panels) and N-CoR (A and B, bottom panels). (n=3) 
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Phosphorylation of HDAC3 by CK2 Upregulates its Deacetylation Activity in 

the HDAC3-H1 .3 Complex 

The previous experiments showed that the HDAC3-H1 .3 complex was 

active during mitosis but not during late-G2 (Fig 228, C). A recent study by Zhang 

et al. (Zhang, 2005) showed that HDAC3 can be activated by phosphorylation of 

Ser-424 by CK2; however, this activation has not previously been associated 

with mitosis. Experiments were done to explore the possibility that 

phosphorylation of HDAC3 by CK2 can contribute to its activation in the transition 

from late-G2 to mitosis. The first goal was to investigate if HDAC3 is 

phosphorylated during mitosis. For this purpose, HDAC3 was 

immunoprecipitated from synchronized cell cycle extracts using anti-HDAC3 

antibody. The immunoblot with phospho-serine antibody on the 

immunoprecipitates showed higher levels of serine residue phosphorylation in 

HDAC3 during mitosis and for some extent during S phase (Fig. 25). Further, to 

confirm if Ser-424 is being phosphorylated at a higher level during mitosis as 

compare to late-G2, histone H1 was immunoprecipitated from late-G2 and mitosis 

cell extracts and carried out Western blot analysis with anti-phospho-HDAC3-

Ser-424. The resultant immunoblot demonstrates higher phosphorylation of Ser-

424 residue in HDAC3 during mitosis as compared to late-G2 (Fig. 26). 

80 



IP: a HDAC3 
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Figure 25: Phosphorylation of serine residues on HDAC3 is higher during mitosis 
and S phases of cell cycle. 
Western blot of, HelaS3 cell extracts from synchronized S phase, early-G2, late
G2 and mitosis, immunoprecipitated with anti-HDAC3 antibody then resolved on 
8% SOS-PAGE to analyzed the levels of phosphorylated serine residues in 
HDAC3 protein. 
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Figure 26: HDAC3 is highly phosphorylated at serine-424 residue in mitosis as 
compare to late-G2 cell cycle phase. 
Western blot of histone H1 immunoprecipitates from late-G2 and mitosis cell cycle 
extracts immunoprecipitated with anti-histone H1. The immunoprecipitates were 
subjected to 8% SOS-PAGE, and then .analyzed for levels of phospho-HDAC3-
Ser424 on immunoblot. lmmunoprecipitation with non-immune lgG served as a 
negative control. DMSO treated cell extract was used as a vehicle control for 
nocodazole treated cells. 
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Since CK2 has been previously found to phosphorylate HDAC3 on Ser-

424 (Zhang, 2005), it was next investigated if CK2 can phosphorylate HDAC3 in 

vitro, in the HDAC3-H1 .3 complex obtained from late-G2 cell extracts. Late-G2 

extracts were immunoprecipitated using anti-histone H1 antibody. The precipitate 

was then incubated with CK2 in the presence of ATP (200 mM) and y-32P-ATP 

(500 µCi/mmol) (specific activity of y-32P-ATP was calculated independently for 

each experiment). Non-immune lgG immunoprecipitate (negative control) was 

used to confirm specific phosphorylation by CK2 (Fig. 27; lane 2). 

lmmunoprecipitate obtained by using histone H1 antibody, incubated without 

CK2 enzyme showed no intrinsic kinase activity of the complex (Fig. 27; lane 3). 

However, when HDAC3-H1 .3 complex was incubated with CK2, HDAC3 was 

phosphorylated (Fig. 27, top panel; lane 1 ). Thus, the resultant phosphorimage 

data demonstrate that CK2 can specifically phosphorylate HDAC3 from HDAC3-

H1 .3 complex obtained from late-G2 cell extracts. To check the possibility of 

mitotic kinase being involved in phosphorylation of HDAC3, Cdc2-cyclin B was 

incubated with HDAC3-H1 .3 complex. From the resultant phosphorimage (Fig. 

27, top panel; lane 5) HDAC3 phosphorylation with Cdc2-cyclin B kinase could 

not be detected. Experiments were performed to also test whether CK2 or cdc2-

cyclin B can phosphorylate histone H1 .3 in the complex and no band was 

detected on the phosphorimage (Fig. 27, bottom panel; lane 1, 5). 
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Figure 27: HDAC3 in the HOAC3-H1 .3 complex isolated from late-G2 can be 
phosphorylated in vitro by CK2. 
Phosphorimage detection of in vitro phosphorylation of HOAC3-H1 .3 complex. 
HDAC3-H1 .3 complexes were isolated from late-G2 cell extract and 
phosphorylated using CK2 enzyme or cdc2-cyclinB and y-32P-ATP in the reaction 
mixture. The results were examined using phosphorimage for detecting 
phosphorylation of HOAC3 (8% SOS-PAGE) (top panel) and histone H1 .3 (12% 
SOS-PAGE) (bottom panel). 

To address the original question about the activation of HDAC3 within the 

HDAC3-H1 .3 complex upon its phosphorylation, experiments needed to confirm 

that HOAC3 remained bound to the complex and was not dissociated. Earlier 

studies have indicated that higher levels of phosphorylation on HDAC3 may 

dissociate it from its complex (Zhang, 2005). Therefore, experiments explored 

whether HDAC3 dissociates from the HOAC3-H1 .3 complex after 

phosphorylation in vitro with CK2. · The phosphorylation was carried out on the 

immunoprecipitated complex attached to the agarose beads using y-32P-ATP. 

The resultant proteins attached to the beads (in the pellet) and the proteins from 

the reaction mixture (supernatant) were loaded on the SOS-PAGE to analyze the 
83 



amount of HDAC3 dissociated from the complex. The resulting phosphorimage 

demonstrates that major of HDAC3 remained associated with the complex after 

phosphorylation in vitro (Fig. 28). The small amount of dissociated HDAC3 in the 

supernatant did not change the capacity to test whether the phosphorylated 

HDAC3 within the complex can be activated. 

Figure 28: HDAC3 remains associated with H1 .3 and bound to the beads after 
phosphorylation in vitro by CK2 enzyme. 
Phosphorimage detection of phosphorylated HDAC3 complex. HDAC3-H1 .3 
complex was phosphorylated using CK2 enzyme and y-32P-ATP (500 µCi/mmol). 
The dissociation ability of HDAC3 from HDAC3-H1 .3 complex, upon 
phosphorylation of HDAC3 by CK2, is assessed by assaying the complex 
remained bound to the beads and in the supernatant of the reaction after 
spinning the beads down. The resulting extracts were resolved on 8% SOS
PAGE and phosphorimage w.as used for the detection of the levels of 32P
HDAC3. 

Since, HDAC3 can be phosphorylated by CK2 and that phosphorylated 

HDAC3 remains part of the complex, HDAC assays were carried out to test the 

hypothesis that phosphorylation of HDAC3 induces its activation during the 

transition from late-G2 to mitosis. Acetylated core histones were prepared by acid 

extraction upon incubation of HelaS3 cells with the HDAC inhibitor TSA for 24 
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hours. The HDAC3-H1 .3 complex was immunoprecipitated from late-G2 cell 

extracts. Half of the immunoprecipitate was phosphorylated with CK2 while the 

other half was left unphosphorylated. These two immunoprecipitated samples 

were incubated with acetylated core histones (Fig. 29). The deacetylation 

capacity of the immunoprecipitated complex was visualized by immunoblotting 

against acetylated H3K9 antibody, which has been shown to be a substrate for 

this complex earlier (see Fig. 228, top panel). lmmunoprecipitated complex taken 

from mitosis was used for comparing the percent deacetylation recovered upon 

phosphorylation of HDAC3 from the late-G2 complex. Three independent 

experiments were carried out and suggest that immunoprecipitated complex from 

late-G2 does not deacetylate acetylated H3K9; however, after phosphorylation of 

HDAC3 in the complex, by CK2 enzyme, 70% of the mitotic complex 

deacetylation activity was observed (Fig. 30). lmmunoprecipitation using control 

non-immune lgG and recombinant HDAC3-N-CoR2 complex were used as 

negative and positive controls respectively (data not shown). Statistical testing by 

Friedman nonparametric analysis (p=0.04) indicated a significant difference 

between the groups tested. Further, pairwise comparison indicates statistical 

significance between HDAC3-H1 .3 & P-HDAC3-H1 .3 complex from late-G2 

(p=0.006), and between HDAC3-H1 .3 complex from late-G2 and the complex 

from mitosis (p=0.0108). These results support the conclusion that 

phosphorylation of HDAC3, and specifically phosphorylation of Ser-424 by CK2, 

is a trigger for activation of HDAC3 in HDAC3-H1 .3 complex as it enters mitosis. 
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Figure 29: Schematic plan for phosphorylating HDAC3 in HDAC3-H1 .3 complex 
and performing HDAC assay on the phospho-HDAC3-H1 .3 complex. 

86 



110 ,--------- -------- -------

90 --

* 

~ 
70 

0 -C: 
0 

:;: 
<ti 50 -> -a, 
(.) 
<ti 
a, 
C 30 - --

10 - - --

HDAC3-H1 .3 from LG2 PHDAC3-H1 .3 from LG2 HDAC3-H 1 .3 from mitosis 
-10 

Complex from cell cycle phase 

Figure 30: Triggering HDAC3 deacetylation activity in HDAC3-H1 .3 complex by 
HDAC3 phosphorylation. 
The graph illustrates a deacetylation activity assay of HDAC3-H1 .3 complex from 
late-G2 without and with phosphorylation by CK2 and the activity of a complex 
from mitotic cell extracts. Deacetylation of acetylated H3K9 residue is examined 
by Western blot analysis. Graph represents % deacetylation median and range 
(n=3); * indicates significant difference from deacetylation activity of late-G2 

complex, p~0.05 (Friedman nonparametric analysis, followed by pairwise 
comparison). 
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HDAC3-H1 .3 Complex is Co-localized on the Polar Microtubules During 

Mitosis 

In order to explore the cellular localization of the HDAC3-H1 .3 complex 

and to support the association between HDAC3 and histone H1 .3 in situ, 

immunostaining experiments were carried out followed by confocal microscopy 

analysis. Unsynchronized Hela cells were used for the co-localization studies. 

Cells were stained using primary antibodies against HDAC3 and histone H1 .3. 

The secondary antibody used to visualize HDAC3 was conjugated with FITC 

whereas the secondary antibody used to visualize histone H1 .3 was conjugated 

to TR. Consistent with the co-immunoprecipitation experiment results, partial but 

very distinct, co-localization of HDAC3 and histone H1 .3 proteins in all mitotic 

stages (Fig. 31 A-E), as well as in the nucleus of the interphase cell (Fig. 31 F) 

was detected. Histone H1 .3 seen as red spots was localized mainly around the 

condensed chromosomes and to some degree, on the chromosomes. HDAC3 

was seen specifically around the condensed chromosomes. In all mitotic stages 

chromosomes were depleted of HDAC3 staining, seen as green spots localized 

around the chromosomes. Many of the regions around the chromosome showed 

a yellow staining in the merged images, indicating the co-localization of histone 

H1 .3 and HDAC3. All negative controls (Fig. 31 G) were performed using control 

lgG and the secondary antibodies used for the immunostaining of the specific 

primary antibodies. These results suggest that the HDAC3-H1 .3 complex is 

localized outside the condensed chromosomes, possibly attached to mitotic 
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structures such as microtubules. Also, experiments provided further support for 

the existence of in situ association of histone H1 .3 with HDAC3. 

A. Prophase 

B. Metaphase 

C. Anaphase 

D. Telophase 

E. Cytokinesis 

F. lnterphase 

G. Negative 
Control 

Hoechst HDAC3-FITC H1.3-TR Hoechst-HDAC3-H1.3 

Figure 31: HDAC3 and H1 .3 were partially colocalized during all mitotic stages. 
(A-F) Representative confocal imaging of immunoflurescence staining (1 000X 
total magnification) of Hela cells from mitotic stages-prophase (A), metaphase 
(8), anaphase (C), telophase (D), cytokinesis (E) and interphase nucleus (F), 
stained with anti-HDAC3 (green), anti-histone H1 .3 (red) and DNA 
counterstaining with Hoechst (blue). (G) A negative control using non-immune 
lgG with the corresponding FITC and TR conjugated secondary antibodies. 
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Recently Ishii et al has shown that HDAC3 core complex is associated on 

microtubules and is required for kinetochore-microtubule attachment (Ishii, 

2008b). In the immunostaining of anaphase identified that HDAC3-H1 .3 

complexes were specifically localized between the separating sister-chromatids 

at the center of the anaphase cell (see Fig. 31 C). This implies that HDAC3-H1 .3 

complex may be associated with the polar microtubules. Polar microtubules are 

one of the three forms of mitotic microtubules which build the spindle; they are 

not attached to chromosomes but ·rather help in stabilizing the two centrosomes 

by overlapping with each other at the center of the cell (Valentine, 2006). To 

further investigate if the HDAC3-H1 .3 complex is associated with polar 

microtubules, immunostaining was performed with Eg5, a member of mitotic 

kinesin family associated with the assembly and maintenance of the mitotic 

spindle. Eg5 is involved in cross linking and anti-parallel sliding of polar 

microtubules (Goldstein, 1999); and therefore it could serve as a specific marker 

for the polar spindle fibers. When chromosomes separate during the anaphase 

stage, polar microtubules can be viewed between the separating sister

chromatids stained with Eg5 immunostaining (for example see Fig. 32C). In 

addition, Eg5 can be seen to localized throughout the spindle and enriched at the 

poles as compared to microtubules (Sawin, 1995b), even though Eg5 is a plus 

end directed motor protein (Sawin, 1992 ). To test the hypothesis that HDAC3 

and H1 .3 complex could be localized on polar microtubules, immunostaining of 

Eg5 was performed concomitantly with the immunostaining of either HDAC3 or 
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histone H1 .3. With the resultant confocal images, the results clearly show the co

localization of H1 .3, HDAC3 and Eg5 to the polar microtubules (Fig. 32C), during 

anaphase. Thus, the newly identified HDAC3-H1 .3 complex is localized to the 

polar microtubules, a unique site for HDAC3. 
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A. Prophase Hoechst HDAC3-FITC Eg5-TR Merged 

Hoechst Eg5-FITC H1.3-TR Merged 

B. Metaphase Hoechst HDAC3-FITC Eg5-TR Merged 

Hoechst Eg5-FITC H1.3-TR Merged 

C.Anaphase Hoechst HDAC3-FITC Eg5-TR Merged 

Eg5-FITC H1.3-TR Merged 

D. Telophase HDAC3-FITC Eg5-TR Merged 

Figure 32 continue 
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Figure 32: HDAC3 and H1 .3 were colocalized on polar microtubules. 
(A-F) Representative confocal imaging of immunoflurescence staining (1 000X 
total magnification) of Hela cells from mitotic stages-prophase (A), metaphase 
(B), anaphase (C), telophase (D), cytokinesis (E) and interphase nucleus (F), 
stained with either anti-histone H1 .3 (red) and Eg5 (green) (top panels) or with 
anti-HDAC3 (green) and anti-Eg5 (red) (bottom panels). Hoechst (blue) 
counterstaining was used for staining DNA. (G) A negative control using non
immune lgG with the corresponding FITC and TR conjugated secondary 
antibodies. 
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The Isolated HDAC3-H1 .3 Complex Contains at Least Eight Proteins 

Including GAPDH and Annexin I 

None of the three proteins in the HDAC3-H1 .3-SMRT complex possess a 

known microtubule binding characteristic; therefore it was desirable to determine 

if there are additional proteins in the HDAC3-H1 .3 complex which can explain the 

localization of complex to polar microtubules. To this end the HDAC3-H1 .3 

complex was immunoprecipitated using either antibody against HDAC3 or 

against histone H1 and a control of non-immune lgG antibody. The isolated 

immunocomplexes were resolved on SOS-PAGE and the protein bands were 

visualized by using silver staining (Fig. 33A, 8). Common bands obtained from 

the immunoprecipitated complex using HDAC3 and histone H1 antibodies, which 

were excluded from non-immune lgG control, were potential components of 

HDAC3-H1 .3 complex. Overall, eight such protein bands were possible 

candidates for members of the isolate complex. Of these eight, bands 

representing HDAC3, H1 .3 and SMRT proteins were verified by destaining the 

silver stained bands and analyzing them by immunoblotting. Performing mass 

spectrometric analysis (LC-ESI-MS/MS) of two of the additional bands, 

experiments identified glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(molecular weight 36 KDa) and annexin I (molecular weight 38.7 KDa) as 

members of the complex. Furthermore, ·the silver staining pattern of the isolated 

complex looked different than the pattern of the complex reported by Yun Li and 

colleagues (Li , 2006), which suggests the identification of a novel complex which 
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might perform distinct functions. To answer the question if there are different 

proteins associated with this complex during mitosis and late-G2, silver staining 

analysis of complexes from late-G2 (Fig. 33A) and mitosis (Fig. 338) was 

performed. To great surprise the staining pattern between both the stages was 

identical, which suggested that exchange of the complex components may not be 

contributing to the activation of the complex. 

Earlier studies have shown that GAPDH and annexin I can bind to tubulin 

(Kumagai, 1983; Traverso, 1998). This provides a possible explanation for the 

mechanism by which HDAC3-H1 .3 complex might be tethered to microtubules. A 

recent study by Nakayama et al has shown that histone H1 binds to tubulin in 

tobacco BY-2 cells (Nakayama, 2008); however, the literature search uncovered 

no reports linking histone H1 to microtubules in an animal kingdom. 
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Figure 33: Isolation and identification of HDAC3-H1 .3 complex shows the 
presence of eight proteins including SMRT, GAPDH and annexin I. 
(A, 8) Silver staining of proteins associated with anti-HDAC3, anti-histone H1 and 
non-immune lgG, immunoprecipitated from HelaS3 cell extracts from (A) late-G2 

phase and (8) mitosis. Proteins in HDAC3-H1 .3 complex were identified based 
on their common presence in the histone H1 and HDAC3 immunoprecipitates 
and lack of their presence in the non-immune lgG immunoprecipitate (labeled by 
small arrows). Protein bands were excised and further identified by either mass 
spectrometric analysis (LC-ESI-MS/MS) (labeled by large arrows) or verified by 
immunoblotting if the protein was recognized by its molecular weight. 
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CHAPTER IV 

DISCUSSION 

In this work, it was hypothesized that histone H1 and HDAC proteins may 

interact with each other and that their interaction correlates with mitotic events. 

The hypothesis was suggested by two observations. Both histone H1 and 

HDAC3 protein are involved in chromatin compaction and in mitosis. The 

dissertation describes the isolation of a novel complex containing HDAC3 and 

histone H1 .3 proteins by co-immunoprecipitation. In spite of histone H1 being 

very efficiently acetylated by p300 in vitro it has very low levels of acetylation in 

vivo (Dr. Michael Sergei, personal communication), which suggests the 

possibility of its interaction with HDAC proteins. The pull-down study in vitro 

indicated the direct binding of HDAC3 dimer to histone H1 .3. By silver staining 

and mass spectrometric analysis experiments also identified three other 

components of the complex-SMRT, GAPDH, and annexin I. By synchronizing 

the cells growth followed by co-immunoprecipitation assays experiments 

demonstrate that the complex levels in late-G2 phase and mitosis are higher. The 

results have also demonstrated that HDAC3-H1 .3 complex is active in 

deacetylation during mitosis, but not during late-G2 and it shows target specificity. 

Through studies in vitro experiments further determined that the complex was 

being activated as a result of HDAC3 phosphorylation of Ser-424 by CK2. Using 
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immunocytochemistry the co-localization of HOAC3 and histone H1 .3 on the 

mitotic polar microtubules was also demonstrated. 

The HDAC3-H1 .3 Complex 

Two previous studies have shown an interaction of linker histones with 

HOAG proteins. SirT1 interaction with histone variant H1 .4 was demonstrated in 

293 cells (human embryonic kidney cells) (Vaquero, 2004), and in C. elegance 

histone H1 .1 was shown to participate with Sir-2.1 in repeat-dependent silencing 

transgenes (Jedrusik, 2003). In these previous studies class Ill HDACs were 

reported to interact with histone H1. On the contrary, this study shows the first 

evidence for the formation of complex between a HOAG class I protein, HOAC3, 

and a linker histone. Although many complexes described in the literature contain 

HOAC3 and its coactivator proteins, none of the studies have investigated 

activation of the HOAC3 in the complex in relation to cell cycle. Also, according to 

a literature search, histone H1 has not been shown to bind to cytoskeletal 

structures such as microtubules in vertebrate cells. This study suggests for the 

first time that one of the histone H1 variant is associated with microtubules in 

vertebrate cells. Also, unlike linker histone variant H1 .1, H1 .2 and H1 .4, histone 

H 1 .3 has never been described in association with any other protein. 

Since HOAC3 interacted specifically with H1 .3 variant and not with other 

histone H1 variants, the question was what protein domains in histone H1 .3 

enables this specific association. Comparing the amino-acid sequences of the 

human histone H1 variants, the core domain is highly conserved; while the N-
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and C-terminal tails show diversity (Izzo, 2008). Protein sequence alignment of 

histone H1 .3 with other histone variants indicates their heterogeneity [H1 .1 

(67.7%), H1 .2 (81.1 %), H1 .4 (86.0%), and H1 .5 (77.6%)]. This heterogeneity is 

observed mainly in hCTD of histone variants. Till recently, histone variants were 

thought to be redundant in their functions; however recent studies have shown 

that the various H1 variants may vary in function. Orrego et al have recently 

shown the difference in the binding affinities of histone variant to the chromatin 

(Orrego, 2007). Also, the residence time of different histone H1 variants seems to 

vary according to the length of their C-terminal domain and the content of 

positive residues (Th'ng, 2005). lmmunostaining of histone H1 variants in human 

fibroblast cells showed varying localization: histone H1 .5 was localized to nuclear 

periphery, histone H1 .2 was stained according to the DNA concentration, 

whereas histone H1 .3 and H1 .4 showed punctuate staining pattern (Parseghian, 

2000). These significant differences of histone variant characteristics suggest 

that they have different functions and provide clues to understand why HDAC3 

associates spec'fically with histone variant H1 .3. This dissertation suggest that 

HDAC3-H1 .3 complex has several roles during mitosis such as stabilizing mitotic 

spindles or global chromatin condensation. During interphase, it may help in the 

chromatin compaction based on the recruitment by histone H1 .3. Moreover, 

these results have demonstrated higher binding of HDAC3 with phosphorylated 

histone H1 as compare to unphosphorylated histone H1, which suggests there 

99 



could be an additional role of HDAC3-H1 complex during mitosis, which is to 

keep H1 out of chromatin environment when H1 is phosphorylated. 

Cell Cycle Dependent Association of HDAC3-H1 .3 Complex 

Previous studies have described the importance of HDAC3 in mitosis 

progression. RNAi mediated HDAC3 knockdown of He La cells has shown to 

cause cell arrest in G2/M phase (Li, 2006; Wilson, 2006), loss of H3S1 O 

phosphorylation (mitosis marker) as well as impaired mitotic progression such as 

incomplete chromosomal condensation and "lagging" chromosomes (Li, 2006). 

HDAC3 knockdown in Hela cells using siRNA showed smaller, collapsed mitotic 

spindles and excluded chromosomes from mitotic bipolar spindles (Ishii, 2008b). 

Ishii et al have also shown the necessity of active HDAC3 enzyme in spindle 

formation and chromosomal alignment at mitosis (Ishii, 2008b). SiRNA 

transfection of HDAC3 in HeLaS3 cells cause cells to arrest in mitosis, and 

showe premature sister chromatid separation (Eot-Houllier, 2008). On the other 

side, previous studies have also discussed the importance of histone H1 for 

chromatin condensation during mitosis (Gurley, 1995; Maresca, 2005a), and in 

gene-specific transcription repression (Bustin, 2005; Herrera, 2000; Sarg, 2006; 

Vaquero, 2004) . Because histone H1 is involved in chromatin folding, it is 

considered to be vital for mitotic condensation. Histone H1 is heavily 

phosphorylated during mitosis when maximum chromatin compaction is achieved 

(Gurley, 1995), though recent studies indicated that . phosphorylated H1 

dissociates from mitotic chromosomes (Bhattacharjee, 2001; Halmer, 1996 ; 
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Orrego, 2007; Talasz, 1996). Thus, HDAC3 and histone H1 both are known to 

contribute independently to mitosis. This work tested the hypothesis that HDAC3-

H1 .3 complex may also have role to play in mitosis progression by performing 

sequential cell synchronization. This analysis, using co-immunoprecipitation 

assay on synchronized cell extracts, demonstrated higher levels of complex 

formation during late-G2 phase and mitosis. Having a higher complex at late-G2 

may indicate that the complex has a role at the beginning of mitosis for the onset 

of chromatin compaction and/or cell division process during mitosis, and it 

supports this hypothesis. In the Western blot analysis of extracts from the various 

cell cycle stages, both H3K9 and H4K5 residues had low levels of acetylation 

during mitosis compared to other cell cycle stages (Fig. 23), indicating 

deacetylation of both the residues during mitosis. Thesefore, it was desirable to 

test the HDAC activity of the immunoprecipitated complex by analyzing the 

deacetylation of Ac-H3K9 and Ac-H4K5 on mono-nucleosomes, as these two 

residues have been shown to be the specific target of HDAC3 (Eot-Houllier, 

2008; Fu, 2005). The HDAC assays, indicated that HDAC3-H1 .3 complex could 

deacetylate Ac-H3K9, but not Ac-H4K5, in mitotic precipitates; which 

demonstrates a target specificity of the complex. HDAC assay studies with 

HDAC3-H1 .3 complex isolated from late-G2 showed lack of HDAC activity, 

suggesting that even if the complex levels are higher during late-G2, the HDAC 

activity of the complex is triggered during mitosis. This situation is reminiscent to 

the cyclin-CDK complex accumulation before the onset of the corresponding cell 
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cycle stage, and the rapid activation of the complex that occurs upon the need of 

the cell cycle progression (Lodish, 2004). 

Cell Cycle Dependent Activation of HDAC3-H1 .3 Complex 

The question was what is the molecular event that activates the HDAC3-

H 1 .3 complex. It was possible that the association of HDAC3 with SMRT could 

activate its HDAC activity. However, since the SMRT is a member of this 

complex in late-G2 as well as in mitosis, this possibility was eliminated. 

Alternatively, HDAC3 phosphorylation was checked for the activation of the 

HDAC activity in the HDAC3-H1 .3 complex. Recently, Zhang et al have 

demonstrated that HDAC3 is activated upon its phosphorylation by CK2 in vitro 

(Zhang, 2005). However, this activation was not related to any cell cycle stage. 

Experiments therefore investigated the possibility of activating HDAC3-H1 .3 

complex isolated from late-G2 by phosphorylating HDAC3 in the complex. There 

is increasing body of evidence that a tetrameric protein-CK2 (CK2a, CK2a' , 

CK2P, CK2~) is involved in controlling cell cycle progression. Studies in 

Saccharomyces cerevisiae have indicated requirement of CK2 during G2/M 

phase transition (Hanna, 1995). CK2 is also reported to interact and modulate 

the activity of condensin I via phosphorylation to influence chromatin organization 

during mitosis (Takemoto, 2006). CK2~, a regulatory subunit of tetrameric CK2 

protein, is also shown to regulate cell cycle progression at the beginning of 

mitosis phase (Yde, 2008). There are evidences that CK2P could be regulated 
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with its phosphorylation by CDK1 (mitotic kinase) in a cell cycle dependent 

manner; and CK2~ is suggested to be regulating the target specificity of the 

catalytic subunits CK2a and CK2a: based on its phosphorylation status (Bose, 

1999; Litchfield, 1995; Zhang, 2002a). Recent work also has shown mitotic 

catastrophe in CK2a and CK2a' knockdown cells (Shimada, 2009; St-Denis, 

2009). With this support from literature, it was desirable to analyze if CK2 can 

phosphorylate HDAC3 in HDAC3-H1 .3 complex isolated from late-G2, and 

whether the phosphorylation of HDAC3 in the complex will activate it. The 

phosphorylation assays in vitro determined successful phosphorylation of 

HDAC3 using CK2 enzyme. Results also confirmed that CK2 does not 

phosphorylate histone H1 .3 in the complex (Fig. 27) and that phosphorylated 

HDAC3 in these assays do not dissociate from the complex (Fig. 28). Comparing 

the levels of phosphorylated Ser-424 site on HDAC3 in late-G2 and mitosis 

extract, experiments showed higher levels of phosphorylated Ser-424 in mitosis 

extracts. The HDAC assays suggested that phosphorylation of HDAC3 in the 

complex isolated from late-G2, by CK2, activated the complex for deacetylation of 

Ac-H3K9. Thus, we suggest that the HDAC3 activity in the HDAC3-H1 .3 

complex is cell cycle dependent and the complex is activated upon 

phosphorylation of HDAC3 by CK2 enzyme in mitosis. 

Localization of HDAC3-H1 .3 Complex 

Knowing that the HDAC3-H1 .3 complex is active during mitosis, 

experiments analyzed the co-localization of HDAC3 and histone H 1 .3 during 
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mitosis using immunocytochemistry and confocal microscopy. Both HDAC3 and 

histone H1 .3 were co-localized during all mitotic stages as well as during 

interphase. However, to great surprise during mitosis the complex was not 

localized on the chromosomes but around them. Based on the co-localization 

pattern observed during anaphase stage, the dissertation hypothesized that the 

complex is localized on polar microtubules. A recent study by Ishii et al has 

indicated that HDAC3 is localized on microtubules (Ishii, 2008b). However, other 

results by Bhaskara et al showed that HDAC3 was associated with chromatin in 

the interphase and prophase but not metaphase and anaphase in wild type 

mouse embryonic fibroblasts (Bhaskara, 2008), this discrepancy could be due to 

a study conducted on different species. Li et al also showed that HDAC3 is 

localized to condensed chromosomes in prophase of Hela cells (Li, 2006). This 

controversy could be a result of differences in the staining technique and different 

species under study. Ishii et al observed that in Hela cells HDAC3 is 

concentrated on the microtubules near the pole during prophase, during 

prometaphase and metaphase; while, in anaphase HDAC3 was observed spread 

over entire spindles and absent from the poles, and during telophase HDAC3 

was diffused through out the cytosole (Ishii, 2008b). These results are more 

consistent with the present results. However, this study has not specifically 

pointed out the type of microtubules where HDAC3 is localized. Moreover, the 

complex studied by Ishii et al involved the association with N-CoR which is 

absent in the HDAC3-H1 .3 complex described in the current study. Thus, it was 
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desirable to test the hypothesis that HDAC3-H1 .3 complex is localized to polar 

microtubules using Eg5 as a marker for polar microtubules. 

Eg5 is the motor protein involved in cross linking and anti-parallel sliding 

of polar microtubules (Goldstein, 1999). In the co-immunostaining, it was 

observed that in anaphase and telophase cells HDAC3 and histone H1 .3 co

localize with Eg5 at a center of the cell while sister chromatids separate. Thus, 

the data supports that HDAC3-H1 .3 complex is localized to polar microtubules 

and this specific localization has not been previously reported for HDAC3, 

histone H1 .3 or any of the known HDAC3 complexes. 

Several reports published recently claim that tubulin acetylation and 

deacetylation regulates microtubule stability (Matsuyama, 2002; Tran, 2007). 

Specifically, tubulin deacetylation could contribute to microtubule stabilization 

and thus the possibility suggests itself that deacetylating tubulin by HDAC3 could 

be a mechanism that stabilizes polymerization of polar microtubules during 

mitosis. The Ishii et al study has already reported that HDAC3 does not alter 

acetylation levels of a-tubulin (Ishii, 2008b). However, this study was done only 

by microscopic methods and it does not involve any biochemical testing. 

Furthermore, no study has been done to test if HDAC3 could deacetylate ~- or y

tubulin. Thus, HDAC3 could deacetylate a-, ~- or y-tubulin. 

Other Components of the HDAC3-H1 .3 Complex: SMRT, GAPDH, Annexin I 

In this study, the silver staining pattern of HDAC3-H1 .3 immunocomplex 

indicated that at least eight proteins participated in this immunocomplex. By 
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immunoblotting on the destained silver-stained bands and their mass 

spectrometric analysis, experiments have identified the presence of SMRT, 

GAPDH and annexin I in HDAC3-H1 .3 complex. SMRT was previously reported 

to associate with HDAC3 and to function as an activating cofactor for HDAC3 

activity (Guenther, 2001 ), and is well known to intercede repression of various 

transcription repressors (Chen, 1995). Deacetylase activating domain of SMRT is 

shown to physically interacts with HDAC3 and it helps to activate the deacetylase 

function of inactive HDAC3 enzyme (Guenther, 2001 ). Presence of SMRT in 

HDAC3-H1 .3 core complex could be an indication of its probable role as a 

deacetylase in the chromatin environment. However, identification of GAPDH 

and annexin I as components of the complex has suggested a new insight into 

the functional role of this complex. 

GAPDH is a well known enzyme involved in a glycolysis process, but it 

has been implicated in multiple non-glycolytic processes such as: DNA repair 

(Arenaz, 1983), nuclear RNA export (Zang 1998), transcription activation (Zheng, 

2003), apoptosis initiation (Hara, 2005; Nakazawa, 1997), membrane transport 

and in membrane fusion (Morero, 1985; Tisdale, 2004) etc. GAPDH is also 

known to bind the cytoskeleton. GAPDH binding to actin filament was shown to 

be associated with neuronal disorders (Wu, 1997). For the first time, in 1983 

Kumagai and Sakai identified GAPDH binding ability to tubulin and its 

involvement in microtubule bundling (Kumagai, 1983); this was further confirmed 

by Somers et al in 1990 (Somers, 1990). Recently, Cueille et al showed that 
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GAPDH binds to microtubule-associated protein 1 B (MAP1 B), which is a major 

component of cytoskeleton (Cueille, 2007). Considering the characteristics of 

GAPDH, especially its ability to bind to microtubules, its presence in HDAC3-

H1 .3 complex suggests that this complex might be involved in a novel function of 

deacetylating and regulating microtubule stabilization. Microtubules are an 

important component during mitosis phase of the cell cycle. Many classic HDAC 

inhibitors have been shown to cause impaired chromosomal separation 

(Blagosklonny, 2002b; Li, 2006; Magnaghi-Jaulin, 2007; Stevens, 2008); this 

could be a result of weakened microtubule function as an indirect effect of HDAC 

inhibition. A recent study by Schemies et al has shown hyperacetylation of a

tubulin by inhibiting HDAC6 and SirT2 enzymes, thus identifying them as 

deacetylase of a-tubulin (Schemies, 2009). Similar conclusions supporting the 

role of the HDAC3-H1 .3 complex in the microtubule dynamics can be drawn 

while examining the presence of annexin I in the HDAC3-H1 .3 core complex, 

since a previous study has reported that annexin I colocalizes with tubulin using 

immunocytochemistry (Traverso, 1998). 

A recent study by Nakayama et al has suggested that histone H1 also has 

the ability to bind to tubulin in tobacco BY-2 cells (Nakayama, 2008); however, 

until today, animal histone H1 was not identified in association with the 

microtubule filaments. The current study could lead to the first identification of 

histone H1 role in microtubule structure and dynamics. Overall, the presence of 

GAPDH, annexin I and histone H1 in the complex could play a role in tethering 
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the complex to the polar microtubules. Several multiprotein complexes containing 

HDAC3 were previously identified and characterize to play a role during mitosis. 

These complexes have been reported to contain also N-CoR (Ishii, 2008b; Li, 

2006). The complex did not include N-CoR, but on the other hand it included 

histone H1 .3, SMRT, annexin I and GAPDH, indicating that this complex is novel 

and has a distinct function not described earlier. 

Further functional analysis of the HDAC3-H1 .3 complex may link it also to 

deacetylation of core histones with the possible synergistic effect by recruitment 

of SMRT and histone H1 .3. Further studies on the potential deacetylation of 

histone H1 .3 in the HDAC3-H1 .3 complex can shed light on the possible role of 

HDAC3 in deacetylating histone H1 .3. The possible deacetylation of tubulin by 

HDAC3 via its recruitment by GAPDH and annexin I may help to explain an 

important step in the coupling of chromatin condensation at the beginning of 

mitosis to the coordinated spindle fiber formation and maintenance. Thus the 

HDAC3-H1 .3 complex might be involved in variety of functions during mitosis, 

such as chromatin compaction, microtubule organization and stability, and 

capturing and anchoring of phosphorylated histone H1 .3 out of the condensed 

chromosomes. Further studies with knockdown of histone H1 .3 and CK2 

subunits can help us to understand the possible roles of the HDAC3-H1 .3 

complex during mitosis. A detailed study of the functionality of this complex may 

help us to understand the mitotic process and may possibly provide novel targets 

for cancer therapy. 
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A great deal of efforts are being devoted today to understand the 

molecular mechanism behind the cell proliferation in normal and cancer cells, 

with the hope to identify specific targets for cancer therapy. Understanding 

functionality of the histone H1 .3-HDAC3 complex could be of vital importance, as 

histone H1 .3-HDAC3 complex could play a role in mitosis progression. Identifying 

the protein complexes responsible for mitosis progression can help find ways to 

specifically inhibit these proteins interactions to form a complex and thus stop 

cancer.Malignant cells lack the cell cycle checkpoints and thus are immortalized. 

Making the histone H1 .3-HDAC3 complex nonfunctional in such malignant cells 

could cause mitotic catastrophe and could trigger apoptosis. Defects in the 

spindle assembly can also contribute to the generation of post mitotic cells with 

unbalanced chromosomal content. Characterizing the chromatin region where 

this complex could be targeted will also help us to understand the chromatin 

condensation coordinating with microtubule dynamics. 
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Summary 

Thus, this dissertation proposes the following model to summarize these 

findings (Fig. 34). Histone H1 .3 and HDAC3 associate directly in 1 :2 molar ratio. 

The presence of SMRT, GAPDH and annexin I was found in the HDAC3-H1 .3 

complex. The levels of this complex increases in late-G2 and mitosis. In spite of 

the higher levels of the complex, HDAC3 in the complex is inactive to perform 

deacetylation of core histones. There is strong evidence to propose that, during 

the transition from late-G2 to mitosis CK2 phosphorylates HDAC3 in HDAC3-H1 .3 

complex and activates HDAC3 deacetylation activity. The dissertation proposes 

three hypotheses for the functionality of this active complex during mitosis. First, 

since experiments show the localization of this complex on microtubules, the 

dissertation also proposes that this active complex could be participating in 

microtubule stabilization and assembly. Second, due to the presence of co

repressor SMRT, the dissertation proposes that this complex could be helping 

chromatin compaction at the beginning of mitosis. Third, since most of the 

phosphorylated histone H1 resides outside the chromatin, the dissertation 

proposes that the interaction of histone H1 .3 and HDAC3 could be helping the 

capturing and anchoring of histone H1 .3 outside the chromatin. 
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Figure 34: The proposed model for HDAC3-H1 .3 complex. 
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Ac-H3K9 

AKAP95 

APC 

ATM 

ATR 

BAF 

BCoR 

CBFA2T3 

CBP 

Cdc 

Cdks 

CHO 

ChlP 

Chk 

CK2 

C-Nap1 

CORO2A 

CAM 

LIST OF ABBREVIATIONS 

acetylated h istone H3 lysine 9 

nuclear A-kinase anchoring protein 95 

anaphase promoting complex 

ataxia telangiectasia mutated kinase 

ataxia telangiectasia Rad3-related kinase 

barrier to autointegration factor 

BCL6 co-repressor 

core-binding factor, runt domain, alpha subunit 2 translocated to 3 

sarcoplasmic calcium-binding protein 

cell division cycle 

cyclin-dependent kinases 

chromodomain helicase DNA binding protein 

chromatin immunoprecipitation 

cell cycle checkpoint kinase 

casein kinase 11 

centrosomal NeK2-associated protein 1 

coronin, actin binding protein, 2a 

chromosome region maintenance 
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hCTD 

DACH1 

DAXX 

DNA 

FITC 

FRAP 

GAPDH 

GCMa 

GFP 

GLIS2 

GPS2 

GPS2 

H1K26 

H3K14 

H3K27 

H3K4 

H3K9 

H3S10 

H4K12 

H4K16 

H4K16 

histone c-terminal domain 

dachshund homolog 1 

death-domain associated protein 

deoxyribonucleic acid 

fluorescein isothiocyanate 

fluorescence recovery after photobleaching 

glyceraldehyde-3-phosphate dehyd rogenase 

glial cells missing homo log 1 

green fluorescent protein 

glis family zinc finger 2 

G protein pathway suppressor 
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G protein pathway suppressor 2 

histone H1 lysine 26 

Histone H3 lysine 14 

histone H3 lysine 27 

histone H3 lysine 4 

h istone H3 lysine 9 

histone H3 serine 1 O 

histone H4 lysine 12 

Histone H4 lysine 16 

Histone H4 lysine 16 



H4K8 histone H4 lysine 8 

HA95 homology to AKAP95 

HAT histone acetyl transferase 

HDAC histone deacetylase 

HDI histone deacetylase inhibitors 

HMGN high mobility group nucleosomal protein 

HP1 heterochromatin protein 1 

JMJD2A jumonji domain containing 2a 

Mad mitotic arrest deficient 

MAP1B microtubule associated protein 18 

MeCP2 methyl CpG binding protein 2 

MEF2 myocyte enhancing factor 2 

MMTV mouse mammary tumor virus 

MSX1 MSH homeobox 1 

N-CoR nuclear receptor co-repressor 2 

NeK2 NIMA-related kinase 2 

NES nuclear export signal 

NIMA never in mitosis A 

NLS nuclear localization signal 

NRIP1 nuclear receptor interacting protein 1 

hNTD histone n-terminal domain 
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NuRD 

PBS 

PCAF 

Pl 

Plks 

PP4 

PVDF 

RIPA 

Runx2 

SOS-PAGE 

shRNA 

SirT 

SMC 

SMRT 

SNK 

SRY 

STAT3 

SWI/SNF 

TBL1 

TBL1 

TBLR1 

nucleosome remodeling and deacetylase 

phosphate buffer saline 

p300/CBP-associated factor 

propidium iodide 

polo-like kinases 

protein phosphatase 4 

polyvinylidene fluoride 

radio immunoprecipitation assay 

Runt-related transcription factor 2 

sodium dodecyl sulfate polyacrylamide gel electrophoresis 

small hairpin RNA 

Sirtulin 

structural maintenance of chromosomes 

silencing mediator for retinoid or thyroid-hormone receptors 

Student-Newman-Keuls 

sex determining region y 

signal transducer and activator of transcription 3 

switch/sucrose nonfermentable 

transducin beta like protein 1 

transducin beta-like protein 

transducin beta like receptor 1 

134 



TF 

TR 

TSA 

YY1 
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transcription factor 

Texas-red 

tricostatin A 

yin-yang1 




