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ABSTRACT
RHIANNON WOLD GONZALEZ

ANALYSIS OF A NOVEL HDACS8-H1.3
COMPLEX IN SEVERAL HUMAN CARCINOMA CELL LINES

MAY 2016
The compaction level of chromatin regulates DNA accessibility, gene expression,
and cell division. Transcription factors and other proteins cannot access the DNA
within compacted chromatin. Two types of proteins that contribute to chromatin
compaction are histone deacetylases (HDACs) and linker histones (H1s). H1s
are chromatin-binding structural proteins required for the formation of the higher
order chromatin structure. H1 subtypes also differentially regulate transcription
and apoptosis. HDACs cause chromatin compaction by deacetylating lysine
residues on core histone tails, causing core histones to closely interact with DNA.
HDACs regulate many other cellular processes including: mitosis, intracellular
trafficking, microtubule dynamics, and cell cycle events, through deacetylation of
non-histone proteins. This work describes a novel HDAC8-H1.3 protein complex
found in several human cancerous cell lines. The goal of this research was to
gather insight as to the function of the HDAC8-H1.3 complex using co-
immunoprecipitation, chromatin-binding electrophoretic mobility shift assays,

deacetylation assays, immunocytochemistry, confocal microscopy, and complex



protein mixture identification by LC/MS/MS. The hypothesis was that HDACS8 and
H1.3 work synergistically to cause chromatin compaction. Results showed that
H1.3, but not HDACS8 binds to nucleosomes. HDAC8 was found to deacetylate
H1.3. In MCF-7 cells the complex was found to associate with ER-Golgi
associated vesicles and late endosomes during interphase. This is the first report
for a non-mitotic cytoplasmic association of a linker histone and HDAC. Also,

this is the first reported association of a linker histone with vesicle trafficking.
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CHAPTER |
INTRODUCTION

Chromatin Structure

The size range of a human chromosome is approximately 10’ to 10° base
pairs of DNA, with the combined length of all chromosomes reaching nearly two
meters. In eukaryotes, an extensive amount of DNA must be carefully organized
within a nucleus that is about 10 um in diameter (Cooper, 2004; Hassig and
Schreiber, 1997). In the eukaryote cell the DNA associates with histone proteins,
which facilitate the ordered compaction of DNA, forming the first level of
chromatin, the nucleosome.

Nucleosomes

The nucleosome core particle (NCP) is the most basic unit of chromatin
organization. Nucleosomes consist of 146 bp of DNA wrapped 1.65 times
around a disk-shaped octamer of four core histones, two of each: H2A, H2B, H3,
and H4 (Luger et al., 1997). Core histones bind DNA in a non-sequence-specific
manner. An H3-H4 tetramer is deposited first in newly synthesized DNA by
chaperone protein CAF-1. Next, chaperone NAP-1 incorporates two dimers of

H2A-H2B to form the histone octamer (Bertin et al., 2007; Watson, 2004). The



negatively charged phosphate backbone of DNA interacts with the positively
charged histone-fold domain of core histones. A large number of hydrogen bonds
are formed between the histones and DNA that further stabilize the structure
(Tomasi et al., 2006; Watson et al., 2004). N-terminal tails of the eight core
histones and two H2A C-terminal tails protrude from the core particle and interact
with the DNA (Figure 1). The tails wrap around the core particle causing a
stabilized nucleosome structure. Histone tails are positively charged, containing
highly conserved amino acid sequences with many Lys and Arg residues. The N-
terminal tails are targets for a variety of posttranslational modifications including:
acetylation, methylation, phosphorylation, ubiquitination, sumoylation, and ADP-
ribosylation (Marino-Ramirez et al., 2005). Posttranslational modifications on
histone tails create recognition signals for nonhistone proteins to modulate a
specific chromatin structure and gene activity. Linker DNA of variable lengths
connects NCPs thus forming the 10 nm “beads-on-a-string” nucleosomal array

(Lodish et al. 2003; Tomasi et al., 2006; 2004).
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Figure 1. Nucleosome Structure. The first level of chromatin compaction is the
nucleosome. A nucleosome consists of a octamer of eight core histones, two of
each: H2A, H2B, H3, and H4. DNA is wrapped around the octamer 1.64 times.
The negatively charged DNA is held onto the positively charged core histones.
Core histone tails are epigenetically modified to regulate chromatin structure and
gene expression. Linker histone H1 binds to the DNA entering and exiting the
nucleosome dyad axis, further compacting the chromatin, bringing nucleosomes
closer together (Watson et al., 2004).
Linker Histone H1 and Higher Order Chromatin Structure

A fifth histone, H1, binds to the linker DNA on one side of the nucleosome
and to the dyad axis of the 146 bp DNA around the histone core. H1 has a
globular domain and two tails, one which is the positively charged unstructured
C-terminal domain. The binding of H1 stabilizes the nucleosomal array and
narrows the linker DNA entry and exit angle. Thus, H1 binding triggers the

formation of the more compact 30 nm chromatin fiber (Luger et al., 1997; Watson

et al., 2004).



The next level of chromatin compaction is the formation of the 300 nm
fiber. In this level the 30 nm fiber is folded into long loops that are attached to an
X-shaped scaffold of nonhistone proteins. During interphase, the chromatin stays
attached to the matrix and each chromosome is organized into a specific domain
in the nucleus. The interphase matrix is made up of RNA, ribonucleoproteins,
NuMA, actin, Topoisomerase Il (Topo Il), cohesion, HATs, and DNA and RNA
polymerases. In mitosis the chromatin fiber is highly compacted into dense
chromosomes. To prepare for mitosis Topo Il and condensin function to untangle
and organize the DNA. Each sister chromatid must be clearly defined and
attached to one another only at the centromere. The 700 nm fiber is the
condensed diameter of each individual chromatid and the 1400 nm fiber
represents the size of a completely condensed metaphase chromosome
including both sister chromatids (Lodish et al., 2003).

Linker Histone H1 Functions and Subtypes

The histone H1 family has 11 different H1 subtypes, 7 somatic subtypes
H1.X, H1.0, H1.1-H1.5, and four tissue specific subtypes H1t, H1T2, H1ILS1,
H1.00. Most organisms express multiple subtypes and variable expression of
subtypes is seen between cell lines (Medrzycki et al., 2012). While some
functional redundancy in H1 subtypes has been observed in knock-out mice
studies, there is evidence that the different subtypes have specific roles and

different binding affinities for chromatin (Harshman et al., 2013). All H1 subtypes
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bind nucleosomes, compact chromatin, and modulate the accessibility of DNA to
transcription factors. However, H1 subtypes carry different posttranslational
modifications, which modulate their interaction with different partners and
pinpoint specific subtypes to regulate specific subsets of genes (Clausell et al.,
2009; Jullien et al., 2010; Nguyen et al., 2014a; Zhang et al., 2012). Also, multi-
protein complexes containing H1 variants have recently been discovered which
are involved in: nucleosome remodeling, modulating epigenetic markers on DNA
and chromatin in response to environmental signals, adaptive responses, gene
regulation, cell differentiation, and cancer development (Kinoshita and Seki,
2014; Smith and Workman, 2012).

Non-chromatin functions of H1 subtypes have been recently discovered.
For example, H1.2 has been described in several works to have cytoplasmic
localization and extra-chromosomal functions (Bleher and Martin, 1999; Green et
al., 2010). H1.2 was shown to migrate to the cytoplasm in response to x-ray
induced double strand breaks, triggering a Bak dependent release of
mitochondrial cytochrome C along with caspase-3, caspase-7 activation and cell
death (Figure 2) (Ruiz-Vela and Korsmeyer, 2007).

Results from Garg et al. 2014 support these results by showing the
involvement of H1.1 and H1.2 in apoptotic signaling where H1.2 a forms
cytoplasmic complexes with proapoptotic mitochondrial protein Bak (Figure 2).

H1.2 was also shown to have a cytoplasmic response to treatment of lymphocytic

5



leukemia (Gine et al., 2008). Additionally, cells treated with flavopiridol showed
an increase in cytosolic H1 (all subtypes) as a result of decreasing cell viability
(Harshman et al., 2013). In normal fibroblast cell lines H1.2 and H1.5 have been
observed in the cytoplasm at various times during the cell cycle (Talasz et al.,
2009). These data indicate that although there may be some functional overlap
between linker histone subtypes, they also have subtype specific functions and

activities which are not associated with chromatin (Izzo et al., 2013).
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Figure 2. Apoptotic Signaling Through H1.2 Nuclear Release. Upon x-ray
induced DNA double strand breaks or treatment with anticancer genotoxic drugs
H1.2 is released from the nucleus. Nuclear evacuation of H1.2 followed by
interaction with mitochondrial Bac and cytochrome C-dependent caspase
activation and cell death (Garg et al., 2014; Gine et al., 2008).
Linker Histone H1.3

This work describes the association of linker histone subtype H1.3 with

various cellular processes. The chromatin architectural role of H1.3 has been

well documented. Previous works have shown H1.3 to have high affinity to

nucleosomes recruitment, intermediate binding strength to chromatin and high
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DNA-condensing properties (Garg et al., 2014). H1.3 expression is cell-type and
tissue-type specific and is regulated throughout cell differentiation and
organismal development. H1.3 traditionally has lower expression in differentiated
cells as compared to increased expression in pluripotent cells and many cancers.
Furthermore, differential expression of H1.3 is correlated with various cancer
processes (Ascenzi and Gantt, 1999; Harshman et al., 2014; Millan-Arino et al.,
2014; Scaffidi, 2016). Nuclear distribution of H1.3 differs from that of other linker
histones in both plants and human cell lines.

H1.3 expression was shown to be stress induced in tomato plants where
the H1-D (H1.3 ortholog) gene was strongly induced by drought and abscisic acid
(ABA) (Ascenzi and Gantt, 1999). Rutowicz et al. (2015), show that in A. thaliana
H1.3 has faster and less stable binding mainly heterochromatin regions, H1.3 is
constitutively expressed in guard cells but not in other cells, and reduces it stress
response to drought (Rutowicz et al., 2015).

Functions of H1.3 not related to transcription regulation or chromatin
structure have been reported by the discovery of an HDAC3-H1.3 complex that is
colocalized to polar microtubules and spindle poles in mitotic HeLa cells. This
data suggests a potential role for H1.3 in the regulation of polar microtubule

dynamics in mitosis (Patil et al., 2016).



Histone Deacetylases

Histone acetyltransferases (HATs) catalyze the transfer of an acetyl
moiety from acetyl-CoA to the amino group of lysine residues on the N-terminal
tail of core histones. Acetylation neutralizes the positively charged lysines and
loosens the interactions between the histone tails and nucleosomal DNA. This
relaxed from of chromatin destabilizes the chromatin structure and is necessary
to allow nonhistone proteins access to DNA for transcription, replication, and
DNA repair. Histone deacetylase enzymes (HDACs) remove posttranslational
acetylation on lysine residues, causing chromatin compaction and diminishing
the accessibility of the DNA (Di Gennaro et al., 2004; Watson et al., 2004). In
addition to regulating the chromatin structure HATs and HDACs also regulate the
function of nonhistone proteins through acetylation and deacetylation. Some
nonhistone protein targets include: p53, a-tubulin, E2F, MyoD, HMG proteins,
and various other transcription factors (Gao et al., 2010; Gregoire et al., 2007;
Juan et al., 2000; Kachhap et al., 2010; Vogelauer et al., 2012). Most nuclear
localized HDACs function as part of large corepressor complexes, which are
recruited to target DNA through DNA binding elements or transcription factors.
HDAC proteins play a large role within the cell, participating in critical events
such as chromatin organization, gene regulation/silencing, and mitosis. HDAC
proteins also play a large role within the cytoplasm of the cell, regulating

intracellular trafficking, cell signaling, and apoptosis (de Ruijter et al., 2003;
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Ropero and Esteller, 2007; Ververis et al., 2013; Verdin, E., and Ott, M. 2015).
HDAC Classification

There are four classes of HDACs in humans. Class |, homologous to yeast
RPD3, includes: HDAC 1, 2, 3, & 8. Class I, homologous to yeast HDA1, can be
further broken down into class Il a: HDAC 4, 7, & 9, and class Il b: HDAC 6 & 10.
Class lll, sirtuins, are homologous to yeast Sir2 and include SirT1-7. Class IV is
HDAC11 (Gregoire et al.,, 2007; Gregoretti et al., 2004). Class | HDACs are
ubiquitously expressed and localized to the nucleus. Class Il HDACs have tissue
specific expression and can shuttle between the cytoplasm and nucleus. Class |,
Il and IV require zinc as a cofactor for enzyme activity. Class Ill HDACs require
NAD" as a cofactor and are insensitive to the HDAC inhibitor trichostatin A
(TSA). The recently discovered nuclear localized HDAC11 resembles both class |
and Il HDACs. The overall sequence similarity is too low for HDAC11 to be
placed in either group, so class IV was proposed by Gregoretti (Gregoretti et al.,
2004; Saleem et al., 2015). The fact that all classes of HDACs are found in
eukaryotic organisms (except HDAC11 which is not found in fungi) suggests that

each class has a non-redundant function in the cell (Gregoretti et al., 2004).

Class | HDACs and Heterochromatin
There are two types of heterochromatin within the nucleus, facultative and
constitutive. Facultative heterochromatin is regulated and assembled to silence

genes which were previously active or located in euchromatin. Constitutive
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heterochromatin is a region of the genome that is always condensed throughout
the life of the organism and generally does not contain genes, such as
centromeric DNA, pericentric satellites and telomeres (Craig, 2005). During
interphase individual chromosomes occupy distinct domains of the nucleus, with
heterochromatin found at the nuclear periphery and euchromatin located toward
the center of the nucleus (Cooper, 2004; Weierich et al., 2003). Epigenetically,
heterochromatin is characterized by heavy CpG methylation, hypoacetylated
histones, and tightly condensed chromatin resistant to transcription (Rountree et

al., 2000).

As a cell differentiates, spatial reorganization of constitutive and facultative
heterochromatin occurs; this process is dependent on HDAC activity (Terranova
et al., 2005). In some cells, differentiation triggers centromere clustering and
increased tri-methylation of histone H3 Lys9 and H4 Lys20. HDACI treatment at
the onset of differentiation inhibits cellular differentiation, while HDACI treatment
under conditions allowing for differentiation prevents the reorganization of

constitutive heterochromatin (Terranova et al., 2005).

Condensation of mitotic chromosomes is another event when the cell
utilizes histone deacetylases to facilitate chromatin compaction. Acetylation
levels of core histones begin to decrease in early mitosis, are absent in
metaphase and anaphase, and increase again in late mitosis near G1. While

there has been extensive research investigating the role of HDAC proteins in
11



gene regulation, the role of HDACs in the condensation of mitotic metaphase
chromosomes has received little attention. However, recent publications show
evidence of HDAC participation in regulating mitotic proteins as well as chromatin
structure (George and Walworth, 2015; Li et al., 2006; Li et al., 2015; Zullo et al.,
2015).

Class | HDACs Involvement with Mitotic Chromosomes

Initial studies to investigate HDAC involvement in mitosis utilized the
HDACI TSA, which targets class | and Il HDACs. Treatment of cells with TSA
resulted in chromosomal instability, chromosome breaks, and impaired
segregation of sister chromosomes during mitosis. These data indicated that
HDACI treatment can target cellular processes not linked with transcription

(Chatterjee et al., 2013; Habold et al., 2008; Kimata et al., 2008; Ma et al., 2008).

The TSA treatment phenotype resembles the deficiency in chromosome
segregation observed in cells with defective mitotic spindle assembly checkpoint
(Lodish et al., 2003; Magnaghi-Jaulin et al., 2007). There is substantial evidence
that HDAC inhibition may cause the spindle assembly checkpoint to be
ineffective, causing premature sister chromatid separation (Dowling et al., 2005;
Magnaghi-Jaulin et al., 2007). The disruption of the spindle assembly checkpoint
is due to altered acetylation levels in involved proteins due to the HDACI activity.
Recently, it has been demonstrated that HDACs regulate a subunits of APC/C

and adherin (Kimata et al., 2008). Anaphase promoting complex (APC) is a multi-
12



subunit ubiquitin ligase that promotes degradation of securin, sister chromatid
cross-linking proteins and in late anaphase, mitotic cyclins. APC activation by
Cdc20 leads to sister chromatid separation and the onset of anaphase (Lodish et
al.,, 2003). It has also been proposed that HDAC inhibition induces down
regulation of the mitosis-promoting cyclin B1. Premature mitosis exit along with
spindle assembly checkpoint inactivation caused partial decondensation of

chromosomes upon TSA treatment (Dowling et al., 2005).

The breakage of chromosomes observed during mitosis after HDACI
treatment is likely due to impaired topological organization of the chromatin. DNA
topoisomerase Il (Topo II) plays a role in mitosis to facilitate the untangling of
sister chromatids to prevent segregation errors during anaphase (Navarro and
Bachant, 2008). Topo Il is found to be associated with chromosomes throughout
mitosis and during interphase it is part of the nuclear scaffold. HDAC1 and
HDAC2 have been found to interact directly with Topo Il through the NuRD and
mSin3a complexes (He et al., 2015; Zhang et al., 2013). This interaction seems
to be destabilized after HDACI treatment, possibly resulting in Topo II's inability
to correctly untangle the DNA between sister chromatids. In mitotic HeLa cells
HDAC1-HDAC2 dimers within corepressor complexes disassociate from each
other but not the corepressor complex. This is caused by increased

phosphorylation of HDAC2 by CK2. HDAC2 does remain enzymatically active

13



with the increased phosphorylation do to HDAC2 homodimer formation in the

corepressor complex (Khan et al., 2013).

Recently, HDAC3 has been implicated in a novel mitotic pathway involving
Aurora B kinase and kinase anchor proteins AKAP95 and HA95 (Li et al., 2006).
AKAP95 and HA95 are recruited to mitotic chromosomes and are involved in
mitotic progression. HDAC3 forms a complex with AKAP95 and HA95; this
association has been shown to be required for global histone deacetylation
during mitosis, mitotic phosphorylation of H3 Serl0 and normal mitotic
progression (Li et al., 2006). Phosphorylation of H3 Ser10 is a well-established
and conserved mitotic event. The serine/threonine kinase Aurora B is responsible
for phosphorylating H3 Ser10 during early mitosis, triggering the disassociation of
HP1 from methylated Lys9 on H3. Aurora B kinase activity is dependent upon
hypoacetylation of histone tails. Inhibition of Aurora B leads to impaired
chromosome condensation, and segregation during cell division (Wang et al.,
2015; Zullo et al., 2015, Li et al., 2006) shows that the AKAp-HDAC3 complex
works upstream from the Aurora B-HP1 “meth-phos switch” to deacetylate

histone tails and recruit Aurora B (Li et al., 2006).

Also, disassociation of HP1 and phosphorylation of H3 Serl0 leads to
chromatin compaction and mitotic progression. Treatment of prostrate carcinoma
PC3-PCa with HDACi Probinostat (LBH589) resulted in HDACG6 inhibition and

dissociation of HDAC6 from PP1a, increased 14-3-3 acetylation, G2/M arrest
14



through aurora A/B kinase down regulation and apoptosis. Treatment normal
cells with Probinostat resulted in cell cycle arrest in G2, as well as altered

acetylation levels of a-tubulin and HSP90 (Chuang et al., 2013).

HDAC3 has recently been implicated in the formation of functional mitotic
spindles and kinetochore microtubule attachment (Fadri-Moskwik et al., 2012;
Ishii et al., 2008). HDAC3, through the complex N-CoR —TBL1-TBLR1, has been
seen to localize to mitotic spindles. Ishii et al. (2008) reports that knock down of
HDAC3 or N-CoR results in collapsed mitotic spindles and dome shaped
chromosomes. HDAC3 or N-CoR knock down cells showed intact kinetochores
and spindle assembly checkpoint, but impaired kinetochore-microtubule
attachment. Enzymatically active HDAC3 reverted the collapsed mitotic spindles
and changed the distorted shape chromosomes back to wild type. These results
demonstrate that the enzymatic activity of HDAC3 is important for spindle
function, possibly through deacetylation of mitotic spindle components (Ishii et

al., 2008).

Class | HDACs and Transcription Regulation
Higher eukaryotes regulate gene expression at the level of transcription.
Local chromatin structure strongly influences the transcriptional potential of
genes. Posttranslational modifications such as acetylation and methylation
trigger epigenetic events that change chromatin structure. Hyperacetylation is

associated with active transcription and euchromatin, while hypoacetylation is
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seen in heterochromatin and is associated with transcriptional repression. The
first step to gene silencing is the binding of a transcriptional repressor directly to
a specific DNA regulatory sequence. After the recruitment of a corepressor-
HDAC complex, modification of the chromatin structure occurs. (Clark et al.,
2015; Kim et al., 2015; Meier and Brehm, 2014; Saez et al., 2015). Silenced
genes are assembled into condensed chromatin, where transcription factors and
RNA Pol Il are unable to access the DNA. HDACs 1 and 2 are known to function
in corepressor complexes: mSin3, Mi-2/NURD and CoREST. HDACS is part of
the corepressors SMRT and N-CoR. HDACS is not known to be a part of any

corepressor complexes (Saez et al., 2015).
HDAC Involvement with ER/Golgi Vesicle Trafficking and Regulation

Microtubules are made up of a-tubulin and B-tubulin dimers assembled
into tubular filaments. Each filament has a (+) and (-) end. Filaments emerge
from the microtubule-organizing center (MTOC) with the (-) ends anchored onto
the MTOC and extension of the (+) end toward the cell periphery. MTOCs are
made up of a pair of centrioles and pericetriolar material, located near the
nucleus and the Golgi apparatus. MTOC are also involved with mitotic and
meiotic spindle fiber organization during cell division. Vesicle trafficking on
microtubule tracks is regulated through acetylation of tubulin. Tubulin acetylation

is modulated through regulation of HAT and HDAC activity on microtubules.
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Acetylation of tubulin leads to stabilization of the microtubule and enhanced

vesicle transport (GM, 2000; Gnanambal and Lakshmipathy, 2016).

Vesicles are transported on microtubules via kinesin and dynein, which utilize
energy from ATP hydrolysis to power their movement. Vesicles are coated with
effector proteins that identify the starting point, direction, and target of vesicles to
their final destination. One such protein family is the Rab proteins. Rabs
associate with organelles and also with transport vesicles to regulate vesicle
formation, transport, tethering and fusion to the desired cellular location. For
example, Rab4 is involved in targeting vesicles to Rabll positive recycling
endosomes. Rab5 positive early endosomes mature to Rab7 positive late
endosomes targeted to lysosomes for degradation. Rab7 is also involved with
transport of late endosomes towards centrosomes. Rab6 regulates retrograde
traffic between endosomes, Golgi, ER, and exocytic trafficking to the plasma
membrane. Rab6 is involved indirectly in the positive vesicles and the dynein-
dynactin kinesin motor complexes and Rab7 links lysosomal protein RILP and

dynein-dynactin motors (Figure 3) (Inoshita and Imai, 2015; Stenmark, 2009).

17



~ Rab5
h Endocytosis

Plasma Membrane

- ntrosomes

%

Nucleus

Figure 3. Rab Mediated Intracellular Trafficking. Rab proteins are members of
the Ras superfamily of monomeric G proteins. They aid in the recruitment and
targeting of vesicles to their destinations. Rab4 is involved in targeting vesicles to
Rabl1l positive recycling endosomes. Rab5 positive early endosomes mature to
Rab7 positive late endosomes targeted to lysosomes for degradation. Rab7 is
also involved with transport of late endosomes towards centrosomes. Rab6
regulates trafficking between endosomes, Golgi, ER, and exocytic trafficking to
the plasma membrane.
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Recent data have shown that HDACs participate in regulating vesicle
trafficking via microtubule tracks. Class Ilb HDAC6 was shown to deacetylate a-
tubulin. Lee et al. show that sodium influx in to the cell induces tubulin acetylation
by suppression of HDACSG, resulting in EGR-EGFR vesicle trafficking. Inhibition
of HDACG6 accelerates the trafficking of EGFR from early endosomes to late
endosomes along the microtubules (Figure 4) (Gao et al., 2010; Kovacs et al.,

2004; Lee et al., 2015).

Endosome

Kinesin

Endosome

Figure 4. HDAC6 Deacetylation of Microtubules. HDAC6 deacetylates o-
tubulin and binds to dynein motors. HDAC6 knockdown accelerated trafficking of
endocytosed EGFR to lysosomes of (Gao et al., 2010; Lee et al., 2015).
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HDACS Specific Cellular Functions

The exact cellular functions of HDACS8 are not clear despite the fact that
its structure has been extensively characterized (Decroos et al., 2015a; Decroos
et al., 2015b; Galletti et al., 2009). HDACS8 appears to be involved in many
cellular processes from regulating gene expression, mitotic progression, cellular
trafficking, and microtubule dynamics. HDACS is the most unique of the class |
HDACs with the closest sequence homology to HDAC1 with a consensus of
37%. HDACS is only expressed in vertebrates, with levels varying by tissue type
(Hu et al., 2000). The highest levels of HDACS8 are seen in cells showing smooth
muscle differentiation (Waltregny et al.,, 2005). In many cancers there is
increased expression of HDACS, or activated expression when normal tissues do
not express HDACS8 (Hsieh et al., 2016; Kang et al., 2014, Niegisch et al., 2013;
Park et al., 2011). Recombinant HDACS8 is active when purified from E. coli,
indicating that its functionality does not require posttranslational modifications for
co-activators (Hu et al., 2000). HDACS8 can catalyze deacetylation in vivo in the
absence of a protein complex. HDACS is localized in both the nucleus and the
cytoplasm (Lee et al., 2004). While there is evidence that HDACS is involved in
transcription regulation it has also been implicated in cellular functions within the
cytoplasm. HDACS is phosphorylated by protein kinase A (PKA) on Ser®®, which

leads to inactivation of its deacetylase capabilities (Lee et al., 2004; Lee et al.,
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2006). Phosphorylated HDACS8 functions to protect human ever-shorter
telomeres 1B (hEST1B) from ubiquitin-mediated degradation, thus regulating
telomerase activity (Lee et al., 2006). HDACS8 catalyzes deacetylation of the C-
terminal end of p53 and Estrogen-Related Receptor alpha (ERRa). Deacetylation
of these transcription factors enhances their affinity for DNA binding (Qi et al.,
2015; Wilson et al., 2010; Yan et al., 2013). Co-IP studies by Gao et al. show that
HDACS associates with CREB when both proteins are overexpressed in HEK293
cells (Gao et al., 2009).

Recent data from studies of patients with Cornelia de Lange syndrome
(CdLS) show mutations in HDACS8 can cause the CdLS phenotype, including:
growth and mental retardation, and limb and facial dysmorphism. Most CdLS
patients have mutations in genes related to the cohesion complex but
investigation into the association of HDAC8 and cohesion revealed that HDACS8
deacetylates cohesion subunit SMC3 and is involved in cohesion localization to
chromosomes (Decroos et al., 2014; Decroos et al., 2015a; Mannini et al., 2015;
Parenti et al., 2015).

HDACS8 has also been implicated in the regulation of cytoskeleton
dynamics in smooth muscle cells. Recent experiments have shown HDACS to
associate with a-actin in vivo, in a manner essential for muscle contractility
(Waltregny et al., 2005). Additionally, HDAC8 was shown to colocalize and IP

with smooth muscle myosin heavy chain (de Leval et al., 2006) Additionally, Pull
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down data show HDACS8 to associate with myosin heavy chain, and the actin
filament regulating protein cofilin. Acetylation levels of a-tubulin increase after
addition of HDACSi or HDACS8 siRNA, which destabilizes microtubules (Li et al.,
2014b; Yamauchi et al., 2011). Evidence of HDACS8 involvement in actin binding,
cell contractility, and interactions with cytoskeletal components, demonstrates the
importance of HDACS8 in modulating microtubule dynamics and possibly cellular
transport. This evidence strongly demonstrate HDACS8'’s role in regulating cell
motility and microtubule dynamics. Interestingly, Patil et al. (2016), also
demonstrated that linker histone subtype H1.3 associated with both HDAC3 and
HDACS.
Concluding Remarks

HDACs have been shown to regulate chromatin structure, gene
expression, and protein function. HDAC 1, 2, and 3 have long been known to act
as part of corepressors complexes for transcription. In recent studies, some
advancement has been made towards the elucidation of HDACs function in
mitosis and regulation of cellular trafficking. Connections have been found
between the deacetylation of spindle components (by HDAC3) and correct
chromatid segregation. Studies of HDACI targeting class | HDACs show aberrant
mitotic progression due to: G2/M arrest, microtubule instability, chromosomal
instability, and breaks. Further study is needed to determine how each Class |

HDAC specifically contributes to mitosis and cellular differentiation. As science
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begins to clearly understand the various activities of HDACs more effective
HDACI cancer therapies can be developed that can target specific cellular
functions such as growth inhibition and apoptosis. Also, altered expression levels
of HDACs and other cellular proteins such as H1s could be used as diagnostic
biomarkers in tumor profiling. Thus anti-cancer therapies can be carefully
selected per tumor-type for the best patient outcomes.
Current Research and Hypothesis

This research describes a novel HDAC8-H1.3 complex. Previous studies
demonstrated that HDAC3 interacts with linker histone H1 (Patil et al., 2016).
Results | have obtained (through co-immunoprecipitation and Western blot) show
an interaction between HDACS8 and H1. Further analysis of H1 by variant-specific
antibodies (H1.1-H1.3 and H1.5) demonstrated an association between HDACS8
and linker histone variant H1.3. We postulated that linker histone H1 and HDAC
proteins could function together in a complex to promote formation of higher
order chromatin structures and gene silencing. Experiments were designed to
characterize the function of the HDAC8-H1.3 complex in order to determine if it

function was nuclear or cytoplasmic, and whether it was cell cycle dependent.
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CHAPTER I
MATERIALS AND METHODS
Cell Culture Methods
Cell lines MCF-7 (breast carcinoma), MDA-MB-231 (breast carcinoma),
DU 145 (prostate carcinoma), HFL-a (lung epidermoid carcinoma), and HelLa
(cervical carcinoma) were grown and maintained in Dubelco’s Modified Eagle’s
Medium (DMEM, from Gibco #10566, Carlsbad, CA, USA). SK-OV-3 (ovarian
carcinoma) and HCT-116 (colorectal carcinoma) were grown in McCoy’s 5A
media (ATCC, Manassas, VA, USA). All media was supplemented with heat-
inactivated 10% fetal bovine serum (FBS) (Gemini, Bench Mark FBS #100-106,
West Sacramento, CA), 1% penicillin and 1% streptomycin (Gibco #15140-122,
Carlsbad, CA, USA). Cells were maintained at 37°C, 100% humidity and 5% CO.
in 75 cm? 185 cm? or spinner flasks with 200-500 ml total volume. Cell
populations used for all experiments were harvested during the exponential stage
of cell growth as determined by cell growth curve and cell counts.
Cell Synchronization
Synchronization of cells to various stages of the cell cycle was

accomplished using a double thymidine block followed by nocodazole treatment
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for mitotic synchronization. Cells were given 2 mM thymidine (Sigma #T1895) for
12 hours followed by an 8-hour release in thymidine free media. A second 2 mM.
Thymidine block was given for 12 hours. Cells were synchronized to G1/S
checkpoint of the cell cycle after the second thymidine block. Collection and lysis
of G1/S synchronized cells was performed after the second thymidine block. To
obtain cells synchronized at the G2 stage of the cell cycle, cells were released
into thymidine free media for six hours after the second block to allow for
progression through S-phase and entry into G2. Cells were then collected and
lysed after the six-hour release. For mitotic synchronization, cells were treated
with 125 ng/ml nocodazole (Sigma #M1404) for 20 hours following three-hour
release after the second thymidine block. Cells were collected and lysed
following nocodazole treatment. Synchronization for the various stages of the cell
cycle was verified by Florescent Activated Cell Sorting (FACS) analysis, as
described below.
Flow Cytometry Analysis

To confirm cell synchronization, flow cytometric analysis (FCM) was
performed using the BD Bioscience FACSCalibur system. Synchronized
cells were fixed with 4% para-formaldehyde, permeablized with 0.25%
Triton X-100 (Fisher #BP151), and blocked with 1% BSA (Bovine Serum
Albumin, Sigma #B4287) for 30 minutes at room temperature. DNA from 3 X

10° cells was stained with 1 ml propidium iodide (PI) plus RNAse solution
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(BD Bioscience #550825) for 15 minutes at room temperature. Cells were
then passed through a mesh of 37 microns to separate clumps. Cells were
analyzed for PI staining by FCM at 585/42 nm. To distinguish G2 from
mitotic cells, cells were stained with Pl and the florescent antibody against
mitotic marker pospho-H3S10-FITC, 1.5 pg in 500 pl 1% BSA), antibody
(Millipore #16-222). Non-synchronized cells were also stained with Pl and
anti-pospho-H3S10-FITC antibody (Millipore #12-487) as a synchronization
control, distinguishing G2 from mitotic cells. As a control for anti-pospho-
H3S10-FITC antibody staining, a fraction of the G2/M synchronized cells
were stained with non-immune-IgG-FITC antibody as a binding control for
the mitotic marker. Cells were then analyzed at 530/30 nm for detection of
pospho-H3S10-FITC. Dot plots generated show the percentage of cells
positive for pospho-H3S10-FITC.

SDS-PAGE and Immunoblot Protein Detection

Whole cell extracts from synchronized and non-synchronized cells were

made by lysing exponentially growing cells with 1 X SDS Laemmli buffer (62.5

mM Tris pH 6.8, 2% SDS, 10% glycerol, 0.1 M DTT, 0.01% bromophenol blue).

All 1 X SDS cell extracts were analyzed for protein concentration using Peirce

560 nm protein estimation kit (Peirce # 23235). Equal loading of protein onto

SDS-PAGE gels was verified by Coomassie blue RX-250 (Bio-Rad #161-0400)

staining of the gel and densitometric analysis of core histone proteins. Volume
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adjustments of each extract were made until equal densitometric values (£10%)
were seen across all extracts under analysis.

Proteins from cell extracts and Co-IP experiments were resolved on
the basis of molecular weight using electrophoresis on either 10% or 15%
SDS-polyacrylamide gels and tris-glycine SDS running buffer (0.025 M Tris
pH 8.3, 192 mM glycine, 0.1% SDS). Proteins were transferred from the gel
to a PVDF membrane (Millipore #IPVH20200) using the semi-dry transblot
transfer method (Bio-Rad) at 28 mA (~ 3 mA/cm? for two hours.
Membranes were blocked for 45 minutes at room temperature using 5%
nonfat milk (Nestle-Carnation) in PBS with 0.1% Tween-20 (Fisher
#BP337). Membranes were probed overnight for the protein of interest with
a primary detection antibody in 2.5% milk-PBS. Following overnight
incubation, membranes were washed consecutively with PBS for ten, five,
and five minutes, and then probed with a secondary antibody that detects
the primary antibody, for one hour at room temperature. All secondary
antibodies were conjugated to horseradish peroxidase (HRP). HRP was
activated with ECL prime detection reagent (GE Healthcare #RPN2232).
Visualization of antibody-bound protein bands were detected by x-ray film
exposure and development (GE Healthcare Hyperfilm #28906835) (Kodak
X-Omat fixer and developer (#1249259, #8868804 respectively). Image

acquisition and densitometric analysis of bands were carried out using the
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Alpha Innotech imager and Fluorchem HD2 software (Alpha Innotech, San
Leandro CA). Densitometric band determination was carried out by band
selection, measuring the integrated density value (IDV) for each band.
Bands from the same gel were all selected using the same sized selection
tool. A portion of the background was also selected and subtracted from
each band’s intensity to get the net IDV for each band. Background
subtracted IDV values were used for statistical analysis and diagram
generation.
Co-immunoprecipitation

Cells in log phase of growth were Ilysed using Radio
Immunoprecipitation Assay (RIPA) buffer (1X PBS, 0.5% NP40, 0.5 M NaF,
100 mM Na-Orthovanodate, one complete mini protease inhibitor tablet
(mini complete # 04693159001, Roche Diagnostics, San Francisco, CA,
USA). Cell lysates were kept on ice while passed through a 21-gauge
needle 10 times. Lysates were incubated on ice for 30 minutes then
centrifuged at 10,000 g for 20 min at 4°C. After centrifugation the
supernatant was collected and protein concentration of the lysate was
determined using the Pierce Micro BCA Protein Estimation kit (Pierce
Biotechnology #23235, Rockford, IL, USA). For immunoprecipitation (IP)
lysate volume was adjusted to 500-2000 pg/ml total protein in one ml final

volume. IP tubes were precleared with 1 pg non-immune IgG and 20 pl
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protein A/G or L agarose beads for one hour at 4°C. Nonimmune IgG and
agarose beads were removed from the lysates by centrifugation at 1000 X g
for 5 minutes. Proteins of interest were precipitated from precleared lysates
using 2-4 pg of antibody (Santa Cruz Biotechnology #2027, #2025, or
#2028) and 20 pl protein A/G or L agarose beads (Santa Cruz
Biotechnology #2003, #2336) rocking overnight at 4°C. For each IP against
a specific protein of interest there was a corresponding negative control IP
using a non-immune IgG antibody of the same species as the specific
antibody (Table 2) (Santa Cruz Biotechnology #2027, #2025, or #2028).
Immunoprecipitated complexes attached to the beads were collected the
next day by centrifugation at 1000 X g for 5 min. After washing the
immunoprecipitated beads twice with 1X RIPA buffer, complexes were
disassociated into individual polypeptides using 30 pl 1X SDS Laemmli
buffer and incubated at 95°C for 5 minutes. Samples were run on SDS-
PAGE gels and analyzed by Immunoblot analysis. Positive control inputs
were cell lysates equal to ~1.5-10% protein used in IP. Antibodies used in
immunoblot detection were from a different species from those used in
immunoprecipitation.
In vitro Pull-down Assay
Recombinant human HDAC8 (R&D Systems #4359-DA) and

recombinant human H1.3 (Alexis Biochem #ALX-201-157, San Diego CA

29



USA) were incubated together in equal molar ratios, of protein in each
reaction in 1 ml total volume RIPA buffer. Two pg of precipitating antibody
was used for each reaction (Table 2) (Santa Cruz Biotechnology #SC17778,
#SC11544, #SC11405, and #SC8030). Immune complexes were formed
overnight at 4°C, collected the next morning with A/G agarose bead
precipitation. Immune complexes were dissociated with 1 X SDS and
resolved via SDS-PAGE on 12% or 10% gels (using the same protocol as
IP) for H1.3 and HDACS8 immunoblot detection respectively. Antibodies used
in immunoblot detection were from a different species than those used for
protein precipitation.
Immunocytochemistry (ICC)

Cells were plated at 2X10* - 4X10* cells/well (number of cells plated
is based on cell size, which is cell line dependent). Cells were grown for two
days on coverslips placed in wells of a 24-well plate, until 80% confluency is
reached. Cells were fixed with 2% paraformaldehyde (Fisher #T353) in PBS
for ten minutes at room temperature. After fixation, cells were blocked and
permeabilized with 0.1% Triton X-100, 1% Donkey Serum, 0.1% NaN3 in 1X
PBS (TNBS buffer) for 20 minutes at room temperature. Cells were then
incubated overnight at 4°C with the primary antibodies targeting the proteins
of interest. The antibodies used were rabbit anti-H1.3 (Abcam #ab24174) at

10 pg/well and mouse anti-HDAC8 (Santa Cruz Biotechnology #SC17778)
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at 2 pg/well, rabbit anti-Rab6 1:50 dilution, concentration not specified (Cell
Signaling #4879S), rabbit anti-Rab7 1:50 dilution, concentration not
specified (Cell Signaling #9367S), was used for ICC. After overnight
incubation with antibody and washes the cells were probed with secondary
antibodies, donkey a-rabbit-Texas Red ® (Santa Cruz Biotechnology
#SC2784) and donkey a-mouse-FITC (fluorescein isothiocyanate) (Santa
Cruz Biotechnology #SC2099) for one hour at room temperature. Next, cells
were washed to remove nonspecific binding of antibodies, and then the
DNA was stained with 1 pg/ml Hoechst (Invitrogen #H3570) for five minutes
room temperature. After Hoechst staining cells were washed three times for
five minutes in 1X PBS. Coverslips were removed from the wells after the
final wash and were air dried at room temperature and mounted onto slides
using Prolong Antifade Mounting Medium (Invitrogen #P7481). As a
negative control cells were stained with the FITC-conjugated and Texas
Red-conjugated secondary antibodies only, without primary antibodies
(Table 2) (Santa Cruz Biotechnology #SC2784, #5C2099).
MCF-7 Transfection with Plasmids Expressing Fluorescent Tagged
Proteins

Cells were plated on coverslips, 6 X 10* in 48 well plates containing 1

ml DMEM supplemented with 10% inactivated FBS and 1% penicillin and

streptomycin. Cells were grown for 48 hours until 75% confluency was
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reached. Media was removed form cells and cells were washed twice with
1X PBS. For each transfection reaction two tubes were made. One
containing 0.25 pg plasmid DNA combined with DMEM for a total volume of
50 pl. and a second tube with 2l transfection reagent, Liopfectamine LTX
(Life Technologies # 153338-100) and 48 ul DMEM. All DMEM used in
transfections was free of antibiotics and FBS. Tubes 1 and 2 were combined
and incubated for 20 minutes at room temperature with gentle rocking to
form transfection complexes. After incubation, transfection complexes were
added to cells along with 400 pl DMEM (free of antibiotics and FBS). Cells
were then incubated for 24 hours at 37°C to allow for transfection and
tagged protein expression to take place. After the 24 hour incubation, cells
were washed twice with 1 X PBS, fixed with 2% paraformaldehyde, washed
once with 1X PBS + Hoechst, then washed twice more with 1X PBS. Cells
that were transfected and then stained with antibodies following the
antibody staining procedure for ICC after formaldehyde fixation. Plasmids
used for transfection (Table 1):

Table 1.

Plasmids Used for ICC Experiments

Plasmid Protein pDNA/well Company
pCMV-Rab5-GFP Rab5-GFP 250 pg Gift Dr.
Albanesi
pCMV6-HDACS8-AC-GFP HDACS8-GFP 125 pg OriGene
pCMV6-H1.3-AC-RFP H1.3-RFP 125 pg OriGene
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Confocal Imaging
Cells were imaged at 600X total magnification, using the Nikon
Eclipse Ti microscope with confocal attachment, and analyzed with the
Nikon NIS Elements imaging software. Cell images were taken of a single
section of the cell at 1 unit confocal.
Core Histone and H1.3 Acetylation/Deacetylation Assay
Recombinant human H1.3 (Alexis Biochem #ALX-201-157), at 0.5
Mg was acetylated by recombinant GCN5 that was expressed in and crudely
extracted from E. coli (Dr. Bergel's lab TWU, Denton, TX). Acetylation
reactions of the H1 subtypes were carried out with GCN5 and 100 pg
Acetyl-CoA (Sigma #A2181) in 1X HDAC buffer (25 mM Tris-Cl pH 8.0, 137
mM NaCl, 2.7 mM KCI, 1 mM MgCl,, 1 mM BSA) for one hour at 37°C.
GCNS5 then be inhibited by 1 mM anacardic acid (Sigma #A7236). One ug
human recombinant HDAC8 (R&D Systems #4359-DA) was added to the
reaction mixture and deacetylation of H1.3 was carried out for one hour at
37°C. As a negative control H1.3 was acetylated by GCN5, anacardic acid
was added but HDAC8 was excluded from the one hour deacetylation
incubation. Acetylation levels of H1.3 were determined by immunoblot using
an antibody against general acetylated-lysine residues (Millipore #16-222).

The concentration and location of H1.3 was verified by Western blot against
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H1.3 (Abcam #ab183736). The ratio of acetylated H1.3 to total H1.3 was
used to determine the percent of deacetylation of H1.3 by HDACS.

Acetylated mononucleosomes (equivalent to 3.75 pg DNA) were
incubated with 1 pg recombinant human HDACS8 or both 0.5 ug H1.3 and 1
pHg HDACS. All reactions were carried out in 1 X HDAC buffer at 37°C for
one hour. Acetylation levels of core histones after incubation with HDACS8
were detected by general anti-acetylated lysine antibody.

Electrophoretic Mobility Shift Assay (EMSA)

Mononucleosomes were used as a binding substrate for H1.3 both
alone and in the presence of HDACS8. All EMSA binding reactions were
carried out in 1X HDAC buffer at 4°C with H1.3, HDAC8 and
mononucleosomes in equal molar ratios 1:1:1. Blue Juice lading buffer
(6.5% sucrose, 1 mM Tris pH 7.5 and 0,03% Bromophenol Blue) was used.
Resolution of nucleosomes and H1.3-bound nucleosome complexes were
carried out on 2% agarose gel in 0.5 X TBE buffer (45 mM Tris-Borate, 1
mM EDTA). Electrophoresis was carried out for two hours at 100 V. Gels
were stained with 0.2 pg/ml ethidium bromide (Life Technologies
#15585011) for 45 minutes in ultra-pure water. Imaging and densitometric
analysis of bands was carried out using the Alpha Innotech imager and

Fluorchem HD2 software.
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Mononucleosome Preparations

The protocols used to prepare mononucleosomes followed
established procedures as reported in Methods in Enzymology and
Chromatin Protocols (Bellard et al., 1989; Cirillo and Zaret, 2003; Kornberg
et al., 1989; Noll and Noll, 1989). Nuclei were isolated from HelLa cells in the
log-phase of growth. Nuclei were digested with nuclease S7 (micrococcal
nuclease, 1.6 units/ug DNA, Roche #10107921001) for one hour on ice at
room temperature to obtain fragmented chromatin. Digestion was in habited
by the addition of EDTA to the final concentration of 10 mM. Nuclei were
then lysed and chromatin fragments released. Chromatin bound proteins,
including all linker histone H1 subtypes, were removed from the chromatin
by increasing the concentration of NaCl to 0.45 M and washing the
chromatin through a slurry of CM Sephadex C-25 beads three times (Sigma
#C25120). Removal of H1 was verified by Western blot analysis. The salt
concentration of the stripped chromatin samples was lowered to 25 mM
NaCl by gradual dialysis. Chromatin fragments were separated from one
another on the basis of molecular weight by ultracentrifugation (Beckman
L8-55M, rotor SW28) through a 12%-50% sucrose gradient in NTE buffer
(10 mM NaCl, 10 mM Tris-Cl pH 7.5, 1 mM EDTA), centrifugation was
carried out at 131,000 g, for 20 hours at 4°C. After centrifugation, 1 ml

fractions of the gradient were collected. Each fraction contained a different
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percentage of sucrose and distinct fragments of chromatin corresponding to
the number of nucleosomes present on the fragment. Typically,
mononucleosomes are expected to be found in fractions containing 15.5 -
17% sucrose. Each fraction was analyzed by agarose gel electrophoresis to
identify the chromatin fragments present in each fraction. Fractions
containing only mononucleosomes are pooled together and used for
EMSAs.
Complex Protein Identification by LC/MS/MS

Proteins from MCF-7 RIPA cell lysates were precipitated with non-
immune IgG, a-H1 and a-HDACS8 antibodies (Santa Cruz Biotechnology
#SC2025, #SC8030, #SC17778) (Table 2). Immune complexes from
immunoprecipitations were run 10 mm into the resolving gel of a pre-cast
10% SDS-PAGE gel (Bio-Rad #456-1033). Gels were stained with
Coomassie Blue. The stained area was cut out. Each lane is a separate
sample and cut into one mm cubes and submitted for mass spec analysis in
an Eppendorf 1.5 ml tube, which has been rinsed with 50% organic ethanol
and millipure water. Samples were run on a Thermo Scientific™ Orbitrap
Elite™ Hybrid lon Trap-Orbitrap Mass Spectrometer, using short reverse-
phase LC-MS/MS. Samples and results were analyzed at the UT
Southwestern proteomic core facility using their in-house data analysis

pipeline, with quantitation performed using the Normalized Spectral Index
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method (SINQ). The data table lists the proteins identified in both a-H1 and
a-HDAC8 immunoprecipitations. The table provides spectral counts and
spectral index values and ratios to compare between samples. The mass-
spectrometer collects MS/MS fragment spectra, which are generated from
peptides. Multiple spectra can be acquired for the same peptide, and
different variants of the same peptide may be seen. Protein identifications
are inferred from the identified peptides. Protein inference are performed
across samples, use the spectral counts or spectral index / ratio column to
locate proteins specific to a certain sample. Table guide: Protein accession
numbers and descriptions from UniProtKB are listed. Peptide Spectrum
Matches (PSM) represents the number of spectra assigned to peptides that
contributed to the inference of the protein. Peptide Sequences is the
number of different unique peptide sequences, or modified variants of
sequences that were identified for the protein. Spectral Counts, for each
sample there is a separate spectral counts column, this measures the
weighted count of peptide spectrum matches assigned to each protein for
the particular sample. MIC Sin is the normalized Spectral Index statistic for
the protein for the specified group (quantitative, approximate) and is
calculated from the intensity of fragment ions in each spectrum assigned to
a particular protein. Ratios are the quantitative ratio for the protein between

groups derived from the MIC Sin value. A demonstration of the accuracy of
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the method can be found in: Comparative evaluation of label-free SINQ

normalized spectral index quantitation in the central proteomics facilities

pipeline (Trudgian et al., 2011).

Table 2.

Antibodies Used for ICC, IP, and Immunoblot Experiments

Antibody Manufacture Catalogue Immunoblot [ICC] [IP]
target Number Dilution

a-mouse- | Santa Cruz SC2099

FITC Biotechnology

H1 Santa Cruz SC8030 1:800-1:1000 | 10 pg/well | 2 pg/ml
Biotechnology

H1.1 Abcam ab17584 1:1000

H1.2 Abcam abl17677 1:1000

H1.3 Abcam ab24174 1:1000-1:2000 | 10 pg/ml

H1.4 Abcam ab105522 1:1000

H1.5 Abcam ab24175 1:1000

HDACS Santa Cruz SC17778 1:1000 2 ug/well | 2 pg/mi
Biotechnology

HDACS Santa Cruz SC11544 1:1000 2 ug/well | 2 pg/mi
Biotechnology

HDACS Santa Cruz SC11405 1:1000 2 ug/well | 2 pg/mi
Biotechnology

nonimmune | Millipore 12-487

-IgG-FITC

normal Santa Cruz 2028 2 ug/well | 2 pg/mi

goat IgG Biotechnology

normal Santa Cruz 2025 2 yg/well | 2 pg/mi

mouse IgG | Biotechnology

normal Santa Cruz 2027 2 pg/well | 2 pg/mi

rabbit 19G Biotechnology

pospho- Millipore 16-222

H3S10-

FITC

Rab6 Cell Signaling 4879S 1:1000 5 pg/well

Rab7 Cell Signaling 9367S 1:1000 5 pg/well
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a-rabbit- Santa Cruz SC2784
Texas Red | Biotechnology

®
a-mouse- Santa Cruz SC358949
FITC Biotechnology
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CHAPTER Il

RESULTS
HDACS8 Associates with Linker Histone H1

This dissertation explored a previously discovered complex between
HDACS8 and linker histone H1 (Patil et al., 2016). The interaction between
HDACS8 and H1 was verified by immunoprecipitation of HDAC8 from HeLa cell
lysates and immunoblot against H1. The results corroborated that H1 association
with HDACS (Figure 5). The reciprocal experiment was performed where H1 was
immunoprecipitated from HelLa cell lysate, complexes were resolved by SDS-
PAGE and HDACS8 was detected by immunoblot analysis (Patil et al., 2016).
Results from the reciprocal IP also showed an association between H1 and
HDACS. As a negative control for all co-immunoprecipitations, cell lysates were
precipitated with nonimmune IgG antibodies derived from the same species as
the experimental IP antibody. IgG precipitations when blotted with anti-HDACS8 or
anti-H1 antibodies showed no interaction between the nonimmune IgGs and
HDACS or H1 (Figure 5). These results indicated that HDAC8 and H1 are found

together in a stable complex that can be co-immunoprecipitated.
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Figure 5. HDAC8 Associates with Linker Histone H1. HelLa cell lysates were
immunoprecipitated with an anti-H1 antibody. Precipitated H1 and co-precipitated
proteins were resolved by 10% SDS-PAGE and the presence of HDAC8 was
detected by immunoblot analysis. A reciprocal co-immunoprecipitation
experiment was performed where HDAC8 was immunoprecipitated form HelLa
cell lysates, proteins were resolved by 12% SDS-PAGE and H1 was detected by
immunoblot analysis, results shown in: (Patil et al., 2016).

HDACS8 Associates with Linker Histone Subtype H1.3.

Since there are several linker histone subtypes, to determine which H1
subtype HDACS8 specifically associates with co-immunoprecipitation of HDACS
from HelLa cell lysate was performed followed by immunoblot analysis of the
somatic linker histone subtypes H1.1, H1.2, H1.3, H1.4, and H1.5. Results
showed that HDACS8 specifically associated with linker histone H1.3 and did not
associate with subtypes H1.1, H1.2, H1.4 and H1.5 (Figure 6). In the control
experiments cell lysates were probed with nhonimmune IgG antibodies, and no
precipitation of linker histone subtypes was found in the respective immunoblots
(Figure 6). The reciprocal of this experiment was attempted; however the
available antibodies targeting the tested H1 subtypes were not functional for
immunoprecipitation and were not recommended for use in IP (results not

shown).
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Figure 6. HDACS Specifically Associates with Linker Histone Subtype H1.3.
HDACS8 from HeLa cell lysates was immunoprecipitated and precipitates were
resolved by 15% SDS-PAGE. Association of HDAC8 with the liker histone
subtypes H1.1, H1.2, H1.3, H1.4 and H1.5 was determined by immunoblot
analysis using the corresponding antibodies. Only linker histone subtype H1.3
showed an association with HDAC8 by immunoblot analysis. Ten percent of the
lysate volume used for immunoprecipitation was used as a positive control input.
Non-immune IgG antibody was used as a negative control for the
immunoprecipitations.

HDACS Binds Directly to Linker Histone H1.3
In vitro pull-down assays were used to determine whether the interaction
between HDACS8 and H1.3 is a result of direct binding between the two proteins,
or an indirect interaction as part of a multi-protein complex. Recombinant human
HDACS8 and recombinant human H1.3 were incubated overnight at 4°C in HDAC
binding buffer in the presence of an anti-HDAC8 antibody. HDAC8 immune

complexes were precipitated and immunoblot analysis was performed with anti-

42



H1.3 antibody (Figure 7 lane 1 & 6). Control tubes included: anti-HDACS8
antibody with beads and buffer only (Figure 3 lane. 2&5), and anti-HDACS
antibody with beads, buffer, and H1.3 (Figure 7 lane. 3&4). Immunoblot analysis
of the HDAC8 immune complexes showed precipitation of H1.3 in the tube
containing HDACS8, H1.3 and the anti-HDACS8 antibody. No precipitation of H1.3
was detected in negative control tubes (Figure 7). Recombinant human H1.3 was
used as a positive input control for immunoblot detection. Co-
immunoprecipitation of H1.3 with HDAC8 was detected using both anti-HDACS8
mouse or rabbit antibodies. The experiment was performed using two different
anti-HDACS8 antibodies to overcome possible interferences between antibody
binding and complex formation. No precipitation of H1.3 was seen in the negative

control tubes (Figure 7).
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Figure 7. HDACS8 Binds Directly to H1.3. Pull-down assays were used to
determine if HDACS8 directly binds to H1.3. Recombinant human HDACS8 and
recombinant human H1.3 were incubated together, or individually, with an anti-
HDACS antibody and AG-agarose conjugated beads overnight in HDAC buffer at
4°C. Both rabbit-anti-HDAC8 and mouse-anti-HDACS8 antibodies were used in
separate pull-down reactions, shown above. Precipitated HDAC8 was collected,
associated proteins were resolved by 15% SDS-PAGE and immunoblot detection
was used to determine H1.3 association to HDACS.

The reciprocal experiment was performed where H1.3 was pulled down
using an anti-H1 antibody and HDAC8 was probed for using immunoblot
analysis. As a control HDACS, H1.3, and actin were incubated together with anti-
H1 antibody. Actin is a known HDACS binding protein (Li et al., 2014b; Waltregny
et al., 2004; Waltregny et al., 2005) and was used as a competitive binding
partner for HDACS. In the absence of the actin there is a strong H1.3-HDACS8
association, but in the presence of actin the association of H1.3 with HDACS is
reduced. This reduced affinity of HDAC8 for H1.3 is explained by HDACS8s

greater affinity for actin than H1.3. Results show that even in the presence of
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actin, HDAC8 and H1.3 form a complex (Figure 8). From these results we
determined that the interaction between HDACS8 and H1.3 is a direct interaction
and no other proteins are required for this interaction to occur. Furthermore, actin
can interfere with the H1.3-HDACS8 association either by allosteric changes in

HDACS after binding actin or through overlapping binding sites between H1.3

and actin.
PD: Anti-H1 (m) Anti-IgG (m)

Actin - + + +
HDAC8  + ) ¥ ” §
£
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a3 T
~ — 2 - HDACS :IB

Figure 8. H1.3 Binds Directly to HDAC8. Recombinant human HDACS8 and
H1.3 were incubated together, or individually with anti-H1 antibody and AG-
agarose conjugated beads, overnight in HDAC buffer at 4°C. Precipitated H1 was
collected, protein complexes were resolved by 10% SDS-PAGE and immunoblot
detection against HDAC8 was used to determine H1.3 and HDACS8 associations.
Purified bovine actin was used to test the competitive binding of the HDACS8 and
actin versus the affinity of HDACS8 to H1.3.

H1.3 Has a Higher Binding Affinity to Nucleosomes than it has for HDACS8
Class | HDACs (including HDACS8) and H1.3 are both known to associate
with chromatin. Electrophoretic mobility shift assays (EMSAS) were used to test

the hypothesis that HDACS is recruited by H1.3 to chromatin and to determine if
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HDACS8 changes H1.3’s ability to bind mononucleosome (Monos). The migration
distance of mononucleosomes alone, mononucleosomes in the presence of
HDACS8, mononucleosomes with H1.3, and mononucleosomes with both H1.3
and HDAC8 was tested to determine interaction between HDACS8, H1.3 and
mononucleosomes under various conditions. All components, HDACS, H1.3 and
mononucleosomes, were incubated in 1:1:1 molar ratio in HDAC buffer at 4°C for
various periods of time. To determine if the order of protein incubation had any
effect on H1.3 binding to mononucleosomes, differing addition times and order of
protein added to the reaction mixture were evaluated. The various experimental
conditions are listed in the table below (Table 3). Mononucleosome position
within the gel was visualized by ethidium bromide staining.

Results from the EMSA showed that mononucleosomes with HDACS
alone migrated at the same location as mononucleosomes incubated without any
additional proteins at 300 bp (Figure 9, Lane 14 ). This indicated that HDACS8
does not stably bind mononucleosomes. Mononucleosomes incubated with H1.3
show approximately 50% of the mononucleosome population shifted from 300 bp
to 450 bp indicating H1.3 binding to nucleosomes. Mononucleosomes incubated
with both H1.3 and HDACS8 migrated at the same location as mononucleosomes
incubated with H1.3 alone under all experimental conditions. No super-shift in
mononucleosome position was seen with the addition of HDAC8 to H1.3

containing mononucleosomes. This observation suggests that HDAC8 does not
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stably bind mononucleosomes in either the presence or absence of H1.3. These
results indicate that the H1.3 - HDAC8 complex detected in previous experiments
may not occur on the chromatin itself. Additionally, the H1.3-HDAC8 complex
was not formed preferentially over H1.3 binding to mononucleosomes as
evidenced by unchanging proportion of H1.3 bound mononucleosomes in the
presence of HDACS8. When incubation times and order of protein additions were
changed no difference in mononucleosome shift patterns between groups were
observed (Figures 9 & 11), These observations suggests that H1.3 has a higher
affinity to nucleosomes than to HDACS.

The same EMSA experimental conditions were repeated with
nucleosomes containing highly acetylated core histones tails (hyperacetylated
mononucleosomes, Ac-Monos). Hyper-acetylated monos were made using the
protocol mononucleosomes preparation from cells that were treated with the
class | & Il HDAC inhibitor Trichostatin A (TSA). The rationale was that HDACS8
may have a higher affinity for hyperacetylated mononucleosomes and that
HDACS8 may only be recruited to nucleosomes after H1.3 binding to acetylated
mononucleosomes.  We  demonstrated that using hyperacetylated
mononucleosomes we obtained the same results (Figure 12). Thus,
mononucleosomes incubated with only HDAC8 migrated at the same molecular
weight as hyperacetylated mononucleosomes not incubated with any other

proteins. Hyperacetylated mononucleosomes incubated with both H1.3 and
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HDAC8 migrated at the same molecular weight as hyperacetylated
mononucleosomes incubated with H1.3 alone. Also, the proportion of H1.3-
bound hyperacetylated mononucleosomes did not decrease in the presence of
HDACS. Altering the order of protein incubation and binding times had no
differing effect when performed on hyperacetylated mononucleosomes as
compared to nucleosomes with basal-levels of acetylation. The conclusions are
that hyperacetylation of mononucleosome core histone tails does not change the
binding affinity of H1.3 or HDACS to nucleosome core particles.

Table 3.

Experimental conditions for H1.3, HDAC8 and mononucleosome complex

formation for EMSA evaluation.

Lane Initial Binding 1% Next Binding 2™ Total
Reaction Incubation Partner Added Incubation incubation
Time Time Time
2 Monos 20 Min N/A 20 Min 40 Min
3 Monos + H1.3 20 Min N/A 20 Min 40 Min
4 Monos + H1.3 20 Min HDACS8 20 Min 40 Min
5 Monos + HDACS8 20 Min H1.3 20 Min 40 Min
6 H1.3 + HDAC8 20 Min Monos 20 Min 40 Min
7 Monos + H1.3 20 Min HDACS8 60 Min 80 Min
8 Monos + HDACS8 20 Min H1.3 60 Min 80 Min
9 H1.3 + HDAC8 20 Min Monos 60 Min 80 Min
10 Monos + H1.3 20 Min N/A 24 Hours 24.33 Hours
11 Monos + H1.3 20 Min HDACS8 24 Hours 24.33 Hours
12 Monos + HDACS8 20 Min H1.3 24 Hours 24.33 Hours
13 H1.3 + HDAC8 20 Min Monos 24 Hours 24.33 Hours
14 Monos + HDACS8 20 Min N/A 24 Hours 24.33 Hours
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Figure 9. H1.3 Nucleosomal Association in the Presence of HDACS,
Determined by Electrophoretic  Mobility Shift Assay (EMSA).
Mononucleosome core particles with basal level acetylation (hyperacetylated
monos showed the same results on EMSA as monos with basal level acetylation,
data not shown) were incubated with HDAC8 and H1.3 in a 1:1:1 molar ratio for
various times to determine the binding affinity of H1.3 to mononucleosomes in
the presence of HDACS8. Samples were run on 2% agarose gels, stained with
ethidium bromide, and mononucleosome position was visualized under UV
illumination. Unbound mononucleosome migrated at 300 bp and H1.3 bound
monos migrate at 450 bp.
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Figure 10. Nucleosome Integrity Verification. (A) Mononucleosomes were
treated with proteinase K (PKase) to verify nucleosome structure. Intact
nucleosomes with all core histones present run at 300 bp. PKase treated monos
with digested core histones run lower than 200 bp. (B) SDS-PAGE of
mononucleosomes demonstrate integrity of core histones, all four core histones
are present in equal concentrations in intact mononucleosomes. (C) Acetylation
levels of core histones on mononucleosomes (TSA treated cell extract, basal
level acetylated monos from non-TSA treated cells, hyper-acetylated
mononucleosomes from TSA treated cells).
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Figure 11. Mononucleosomes With Basal Level Acetylation Bind H1.3 but
not HDACS8 or H1.3 and HDACS8 Together. Mononucleosomes were incubated
with H1.3 and HDACS at a 1:1:1 molar ratio for various incubation times and in
varying orders, as indicated. Controls were mononucleosomes alone, monos with
only H1.3, and monos with only HDACS8. The average band intensity of monos
bound by H1.3 in three independent EMSA experiments showed no significant
difference in the affinity for H1.3 to mononucleosomes in the presence of
HDACS. Bars indicate * standard deviation. One way ANOVA with Holm-Sidak’s
multiple comparison test, p = 0.05.
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Figure 12. Hyperacetylated Mononucleosomes Bind H1.3 but not HDACS8 or
H1.3 and HDACS8 Together. Hyperacetylated mononucleosomes were incubated
with H1.3 and HDACS8 in a molar ratio of 1:1:1 were incubated together at
various times and in varying orders as indicated. Controls were hyperacetylated
mononucleosomes alone, hyperacetylated monos with only H1.3, and
hyperacetylated monos with only HDAC8. The average of band intensity of
hyperacetylated monos bound by H1.3 in three independent EMSA experiments
was plotted. Bars indicate = the standard deviation. * One way ANOVA with
Holm-Sidak’s multiple comparison test, p < 0.05 showed the only significant
difference was between indicated groups (*).

HDACS Deacetylates H1.3 but not Hyperacetylated Core Histones in
Mononucleosomes

Because HDAC8 did not stably bind mononucleosomes or H1.3-

containing mononucleosomes and because an HDAC8-H1.3 complex was shown
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to form, a deacetylation assay was performed to determine if HDACS
deacetylates H1.3 or nucleosomes. The rationale for this assay was also
supported by the results obtained that demonstrate that H1.3 is a substrate for
HDACS3, (Carrie Wilks, personal communications). H1.3 was first acetylated by
treatment with recombinant human GCN5, a known histone acetyltransferase
(HAT). GCN5 was incubated with H1.3 in HDAC buffer and acetyl-coA for one
hour at 37°C. Next, GCN5’s enzymatic activity was inhibited with the addition of
Garcinol. After GCNS5 inhibition, HDAC8 was added to the reaction mixture for
one hour at 37°C. Levels of H1.3 acetylation was determined by densitometric
analysis of immunoblots using an anti-general acetylated lysine antibody. H1.3
acetylation after incubation with GCN5 was set as one hundred percent
acetylation. The relative levels of acetylation before GCN5 treatment and after
GCNS5 inhibition and HDACS8 treatment were compared to GCN5 treated H1.3.
Results showed that H1.3 before GCNS5 treatment had low acetylation levels,
around 20% acetylation, relative to GCN5 treated H1.3. Acetylation levels of H1.3
after GCN5 treatment, GCN5 inhibition and then HDACS8 addition, returned to
that of untreated H1.3, approximately 25% acetylation, one-way ANOVA with

Tukey’s multiple comparison test P <0.05 (Figure 13).
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Figure 13. HDAC8 Deacetylates H1.3. Recombinant human H1.3 was
acetylated using recombinant human GCNb5. After acetylation was achieved,
GCN5 was inhibited by Garcinol, after which recombinant human HDAC8 was
added to the reaction mixture. This experiment was carried out in triplicate.
Graphs are the H1.3 acetylation levels after each incubation. Aliquots of the
reaction were taken before addition of GCN5 (H1.3), after GCN5 incubation
(H1.3 + GCN5), and after incubation with HDAC8 (H1.3 + GCN5 + HDACS).
Aliquots were used for immunoblot detection of acetylation levels of H1.3 using
an anti-acetylated-lysine antibody. Relative acetylation levels of H1.3 in each
experimental condition were standardized to H1.3 + GCN5 as 100% and then
plotted. Bars indicate standard deviation of three experiments. HDACS
successfully deacetylated H1.3 and brought the acetylation level of H1.3 back to
a level equal to non-treated H1.3. *# One-Way ANOVA with Tukey’s multiple
comparison test (p < 0.05).

54



An HDACS8 deacetylation assay was also used to determine if HDACS8
deacetylates hyperacetylated core histones incorporated into mononucleosomes.
Human recombinant HDAC8 was incubated with hyperacetylated
mononucleosomes (isolated from TSA treated HelLa cells), with and without
H1.3, in HDAC buffer, for one hour, at 37°C. SDS 1X dye was added to the
reaction mixture to stop the reaction. Proteins were resolved by SDS-PAGE
followed by immunoblot analysis using an antibody against general acetylated
lysine residues. Since only 6 proteins of known molecular weight (HDACS8 48
kDa, H1.3 22 kDa, H3 16 kDa, H2A 15 kDa, H2B 14 kDa, and H4 12 kDa) were
present, each protein was easily distinguishable on the blot. Results showed that
core histones in hyperacetylated mononucleosomes incubated with HDACS8
showed equal acetylation levels to core histones from untreated hyperacetylated
mononucleosomes. Hyperacetylated mononucleosomes incubated with both
HDACS and H1.3 also showed the same level of acetylation on core histones as
core histones from untreated hyperacetylated mononucleosomes. There was no
change in the level of core histone acetylation in reactions containing HDACS8 as
compared with control reactions containing untreated hyperacetylated
mononucleosomes alone. Results of three independent repetitions demonstrated
that HDAC8 did not deacetylate hyperacetylated core histones of
mononucleosomes neither in the presence or absence of H1.3 (Figure 14A &

14B). These results collectively demonstrate that HDAC8 deacetylates acetylated
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H1.3 but it does not deacetylate acetylated mononucleosome core histones.
These results however cannot rule out the possibility that HDAC8 can

deacetylate core histones when it is associated with other subunits in a complex.
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Figure 14. HDACS8 Does not Deacetylate Hyperacetylated
Mononucleosomes Regardless of the Presence of H1.3. (A) HDAC8 was
incubated with acetylated mononucleosomes in HDAC buffer for one hour at
37°C both with and without H1.3 present (Ac-Monos + HDACS8 + H1.3. and Ac-
Monos + HDACS, respectively). Immunoblot detection of core histone acetylation
was carried out with a general anti-acetylated-lysine antibody. Experiments were
repeated in triplicate. (B) Plots of the general acetylation levels were
standardized to untreated acetylated mononucleosomes as 100% acetylation.
Bars indicate standard deviation of the three experiments. No significant
difference in acetylation levels between experimental groups was seen. One way
ANOVA, with Tukey’s multiple comparison test p=0.05.
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HDACS8 Overexpression is Seen Across Various Cell Lines

Literature has shown that HDACS8 is overexpressed in many types of
cancer cells. Also, expression of H1.3 varies by cell line depending on age of the
cells and type of tissue. Since there are variable expression levels of both
HDACS8 and H1.3 across cell lines we sought to determine which cell lines highly
express both proteins and to further explore the formation of the complex in
these cells. Cell lines expressing high levels of both HDAC8 and H1.3 were used
for further experimental studies. The human cell lines that were chosen for
evaluation were: DU145 prostrate carcinoma, MDA-MB-231 breast carcinoma,
MCF-7 breast carcinoma, HCT-116 colon carcinoma, HelLa cervical carcinoma,
HFL-a lung carcinoma, and SK-OV-3 ovarian carcinoma. Whole cell 1X SDS
lysates were prepared for each of the above cell lines. Total protein of each
lysate was determined and each sample was standardized for equal loading by
Coomassie staining and densitometric evaluation of core histones after SDS-
PAGE resolution of lysates. Each cell line expression level of HDAC8 and H1.3
was standardized as a percentage of the highest expressing cell line.
Immunoblot detection of H1.3 showed that the cell lines MCF-7, HFL-a, and SK-
OV-3 highly expressed H1.3, while DU145, MDA-MB-231, HelLa, and HFL-a

showed low expression of H1.3 (Figure 15 & 17).
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Figure 15. Expression of H1.3 in Various Cancer Cell Lines. (A) Human
carcinoma cell lines used to test for H1.3 protein expression levels were: DU145,
MDA-MB-231, MCF-7, HCT-116, HelLa, and HFL-a. MCF-7 and HFL-a showed
high levels of H1.3 protein expression. The expression level of H1.3 was
determined by immunoblot analysis of whole cell lysates. Protein concentration of
each lysate was standardized for equal loading by Coomassie staining and
densitometric analysis of core histones. (B) The relative intensity of bands was
determined by the average of three immunoblots standardizing all cell lines to the
highest intensity band. Error bars represent the standard deviation of the average
of three experiments.
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Immunoblot detection of HDAC8 showed that all cell lines except HFL-a highly
expressed HDACS8 (Figure 16 & 17). Since MCF-7 and SK-OV-3 both showed
high expression levels of HDAC8 and H1.3, these cell lines were chosen for
further study of the HDAC8-H1.3 complex. HFL-a was not chosen for further
studies because expression of HDAC8 was low in this cell line. When comparing
MCF-7 and SK-OV-3 to each other, it was determined that MCF-7 has higher
levels of H1.3 than SK-OV-3 and that SK-OV-3 expresses higher levels of

HDACS8 than MCF-7 (Figure 17).
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Figure 16. Expression of HDACS8 In Various Cancer Cell Lines. (A) Cell lines
tested for the expression HDACS8 expression were: DU145, MDA-MB-231, MCF-
7, HCT-116, HelLa, and HFL-a. The expression of HDAC8 was seen in al cell
lines tested. Protein concentration of each whole cell lysate was standardized for
equal loading by Coomassie staining and densitometric analysis of core histones.
(B) The relative intensity of the bands was determined by the average of three
immunoblots, standardizing the intensity to a percentage of the highest intensity
band. Error bars represent the standard deviation of the average of three
experiments.
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Figure 17. Expression of HDAC8 and H1.3 in Ovarian and Breast Carcinoma
Cell Lines. (A) Immunoblot analysis of whole cell lysates of SK-OV-3 and MCF-7
was used to determine the protein expression levels of HDAC8 and H1.3. Protein
concentration of each lysate was standardized for equal loading by Coomassie
staining and densitometric analysis of core histones. (B&C) The relative intensity
of the bands was determined by the average density of three immunoblots,
standardizing the intensity to a percentage of the level protein expressed in MCF-
7. Error bars represent the standard deviation of the average of three
experiments.
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The HDAC8-H1.3 Complex Is Detected in both MCF-7 and SK-OV-3 Cell
Lines

Cell synchronization followed by co-IP of the HDAC8-H1.3 complex was
used to determine if complex formation is cell cycle dependent. MCF-7 and SK-
OV-3 were synchronized to mitosis using double thymidine block followed by
nocodazole treatment. The synchronization was corroborated by FACS analysis
using a double staining of propidium iodide (Pl) and a-P-H3S10-FITC (anti-
phospho-H3-serine-10, FITC conjugated antibody). These analyses showed
mitotic synchronized populations stained with propidium iodide were primarily in
G2/M phases (FL2-A axis, intensity 400) of the cell cycle with only a very small
portion of the population in G1 and S phase (Figure 18B). Propidium iodide
counter stained with FITC-histone H3 phospho-serine 10, a known mitotic
marker, was used to verify mitotic synchronization (Figure 18C). Results showed
an increase in H3 Serl0 phosphorylation in mitotic synchronized cells (UR
guadrant) as compared to non-synchronized cells. FITC-histone H3 phospho-
serine 10 staining was seen at approximately 60% of the mitotic population and
only approximately 3% in the non-synchronized populations.

Cell lysates were prepared from mitotic and non-synchronized cell
populations of MCF-7 and SK-OV-3 cells. Immunoprecipitaed HDAC8 was
carried out for each cell lysate, then H1.3 was detected using immunoblot

analysis. Co-IP of HDACS8 from mitotic lysates versus non-synchronized lysates
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showed varying results dependent on the cell line being tested. In SK-OV-3, the
HDACB8-H1.3 complex formation is seen in both non-synchronized and mitotic
synchronized cell populations at roughly equal amounts for both cell populations.
In MCF-7, HDAC8-H1.3 complex formation is detected primarily in mitotic
synchronized populations and to a lesser extent in non-synchronized MCF-7 cells
(Figure 18A).

Collectively these results indicate that the HDAC8-H1.3 complex occurs
during both mitosis and interphase in both SK-OV-3 and MCF-7 cell lines. Some
cell cycle dependent differences are seen in the abundance of the HDAC8-H1.3

complex that appears to be dependent on the different cell types.
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Figure 18. HDACS8-H1.3 Complex Formation in MCF-7 and SK-OV-3 Mitotic
and Unsynchronized Lysates Demonstrated by IP. SK-OV- 3 and MCF-7 cell
populations were synchronized to mitosis using a double thymidine block
followed by nocodazole treatment. Approximately 60% mitotic synchronization
(upper right quadrant, UR). Both non-synchronized and mitotic synchronized SK-
OV-3 and MCF-7 cell populations were used for co-IP of linker histone H1
followed by immunoblot of HDAC8. Non-immune IgG was used as a negative
control for immunoprecipitation. Mitotic synchronization was verified by propidium
iodide and mitotic marker H3 phospho-Ser 10 staining followed by FACS
analysis.
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HDACS8 and H1.3 are Colocalized to Chromatin in SK-OV-3 and in MCF-7;
HDACS8 and H1.3 has Cell Cycle Dependent Colocalization

Indirect immunofluorescence coupled with confocal microscopy was used
to visualize the cellular localization of HDAC8 and H1.3 in MCF-7 and SK-OV-3
cells. HDACS8 was visualized with mouse a-HDACS8-FITC and H1.3 was detected
with rabbit a-H1.3-Texas Red. In MCF-7 cells HDAC8 showed cytoplasmic
localization in both interphase and mitosis. H1.3 in MCF-7 shows nuclear
localization during interphase and cytoplasmic localization in mitosis (Figure 19

and table 4).
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MCF-7

Figure 19. Cellular Colocalization of HDAC8 and H1.3 in Human Breast
Carcinoma MCF-7 Cells. HDAC8 and H1.3 were visualized using indirect
immunostaining and confocal microscopy. HDAC8 was detected with mouse a-
HDACS8 and goat a-mouse-FITC antibodies, and H1.3 was detected using rabbit
a-H1.3 and goat a-rabbit-Texas Red antibodies. The DNA was counter stained
with Hoechst. Wide arrows indicate interphase cells, narrow arrows indicate
mitotic cells. MCF-7 cells showed cytoplasmic localization of HDACS8 in both
interphase and mitosis, while H1.3 localization is mainly nuclear during
interphase with cytoplasmic localization during mitosis.

In SK-OV-3 HDAC8 was observed to have nuclear localization during
interphase and cytoplasmic localization during mitosis. H1.3 in SK-OV-3 is seen
to have nuclear localization in interphase and chromosomal localization in mitosis

(Figure 20, Table 4).
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Figure 20. Cellular Colocalization of HDAC8 and H1.3 in Human Ovarian
Carcinoma SK-OV-3 Cells. HDACS8 and H1.3 were visualized using indirect
immunostaining and confocal microscopy. HDAC8 was detected with mouse a-
HDACS8 and goat a-mouse-FITC antibodies and H1.3 was detected using rabbit
a-H1.3 and goat a-rabbit-Texas Red antibodies. The DNA was counter stained
with Hoechst. HDACS8 has nuclear localization during interphase and cytoplasmic
localization during mitosis in SK-OV-3. H1.3 localized to chromosomes during
both interphase and mitosis SK-OV-3. Wide arrows indicate interphase cells,
narrow arrows indicate mitotic cells.
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Table 4.

Summary of HDACS8 and H1.3 cellular localization in MCF-7 and SK-OV-3 cells
during interphase and mitosis, visualized by fluorescence confocal microscopy.

INTERPHASE MITOSIS
Cytoplasm Nuclear | Cytoplasm | Chromosomes
HDACS8 H1.3,
MCF-7 some H1.3 HDACS, H1.3 -
SK-OV-3 - HDACS, H1.3 HDACS H1.3

HDACS8 and H1.3 are Colocalized in Vesicles in MCF-7 Cells
HDACS8 and H1.3 were seen localized to the cytoplasm during interphase
in MCF-7, leading to further investigation into HDAC8-H1.3 complex formation in
MCF-7. Indirect florescent immunostaining of MCF-7 with anti-HDAC8 and goat
anti-mouse-FITC antibodies showed a unique cytoplasmic pattern that resembled
vesicular staining. H1.3 staining using rabbit anti-H1.3-Texas Red, also revealed
nuclear localization of H1.3 and a similar cytoplasmic vesicular staining pattern

(Figure 21).
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MCF-7

Figure 21. HDAC8 and H1.3 Demonstrate a Cytoplasmic Vesicular
Colocalization in MCF-7 cells. Indirect immunostaining of MCF-7 cells with
mouse a-HDACS8 and goat a-mouse-FITC show a cytoplasmic vesicular staining
pattern. H1.3 was stained using rabbit a-H1.3 and goat a-rabbit-Texas Red,
showing a nuclear localization and a cytoplasmic vesicular staining pattern.
Hoechst staining was used to counterstain the nucleus.

To corroborate the vesicular colocalization of HDAC8 and H1.3, MCF-7
cells were transfected with plasmids expressing recombinant human HDACS
tagged to GFP (green fluorescent protein) and/or recombinant human H1.3
tagged to RFP (red fluorescent protein). Cells that were transfected for only one

of the proteins of interest were immunostained for the other protein of interest.

HDACS8-GFP-transfected MCF-7 cells were stained with anti-H1.3 and goat anti-
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rabbit-Texas Red antibodies. H1.3-RFP-transfected MCF-7 cells were stained
with anti-HDAC8 and goat anti-mouse-FITC antibodies. Co-transfected cells
contained plasmids expressing human recombinant HDACS8 tagged with GFP
and human recombinant H1.3 tagged with RFP. Co-transfections and
transfections coupled with antibody staining showed HDAC8 and H1.3

colocalization and staining to be vesicular (Figure 22).
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Figure 22. MCF-7 Cells Transfected with HDAC8-GFP and H1.3-RFP Show
Colocalization of HDAC8 and H1.3 to Vesicles. (A) HDAC8-GFP-transfected
MCEF-7 cells were stained with anti-H1.3 antibody and Hoechst. (B) H1.3-RFP-
transfected MCF-7 cells were stained with anti-HDAC8 antibody and Hoechst.
(C&D) MCEF-7 cells were co-transfected with plasmids expressing human
recombinant HDACS8 tagged with GFP and human recombinant H1.3 tagged with
RFP. Co-transfections and antibody staining of transfected cells showed HDAC8
and H1.3 localization to vesicles. All cells were stained with Hoechst for
visualization of the nucleus.
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MCF-7 Cells Transfected with RFP-Tagged-H1.3 Show Nuclear, Vesicular,
or Localization to both Locations, when Visualizing H1.3

Since H1.3 was detected both in the nucleus and vesicles, localization to
each compartment was quantified. Red-Fluorescent-Protein tagged H1.3 was
primarily localized to vesicles throughout the cell population, (73%, n=300).
Nuclear localization was observed in approximately 30% of the cells and
simultaneous localization to vesicles and the nucleus was observed in
approximately 13% of cells. The indirect florescence staining of H1.3 by
antibodies showed a higher percentage of MCF-7 cells with nuclear staining,
which was likely due to cross reaction of the H1.3 antibody with other H1

subtypes (Figure 22 & 23).
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Figure 23. The Percentage of MCF-7 Cells with Vesicular H1.3, Nuclear H1.3,
or both Nuclear and Vesicular H1.3. Results from three experiments, scoring
one hundred cells from each experiment. Three categories: vesicular H1.3,
vesicular and nuclear H1.3, and nuclear only H1.3. Error bars = SD.
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HDACS8 is Colocalized to Rab6 Positive Vesicles

MCF-7 cells were transfected with a plasmid expressing recombinant
human early endosomal binding protein Rab5 tagged with GFP (gift from Dr.
Albanesi from UT Southwestern). The same cells were also stained with mouse
anti-HDACS8-Texas Red. Results show both proteins to be localized to the
cytoplasm. Rab5 staining showed distinct vesicular staining while HDACS8
showed a spotty pattern of staining around the nucleus but in a differing pattern
to that of Rab5. No distinct colocalization of Rab5 and HDACS8 was seen (Figure

24).
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Rab5-GFP

HDACS8 (TR)

Figure 24. Cellular Localization of HDAC8 and Rab5 in MCF-7 Cells. MCF-7
cells were transfected with a plasmid expressing human recombinant early
endosomal binding protein Rab5 tagged with GFP. Cells were also stained with
anti-HDACS antibody and Hoechst.

Localization of HDAC8 and Rab6, a known marker for trans-Golgi and
Golgi-related trafficking vesicles, was determined. MCF-7 cells were co-
transfected with plasmids expressing human recombinant HDACS8 tagged with
GFP and recombinant human Rab6 tagged with RFP (gift from Dr. Albanesi, UT

Southwestern). Co-transfections showed HDAC8-GFP proteins to be co-localized

to vesicles positive for Rab6-RFP. Both HDAC8 and Rab6 showed a distinctly
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similar vesicular staining pattern with small distinct localizations surrounding the

nucleus (Figure 25).

Rab6 (TR)

HDACS (FITC)

Figure 25. Colocalization of HDAC8 and Rab6 in MCF-7 Cells. MCF-7 cells
were co-transfected with plasmids expressing human recombinant HDACS
tagged with GFP and human recombinant Rab6 tagged with RFP. Co-
transfections showed HDAC8-GFP proteins in vesicles positive for Rab6-RFP. In
addition cells were counterstained with Hoechst for visualization of the nucleus.
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Interaction between HDACS8 and late endosomal binding protein Rab7 was
also investigated. MCF-7 cells were co-transfected with plasmids expressing
recombinant human HDACS8 tagged with GFP and recombinant human Rab7
tagged with RFP. Co-transfections showed HDACS8-GFP proteins in vesicles
surrounding the nucleus and Rab7 localization to Rab7 positive endosomes.
Some colocalization was observed between HDAC8 and Rab7 positive vesicles

but many vesicles did not show colocalization of the two proteins (Figure 26).
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Rab7 (TR)

HDACB (FITC)

Figure 26. Colocalization of HDAC8 and Rab7 in MCF-7 cells. MCF-7 cells
were co-transfected with plasmids expressing human recombinant HDACS8
tagged with GFP and human recombinant Rab7 tagged with RFP. Co-
transfections showed a lack of colocalization of HDAC8-GFP proteins in vesicles
positive for Rab7-RFP. In addition, cells were stained with Hoechst for
visualization of the nucleus.
Complex Mixture Analysis After Co-immunoprecipitation of the HDACS8-
H1.3 Complex Reveals Interactions with Vesicle Related Proteins
To verify possible HDAC8 and H1.3 interaction with Rab proteins or Rab-
associated proteins, immunoprecipitated HADC8 and H1.3 complexes were

submitted to the UT Southwestern proteomic core facility for complex mixture

protein identification via Orbitrap LC/MS/MS tandem mass spectroscopy (Table
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3). MCF-7 cell lysates were immunoprecipitated with anti-HDACS, anti-H1 or anti-
non-immune IgG antibodies. Each IP was run in a separate lane on 12% SDS-
PAGE for a distance of 1 CM. After 1 CM of protein migration through the gel, the
gel was Coomassie stained. Lanes were then individually cut from the gel with a
clean scalpel for each lane to avoid contamination from one lane to the next.
Only the 1 CM lane fragment containing the immunoprecipitated proteins was
retained and cubed in to 1 mm X 1 mm pieces. Cubed lanes were submitted for
complex mixture protein identification. Common proteins seen with both HDACS8
and H1 IPs, but not IgG precipitation will be evaluated as possible proteins that
interact with the HDACS8-H1.3 complex. Comparative analysis via SINQ
normalized spectral index quantitation, found common proteins in both HDAC8
and H1 IP mixtures. SINQ quantifies proteins based on the number of peptides
observed after trypsinization, the fragmentation spectra generated from each
peptide, and the intensity of the ions generated from the fragmentation of each
peptide (Trudgian et al., 2011). Results from complex mixture identification and
SINQ analysis showed several vesicle related proteins that interact with both
HDACS8 and H1. Vesicle and or microtubule associate proteins identified in both
co-IPs include: COPA coatomer subunit alpha, Sec22B, Sec23A, Sec23B,
SEC24, ER-Golgi intermediate compartment protein ERGIC1, peroxisomal
membrane protein 11B PEX11B, Ras GTPase-activating-like protein IQGAP1,

and clatherin heavy chain 10s protein (Table 5).
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CHAPTER IV

DISCUSSION

HDACS8 Associates with Linker Histone H1.3 to Form a Complex

This body of work identifies a novel HDAC8-H1.3 complex. Evidence from
co-Immunoprecipitation (Co-IP) experiments detected the association of HDACS8
with linker histone subtype H1.3. Further analysis of this complex by in vitro pull-
down assays showed that H1.3 directly binds HDAC8 (Figure 7 & 8).
Cumulatively, these results demonstrate the existence of an HDACS8-H1.3
complex in which HDACS binds directly to H1.3. Previously published works that
lend supporting evidence to HDAC-linker histone interactions include a HDAC3
and H1.3 complex, which is activated by CK2 phosphorylation. Also documented
is an interaction between the HDAC SIR-2 and linker histone H1 subtype HIS-24,
which was shown to be involved in heterochromatin regulation at subtelomeric
regions in C. elegans (Patil et al., 2016; Wirth and Jedrusik-Bode, 2009).
HDACS Deacetylates Linker Histone H1.3 but Does not Deacetylate or Bind

to Mononucleosomes
It was hypothesized that the function of the HDACS8-H1.3 interaction

maybe cooperatively inducing the formation of the 30 nm chromatin fiber through
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synergistic deacetylation of core histones and H1.3 binding nucleosomes.
Previous studies have shown peptide sequences corresponding to acetylated
core histones: H3K14, H4K16, and H4K20 to be substrates for HDACS
deacetylation (Buggy et al., 2000; Smith and Denu, 2007; Van den Wyngaert et
al., 2000). Additionally, subsequent studies showed non-specifically
hyperacetylated, nucleosome-free core histones to be in vitro substrates for
HDACS8 deacetylation (Buggy et al., 2000; Hu et al.,, 2000). While these
combined data demonstrate that HDACS8 deacetylates core histones in vitro they
did not show deacetylation of core histones in the context of chromatin but only
free histone proteins or peptides. In vivo, the structures of nucleosome-
incorporated core histones that interact with DNA contain posttranslational
modifications, which alter the affinity of HDACS8 for core histone substrates
(Gurard-Levin et al., 2010; Gurard-Levin and Mrksich, 2008).

Based on these data we performed deacetylation assays on both
nucleosomes with acetylated core histones (Ac-monos) as well as acetylated
linker histone H1.3. Deacetylation assays showed that HDAC8 deacetylates free
H1.3 but does not deacetylate acetylated core histones that are nucleosome
bound. Currently, there is little evidence definitively demonstrating which lysine
residues of core histones undergo deacetylation by HDACS8 in vivo. Studies
investigating deacetylation levels of core histones after treatment with HDAC

inhibitors showed that Trichostatin A (TSA) caused a increase in H4 acetylation
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and treatment with Suberoylanilide Hydroxamic Acid (SAHA) caused increased
acetylation levels of H3 (Krennhrubec et al., 2007; Olson et al., 2013). However,
SAHA and TSA are both pan-HDAC inhibitors and the increase in H3 and H4
acetylation after treatment cannot be attributed solely to inhibition of one
particular HDAC. When HelLa cells were treated with the HDAC8/HDACG6 specific
inhibitor PCI-34051 no significant changes in acetylation levels of H3 were seen,
as compared to SAHA treated cells (Balasubramanian et al., 2008). Based on
this current evidence the extent to which HDACS participates in the deacetylation
of core histones in vivo is unknown.

EMSA assays lend supporting evidence as to why HDAC8 may not
participate in core histone deacetylation. EMSAs revealed that HDACS8 did not
bind to nucleosomes, not even in the presence of H1.3. Reactions with HDACS,
H1.3 and mononucleosomes showed that H1.3 binds to nucleosomes but not
HDACS8. Nucleosomes bound with both H1.3 and HDACS8 were not detected
under any experimental conditions, such as change in incubation time or change
in order of protein introduction into the reaction. HDACS in all EMSA experiments
was verified to be enzymatically active. Acetylation levels of mononucleosomal
core histones had no effect on the above EMSA results. Both hyper-acetylated
and basal-level acetylated mononucleosomes yielded the same results. We can
conclude from this evidence that H1.3 does not recruit HDAC8 to nucleosomes

and that HDACS8 does not enhance H1.3 binding to nucleosomes. HDAC8 may
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indeed be recruited to nucleosomes in vivo by other protein complexes or miro-
RNAs. Evidence from deacetylation assays and EMSAs does not support the
hypothesis of synergistic chromatin regulation by the HDAC8-H1.3 complex but
that possibly the complex functions on chromatin targets. H1 is rich in lysines,
which are positively charged. This could lead to a strong interaction with
negatively charged DNA. Acetylation neutralizes the positive charge and
reduces the affinity of H1 to DNA. Deacetylation by HDACS8 keeps H1 in its
normal positively charged state, and thus maintains its ability to interact with
nucleosomes with unaltered affinity.

Cell Cycle Dependent Association of the HDAC8-H1.3 Complex

Mitotically synchronized and non-synchronized MCF-7 and SK-OV-3 cell
lysates were co-immunoprecipitated for the HDAC8-H1.3 complex. These
immunoprecipitations revealed that the HDAC8-H1.3 complex is present in both
interphase and mitosis in MCF-7 and SK-OV-3 cell lines. In SK-OV-3, HDACS-
H1.3 complex formation is seen in both non-synchronized and mitotic
synchronized cell populations at roughly equal amounts for both cell populations.
In MCF-7, HDAC8-H1.3 complex formation is detected primarily in the mitotic
populations and to a lesser extent in non-synchronized cells (Figure 18A).

Evidence for the mitotic formation of the HDAC8-H1.3 complex lead to
further investigations into a cell cycle dependent relationship between HDACS

and H1.3. Additionally, since previous experimentation showed that HDAC8 was
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not binding to chromatin or deacetylating mononucleosomes, we hypothesized
that the function of the HDAC8-H1.3 complex may be outside the context of
chromatin and maybe even non-nuclear.

Co-immunoprecipitation (IP), immunocytochemistry and confocal imaging
was used to determine the localization of the HDAC8-H1.3 complex during
different cell cycle stages and to gather insight to a possible mechanism of
action. The cell lines chosen for further experimentation highly expressed for
both HDACS8 and H1.3. Cell lines chosen were breast carcinoma MCF-7 and
ovarian carcinoma SK-OV-3 (Figure 15 & 17).

Immunocytochemistry of SK-OV-3 cells revealed that H1.3 remains on the
chromosomes during mitosis while HDACS is cytoplasmic. In interphase, HDACS8
and H1.3 are both localized within the nucleus. IP however revealed that the
complex could be detected in both mitosis and interphase. This indicates that the
HDACS8-H1.3 complex potentially forms on the chromatin during mitosis in SK-
OV-3 and the complex may have a nuclear function during interphase.

HDACS8-H1.3 Complex is Associated with ER-Golgi Related Vesicles and
Late Endosomes

Immunocytochemistry revealed a possible mitotic role for the complex in
MCF-7 cells, where H1.3 is seen off the chromatin and localized throughout the
cytoplasm during mitosis. HDAC8 was also localized throughout the cytoplasm in

a similar pattern to H1.3 (Figure 19). Cytoplasmic colocalization of HDAC8 and
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H1.3 during mitosis could indicate HDACS8'’s involvement in H1.3 trafficking to
specific areas during different cell cycle stages. Additionally, regulation of H1.3
acetylation levels could be one mechanism in which cells control the localization
of H1.3. During interphase in MCF-7 cells, HDAC8 and H1.3 are localized to the
area surrounding the nucleus in a pattern resembling vesicles (Figure 21). To
confirm possible vesicular localization in MCF-7 cells, the cells were transfected
with plasmids expressing GFP-tagged human HDAC8 and RFP-tagged human
H1.3. Confocal microscopy revealed H1.3-RFP localization to both vesicles and
the nucleus. HDAC8-GFP localization was primarily vesicular (Figure 22 & 23).
After targeting of MCF-7 cells with vesicular markers Rab5, Rab6, and Rab7, the
localization of the HDAC8-H1.3 complex was determined to be associated with
trans-Golgi vesicles, and late endosomes (Figure 3). It was observed that
HDACS localized with Rab6 and patrtially localized with Rab7 positive vesicles
(Figure 24-27). LC/MS/MS analysis of co-immunoprecipitations from MCF-7 cell
extracts was used to determine additional components of the HDAC8-H1.3
complex, specifically vesicle associated proteins. Results revealed that both
HDAC8 and H1.3 were associated with several vesicular proteins: COPA,
Sec22B, Sec23A, Sec23B, PX11B, and clathrin heavy chain (CLH1) (Table 5).
These results support a cytoplasmic and vesicular role for the HDAC8-H1.3
complex. Specifically, association with COPA, Sec22B, Sec23A, Sec23B, and

CLH1 point to the association of HDAC8 and H1.3 with the endoplasmic
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reticulum (ER) and Golgi trafficking vesicles. Vesicular interactions of the
HDACB8-H1.3 complex are the first evidence for H1.3 involvement with vesicles
and ER-Golgi protein trafficking.

Cell-specific differences are seen between MCF-7 and SK-OV-3. In SK-
OV-3 the localization of complex is difficult to determine during mitosis, but is
detectable though IP. During interphase in SK-OV-3 the complex is detected in
the nucleus by both ICC and IP. In MCF-7 cells, the complex is seen in the
cytoplasm during mitosis and on vesicles during interphase. These data indicate
cell specific roles for the HDAC8-H1.3 complex. Experimental evidence supports
the previously reported role for HDACS in the cytoplasm (de Leval et al., 2006; Li
et al.,, 2014b; Yamauchi et al.,, 2011) as demonstrated by colocalization of
HDACS8 and H1.3 in vesicles in the cytoplasm and not within the nucleus of
interphase MCF-7 cells. The nuclear role for the complex in SK-OV-3 as
evidenced by colocalization of HDAC8 and H1.3 to the nucleus during interphase
is also supported by previous works (Kang et al., 2014; Yan et al., 2013). It was
interesting to see that there are different colocalization patterns of HDACS8 and
H1.3 in different cell lines. This is likely related to the fact that each cell line
originated from different tissue types and acquired different mutations during
malignant transformation. Breast mammary epithelial (MCF-7) and ovarian
epithelial (SK-OV-3) have some similarities but vastly different intracellular

signaling process and gene expression profiles. For example, MCF-7 and SK-
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OV-3 are both estrogen receptor (ER) positive cell lines, however SK-OV-3 has
no proliferative response to estrogen while MCF-7 does (Chan et al., 2014;
Lattrich et al., 2008; Rochefort et al., 1998). Growth inhibition of MCF-7 occurs in
response to anti-estrogen treatment, Tamoxifen, and TNFa. SK-OV-3 growth is
not inhibited by anti-estrogen treatment, Tamoxifen, or TNFa. These difference in
growth response are due to mutations that lead to altered intracellular signaling
pathways between the two cell lines. The differences in these signaling pathways
could also be responsible for the difference in the vesicular colocalization and
thus different utilization of the HDAC8-H1.3 complex seen in MCF-7 and SK-OV-
3 cells (Ahn et al., 2004, Lattrich et al., 2008).
The Role of H1.3 in the HDAC8-H1.3 Complex

Linker histone subtypes H1.0, H1.1-H1.5, and the tissue specific subtypes
H1.X, H1t, H1T2, H1ILS1, H1.00, vary in their expression throughout cell lines
and have different binding affinities for chromatin (Harshman et al., 2013). All H1
subtypes modulate the accessibility of DNA to transcription factors (Geeven et
al., 2015; Jullien et al., 2010; Pan and Fan, 2016; Siriaco and Tamkun, 2013;
Zhang et al., 2012). H1ls are well known for their nucleosomal binding and
chromatin compacting capabilities. Multi-protein complexes containing H1
variants have recently been discovered and are involved in nucleosome
remodeling and the epigenetic modifications of DNA and histones in response to

environmental signals, adaptive responses, cell differentiation, cancer
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development and gene regulation (Kinoshita and Seki, 2014; Sekeri-Pataryas
and Sourlingas, 2007; Smith and Workman, 2012). Likewise, the structural role of
H1.3 in modulating chromatin structure has been well documented. Previous
works have shown H1.3 to have high affinity to nucleosomes, (Flanagan et al.,
2016; l1zzo et al., 2013; l1zzo and Schneider, 2016; Terme et al.,, 2011) have
intermediate binding strength to chromatin and high DNA-condensing properties
(Garg et al., 2014). Subtype H1.3 is also cell type and tissue-specific and its
expression is regulated throughout cell differentiation and organismal
development (Terme et al., 2011). H1.3 traditionally has lower expression in
differentiated cells as compared to increased expression in pluripotent cells and
many cancers (Medrzycki et al., 2014; Nguyen et al., 2014b). Furthermore,
differential expression of H1.3 is correlated with various cancer processes (Li et
al., 2014a; Medrzycki et al., 2014). In our work we found that high expression of
H1.3 was seen in several cell lines evaluated, specifically lung (HFL-a), breast
(MCF-7), ovarian (SK-OV-3), and cervical (HeLa) carcinomas. Nuclear
distribution of H1.3 differs from that of other linker histones in both plants and
human cell lines. H1.3 expression was shown to be stress induced in plants
where the H1-D gene was induced by drought and abscisic acid (ABA) (Ascenzi
and Gantt, 1999; Wei and O'Connell, 1996). Rutowicz et al. 2015b, show that in
A. thaliana H1.3 has faster and less stable binding to mainly heterochromatic

regions in chromatin, is constitutively expressed in guard cells but not in other
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cells, and reduces plant stress in response to drought (Rutowicz et al., 2015b).
This EMSA data support H1.3’s role as a structural protein involved in chromatin
formation but ICC and LC/MS/MS data shed light on a potential role for H1.3 in
cancer and intracellular vesicular trafficking.

Evidence of linker histone variants, including H1.3, having non-chromatin
functions is newly emerging. H1.2 has been demonstrated in multiple works to
have extra-chromosomal functions and cytoplasmic localization (Kim et al., 2012;
Kim et al., 2013; Millan-Arino et al., 2014; Peng et al., 2015). For example, H1.2
cytoplasmic migration in response to x-ray induced double strand breaks triggers
a Bak dependent release of mitochondrial cytochrome C along with caspase-
3/caspase-7 activation and cell death (Garg et al., 2014; Okamura et al., 2008;
Ruiz-Vela and Korsmeyer, 2007). Results from Garg et al. support these findings
by showing the involvement of H1.1 and H1.2 in apoptotic signaling where H1.2 a
forms cytoplasmic complexes with the pro-apoptotic mitochondrial protein Bak
(Figure 2) (Garg et al., 2014; Okamura et al., 2008; Ruiz-Vela and Korsmeyer,
2007). H1.2 was also shown to have a cytoplasmic response to treatment of
lymphocytic leukemia (Gine et al.,, 2008). Additionally, cells treated with
flavopiridol showed an increase in cytosolic H1 (all subtypes) as a result of
decreasing cell viability (Harshman et al., 2013). In normal fibroblast cell lines
H1.2 and H1.5 have been observed in the cytoplasm at specific times during the

cell cycle (Green et al., 2010). Patil et al. have recently demonstrated that
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HDAC3 and H1.3 are colocalized to polar microtubules and spindle poles in
mitotic HeLa cells suggesting a potential role for H1.3 in the regulation of polar
microtubule dynamics in mitosis (Patil et al., 2016). This work is the first
published research that suggests involvement of H1.3 with vesicular trafficking. It
is possible that if H1.3 is involved with apoptosis or signaling through vesicular
trafficking. This could explain the difference in the complex’s cellular distribution
between MCF-7 and SK-OV-3 cell lines that highly express H1.3.
The Role of HDACS8 in the HDAC8-H1.3 Complex

Class | HDACs are ubiquitously expressed nuclear enzymes. HDAC8
is the best mechanistically and structurally characterized HDAC but its function
remains largely uncharacterized due to its multiple roles within different
intracellular locations and in different cell types. HDACS8 expression is cell type
specific with overexpression of HDAC8 being a common characteristic of tumors,
specifically gastric and hepatocellular carcinomas (Balasubramanian et al., 2008;
Chakrabarti et al., 2015; Qi et al., 2015). As these results showed, a variety of
cancerous cell lines that express HDACS8 at high levels. Cellular localization of
HDACS in normal and cancerous tissues is both nuclear and cytoplasmic and
has been demonstrated in embryonic fibroblasts, smooth muscle, skin
fibroblasts, NIH3T3, liver and epithelial cells (de Leval et al., 2006; Parenti et al.,
2015; Waltregny et al., 2005). Knockdown or inhibition of HDAC8 leads to

apoptosis through activation of either caspase 3 and caspase 6 or p53 (Song et
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al., 2015). Previous works, as well as this work, have demonstrated a
cytoplasmic role for HDACS8. Current known cytoplasmic functions of HDACS8
include: SMC3 deacetylation resulting in release of the cohesin complex from
mitotic chromosomes, smooth muscle cell contractility through the binding of
actin, and protection of Notchl from Fbwx7-facilitated protein degradation
leading to a cancerous phenotype in breast carcinoma (Buggy et al., 2000; Chao
et al., 2016; Hu et al., 2000; Van den Wyngaert et al., 2000). These data from
confocal fluorescent microscopy of MCF-7 cells transfected with GFP-tagged
HDACS8 showed HDACS localization in the nucleus and cytoplasm, specifically
associated with vesicles dispersed throughout the cytoplasm. Other studies have
shown evidence for HDACS in intracellular trafficking that corresponds to the
results we have obtained. For example, HDACS8 involvement in intracellular
trafficking is seen in histamine receptor positive neurons in recruitment of HDACS8
positive vesicles to peri-cellular localization during histamine activation (Takase
et al., 2013). Yamauchi et al. demonstrated that HDAC8 associates with Rab7
positive vesicles and the Golgi. In addition they showed HDACS8 was required for
influenza A viral entry into A549 lung carcinoma cells through endocytosis,
promoting late endosome and lysosome motility, microtubule organization and
centrosome cohesion (Yamauchi et al., 2011). Yamauchi also demonstrated that
HDACS8 was responsible for peri-nuclear organization of late endosomes and

lysosomes. Other work has demonstrated that when A549 cells were depleted
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for HDACS8 the Golgi, late endosomes and lysosomes were dispersed throughout
the cytoplasm. Disorganization of microtubules and centrosome separation was
also observed after HDACS8 depletion (Yamauchi et al., 2011). These results
correspond almost exactly to these findings and they provide strong evidence for
HDACS’s role in vesicular trafficking and cytoskeletal organization. We found
that vesicles positive for Rab6 and Rab7 were associated with HDAC8. H1.3
was also seen to be localized to vesicles with HDAC8 as determined by
immunocytochemistry (figurl8-22). Rab6 is found on exocytic vesicles and
Golgi-related vesicles. Rab6 binds and recruits dynactin to membranes and
microtubules (Figure 3) (Grigoriev et al., 2007). Rab7 is involved in lysosome
transport, late endosomes and endocytic pathways (Jordens, 2001; Rojas, 2008;
Via, 1997). Further data to support the model of HDAC8-H1.3 association with
ER-Golgi vesicles was demonstrated by LC/MS/MS analysis of co-
immunoprecipitated MCF-7 cell extracts, which showed that both HDAC8 and
H1.3 are associated with vesicular proteins COPA, Sec22B, Sec23A, Sec23B,
ERG1, and CLH1 (Table 5).

Another novel finding was that HDAC8 deacetylates H1.3 in vitro.
Mass spectrometry has identified 3,600 acetylation sites in 1,750 human proteins
and showed that lysine acetylation is implicated in the regulation of nearly all
nuclear functions and many cytoplasmic processes (Chan et al., 2014; Chao et

al., 2016; Lee et al., 2006; Li et al., 2014b; Qi et al., 2015; Waltregny et al., 2004;
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Yan et al., 2013) . Linker histones are lysine rich and are known to be acetylated
in vivo. EMSAs performed to determine the effect of acetylation on H1.3
nucleosome binding were inconclusive (data not shown). Theoretically,
neutralizing the positive charge of lysine residues by adding an acetyl-group,
would potentially lower the affinity of linker histones for negatively charged DNA,
and thus alter its affinity for chromatin. Deacetylation of acetylated H1.3 could
restore or enhance H1.3 affinity r binding strength to nucleosomes.
Proposed Cellular Function of the HDAC8-H1.3 Complex

HDACS8 and H1.3 possible interactions with clathrin coated vesicles (as
seen in mass spec HDACS8 and H1.3 association with CLH1), late endosomes
and ER-Golgi related vesicles are a significant insight into the possible functions
of the HDAC8-H1.3 complex. Beyond cellular transport of these proteins, it is
possible that H1.3 recruits HDAC8 to Sec and calterin proteins coating the
outside of the vesicles to target H1.3 to specific cellular compartments. Cell cycle
dependent microtubule reorganization in mitosis has also been shown to involve
HDACSs. Dispersed cytoplasmic distribution of HDAC8 and H1.3 during mitosis
and vesicular distribution during interphase, could indicate that microtubules are
deacetylated and properly assembled for interphase conformation. Vesicle
formation is achieved and deacetylation of microtubules are maintained through
HDACS8-H1.3-vesicle-mirotubule associations. During mitosis microtubules are

disassembled and reassembled in their mitotic conformation, the Golgi and ER
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are disassembled and merged with the nuclear membrane and HDAC8 and H1.3
are seen dispersed throughout the cytoplasm, which indicate that interphase
HDACS8-H1.3-vesicle-mirotubule associations are no longer present. are not
present. Another possibility is that H1's are known to leave the nucleus under
conditions such as apoptosis or during DNA damage repair. This evacuation of
H1’s from chromatin could also cause HDACS8 binding to H1.3 in the cytoplasm
causing HDACS to leave vesicles leading to microtubule destabilization and cell
fragmentation during apoptosis. Future studies to verify possible microtubule
stabilization by the HDAC8-H1.3 complex would include: microtubules assembly
and stabilization assay in vitro by the HDAC8-H1.3 complex. HDAC8 knockdown
studies in MCF-7 to determine the effect on microtubule dynamics apoptosis and
vesicular organization, and clathrin H1.3 knockdown studies to determine altered

HDACS cellular localization.
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Proposed Model of Cellular Function of the HDAC8-H1.3 Complex
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Figure 27. Proposed Model: Cellular Function of the HDAC8-H1.3 Complex.
Deacetylation of H1.3 could increase its binding affinity for chromatin. Alternately,
deacetylation of H1.3 by HDACS8 could lead to endosome targeting and
cytoplasmic trafficking of H1.3. The cytoplasmic targeting of H1.3 could be a
signal for cellular events such as apoptosis or mitosis.
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APPENDIX

LIST OF ABBREVIATIONS
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ABA
Ac-Mono
ADP
AKAP95
APC
APL

Arg

ATP
Bak
Bicaudal-D
bp
CAF-1
Cdc2
Cdc20
CdLSs
CK2
Co-IP
Co-REST
CREB
DMAP1
DNA
DNMT
E2F
E2F
EGFR
EGR

ER
ERRa
G1
G2/M

H1

H2A
H2B

H3

H4

LIST OF ABBREVIATIONS

Abscisic Acid

Acetylated mononucleosome

Adenosine diphosphate

Aurora B kinase associated protein 95
Anaphase promoting complex

Acute promyelocytic leukemia

Amino acid Arginine

Adenosine tri-phosphate

Localizes to mitochondria, and functions to induce apoptosis
Cargo-binding region of the dynein adaptor
Base pair

Chromatin assembly factor 1

Cyclin dependent kinase 2

Cyclin dependent kinase 20

Cornelia de Lange Syndrome

Protein kinase, casein kinase 2,
Co-immunoprecipitation

Corepressor to REST

cAMP response element-binding protein
DNA Methyltransferase 1
Deoxyribonucleic acid

DNA Methyltransferase

Cell cycle transcription factor

Group of genes that codifies a family of transcription factors
Epidermal Growth Factor Receptor

Early growth response protein

Estrogen receptor

Estrogen Related Receptor Alpha
G1-phase of the cell cycle

Transition between the G2-phase and M-phase of the cell cycle
Linker histone 1

Core histone 2A

Core histone 2B

Core histone 3

Core histone 4
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HA95

HAT
HDA1
HDAC
HDAC1
HDAC2
HDAC3
HDACS8
HDACI
hEST1B
HMG
HMG
HP1
hTERT
kb

Lys
Mi-2
Mono
MOTC
mSin3
MyoD
N-CoR
NAD+
NAP-1
NCP
nm
NuMA
NuRD
p32
p53
PCNA
PKA
PKG
Pol
Rab1l
Rab5
Rab6

HA95 is a protein of the chromatin and nuclear matrix regulating
nuclear envelope dynamics

Histone acetyltransferases

Yeast Histone deacetylase 1Class Il

Histone deacetylase

Histone deacetylase 1

Histone deacetylase 2

Histone deacetylase 3

Histone deacetylase 8

Histone deacetylase inhibitors

human Ever Shorter Telomeres 1B

High Mobility Group protein

High mobility group protein

Heterochromatin binding protein 1

human Telomerase Reverse Transcriptase

kilo base

Amino acid Lysine

Nucleosome-remodeling protein

Mononucleosome

Microtubule organizing center
Corepressor complex containing HDAC1 & 2

Protein involved in muscle differentiation

Nuclear receptor corepressor
Nicotinamide adenine dinucleotide

Nucleosome assembly protein 1

Nucleosome core patrticle

nanometer

Nuclear mitotic apparatus protein

Nucleosomal remodeling and deacetylase complex
Transcription Factor

Transcription factor, tumor suppressor protein
Proliferating cell nuclear antigen, is a DNA clamp

Protein kinase A

Protein kinase G

Polymerase

Member of the Ras superfamily of monomeric G proteins
Member of the Ras superfamily of monomeric G proteins
Member of the Ras superfamily of monomeric G proteins
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Rab7
REST
RNA
RPD3
S-phase
Ser
SiRNA
SirT1-7
SMC3

SMRT
SNF2H

Suv39H1
TF

Topo Il
TRAIL
TRAP
TSA

Member of the Ras superfamily of monomeric G proteins
REL1 silencing transcription factor

Ribonucleic acid

Yeast Class | HDAC

Replication phase of the cell cycle

Amino acid serine

Small interfering RNA

Sirtuins 1 through 7

Structural maintenance of chromosomes family of proteins
Silencing mediator for retinoic acid and thyroid hormone
receptors

SNF2h is the catalytic subunit of several chromatin remodeling
complexes, such as CHRAC, RSF, ACF, NuRD and NoRC.
SNF2H is a member of the SWI/SNF superfamily
Suppressor of variegation 3-9 homolog 1

Transcription Factor

Topoisomerase Il

Tumor necrosis factor-related apoptosis inducing ligand
Transcription activator-HAT complex

Trichostatin A
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