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Abstract

The acetylation of specific lysine residues along the N terminal tails of histones H3 and
H4 influences chromatin structure and plays an important slet undetermined role in
transcription. Furthermore, changes in nuclear matrix composition, the component of the
nucleus that influences nuclear shape, are thought to influence DNA organization and
gene expression. The nuclear matrix is associated with the transcriptional machinery and
is enriched in histone acetyltransferase and deacetylase activity. One of my aims was to
determine if rapidly acetylated and deacetylated histones are associated with
transcriptionally active, competent and/or inactive genes. By studying the salt solubility
of chromatin fragments, we determined that expressed and competent chromatin is
assoclated with rapidly acetylated histones while inactive chromatin is not. We also
observed that the coding region of an active and competent gene in a nuclear fraction
containing the nuclear matrix is bound to hyperacetylated H3 and H4. We also studied
the effect of estrogen, as well as transcription and histone deacetylase inhibitors on H3
and H4 acetylation along the pS2 promoter, exon 2 and exon 3 in MCF-7 human breast
cancer cells. We found that estradiol and histone deacetylase inhibitors induce histone
acetylation along the promoter and coding regions of the pS2 gene and that dynamic
histone acetylation takes place along these gene regions in the presence of a
transcriptional inhibitor. This suggests that estrogen-induced histone acetylation occurs in
the presence or absence of transcription and that exposure to E2 mediates the recruitment
of histone acetyltransferases to the pS2 promoter and coding regions, thereby causing a
change in the balance of histone acetyltransferases and deacetylases along these regions.
The findings from these two studies suggest that histone acetylation may function in

transcription by mediating the rapid and dynamic attachment of active and competent
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chromatin to nuclear regions enriched in histone acetyltransferase and histone deacetylase
activity such as the nuclear matrix. Lastly, we analysed total and DNA-associated nuclear
matrix proteins from a panel of cell lines reflecting different stages of malignant breast
cancer progression to determine if changes in DNA organization through changes in
nuclear matrix structure are involved in breast cancer development. Specific changes in
nuclear matrix proteins bound to nuclear DNA were identified, suggesting that breast
cancer progression is accompanied by a reorganization of chromosomal domains which

may lead to alterations in gene expression.
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Introduction

Nuclear DNA undergoes considerable levels of organization to ensure that a gene

N

is transcribed in a specific and regulated manner (Figure 1). At the first level of DNA
organizatibn, DNA is packaged into chromatin fibers through its association with various
proteins. These fibers associate with an insoluble, proteinaceous structure referred to as
the nuclear matrix (NM) that organizes them into loop domains containing anywhere
from one to several genes '. The chromatin fibers also fold up upon themselves in a
specific manner and associate with other fibers, creating a complex maze through which
transcription factors must travel to reach their target DNA sequence. Finally, during
mitosis, the chromatin fiber becomes tightly folde'& into chromosome structures. On a
larger scale, the nucleus organizes chromosomes into territories with the transcriptionally
active genes located within regions of the territory that are easily accessible to
transcription factors (Figure 2) 2,

The exact nature and type of events that influence DNA organization are not well
defined. However, DNA is organized into loop domains through its association with the
nuclear matrix, suggesting that nuclear matrix composition is one factor important in

8, Furthermore, the post-translational modification of specific

DNA organization
chromatin proteins alters chromatin structure and, therefore, influences DNA
organization. The purpose of this thesis is to present and discuss findings that further

explain how alterations in chromatin and NM structure influence gene expression.
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Figure 1. Diagrammatic Representation of the Several Orders of Chromatin

Compaction in an Interphase Cell. DNA is packaged into a 10 nm

extended chromatin fiber by associating with histone octamers that bind to

160 bp of DNA. The 10 nm fiber is folded into a more condensed fiber

which becomes further compacted into a moderately folded and then

maximally folded nucleosomal array through short range intra- and

internucleosomal interactions. The binding of linker histone to the

chromatin fiber further condenses the fiber into a maximally folded 30 nm

fiber that undergoes long range interactions with other chromatin fibers,

thus forming a higher order chromatin structure. The chromatin fiber is

also organized into loop domains by the nuclear matrix during G1. Figure

taken from .
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Figure 2.

Diagrammatic Representation of a Chromoseme Territory and
Transcription Sites in a Thin Section of an Interphase Nucleus. The
chromosome fibers follow an irregular path within the territory.
Transcriptionally active chromatin is compartmentalized with the active
loci (represented as a black box) located predominantly at or near the

surface of the compact chromatin fiber domains. Figure taken from >,



The Nucleosome

The basic structural repeating unit of chromatin is the nucleosome which is
composed of 146 bp of DNA wrapped 1.65 times around an octamer of two histone H2A-
H2B dimers bound to a histone H3-H4 tetramer ® (F igure 3). The four core histones have
a basic N terminal tail, a central globular domain and a C terminal tail. The histone N
terminal tails emanate radially from the nucleosome and can interact with linker DNA, as

well as other nucleoprotein complexes °.

H3
/”’/ Dyad axis of

| symmetry

Figure 3. Schematic Representation of the Histone Octamer Showing the
Positioning of the Core Histones Relative to the Dyad Axis of

Symmetry. Figure was originally created by Dr. Jacob Waterborg.



The globular domain is organized into three a-helices connected by two loops.
This helix-loop-helix structure is referred to as the histone fold (Figure 4) '°. The long
central helix in the histone fold acts as an interface for dimerization to other histone fold
motifs, and for histone-DNA interactions °. As a result, the histone fold is important in
histone octamer and nucleosome formation ®. The interfaces within H2A-H2B dimers and
H3-H4 tetramers are extremely stable '. However, salt-solubility studies show that the
interactions between the H2A-H2B dimers and the H3-H4 tetramer are considerably
more unstable. Raising the concentration of NaCl to above 600 mM causes the H2A-

H2B dimers to first dissociate from the nucleosome followed by the H3-H4 tetramer '+2,

Figure 4. Diagram Showing an Interaction Between the Globular Domains of
Two Histones. Each globular domain is organized into a histone. The
dimerization of two histone folds results in the formation of a hand-shake

motif.



Linker Histones

A fifth type of histone called linker histone H1 is not re.lated to the core histones,
but is similar in structure in that it contains a central globular domain surrounded by N
and C-terminal tails. In chicken erythrocytes, H1 is partially replaced by histone HS.
This histone is an HI1 variant that accumulates during the maturation of avian
erythrocytes *. According to Dr. Bates and Dr. Thomas, mature chicken erythrocyte
chromatin contains approximately 0.4 molecules of H1 and 0.9 molecules. of HS per
nucleosome . In human chromatin, the ratio of H1 linker histone to nucleosome in bulk
chromatin is approximately 1:1 *°. Histone HI/H5 binds to linker DNA at or near the
entry/exit points of the nucleosome core particle 8’16.i As well these linker histones bind to
nucleosomal DNA near the dyad axis of symmetry %1€,

The association of H1 with linker DNA appears to be a dynamic process !”*¥. In a
recent study, histone H1 was found to exchange rapidly in both condensed and
decondensed chromatin regions '7. This exchange occurs through a pathway involving the
dissociation of H1 from chromatin, diffusion of H1 through the nucleoplasm, and then
H1 reassociation with chromatin 7. In support of this, Dr. Misteli and colleagues also
identified a large mobile pool of H1 histone in the nucleus that represented a
continuously exchanging H1 fraction '&.

H1 exchange does not require chromatin fiber-fiber interactions 7. Furthermore,
treatment of cells with kinase inhibitors inhibited H1 phosphorylation and increased the
duration of H1 binding to chromatin. Similarly, others have observed that HI

phosphorylation diminishes the interaction of HI with DNA %' Thus, Hi

phosphorylation plays an important role in modulating H1 mobility .



Histone Variants

To date, six histone H2A variants have been identiﬂeq‘including H2A.1, H2A 2,
macroH2A, H2A.Z, H2A. X and H2A-Bbd . The differences In amino acid sequences
between these variants and H2A can range from as a little as a few amino acids to as
much as several hundred amino acids 2. Little is known of the function of these variants.
One molecule of MacroH2A is present for every 30 nucleosomes in the rat liver 2° This
variant is involved in X chromosome inactivation of female vertebrates possibly through
interactions with XIST RNA 2%°. Histone H2AZ is a minor H2A variant that is
ubiquitous to all eukaryotes and essential for cell viability **%° The expression of this
variant changes during Xenopus laevis developmenti”. It has been hypothesized that this
variant affects the conformation/stability of nucleosomes, as well as higher levels of
chromatin folding, however, the exact function of this variant remains unknown 22,
H2A X is another minor H2A variant involved in DNA repair *'**, The H2A-Bbd variant
is deficient in the inactive X chromosome in female cells and colocalizes with acetylated
H4, suggesting that this histone may be enriched in nucleosomes from actively
transcribing regions within the nucleus >*. The function of H2A.1 and H2A.2 is unknown.
The level of these two H2A variants changes during postnatal development of cortical
neurons and their neuroblasts in rats, as well as during the development of Friend tumors
in mice **~¢,

Histone H3 variants include H3.1, H3.2, H3.3 and CENP-A. The amino acid
sequence differences of H3.1, H3.2 and H3.3 differ from that of H3 by only a few amino
acids 2%, CENP-A, however, has a unique N terminal domain and a C terminal histone
fold with 60% identity to the H3 histone fold domain. Acetylated H3.1 is a replication-

dependent variant that becomes assembled into newly replicated chromatin *’. Acetylated



H3.2 is assembled into nucleosomes within transcribing chromatin and is frequently lost
during subsequent transcription >*. CENP-A is a centromerjc H3 histone variant in
eukaryotes *. This variant is also found in yeast and Drosophila and is referred to as
Csedp and Cid, respectively, in these organisms ‘%,

Several H2B variants have also been identified including H2B.1 and H2B.2. The
function of these variants remains unknown. However, H2B.2 along with H2A Z has
been found to stabilize the association of the H2A-H2B dimer in nucleosomes . The
levels of H2B.1 and H2B.2 also change with continuing changes in chromatin
composition that accompany the development of malignant Friend tumor cells >

A

The Effect of Transcription on the Nucleosome

Nucleosomes can act as barriers in vifro that prevent RNA polymerase II from
transcribing a gene %, Exactly how the transcriptional process alters or affects
nucleosome structure and positioning is unknown. One theory suggests that RNA
polymerase II stimulates the release of one H2A-H2B dimer from each nucleosome it

. 5
encounters (Figure 5) 4%,
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Figure 5. Dr. Studitsky’s Hypothetical Model for Transcription by RNA
Polymerase II Through a Nucleosome *. As RNA polymerase II
encounters a nucleosome in its path, elongation factors in the RNA
polymerase II complex facilitate the dissociation of an H2A-H2B dimer
which may alter higher order chromatin structure. Nucleosome
redistribution and partial nucleosome depletion may also result from the
transcription process. The temporal removal of an H2A-H2B dimer
provides a window of opportunity for chromatin remodeling factors or
DNA-binding proteins to bind to nucleosomal DNA. After an unknown
amount of time, an H2A-H2B dimer reassociates with the hexasome,

forming a nucleosome.



Chromatin containing transcribed sequences is preferentially bound to RNA
polymerase 11 and depleted in histones H2A and H2B Dr., Studitsky and colleagues
showed that the passage of RNA polymerase IT along a mononucleosomal DNA template
in vifro results in the formation of a subnucleosomal complex containing only one H2A-
HZB dimer and a tetramer of H3 and H4 *. Dr. Kimura and Dr. Cook have also
demonstrated that the majority (>80%) of H3 and H4 molecules do not exchange with
other H3 and H4 molecules *. Furthermore, approximately 3% of H2B molecules
exchange rapidly (within minutes) in a transcription-dependent manner **. Dr. Nacheva
and colleagues have also shown that the globular domains of H2A and H2B are partially
depleted in vivo along the highly transcribed hsp 70 ;gene in Drosophila ¥’

The release of an H2A-H2B dimer causes nucleosomes to form hexasomes, a
histone complex composed of one H3-H4 tetramer and one H2A-H2B dimer * The loss
of HZA-H2B dimers from the nucleosome may cause changes in higher order chromatin
structure **. The nucleosomes remain as hexasomes for a brief window of time before the
H2A-H2B dimer reassociates **. It has been postulated that the time between H2A-H2B
dimer dissociation and re-association may provide the opportunity for additional factors
to bind to the nucleosome and destabilize it further **.

Factors such as FACT that are associated with RNA polymerase II may disrupt
the structure of the octamer and cause transient dissociation of an H2A-H2B dimer from
the nucleosome as the RNA polymerase II complex enters the nucleosome. Subsequent to
transcriptional elongation, the FACT complex alleviates nucleosome-induced blocks in
RNA polymerase II-mediated transcriptional elongation **. The FACT elongation

complex specifically interacts with H2A and H2B and the activity of this complex is
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hindered when the histones within a nucleosome are covalently cross-linked *°. The
partially disassembled and unfolded structure of the hexasor‘nga may then be maintained
by events such as histone acetylation that are mediated by histone acetyltransferases
associated with the elongation complex ***2  As additional RNA polymerase II
complexes traverse the coding region of the same gene, continual cycles of H2A and
H2B disruption and reassociation would occur and would most likely contribute towards
the dynamic association of the H2A-H2B dimer with transcriptionally active genes.
Additional data that supports the idea of an altered nucleosome structure resulting

from the transcription process comes from the studies of the late Dr, Allfrey and

s

%34 In these studies, mercury afﬁnity chromatography showed that the

colleagues
nucleosomes associated with transcriptionally active genes had exposed H3 cysteine thiol
groups near the dyad axis of symmetry while nucleosomes along inactive DNA did not
>3 Dr. Bazett-Jones and colleagues have analyzed the structure of these thiol-reactive
nucleosomes by electron spectroscopic imaging and have determined that these thiol-
reactive nucleosomes are unfolded and shaped into an extended U-shaped particle >
(Figure 6). This suggests that transcription of a gene involves- the unfolding of
nucleosomes along this gene and the exposure of H3 cysteine thiol groups located near
the nucleosome dyad access of symmetry >* The process of transcriptional elongation

is believed to be responsible for the unfolding of the nucleosome while post-translational

events such as histone acetylation maintain the nucleosome in the unfolded conformation

50
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Figure 6. Three-Dimensional Reconstruction Calculated from Nucleosomes
Associated with Transcriptionally Active Genes. Nucleosomes released
from human adenocarcinoma cells by a limited MNase digestion were
applied to a mercury affinity column. Mercury-bound nucleosomes were
eluted with dithiothreitol and analyzed by electron spectroscopic imaging.

Image taken from *.

Another theory suggests that histone octamers are dissociated from DNA as they
encounter the RNA polymerase complex ***7. In this model, displaced histones may re-
bind to their original binding site along the DNA strand; however, this binding would be
inefficient. Because of this, a transcriptionally active DNA sequence exposed to
subsequent rounds of transcription would be somewhat depleted in nucleosomes. In
support of this, Dr. Widmer and colleagues observed in the salivary glands of
Chironomus larvae that a transcriptionally active salivary protein gene was depleted in
nucleosomes when compared to an inactive gene ¢, Similarly, Dr. Karpov and colleagues
observed that the central hydrophobic regions of histones could not be cross-linked by the

histidine cross-linking method to the coding region of transcriptionally active hsp 70
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genes when intensely transcribed *>>®. The moderate transcription of these genes resulted
in a partial removal of core histones from the coding region 47.’ )

Using the histidine cross-linking method, Dr. Nacheva et al. also observed an
absence of histones along the hsp70 promoter region in Drosophila and a decrease in the
association of histones H2A and H2B, and to a lesser extent, H3 and H4 globular regions
along the coding region of this gene relative to transcriptionally inactive chromatin 7,
However, when the lysine residues of histones were cross-linked to DNA by
formaldehyde, the level of core histones associated within 2 A of the coding region of the
hsp70 gene was quantitatively similar to levels along transcriptionally inactive chromatin
4 Similarly, Dr. Varshavsky and colleagues obélarved that the level of histone H4
formaldehyde-cross-linked to the transcribed domain and the promoter-proximal region
of the 4sp70 gene remained similar in Drosophila regardless of heat shock *°. The histone
N terminal tails can also be UV cross-linked to nucleosomal DNA even when they are
modified by acetylation Thus, the process of transcription appears to involve the
alteration of nucleosome structure in a manner that permits access of transcriptional
machinery to the target DNA sequences of a transcriptionally active gene.

A progressive displacement model has been suggested by Dr. van Holde and
colleagues to explain the effect of transcription by RNA polymerases on the nucleosome
(Figure 7). In this model, the approach of an RNA polymerase triggers the dissociation of
an H2A-H2B dimer from the proximal face of a nucleosome ®'. The dissociation of the
dimer may result from positive superhelicity induced by the approaching RNA
polymerase complex or by competition between the RNA polymerase and the

nucleosome for DNA ! Loss of the H2A-H2B dimer facilitates entry of RNA
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polymerase into the nucleosome °'.

H2A contacts nucleosomal DNA near the dyad °'.
Dissociation of the H2A-H2B dimer may also destabiliz?‘ the central part of the
nucleosome and facilitate the release of DNA from the H3-H4 pair of the H3-H4 tetramer
positioned proximal to the RNA polymerase ®'. The opening of the nucleosome and the
release of DNA near the center dyad would allow RNA polymerase to proceed past the
nucleosome dyad and displace the distal H3-H4 pair of the H3-H4 tetramer ' As this
occurs, the proximal H3-H4 dimer binds once again to the nucleosomal DNA ' Some
time later, the H2A-H2B dimer reattaches to the proximal face of the nucleosome ' This
event is then followed by reassociation of the distal H3-H4 dimer . At some point
during the movement of chromatin through thé NM-associated RNA polymerase
complex, the distal H2A-H2B pair of each nucleosome along the chromatin fiber will
become dissociated to facilitate transcription of the remaining nucleosomal DNA ®'. This
dimer will then eventually reassociate with the nucleosome most likely when the RNA
polymerase complex has transcribed the entire length of the nucleosomal DNA and
subsequent rounds of transcription have ceased to occur. Dr. van Holde’s model supports
Studitsky’s theory of H2A-H2B dissociation from transcriptionally active nucleosomes.
This model also supports observations that transcriptionally active chromatin is never

completely depleted of histones. Lastly, this model supports Dr. Allfrey’s proposed

theory of transcriptionally active nucleosomes having an altered structure.
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Figure 7. Dr. van Holde’s Hypothetical Model for Transcription by RNA
Polymerase II Through a Nucleosome . (A). RNA polymerase
encounters the nucleosome. (B). RNA polymerase displaces a proximal
H2A-H2B dimer and proceeds to a proximal H3-H4 dimer within the H3-
H4 tetramer at the dyad axis. (C) RNA polymerase transcribes through the
H3-H4 contacts with the dyad axis. (D) RNA polymerase transcribes
through the dyad axis and disrupts H2A-H2B contacts while the proximal
H3-H4 dimer reassociates with the nucleosome (E) RNA polymerase
passes through the distal H3-H4, causing the release of the distal H2A-
H2B dimer and association of the proximal H2A-H2B dimer with the

proximal side of the H3-H4 tetramer.
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The Chromatin Fiber

The Structure of Transcriptionally Active and Inactive Chroématin

At physiological ionic strength, chromatin assumes a 30 nm fiber and higher order
structures . Actively transcribed chromatin is structurally different from bulk inactive
chromatin. Chromatin fibers confaining active genes are less compact than regions
containing inactive genes, have a diameter between 100-200 nm and are referred to as
euchromatin *%*. Tnactive genes are located in heterochromatin which is folded into a
compact structure similar to that of chromosomes in metaphase cells **%° The level of
chromatin compaction of inactive and active chriomatin regions is reflected in the
sensitivity of these regions to DNase I. The more open conformation of euchromatin
allows DNase I to easily access transcriptionally active DNA sequences, whereas the
highly compact nature of heterochromatin prevents DNase I from accessing inactive

DNA sequences.

Function of the Core Histone N terminal Tails in Chromatin Structure

The chromatin fiber is a dynamic structure that is continually condensing and
unfolding.  For example, a chromatin fiber composed of nucleosomes spaced at
physiological intervals is in equilibrium between an unfolded, moderately folded, highly
folded and oligomerized conformation ”%7. The proteolytic removal of the N terminal
domains does not significantly change nucleosome structural integrity, and instead
prevents the formation of the 30 nm fiber . Thus, the stability of this 30 nm fiber is

maintained by the core histone N terminal tails ¢
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The core histone N terminal tails were originally thought to promote chromatin
fiber condensation by binding as unstructured coils to nucleosggnal DNA and neutralizing
the negative charge of the DNA phosphate backbone ®. Chromatin fiber condensation is
a term that describes the ability of a chromatin fiber to fold and oligomerize with itself
and other chromatin fibers . However, exposure of nucleosomal arrays lacking core
histone N terminal tails to a high concentration of Mg®" salt that will neutralize the
negative charge of the nucleosomal DNA phosphate backbone does not promote fiber
condensation "™, Thus, charge neutralization does not appear to promote fiber
condensation and the core histone N terminal tails most likely promote chromatin fiber
condensation by some other means. i

Chromatin folding is also dependent on the interaction of the N-terminal tails of
the core histones with linker DNA 2. The core histone N terminal tails are thought to
protrude from the nucleosome to distances where they can interact with linker DNA,
linker histones, and protein factors involved in transcriptional regulation ">, The N
terminal tail of H3 is 44 amino acids long, whereas histones H4, H2B and H2A have N
terminal tails that are only 26, 32 and 16 amino acids long, respectively. Thus, the N
terminal tail of histone H3 can extend over a significantly larger portion of linker DNA
compared to the other core histones . The H3 N terminus is also positioned close to the
point where linker DNA enters and exits the nucleosome, and, therefore, it can undergq
extensive interactions with the linker DNA 74,

The 30 nm chromatin fiber has an irregular, zig-zagged structure due to the
varying lengths of linker DNA, and the varying angles at which this DNA enters and

exits the nucleosome ", The chromatin fiber is stabilized, in part, by histone H1 which
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binds to the nucleosome through its globular domain and fixes the trajectory angle of the
linker DNA at the points where it enters and exits the nucleosogne 7

The chromatin fibers within a cell interdigitate with neighboring fibers into a
higher order fibrous mass that impedes the access of transcription factors to their target
sequences, thereby preventing transcription initiation 7%, Fiber-fiber interactions are
dependent on the N terminal tails of the H3 and H4 core histones as well as the

surrounding concentration of divalent and monovalent cations "®. These fibrous masses

are then further organized into compact chromosome territories within interphase nuclei

(Figure 1) °.

The Interaction of the Core Histone N Terminal Histone Tails with Proteins

In addition to binding linker DNA, the core histone N terminal tails are capable of
interacting with other histones and non-histone chromosomal proteins. The N terminus of
H4 binds to the H2A-H2B dimer of neighboring nucleosomes, and is thought to assist in
chromatin folding ”. 1In yeast, the transcriptional repressors Sir3, Sir4 and Ssn6/Tupl
interact with the H3 and H4 N terminal domains, causing the associated chromatin to
become transcriptionally repressed . Likewise, the Drosophila Groucho and its
mammalian homologues bind to the N terminal domain of H3 and repress transcription
15282 These domains also interact with non-histone proteins such as HMG-14 and

HMG-17 that promote the unfolding of higher order chromatin structures ®.
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Influence of Salt on Chromatin Structure

The ionic environment surrounding a chromatin fiber has a significant influence
on chromatin structure, and, to date, the ionic milieu within the nucleus has not been
accurately determined ’. The nucleus contains approximately a meter of DNA and the
negatively charged phosphate backbone of DNA generates considerable energy as the
DNA molecules repel one another 7. Inorganic and organic cations are present within
the nucleus to neutralize the negative charge of the DNA molecule and promote
chromatin condensation. In fact, condensation of chromatin fibers can occur only in the
presence of cations regardless of the presence or absence of linker histones along the
chromatin fiber ”. While chromatin condensation fe;]uires the presence of inorganic and
organic cations, it also requires the core histone tails. These tails undergo a series of
internucleosomal interactions and cause chromatin fibers to assume moderate to
maximally folded conformations ”. However, complete folding and stabilization of
chromatin fibers requires the presence of linker histones ’. The extremely basic C
terminal tails of linker histones provide an additional level of charge neutralization that
promotes moderately folded chromatin fibers to assume a maximally folded state ’.

Much of our understanding of chromatin structure has come from the biophysical
analysis of nucleosomal arrays made from purified histones and a DNA template
composed of 208 bp of a nucleosome positioning sequence repeated 12 times in tandem.
This array is referred to as a 12-mer. In low salt TE buffer, a 12-mer nucleosomal array
will have a sedimentation coefficient of approximately 298 3%, Increasing the salt to
more physiological concentrations (150 mM NaCl or 1 mM MgCl,) increases the
sedimentation coefficient almost to 40S *  This indicates that the density and,

therefore, the folding of the nucleosomal array have increased ***°. The 40S array is
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predicted to be folded to the same extent as an open helical structure **. The 30 nm
chromatin fiber represents a chromatin fiber in its maximally folded state and displays a
sedimentaﬁon coefficient of approximately 55S *. In the presence of 100-250 mM NaCl,
structures with sedimentation coefficients betwegn 29S and 40S are formed. As the
concentration of NaCl is increased so is the sedimentation coefficient of the various
structures. The transition of a nucleosomal array from 29S to 40S is reversible in the
absence of salt. A 12-mer nucleosomal array fluctuates between a 298, ﬁJIlyvextended
state and a 40S, moderately folded degree of compaction *. Formation of the 40S
nucleosomal array requires interactions between. neighboring nucleosomes.  Thus,

nucleosomal arrays with a lower number of nucleosomes have less intranucleosomal

interactions, and, therefore, a smaller density and sedimentation coefficient.

The Effect of Mg** vs Na* on Chromatin Structure

As was stated previously, the chromatin fiber undergoes both folding and
oligomerization. The extent to which a nucleosomal array undergoes intranucleosomal
folding is greater in the presence of divalent salts such as 1-2 mM MgCl, when compared
to monovalent salts such as NaCl 7. As the concentration of MgCl, increases,
nucleosomal arrays start to oligomerize with one another regardless of the extent to
which they are folded "*%7, However, exposure of nucleosomal arrays to monovalent salts
such as NaCl does not cause array oligomerization 7.

Although salt is important for chromatin condensation, this event also requires the
actions of the core histone N terminal tails ”. In addition, the binding of linker histone to
linker DNA additionally neutralizes the negative charge of nuclear DNA and this

promotes the transition of chromatin into a maximally folded state ’. Thus, the presence
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of linker histones, the local ionic environment and the internucleosomal interactions of
the core histone N terminal tails determine the extent to which a chromatin fiber is

folded’.

The Histone Code

The histone N terminal tails undergo several post-translational modifications
mediated by a variety of enzymes (Figure 8). Research in the field of gene expression
has focused primarily on determining the function of each modification in transcription.
However, a new concept has emerged referred to as the “histone code” %%, This term
proposes that the different post-translational modiiﬁcations OCCUITING On One or more
histone tails act either together or in sequence to form recognition sites for specific
proteins involved in distinct cellular functions.

Dr. Thanos and colleagues have shown that the pattern of acetylation along a
specific gene region can serve as a code that is recognized by additional chromatin
remodeling factors and transcription factors *°. Transcriptional activation of the
interferon-B gene caused acetylation of histone H4 Lys-8 along the interferon-p promoter
and this event mediated SWI/SNF recruitment *°. However, acetylation of Lys-9 and Lys-
14 on H3 along the interferon-B promoter was critical for TFIID recruitment *°,

Evidence from several r ecent s tudies s uggests that histone p hosphorylation and
acetylation may function together to promote gene expression. Dynamically a cetylated
histone H3 is preferentially phosphorylated *!. H3 phosphorylation occurs along the
promoter and within the transcribed region of the c-fos and c-jun genes before induction

of transcription * % This modification is thought to be involved in the establishment o f
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transcriptional competence 2. The stimulation of mammalian cells by epidermal growth
factor causes the sequential phosphorylation of Ser-10 and aqqtylation of Lys-14 on H3
along the c-fos promoter in a MAP kinase-dependent manner . Moreover, the histone
acetyltransferase Gen5 preferentially associates with a Ser-10 phosphorylated form of H3
over a non-phosphorylated form **. Several other histone acetyltransferases including
CBP, PCAF and SAGA have also been shown to acetylate phosphorylated H3 9%,
Recently, the phosphorylation of H3 Ser-10 by the Snfl kinase was shown to lead to
GenS-mediated acetylation at the INOJ promoter >4, As well, phosphorylation of H3 Ser-
10 along the interferon-B promoter precedes Gen5-dependent H3 acetylation at Lys-14 %
Thus, the recruitment of a kinase complex to sﬁl:ciﬁc promoters may cause Ser-10
phosphorylation and either i ncrease the affinity o fhistone a cetyltransferase complexes
for nucleosomes or increase acetyltransferase catalytic activity %,

Histone methylation and acetylation may also be important in transcription.
Histones H3 and H4 are modified at specific lysine and arginine residues primarily within
their N terminal tails ***. The exact function of histone methylation in transcription is
unknown. Heterochromatic silencing requires the methylation of Lys-9 on H3 by the
lysine methyltransferase Su(var) 39 8, The methylation of Lys-9 inhibits
phosphorylation of H3 at Ser-10 possibly by hindering the access of kinases to this serine

% Thus, methylation of H3 Lys-9 may impair transcription by inhibiting

residue
phosphorylation events required for transcriptional stimulation *°. A recent study
mapping the distribution of di-methylated Lys-9 on H3 across the chicken B-globin

domain during erythropoiesis showed that regions enriched in methylated Lys-9 were

depleted o f di-acetylated H3 (Lys-9 and Lys-14). H owever, H3 acetylation c orrelated
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with Lys-4 methylation, suggesting that transcriptional activation is associated with 3
methylated at Lys-4, as well as with acetylated H3 and H4 isoforms 100, Likewise, in
Tetrahymena, methylated Lys-4 of H3 is found only in transcriptionally active
macronuciei o1,

Di-methylation of L ys-4 on histone H3 along coding regions is also associated
with transcriptional activity in yeast '%2. In fact, Lys-4 methylation is more common
along coding regions than acetylation. In yeast, Lys-4 methylation along the coding
regions of active genes is mediated by Setl and this modification is required for the
maintenance of gene expression ', While methylation does not alter the overall charge
of the histone tails, it can increase histone bésjicity and hydrophobicity ¢, Thus,
methylation of the histone tails may alter their interaction with DNA and/or chromatin-
associated proteins *°.

As was previously stated, Lys-9 methylation is associated with transcriptionally
inactive and hypoacetylated genes '®. The recruitment of RNA polymerase II to the
promoter regions of inducible inflammatory genes results in histone demethylation '%,
Furthermore, this event is reversed upon the removal of RNA polymerase II. The histone
acetyltransferase Elp3 is associated with RNA polymerase II and may contain histone
demethylase activity '*. Thus, enzymes such as Elp3 may be able to remove methylated
Lys-9 without removing methylated Lys-4 and, at the same time, acetylate specific lysine
residues along the N terminal tails of H3.

Recently, the CARMI histone methyltransferase was found to be associated with
both CBP and p300 acetyltransferases, as well as the p160 co-activator SRC-2 in cultured

105-107

mammalian cells - In transient transfection studies, the interaction of all three
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factors with ERo synergistically enhanced the function of this hormone receptor '%°,
Furthermore, this effect was highly dependent on CARM 1, and PCAF while other
arginine methyltransferases with different substrate specificities could not substitute for
CARMI. Treatment of MCF-7 human breast cancer cells with estrogen for 15 min
resulted in the initial recruitment of CBP to the promoter region of the pS2 gene which
resulted in acetylation of H3 Lys-18 18 (see Figure 8). After 30 min exposure fo estrogen,
CARMI was subsequently recruited to the promoter where it methylated Arg-17 of H3.
The acetylation of H3 by CBP stabilized the association of CARM1 with chromatin and
enhanced CARM1-mediated Arg-17 methylation. These findings suggest that a crosstalk
occurs between CARM1-mediated H3 methylatiohi and CBP-mediated H3 acetylation.
The ordered recruitment of different chromatin-modifying factors to the promoter region

of the pS2 gene may generate an environment that 1s recognized by specific proteins '%,
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Figure 8. Post-Translational Modifications Along the Core Histone N Terminal
Tails. The central globular domain of each histone is depicted as a circle
with the N terminal tail extending towards the left. N terminal tail

177

sequences are from "''. Me, Ac, P, and R represent methylation,

acetylation, phosphorylation and ADP-ribosylation, respectively.
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Histone Acetylation

To date, over twenty histone acetyltransferase and 10 deacetylase enzymes have
o 4
been identified and found to be important in normal cell development and proliferation,

as well as cancer development.

Histone Acetyltransferases

The majority of histone acetyltransferases are categorized into five families based
on their sequence similarity with each other '%. The first histone acetyltransferase family
is the GNAT (Gcen5-related N-acetyltransferase) superfamily. This family includes
proteins involved in transcription initiation (Gen5 and PCAF), elongation (Elp3), histone
deposition and telomeric silencing (Hat1) "% GNAT family members function as co-
activators for a subset of transcriptional activators and the histone acetyltransferase
activity of these proteins is directly involved in transcriptional stimulation ..

Co-activators are factors that promote transcriptional activity, while CO-IE€PIessors
prevent transcription from occurring 2. Coactivators modify chromatin structure by
promoting either histone acetylation or chromatin remodeling events at the promoter
regions of target genes. Thus, a co-activator may alter chromatin structure either by
acetylating histones or remodeling chromatin directly or by indirectly recruiting other
factors that can perform these functions. For example, the ability of transcription factors
such as the ERa to activate gene transcription in the presence of estrogen ligand is
dependent on the ability of the estrogen-ERa complex to recruit coactivators either
directly or indirectly associated with histone acetyltransferase activity to the promoter

. . 114
region of estrogen-responsive genes ''>114,
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Members of the GNAT family of histone acetyltransferases contain a C-terminal

19 This bromodomain

bromodomain that is involved in protein-protein interactiox}g
serves as an acetyl-lysine targeting motif '™>''®, The N terminal domain of PCAF also
interacts with other co-activators containing intrinsic histone acetyltransferase activity
such as CBP/p300 and ACTR "', GNAT family members are directly recruited as protein
complexes to sites of transcription by several transcription factors including NF-Y,
nuclear hormone receptors [estrogen receptor o (ERo), androgen receptor and
glucocorticoid receptor], and the E1A viral oncoprotein '

A second group of histone acetyliransferases is the CBP/p300 family. CBP and
p300 are highly related proteins. The members of th;S family function as co-activators for
multiple transcription factors and are considered to be global regulators of transcription
109, CBP/p300 proteins contain a bromodomain along with three cysteine-histidine rich
domains that mediate protein-protein interactions '®. The histone acetyltransferase
activity of CBP/p300 family members is required fdr their role in transcription '''. When
bound to the promoter or enhancer region of a gene, transcription factors such as
hormone receptors, fos-jun (AP-1) and CREB can bind to CBP/p300 either directly or
through another co-activator protein ''!, CBP/p300 is required for transcriptional
activation by these transcription factors and the levels of CBP are limited within a cell
1ML - Because of this, these transcription factors must compete with one another for
available CBP. Thus, a transcription factor will have a greater chance in recruiting
CBP/p300 if it is arranged along an enhancer or promoter region with other factors that

also bind CBP/p300 "', Such is the case for ERa, whose estrogen-induced activation

leads to its association with several co-activators including SRC-1, ACTR, and PCAF.
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Of these three co-activators, p300 interacts with PCAF while CBP interacts with all three ‘
HLUT - CBP and p300 can also directly bind nuclear receptors, in the presence of ligand
independently of other co-activators 7.

In addition to interacting with nuclear r eceptors such as the ER, CBP interacts
with RNA polymerase IT holoenzyme 52!1811 Tpe p300 coactivator also binds to ERg,
and preferentially acetylates lysines 302 and 303 within the hinge/ligand binding domain
of this receptor'?®. Substitution mutation of these two ER lysine residues with arginine or
threonine significantly enhances the ability of this receptor to induce the transactivation
of an ERE-luciferase reporter construct in the presence of estradiol'?’, This suggests that
acetylation of these two lysine residues suppressési the sensitivity of ERq to estrogen
ligand *°. CBP acetylates HMGI(Y) which decreases its DNA binding affinity and
causes the disruption of the enhanceosome comblex. Thus, coactivators such as CBP are
able to bridge the gap between the transcriptional machinery and nuclear receptors, and
alter the transcriptional properties of transcription factors.

The third family of histone acetyltransferases is the MYST family. This family
includes MOZ, HBOI, Esal, Ybf2/Sas3, Sas2 and Tip60. Sas3 is the yeast homolog of
MOZ and the catalytic subunit of the NuA3 histone acetyltransferase complex. This
complex is thought to function in transcriptional elongation and DNA replication, as well
as silencing of the yeast HM mating-type loci "*'*2. Esal is found in yeast, is
homologous to Drosophila MOF and is the catalytic subunit of the NuA3 complex 2.

Esal along with GenS induce the widespread acetylation of a 4.25 kb region around the

yeast Pho5 gene '. This event causes opening of chromatin at the promoter and
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enhances the probability that the Pho5 gene will be transcribed 'Z. Lastly, HBO1
associates with a protein complex that binds to the origin of replication 124

The TAFy250 histone acetyltransferases comprise the fourth family. The proteins
in this fafnily are subunits of the TFIID transcription factor complex. Members of the
TAFy250 family contain N and C terminal kinase domains, along with a C terminal
double bromodomain that binds di-acetylated H4 with high affinity '%,

The fifth and best ¢ haracterized group of histone acetyltransferases is the pl60
family. Three distinct members of the pl60 family have been identified as multiple
splice variants. These are SRC-1/NCoA-1, SRC-3, TIF2/GRIP1/NCoA-2/SRC-2 and
p/CIP/ACTR/RAC3/AIBI/TRAM-1 13125131 o ;11€mbers of this family function as
co-activators of nuclear receptors. The interaction of p160 members with a receptor
molecule occurs through the amphipathic LXXLL helical motif of the co-activator
protein. Members of the p160 family also interact with CBP through their LXXLL
motif'"""*2. The interaction of CBP and SRC-1 with ligand-bound receptor
synergistically enhances transcriptional activation. Furthermore, the SRC-2 p160 co-
activator was recently shown to interact with the CARM] histone methyltransferase, as
well as both p300 and CBP '*'”". The interaction of CARM1, SRC-2 and p300 with the
ERa synergistically enhanced the function of this hormone receptor '%.

Histone acetyltransferases have different histone substrate specificities and
different target genes ''°. For example, the yeast Esa 1 histone acetyltransferase interacts
only with the promoter regions of ribosomal protein genes >, Likewise, Gen5 acetylates

only a small subset of lysine residues in H3 and H4 during activation of the IFN-B gene
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% Mutation of H3 or H4 also significantly decreases p300-dependent transcriptional

activation of a Gal4-VP16 reporter construct ',

4
¢

Histone acetyltransferases generally exist in large complexes and the proteins
within thése complexes determine the acetyltransferase target substrate specificity %13,
For example, the free full-length form of yeast GenS preferentially acetylates H3 in vitro
and H3 and H4 in vivo 68110137 However, the acetylating efficiency of yeast Gen5 for
nucleosomal histones increases when assembled into high molecular weight, multi-
protein complexes referred to as SAGA and Ada B 137 In addition, the pattern of histone
acetylation for GenS5 assembled into the SAGA complex is distinct from that exhibited by
GenS when assembled into Ada 7. Similarly, ‘;he histone substrate speciﬁcity of
individual human PCAF and yeast Esal acetyltransferases becomes altered when these
enzymes are assembled into multi-protein complexes ®. The phosphorylation of CBP by
ERKI1 enhances the activity of this acetyltransferase, suggesting that the function of
histone acetyltransferases may be regulated by phosphorylation events '8,

To date, every histone acetyltransferase has been shown to exist in multimeric
complexes containing other histone acetyltransferases. When a complex contains multiple
histone acetyltransferases that target distinct residues on the same protein, these enzymes
may work together to enhance transcription factor binding and activation to a level
greater than that indﬁced by each acetyltransferase alone. Alternatively, the presence of
multiple histone acetyltransferases with different substrate specificities in the same
complex may cause proteins such as histones to become acetylated at multiple sites. The

resulting pattern of acetylation may act in combination with other post-translational
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modifications such as phosphorylation or methylation to form a code that can be

recognized by other proteins.

Histone Deacetylases

Histone deacetylases are divided into 3 classes defined by their size and sequence
homologies to yeast deacetylases. The class I histone deacetylases are approximately
400-500 amino acids in length and include HDACs 1,2,3 and 8. These class I members
are nuclear transcriptional co-repressors with homology to the yeast Rpd3 deacetylase.
The class II histone deacetylases are larger proteins of approximately 1000 gmino acids
with structural homology to yeast Hdal and include HDACs 4,5,6,7,9 and 10 139,140
HDACI1 has been recently cloned and characterized '*!. Conserved residues in the
catalytic core region of HDACI1 share homology with both class I and class II
mammalian histone deacetylases '*'. Class III histone deacetylases are encoded by genes
similar to the yeast Sir 2 gene **'**. These deacetylases are dependent on NAD+ and
have ADP-ribosylase activity '4414146

Class I deacetylases are ubiquitously e xpressed, w hile ¢ lass II deacetylases are
tissue-, cell- and differentiation-specific '*. Both classes of deacetylases can deacetylate
the four core histones; however, each deacetylase has a site preference . Similar to
histone acetyltransferases, the yeast Rpd3 and Hdal deacetylases exist in distinct multi-
-protein complexes. Rpd3, which is usually physically associated with SIN3, represses
transcription when organized into a 2 MDa co-repressor complex ' The histone
deacetylase Rpd3 preferentially deacetylates lysine 5 of H4 on only a select number of

genes .
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Like histone acetyltransferases, deacetylases are targeted to specific gene regions
through their interactions with other repressor proteins. Tp date, three complexes
containing class I histone deacetylases have been characterized. These are the mSin3,
NuRD and NCoR/SMRT deacetylase complexes. Both the NuRD and mSin3 complexes
contain HDAC1, HDAC2, RbAp46 and RbAp48 151-153, However, each complex also
contains distinct factors. The mSin3 complex contains mSin3A/B, SAP30 and SAP18
components PB4, mammals, Sin3 proteins mediate transcriptional repression
caused by transcriptional regulators such as the mammalian heterodimeric repressors
Mad/Max ',

The NuRD complex contains the chromatih; remodeling factor Mi-28, MBD3, a
methyl DNA binding protein, and MTA2, a factor that modulates the activity of histone
deacetylase '°!/154156.158-160 pp o NuRD complex is believed to be recruited to methylated
DNA in Xenopus for transcriptional silencing '®'. This complex also helps make up the
MeCP1, a complex that contains MBD2, HDAC1, HDAC2 and RbAp46/48. MBD2
preferentially binds to methylated DNA and, therefore, recruits the MeCP1 complex to
methylated DNA regions %, Furthermore, the MeCP1 complex binds to, remodels, and
deacetylates methylated nucleosomes, thereby causing transcriptional repression ',
Thus, in some cases, the repression of gene expression involves the interplay between
histone deacetylation, chromatin remodeling and DNA methylation.

In the case of steroid action, SMRT or N-CoR complexes are recruited to
unliganded steroid receptors. N-CoR directly associates with HDACs 3, 4 and 5 while
SMRT can form a complex with HDACs 5 and 7 or HDAC3 133163166 Thece complexes

indirectly recruit RPD3/SIN3 complexes and the Sin3 protein, in turn, recruits histone
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deacetylase '*"1%° In the presence of receptor ligand, this repressor complex is replaced
by a histone acetyltransferase complex '71%, \

The existence of histone deacetylases in unique multi-protein complexes suggests
that deacefylases have distinct biological functions. F urthermore, the components of these
complexes influence the substrate specificity of these enzymes '*. For example, the free
form of avian HDAC1 preferentially deacetylates free but not nucleosomal H3. When
assembled into a multi-protein complex, this deacetylase preferentially deacetylates free
H2B and histones assembled into a nucleosome 170,

Class I deacetylases reside in the nucleus B . ‘However, the sub-cellular
distribution of class II deacetylases is not as straiglzlt forward. HDACs 4 and 5 shuttle
between the cytoplasm and the nucleus 7", HDACY7 is predominantly nuclear but binds to
the membrane-associated endothelin receptor A and most likely functions in the
cytoplasm "2, HDACS is strictly cytoplasmic, and HDAC9 appears to be both nuclear

. HDACs 4, 5, and 7 are transcriptional co-repressors that interact

and cytoplasmic !
with MEF2 transcription factors as well as the co-repressors N-CoR, BCoR, and
CtBP'"""™ " Similarly, HDACY interacts with MEF-2 and represses MEF-2-mediated
transcription . HDAC10 resides in the nucleus and the cytoplasm '™, In the nucleus,
this deacetylase functions as a transcriptional repressor when tethered to a promoter '™,
Interestingly, HDACG6 can interact with ubiquitin. As well, the mammalian homologue of

UFD3, a yeast protein involved in protein ubiquitination, is part of the cytoplasmic

mammalian HDAC6 complex '7°.
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Histone Acetylation and Chromatin Salt Solubility

Histones can be modified by several post—translationlasl modifications including
acetylation, p hosphorylation, u biquitination, m ethylation and ADP ribosylation (Figure
8) *. As much as one third of the histone N terminal tails are made up of lysine and/or
arginine residues '°. Specific lysine residues within the N terminal tails of the four core
histones are subject to dynamic acetylation, a reversible process catalyzed by histone
acetyltransferases, which mediate the transfer of acetyl groups on to the e-amino group of
lysine residues located in the N terminal regions of the core histones, and deacetylases,
which catalyze the removal of these acetyl groups '’°,

In 1964, Dr. Allfrey and colleagues publisi;ed a study showing that addition of
acetylated histones to a calf thymus RNA polymerase preparation inhibited RNA
synthesis by as little as 21%, while addition of non-acetylated histones inhibited RNA
synthesis by as much as 75% '"®. The results of this study provided a correlative link
between histone acetylation and transcriptional activation. Following these observations,

'” showed that chromatin regions containing rapidly and

Dr. Nelson and colleagues
highly acetylated histones are preferentially digested by DNase I. As well, micrococcal
nuclease can attack the linker DNA region of hyperacetylated chromatin more readily
than the linker DNA of hypoacetylated chromatin '*. Other studies have also shown that
Mg**-soluble chromatin fractions released from nuclei by nuclease treatment are enriched
in both transcriptionally active genes and hyperacetylated histones '81%2, Furthermore,
treatment of chicken immature erythrocytes with sodium butyrate, an inhibitor of histone

deacetylase activity, enhanced the amount of transcriptionally active DNA B*-globin

sequences and hyperacetylated histones solubilized by Mgt 182,
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To confirm that histone hyperacetylation was indeed responsible for the increased

solubilization of hyperacetylated histones and the transcriptionally active p*-globin gene

¢

<

in the presence of sodium butyrate, soluble polynucleosomes enriched in B-globin were
isolated from chicken i mmature erythrocytes and used as a substrate for yeast histone

" In the presence of sodium butyrate, the solubilization of these

deacetylase
polynucleosomes by Mg®* was drastically decreased when compared to untreated cells.
Furthermore, the transcriptionally inactive gene ovalbumin could not be significantly
solubilized in the presence or absence of sodium butyrate '8,

From these results, it appeared that chromatin fragments containing
transcriptionally active genes are acetylated more than fragments with inactive genes. In
support of this, the distribution of hyperacetylated H4 has been shown to closely follow
that of the transcriptionally active histone H5 and BA-globin genes 1n different salt-
soluble chromatin fractions isolated from chicken immature erythrooyteé 184, Thus,
histone acetylation increases both the sensitivity of transcriptionally active genes to
nucleases and chromatin fragment salt-solubility. This suggests that histone acetylation
facilitates transcription by altering chromatin structure in a manner that increases
transcription factor accessibility to target DNA sequences.

However, not all hyperacetylated and transcriptionally active DNA sequences are
readily solubilized by salt after partial nuclease digestion. In fact, as much as 76% of the
transcriptionally active histone H5 and B-globin gene sequences and 74% of
hyperacetylated H4 are associated with the salt-insoluble nuélear material of chicken

immature erythrocytes '**. The association of the majority of transcriptionally active

DNA sequences and hyperacetylated histones with the NM may be a consequence of the
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transcription process. Nuclear matrices from trout liver and adult chicken immature
erythrocytes contain 60-76% of nuclear histone acetyltransferage activity '*. As well, 75
- 80% of histone deacetylase activity is located within the insoluble nuclear material of
chicken immature erythrocytes and 40 - 50% of this activity is associated with the NM
184,185 Transcription factors such as AML and YY1 have NM-targeting sequences 186-188
and the transcriptional machinery is associated with the NM '8, The NM-binding
capability of certain transcription factors may allow these factors to recruit target genes to
transcription sites within the NM. W hile positioned at the NM, the histones along the
gene  would become dynamically hyperacetylated by NM-associated histone

Lk

acetyltransferases and deacetylases.

Histone Acetylation and Epigenetic Inheritance

It has also been suggested that histone acetylation plays a role in marking the state
of genetic activity or inactivity from one cell generation to the next, thereby
epigenetically determining the heritable transcriptional competence of a gene '
However, recent evidencelshows that catalytically active histone acetyltransferases and
histone deacetylases are unable to acetylate or deacetylate chromatin in situ during

o Moreover, these enzymes become spatially reorganized and displaced from

mitosis |
condensing chromosomes. Instead, it appears that the spatial organization of these
enzymes relative to euchromatin and heterochromatin plays an important role in

determining the post-mitotic activation of a gene 7',
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Histone Acetylation & Nucleosome Structure

Originally acetylation of histones was thought to alter ‘nucleosome structure and
weaken the interaction of histone N terminal tails with DNA "> Dr. Norton and
colleagues noted that histone acetylation decreases the extent of negative DNA
supercoiling around the nucleosome '*>. Histone acetylation also maintains the open
conformation of the transcriptionally active nucleosome *°, Thus, histone acetylation may
neutralize the positive charges on the N terminal lysine residues and loosen the contacts
between histones and DNA. A distuption in the contacts between DNA and the

nucleosome may alter the path of DNA entry and exit into the nucleosome, which may, in

tumn, affect the interaction of linker histones with nucleosomal and/or linker DNA.

The Effect of Histone Acetylation on Interactions of Histones with Non-Nucleosomal
Proteins

In addition to disrupting chromatin fiber-fiber interactions, histone acetylation
disrupts interactions between histone N terminal tails and non-nucleosomal proteins. H3
and H4 display a-helical structures in their N terminal domains when assembled into a
nucleosome or when bound to DNA "%, This observation has lead t'd the belief that the '
histone N terminal tails fold upon contact with proteins or DNA %, This a-helical
character increases upon acetylation '**. Histone acetyltransferases may positively
influence transcription by altering the structure of the N terminal tails and perturbing the
interactions of these tails with proteins that repress transcription. However, histone
acetylation may also be associated with transcriptional repression since the

heterochromatin of several organisms contains H4 acetylated at lysine 12 > As well,
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loss of the yeast RPD3 histone deacetylase results in an increase in the silencing of

telomeric DNA 7.

The Effect of Histone Acetyltransferases on the Properties of Transcription F. actors

Histone acetyltransferases can also acetylate transcription factors (p53, ACTR,
EKLF, ERa, MyoD, GATA-1, E2F1), non-histone chromosomal proteins (HMG),
components of the transcription machinery (TFIIE, TFIIF), the nuclear import protein
importin, tubulin, and flap endonuclease-1 (Fen-1), an enzyme involved in DNA

120.198-208 istone acetyltransferases capable of acetylating proteins other

metabolism
than histones are, in fact, protein acetylt'ri;msferases with putative histone
acetyltransferase activity. However, the content of this thesis focuses on histone
acetylation. Thus, proteins capable of acetylating histones will be referred to as histone
acetyltransferases r egardless o f t heir ability to acetylate substrates o ther t han h istones.
The acetylation of p53 and MyoD increases their binding affinity for DNA %29, Ag
well, acetylation of E2F1 extends the half-life of this protein *%. Thus, along with
modifying chromatin structure, acetyltransferases may function in franscription byb
altering the DNA-binding properties of transcription factors or enhancing the stability of
transcription factors.

The acetylation of HMGI(Y) plays an important role in viral-induced interferon-
gene activation as well as the inactivation of this event 210 Upon infection, the
enhanceosome assembles at the interferon-f gene promoter with the help of HMGI(Y).

At the same time, CBP and PCAF are recruited to the interferon-B gene promoter where

they acetylate H3 and H4 and, in combination with the enhanceosome, activate

38



transcription of the interferon-f gene. Following induction, CBP acetylates HMGI(Y)
which decreases its DNA binding affinity and causes the disruption of the enhanceosome
complex. In addition, the p300 coactivator preferentially acetylates ERo, within the
hinge/ligand binding domain of this receptor and this event most likely suppresses the

sensitivity of ERa to estrogen ligand '%°.

The Effect of Histone Acetylation on Higher Order Chromatin Structure

In a study of the effects of histone acetylation on transcriptional activity and
higher order chromatin folding, 12-mer nucleosomal arrays with 2 or 6 acetate groups per
nucleosome folded into similar structures in the pr:asence of 5 mM Mg 211, Up to 28
lysine residues are capable of being acetylated in a nucleosome. The addition of 12
acetate groups to each nucleosome within the array enhanced transcription 15 fold in
vitro and prevented folding of the array imnto a higher order structure, showing that a
critical level of histone acetylation must be achieved for disruption of a higher order
structure *''. Dr. Ausio and colleagues also observed that acetylated 12-mer nucleosomal
arrays have an extended and unfolded structure at 100 mM NaCl when compared to
arrays composed of non-acetylated histones 22, As 3 result, acetylation of the core
histone N terminal tails is thought to facilitate transcription by disrupting chromatin
folding and inter-fiber interactions. Such an event may promote transcriptional initiation
by increasing the accessibility of transcription factors to target DNA binding sites and/or

facilitate transcriptional elongation by maintaining the open structure of active

chromatin’®.
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The Effect of Histone Acetylation on HI-Mediated Chromatin Condensation

The effect of histone acetylation on higher order ch{omatin structure may be
mediated, in part, by H1 phosphorylation. As was previously mentioned, H1 association
with linker DNA appears to be a dynamic process '8, The dynamic exchange of Hi
molecules is not an event exclusive to transcriptionally active DNA regions. The
residence time between exchange events for a H1-GFP fusion protein on chromatin was
several minutes for both euchromatin and heterochromatin '3, However, heterochromatin
appeared to be associated with approximately 25% of the statically bound H1-GFP
protein molecules within the nucleus while euchromatin was only associated with
approximately 10% '8, In addition, hyperacetylatio"ni of the core histones by Trichostatin
A (TSA) treatment increased the rate of exchange between bound and mobile H1-GFP
molecules, suggesting that core histone hyperacetylation results in the looser binding of
HI-GFP to chromatin '®, In support of this, acetylation of histones was shown to alter the
ability of H1 linker histones to condense transcriptionally active chromatin. Histone
acetylation also altered the ability of HIl to condense DNascl-sensitive but
transcriptionally inactive chromatin ’°. This type of chromatin_ is referred to as
transcriptionally competent. Thus, core histone hyperacetylation may influence the
transcriptional activity of a gene by loosening H1 binding to transcriptionally active
chromatin.

The results of a previous experiment also show that the ability of H1 to condense
a chromatin fiber containing transcriptionally active/competent genes is hindered °.
However, the binding of linker histone to chromatin was not affected by the acetylation
status of the core histones 2'*, H1 was able to associate with transcriptionally active,

hyperacetylated chromatin, but its ability to promote fiber condensation was altered 2.
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Histone H1 can be phosphorylated on specific serine and threonine residues along
its N and C terminal tails. The phosphorylation of H1 Wea}cens its interactions with
linker DNA and destabilizes chromatin structure 18202111 g phosphorylation occurs
throughout the cell cycle and is thought to increase the accessibility of DNA to factors
involved in transcription, DNA replication and chromatin condensation during the G1, S
and M phases of the cell cycle, respectively. Phosphorylation of the mouse H1(S)-3
subtype depends on ongoing transcription and DNA replication 2 and its ability to
decondense chromatin is thought to facilitate subsequent rounds of transcription *%°.
Mouse H1 and HI(S)-3 are phosphorylated by the cdk-2 kinase 2!62!7 Thus,
phosphorylation of H1 and H1(S)-3 by factors i'ni the MAP kinase pathway may be

responsible for the continuous exchange of H1 on active chromatin and histone

acetylation may increase the rate of this exchange.

Class I & Class II Histone Acetylation and Transcription

Histone acetylation typically occurs on up to five lysine residues along the H3 N
terminal tail, 4 lysines along the H2B and H4 N terminal tails and 2 lysines along the
H2A N terminal tail (Figure 8) ® . Studies of histone acetylation dynamics indicate that
both acetylation and deacetylation occur at more than one rate "2 1y human
fibroblasts and mature avian erythrocytes, there are two populations of acetylated
histones. The first population, which accounts for approximately 15% of acetylated core
histones in hepatoma tissue culture cells, is rapidly hyperacetylated (tV2= 7 to 15 min for
mono-acetylated H4) and rapidly deacetylated (tY2=3 to 7 min). The second population,

which accounts for up to 50% of acetylated histones, is slowly acetylated (t%2= 140 to
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300 min for mono-acetylated H4) and then slowly deacetylated (tVa= 30 min) *1821°
Similarly, MCF-7 human breast cancer cells also display two‘populations of acetylated
H3, H4 and H2B histones: a rapidly acetylated one comprising 10% of the total nuclear
acetylated histones and a slowly acetylated one that includes approximately 50% of
acetylated histones !7°,

In chicken immature erythrocytes, approximately 2% of the genome is
dynamically acetylated, while the rest is either frozen in a state of mono- or di-acetylation
or unacetylated 2°. The acetylated histones in chicken immature erythrocytes are divided
into two populations. In contrast to chicken mature erythrocytes, both populations within
the immature erythrocytes display the same rate of histone acetylation (t2=12 min for
monoacetylated H4). However, in the case of H4, one population is hyperacetylated to
tri- or tetra-acetylated isoforms and then rapidly deacetylated (tY2= 5 min). This type of
histone hyperacetylation is referred to as class I acetylation. Another population of
acetylated histones, however, is only mono- or di-acetylated, and subsequently
deacetylated at a slower rate (t%2=90 min).This type of histone hyperacetylation is
referred to as class IT acetylation.

Similarly, tri- and tetra-acetylated isoforms of H2B are deacetylated in chicken
immature erythrocytes within 5 — 10 min after removal of the sodium butyrate
deacetylase inhibitor while mono- and di-acetylated isoforms become deacetylated at a

219 Acetylated H3 also appears to be rapidly and dynamically

significantly slower rate
acetylated. Tri-acetylated H3 isoforms in sodium butyrate-treated chicken immature

erythrocytes displayed a significant drop in levels 5 min after incubation in the absence of
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sodium butyrate, while mono- and di-acetylated isoforms levels remained relatively

constant for at least 120 min®'°.

Histone Acetylation & the Chromatin Immunoprecipitation Assay (ChIP)

The ChIP assay has become an important assay in studying the relationship
between histone modifications such as acetylation and transcription. In this assay,
chromatin fragmented either by sonication or nuclease treatment is incubated with an
antibody to a specifically modified histone isoform or a non-histone DNA-binding

62221223 Tpe antibody-antigen complexes are then isolated with either protein A

protein
or G sepharose and the DNA associated with the éntigen is purified from the immune
complex and analyzed by either slot blot analysis or PCR. This assay has provided

valuable information in understanding the role of histone acetylation in global-,

promoter-targeted and coding-region-targeted histone acetylation.

Global Histone Acetylation

The exact role of histone acetylation in transcription has been the subject of
debate for several decades. Histone acetylation can occur independently of transcriptional
activation ***. Dr. Workman and colleagues have shown that histone acetyltransferases
are capable of altering chromatin structure in vifro even in the presence of a
transcriptional inhibitor ***. In addition, Dr. Crane-Robinson and colleagues have
observed that acetylated lysines are distributed throughout the entire avian erythrocyte f3-
globin domain which contains transcriptionally active genes, transcriptionally competent

genes and intergenic DNA regions 2.
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Histone acetylation can be a global phenomenon. Depletion of yeast Esal, an
acetyltransferase specifically recruited to ribosomal protein and heat shock protein gene
promoters, causes a dramatic decrease in H4 acetylation over many regions of the
genome without affecting the transcription of many genes %, Similarly, acetylation of
the yeast PHOS promoter by Esal and GenS and the subsequent deacetylation of this
region by HDA1l and Rpd3 results in the widespread histone acetylation and
deacetylation of three separate chromosomal regions that make up 22 kb of DNA 2.
These observations and the studies by Dr. Workman and Dr. Crane-Robinson suggest that
histone acetylation is not always directly involved in transcription or the immediate
preparation of chromatin for transcription 62, Inste;d, histone acetylation can cause the
chromatin structure of the chicken B-globin domain to assume an open conformation that
leaves the genes within this domain accessible to transcription factors Alternatively,
histone acetylation may promote the recruitment of genes to nuclear domains enriched in
histone acetyltransferase activity.

The widespread acetylation of histones over several kilobases of DNA or within
entire regions of the nucleus is most likely mediated by the localization of
transcriptionally active or competent genes to nuclear regions of histone acetyltransferase
activity. The nucleus is a highly organized structure. For example, nuclear DNA is
organized into discrete chromosome territories during interphase > In fibroblasts,
heterochromatin, which is depleted in acetylated histones, lines the surface of the nuclear
lamina and the nucleolus and defines the boundaries for interchromatin granule clusters
(IGCs) **. IGCs are clusters of ribonucleoproteins that lie close to transcription sites,

contain RNA and are rich in splicing factors “*°. These clusters do not contain nascent
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transcripts, engaged RNA polymerase II or acetylated histones 2. Acetylated histones
and the histone acetyltransferases TAF;250 and CBP are enriched in nuclear regions next
to IGCs and excluded from the nuclear periphery and perinucleolar regions 2*°,
Dynamically acetylated chromatin localized to the periphery of IGC-like chromatin-
depleted regions can contain transcriptionally active and competent DNA sequences *%°.
However, the localization of active and competent sequences to the periphery of IGCs

» " The histone acetyltransferase CBP is also a dynamic

does not always occur
component of promyelocytic leukemia protein (PML) bodies which are ring-shaped
nuclear structures composed of PML protein, retinoblastoma protein (Rb), Sp100 and
PIC1/SUMO-1 #** Lastly, histone deacetylasés are localized into NM-associated
nuclear bodies containing the transcriptional co-repressors SMRT and N-CoR ***.

The majority of studies on histone acetylation have studied only the steady state
nature of this event. However, as was previously mentioned, histone acetylation
associated with transcription is a dynamic event with a short halflife (several minutes)
that is mediated by both histone acetyltransferases and histone deacetylases. Thus,
histone acetyltransferases and histone deacetylases are most likely targeted to the same
regions of the genome. With this to consider, more attention must be given to
understanding how acetyltransferases and deacetylases function together at specific sites
along transcriptionally active genes to fully appreciate the role of dynamic histone
acetylation in transcription.

Nuclear fractionation studies performed on chicken immature erythrocytes have

shown that the nuclear distribution of class I, but not class II, acetylated histones closely

follows that of the transcriptionally active pA-globin and histone HS genes '**. The

45



majority of histone acetyltransferase and deacetylase activity, class I acetylated histones,

and transcriptionally active B*-globin and histone H5 DNA sequernces are located in the

. ¢

insoluble nuclear material which contains the NM 184,189,234

Similar to the histone acetyltransferases CBP and TAFy250, the histone
deacetylase HDACI is excluded from the immediate nuclear periphery, preferentially
localized along the periphery of condensed chromatin regions and enriched in nuclear
regions containing IGCs that are depleted in chromatin ***. The widespread distribution
of histone acetyltransferases and histone deacetylases may also maintain a balance
between acetylated and deacetylated histones throughout the genome or regions of the
genome and this may prevent the histones along }genes from becoming transiently or
permanently fully acetylated.

Transcriptionally active genes are enriched in the NM 184235238 However, the
association of these genes with the NM is dynamic **°. DNA sequences most frequently
attached to the NM are associated with the NM less than 50% of the time 2.
Transcription factors form foci throughout the nucleus and several transcription factors
have NM-targeting DNA sequences 18724 Foci containing transcription factors are
positionally stable over short intervals of time and are capable of moving to nearby foci
over longer time periods . In the absence of ligand, the CFP-ERa. fusion protein is

highly mobile **!. Addition of estrogen slows down CFP-ERq, mobility for only a few

seconds and CFP-ERo mobility is quickly regained, suggesting that ERo dynamically
interacts with insoluble nuclear components in the presence of estrogen. In support of
this, ERa can be cross-linked to DNA by cisplatin, an agent that preferentially cross-links

NM proteins to DNA and the treatment of MCFE-7 breast cancer cells with estradiol
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causes ERot and the histone acetyltransferase SRC-1 to associate with the NM 170242
IGCs are also continually exchanging some of their components with the surrounding
nucleoplasm **. Thus, domains of histone acetyltransferases and histone deacetylases may
act on chromatin within their proximity, causing the recruitment of a transcriptionally
active gene to the NM and to foci enriched in transcription factors. The proximity of a
gene to regions of histone acetyltransferase and histone deacetylase activity may
influence the acetylation status of histones along specific regions of transcriptionally
active genes. Genes located close to regions of high acetyltransferase activity would be
more frequently acetylated than deacetylated and regions close to deacetylases would be

deacetylated more often than acetylated.

Promoter Localized Histone Acetylation

Dynamic histone acetylation is not only a global phenomenon within the nucleus.
Nucleosomes bound to a DNA template can inhibit transcription by masking and
preventing the access of transcription factors to certain DNA sequences. In a study
performed by Dr. Workman and colleagues, the assembly of nucleosomes onto a DNA
template repressed transcription in vitro and this repression could not be reversed by

3 However, transcription of this nucleosomal array was activated

target transactivators
when acetyltransferases were present **. H3 acetylation at Lys-14 of the interferon-f
promoter also correlates perfectly with TBP recruitment and transcription initiation *°. As
well, severe hypoacetylation of H3 in the coding region of several genes displays a strong
correlation with reduced transcription levels in yeast cells deficient in both GenS and Elp-

244

3 histone acetyltransferases Thus, histone acetylation plays a direct role in

transcription or the immediate preparation of chromatin for transcription.
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Studies using the ChIP assay have shown that the promoter region of a gene
becomes hyperacetylated in response to transcriptional stimulgtion 107.168.199.210,045-248 y
several cases, histone acetylation was localized only to the promoter region of the
transcriptionally active gene and was not induced along regions further downstream. The
yeast Sin3-Rpd3 histone deacetylase complex when recruited to a repressed promoter
causes histone deacetylation over a 1-2 nucleosome range V. Similarly, transcriptional
activation of the human interferon- gene by virus infection was shown by the ChIP
assay with anti-acetylated H3 and H4 antibodies to induce histone hyperacetylation over
2-3 nucleosomes within the promoter region *%°, Furthermore, the yeast GenS histone
acetyltransferase complex has been shown to acetyie;te histones H3 and H4 only within a
1 kb region in the HO gene promoter 2%,

In a recent study, the CpG island of the transcriptionally active chicken carbonic
anhydrase gene was found to be associated with higher levels of acetylated histones
compared to the near-by promoter region ¥, The acetylation of H3 and H4 along this
gene was greatest at the CpG island and showed a drastic drop at approximately 1.5
kilobases into the transcribed region. Similarly, the chicken thymidine kinase gene
displayed elevated levels of hyperacetylated histones along its CpG island *°. High
levels of hyperacetylated histones were also mapped to the chicken GAPDH promoter,
which is located within a CpG island *°. The regions downstream of this promoter that
do not contain CpG islands displayed a sharp drop in the levels of hyperacetylated H3
and H4. As well, chromatin fragments containing CpG islands are enriched in highly
acetylated H3 and H4 isoforms . These findings suggest that histone hyperacetylation is

a feature of CpG islands.
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The significance of histone acetylation along CpG 1slands is unknown. 1In one
study, TSA-induced histone acetylation facilitated DNA demethylation of an ectopically
methylated pMetCAT fusion construct transfected into HEK 293 cells ®'. Because the
interaction of demethylase with DNA is thought to be the limiting step in DNA
demethylation, the acetylation of histones associated with CpG islands may increase the

21 Contrary to these

accessibility of demethylase to its target DNA sequence
observations, another study showed that DNA demethylation preceded both
transcriptional re-activation and histone acetylation of the endogenous hMLH1 promoter
in human colorectal cancer cell lines 2. As we]l, the methyl DNA-binding protein
MeCP2 binds histone deacetylases and recruits theéc; enzymes to methylated DNA where
they deacetylate associated histones and generate a repressive chromatin structure 223
However, the promoter DNA sequences of many genes are not methylated 2** For
example, the CpG island of the Aprt gene is protected from methylation, presumably by
the presence of Spl binding sites at the 5’ end of the CpG island and the presence of

transcription factor(s) that binds to these sites 2°°.

Promoter-Targeted Histone Acetylation Occurs in  Estrogen-Mediated
Transcriptional Activation

In estrogen-mediated transcriptional activation, the binding of estrogen to ERa
causes a conformational change in this receptor molecule that allows the estrogen-ERa

complex to bind to estrogen responsive elements (EREs) within the promoter regions of

estrogen-responsive genes 2?7 Once bound to the ERE, the estrogen-ER complex
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recruits histone acetyltransferases that acetylate histones associated with the

167,168,199

promoter o

Dr. Sun and colleagues have shown that exposure to estrogen reduces the rate of
histone deacetylation in MCF-7 human breast cancer cells without altering the sub-
nuclear location, level or activity of class I and II histone deacetylases '°. Instead,
estrogen alters the distribution of ERo and histone acetyltransferases such as SRC-1 and
SRC-3 within these cells by causing both types of factors to become tightly associated
with the NM 170.241.258 Thus, binding of estrogen to the ERa, alters the balance between
histone acetyltransferases and histone deacetylases sites such that more histone
acetyltransferases are recruited to these sites than Hiétone deacetylases. This suggests that

estrogen-mediated histone acetylation of estrogen-responsive promoters is a dynamic

event that occurs in a background of histone deacetylase activity (Figure 9).
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Figure 9.

+ Egiradin]
SET———-

Proposed Model for the Effect of Estradiol on the Distribution of
Histone Acetyltransferases and Histone Deacetylases in Human
Breast Cancer Cells. In the absence of estradiol (left), histone
acetyltransferases (HAT) such as CBP, SRC-1, SRC-3, and PCAF occupy
the same chromatin regions as histone deacetylases (HDACs) such as
HDACI and HDAC2. Upon addition of estradiol (right), the ER is
recruited to NM sites and associates with the ERE in the promoter region
of estrogen responsive genes. When bound to estradiol, ERa recruits
histone acetyltransferases from other nuclear regions, thereby altering the
balance of histone acetyltransferases and deacetylases along specific

chromatin regions.
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Considerable investigation has been made into the role of histone

acetyltransferases in estrogen-mediated transcriptional activatio‘n, while little is known of
’

the direct involvement of histone deacetylases. Exposure of MCF-7 human breast to
estrogen promotes the temporal and cyclical association of histone acetyltransferases with
the promoter region of estrogen-responsive genes " Within 15-20 min following
estradiol exposure, ERa and the histone acetyltransferases AIB1 and p300 associate with
the estrogen-responsive cathepsin D promoter. RNA polymerase associates shortly
following this event. This association most likely initiates transcription since significant
levels of transcription are observed 45 min after estrogen stimulation. The association of
these factors then starts to decline 60 min from the iinitial time of estrogen treatment. A
few minutes before these factors are removed, the levels of CBP and PCAF histone
acetyltransferases associated with the cathepsin D promoter start to rise and peak between
60 and 75 min. CBP can acetylate AIB1 and this event has been shown to cause the
dissociation of p160 coactivator complexes from the promoter-bound ERo, . Thus, the
binding of CBP to the cathepsin D promoter after 60 min of estrogen treatment may be
responsible for the dissociation of AIB1 from ERq at this time point. In support of this,
transcription of the cathepsin D gene is significantly reduced after 75 min of estrogen
treatment. After 90 min of estrogen treatment, the levels of CBP and PCAF shérply drop.
Then 10 ~ 15 min later, ERc, AIB1, CBP and PCAF all assemble on the promoter in the
same order as before and the rate of transcription once again increases.

In a similar study performed by Dr. Burakov and colleagues **, the cyclical

association of ERa and its p160 coactivators with the pS2 promoter was not as evident** .

Compared to the observations in the previous study, slight differences in the order and



timing of cofactor association were observed 2%°. As well, CBP, AIB1 and p300 did not
return to the promoter to any great extent after their initial removal. In this study, the
treatment of MCF-7 cells with estrogen resulted in the recruitment of CBP, p300, ERq,
SRC-1 and AIB1 to the pS2 promoter after 30 min. The simultaneous recruitment of CBP
and AIB1 argues against the theory that acetylation of AIB1 by CBP causes its
dissociation from ERa.. The level of AIB1 then dropped after 30 min, followed by CBP
after 60 min. The level of p300 remained constant for 90 min and began to decrease after
105 min. In addition, the level of ERo remained relatively constant over 150 min of
estrogen treatment although a slight decrease was ev_édent between the 105 - 120 min time

5 0Of interest, however, was the observation that a second coactivator complex

points
composed of DRIP proteins that do not have histone acetyltransferase activity was
recruited to the promoter just as the level of p300 started to drop. Thus, instead of the
cyclical binding of the same coactivators, transcriptional activation of the pS2 gene
appeared to involve the sequential recruitment of different coactivator complexes.

An interesting observation made by Dr. Burakov and colleagues was that ERq,
CBP, p300, ACTR, SRC-1 and DRIP 205 are recruited to the pS2 promoter in MCF-7
cells within 2.5 min of estradiol treatment 2%° This recruitment is accompanied by a
simultaneous increase in the level of acetylated H4 along the pS2 promoter 2*°. Thus,
estrogen-induced histone acetylation is a rapidly induced event.

These studies on estrogeﬁ-induced histone acetylation provide valuable
information about the involvement of histone acetylation in transcription initiation.

However, they fail to consider that histone acetylation is a dynamic process mediated by

both histone acetyltransferases and histone deacetylases. In a recent study, the treatment
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of MCF-7 cells with 100 nM E2 for 45 min caused a decrease in the levels of HDAC2
and HDAC4 associated with the c-myc and cathepsin D estrogen-responsive promoters in
MCF-7 cells, while ERa, SRC-1, AIB-1, CBP and acetylated H4 levels were
increased'®’. However, the dissociation of HDAC2 and HDAC4 was not complete '¢7.
This agrees with the findings of Dr. Sun et al. '"® and further supports the theory that
estrogen treatment promotes the recruitment of histone acetyltransferases to estrogen-
responsive promoters without affecting histone deacetylase nuclear localization or
activity. Thus estrogen-induced histone acetylation of estrogen-responsive promoters

most likely occurs in a background of histone deacetylase activity.

Promoter-Targeted Histone Acetylation Assists Chromatin Remodeling

Besides playing a role in transcription factor binding, promoter-directed histone
acetylation may also be fundamental for ATP-dependent chromatin remodeling. This
type of remodeling uses ATP hydrolysis as a source of energy to alter nucleosome and
chromatin structure and enhance transcription factor binding to nucleosomal DNA-

P While chromatin remodeling complexes can alter the chromatin

binding sites
structure of trans-activator binding sites, they are unable to activate transcription alone®”.
The recruitment of the SWI/SNF chromatin remodeling complex to nuclear receptor- and
BRCAl-regulated genes is thought to increase nucleosome fluidity and facilitate the
subsequent binding of transcription factors to affected regions *°. ChIP assays have
revealed that deletion of the SWI/SNF ATPase subunit, SWI2, results in a decrease in the

level of GenS-dependent H3 acetylation along the HO TATA box in yeast >, In HO

gene expression, ChIP assays have shown that binding of the far-upstream transactivator
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protein SwiSp to its cognate DNA recognition site is followed by SWI/SNF and then
SAGA recruitment to the HO gene promoter ! These twgéfactors then facilitate the
binding of a second activator called SBF, which is thought to recruit TBP and other
components of the pre-initiation complex 2°%#¢1,

ATP-dependent chromatin remodeling is also involved in transcription
repression””. Because of this, ATP-dependent chromatin remodeling complexes are
thought to increase the rate at which a chromatin region fluctuates between an active and
repressed structure 2. If factors are present that stabilize chromatin structure and
promote transcriptional repression, then the remodeling complex will drive the chromatin
Into a repressed state by allowing the transcriptib‘nal repressors to associate with the
chromatin. However, if transcriptional activators are able to bind to the remodeled
chromatin, then the remodeling complexes will drive the chromatin structure to a
transcriptionally active state. The subsequent binding of histone acetyltransferases and
activating complexes to this chromatin structure will then “fix” the chromatin into an
active state 22,

However, ChIP assays on the IFN-B promoter in HeLa cells transfected with the
Sendai virus show that ATP-dependent chromatin remodeling complexes do not always
bind chromatin before histone acetyltransferases >,  The IFN-B enhanceosome
assembles at a nucleosome-free enhancer region of this gene and initially recruits Gen5 to
acetylate the nucleosome positioned over the TATA box and transcription start site >
This event is followed by the recruitment of the CBP-Pol I holoenzyme complex which

is followed by SWI/SNF recruitment >®. The BRG1 subunit of the SWI/SNF complex

contains a bromodomain that can interact with acetylated histones *2%_ The presence of

55



acetylated histones along a promoter may increase the affinity of the SWI/SNF complex
to this gene region. The in vitro binding affinity of SWI/SNFI toa nucleosome array was
greater when the array was reconstituted with hyperacetylated histones purified from
sodium bﬁtyrate—treated cells as opposed to histones from control untreated cells 267
Furthermore, the acetylation of histones assembled onto nucleosomal arrays by the
SAGA and NuA4 histone acetyltransferase complexes increased the in vitro binding
affinity of SWI/SNF 2% Acetylation of Lys-8 histone H4 is a prerequisite for
enhanceosome-dependent SWI/SNF and TFIID recruitment along the IFN-B promoter *°.
This suggests that site-specific acetylation, and, therefore, the generation of a histone
acetylation code along the IFN-B promoter playé ‘an important role in transcriptional
initiation of the IFN-B promoter. Lastly, GenS-mediated histone acetylation along the
PHOS promoter has also been shown to increase the rate of PHOS gene induction by
accelerating chromatin remodeling ?*. The order of recruitment for chromatin-
remodeling activities and the function of these complexes in gene activation or repression

are most likely gene-specific and dependent on the combination of transcription factors

bound to the promoter.

The Function of Promoter-Targeted Histone Acetylation

The exact function of promoter-targeted histone acetylation in transcription is
unknown. Some researchers speculate that promoter-targeted histone acetylation alters
chromatin structure and increases transcription factor accessibility to cognate recognition
sites, while others believe that histone acetylation at specific lysine residues along the

core histone N terminal tails acts in concert with additional histone post-translational
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modifications at other residues to generate a histone code that can be recognized by
specific transcriptional regulatory proteing 5890262270 e

Many different acetylated isoforms of the core histones can exist and each
isoform can be modified further by the methylation of selected lysine or arginine residues
and/or the phosphorylation of serines residues 27°. Many chromatin-associated proteins
contain a bromodomain that interacts with acetylated histone N termini ' Thus,
thousands of histone isoforms containing different combinations of tail modifications can
mark the nucleosome surface, creating recognition sites for transcription factors *°. For
example, GenS-induced acetylation of H4 at Lys-8 mediates the recruitment of SWI/SNF
while acetylation at H3 Lys-9 and Lys-14 is criéical for TFIID recruitment *°. The
acetylation of histone H4 Lys-8 is also a prerequisite for enhanceosome-dependent
SWI/SNF and TFIID recruitment along the IFN-B promoter *°,

As well, CBP recruitment to the pS2 promoter in MCF-7 cells in response to
estrogen treatment causes acetylation at Lys-18 of H3 followed by acetylation at Lys-23
1% The acetylation of Lys-23 by CBP tethers recombinant CARM to the N terminal tails
of H3 % Thus, CBP-mediated acetylation of H3 at Lys-18 and Lys-23 leads to the
recruitment of CARM1 which, in turn, methylates H3 at Arg-17 ' CBP also interacts
with many histone acetyltransferases, transcription factors and SWI/SNF 105113,118,125,271
Thus, the histone code generated by the initial recruitment of histone acetyltransferases,
histone methyltransferases and histone phosphatases to the promoter region of specific
genes can lead to the subsequent binding of additional regulatory factors and the
formation of multi-protein complexes along the promoter regions of transcriptionally

stimulated genes **'. The degree to which multiple histone acetyltransferases and
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histone deacetylases with different substrate specificities are recruited to a specific gene
region will determine the extent of histone acetylation at specific lysine residues along
the core histone N terminal tails. This will, in turn, determine whether the histones along

a gene region are class I or class II acetylated.

Histone Acetylation Along the Coding Region

Histone acetylation is not always localized to the promoter regions of genes. Fine-
mapping studies determining the distribution of acetylated histones or acetylated lysine
residues have shown that histone acetylation can extend into the coding region of a gene.
H4 acetylated at Lys-16 is distributed along the entire length of X-linked genes targeted
by the male-specific lethal dosage compensation *"**”_ As well, the chicken p*-globin
gene displays high levels of widespread H3 and H4 acetylation 2*. Acetylated lysine
residues are also located throughout the c-myc gene in Raji BL cells ***. Histones
associated with the promoter and coding regions of the c-jun and c-fos genes are
hyperacetylated in quiescent fibroblasts treated with the histone deacetylase inhibitor
TSA ”?. Dr. Freedman and colleagues have also shown that both the pS2 promoter and a
downstream open reading frame are associated with acetylated H4 in MCF-7 cells treated

with estrogen ¥

The Function of Histone Acetylation Along the Coding Region

The packaging of DNA into chromatin can hinder the access of RNA polymerase
to a gene. Even the presence of a single nucleosome along a DNA sequence can create a
strong barrier to RNA polymerase II in vifro **. Studies have shown that the nucleosomes

of a transcribed DNA sequence have an altered shape and/or composition *****°.
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Moreover, the chromatin structure of transcriptionally active and competent genes is
different. Transcriptionally active and competent genes havei an increased sensitivity to
DNasel when compared to inactive genes and the distribution of acetylated histones
correlates with that of DNasel-sensitive regions in the adult chicken B-globin domain %,

The association of hyperacetylated histones with regions downstream from the
promoter suggests that histone acetylation may function in transcriptional elongation.
Elp3, a 60-kilodalton subunit of the elongator/RNAPIT holoenzyme has histone
acetyltransferase activity and is able to acetylate all four core histones in vitro **. This
histone acetyltransferase activity is essential for the glongator function of Elp3 in vivo ¥7%,
Furthermore, the removal of GenS and Elp3 acetyltransferase activity from yeast cells
causes widespread transcription defects 2%, Gen5 functions in the transcription of only a
subset of genes. Therefore, Elp3 histone acetyltransferase activity must be important for
the transcriptional elongation of a significant number of genes.

In a recent study, Gen5 Elp3 yeast mutants displayed significantly reduced RNA
polymerase II levels that were reflected by low STE6 RNA levels and critically low
levels of acetylated H3 along the coding region of the STE6 gene 2*. Only severe (4-5
fold) histone H3 hypoacetylation along the STE6 coding region, but not the promoter
region, correlated with inhibition of transcription 2, Moreover, transcriptional inhibition
did not correlate with hypoacetylation of any individual N terminal H3 lysine residue
along the STE6 coding region but instead correlated with average overall H3

2 Thus, acetylation of gene coding regions by GcenS-containing

hypoacetylation
(SAGA) and Elp3-containing (Elongator) histone acetyltransferase complexes likely

increases the transcriptional elongation efficiency of RNA polymerase II by making the
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chromatin structure of regions downstream from a promoter more permissive to the
elongation machinery. Elp3 associates with RNA polqurase 1) G Elp3-induced
widespread histone acetylation along the coding region of a gene is most likely
accomplished through this association.

As aresult, a cell may contain two types of histone acetyltransferases with respect
to the transcriptional process: those involved in initiation and those involved in
elongation. Histone acetyltransferases required for the initiation process would enhance
transcription factor binding to promoter/enhancer target regions, while acetyltransferases
required for elongation would maintain the open nucleosome structure and possibly
enhance elongation efficiency by increasing the a;:cessibility of elongation factors to
coding regions. In support of this theory, the p300 histone acetyltransferase interacts
specifically with the initiation-competent form of RNA polymerase 1I, while PCAF
interacts with the elongation-competent form *2.

Transcriptional elongation is also influenced by ATP-remodeling complexes,
PCAF, Elongator and FACT 2*?"° The Elongator complex contains the Elp3 histone
acetyltransferase 2’®, Both the Elongator complex and the PCAF histone acetyltransferase
are associated with the elongating, hyperphosphorylated form of RNA polymerase II
2276 The FACT complex is also associated with RNA polymerase II **?7 Thig
elongation complex may facilitate transcriptional elongation by transiently binding to and
dissociating histones H2A and H2B from nucleosomes 2% = A subpopulation of
SWI/SNF co-immunoprecipitates with RNA polymerase II in vitro *%, ATP-dependent

chromatin remodeling proteins most likely disrupt histone-DNA contacts within

nucleosomes and increase the accessibility of RNA polymerase II to gene coding regions.
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During transcriptional elongation, the FACT complex may disrupt the structure of |

the octamer and cause transient dissociation of an H2A-H2B dimer from the nucleosome

Vo
as the RNA polymerase II complex enters the nucleosome. After nucleosome disruption,
histone acetylation induced by histone acetyltransferases associated with RNA
polymerase II most likely maintains the unfolded and open structure of the transcribed
nucleosome *°. N ucleosomes with an exposed H3 cysteine thiol group are enriched in
dynamically acetylated histones and associated with transcriptionally active DNA
sequences ****?7?8 Dp Davie and colleagues observed that thiol-reactive nucleosomes
are not found in chromatin fractions containing transcriptionally active nucleosomes that
have been isolated from chicken immature erythfocytes treated with an inhibitor of
transcription elongation °C. Moreover, thiol-reactive H3 sulthydryl groups could not be
detected in chicken immature erythrocytes unless they were treated with an inhibitor of
histone deacetylase activity *°. The ability of histone acetylation to maintain the structure
of the open nucleosome along gene coding regions most likely facilitates subsequent
rounds of transcription.

While much has been learned about the relationship between histone acetylation
and transcriptional elongation, little is known about the dynamics of this event. Dr,
Mahadevan and colleagues have shown that the promoter and coding regions of the
immediate early c-jun are associated with dynamically acetylated H3 and H4 histones in
quiescent mouse fibroblast cells *2. Transcriptional stimulation of the c-jun gene also
results in an increase in the levels of acetylated H3 and H4 associated with these gene

regions *2. This suggests that histone acetyltransferases and histone deacetylases are

continually targeted to the promoter and coding regions of the c-jun gene in the absence
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of transcriptional stimulation. The equilibrium between histone acetyltransferases and

histone deacetylases along these gene regions is most likely altered upon transcriptional

f i

stimulation such that the level of histone acetyltransferases recruited to these regions

exceeds the level of histone deacetylases.

The B-globin loop domain

The B-globin loop domain has served as a useful gene model for understanding
the relationship between transcriptional activation and changes in chromatin structure. In
avian embryonic development there are three generations of erythroid cells: cells made
from primitive erythropoiesis in the yolk sac, cells ‘rﬁade from definitive erythropoiesis in
the yolk sac and cells made from definitive erythropoiesis in the bone marrow 2%°. In
chicken red blood cell nuclei, the B-globin domain contains four genes (p-, &-, BH' and
BA-globin) that are divided into embryonic and adult functional domains (Figure 10) 28!,
The embryonic domains containing the p- and e-globin genes are separated by a stretch
of adult DNA containing the " and BA-globin genes 281, A1l genes within the chicken
erythroid 3-globin domain are independent transcriptioﬁ units 2,

During primitive erythropoiesis, the p- and e-globin genes are expressed in
chicken erythroid cells from a primitive lineage that is present at days 2 - 5 of embryo
development ***?83_ As the embryo develops, a complete change-over occurs in erythroid
cell lineage. Primitive erythroid cells .expressing the embryonic p- and e-globin genes are
replaced by two cohorts of non-primitive cells that transcribe both embryonic and adult

B and p™-globin genes between days 6 and 11 285284 By day 12 in embryonic

62



development, a definitive erythroid cell lineage that expresses only adult globin genes

emerges and replaces all previous lineages 2**.

L e

DNasel DNase |

SR - > -
Insensitive DNasel sensitive Insensitive

Figure 10. Diagram of the Chicken Erythrocyte B-globin Domain Showing
Regions of DNase I Sensitivity and Insensitivity. B°, B B° and g
represent the embryonic rho-, hatching-, epsilon- and the adult B-globin

genes, respectively.

During definitive erythropoiesis in the blood and bone marrow, the erythroid cells
differentiate into erythroblasts which differentiate into early-, mid- and late-

2% These reticulocytes are referred to as immature

polychromatic reticulocytes
erythrocytes **°. The reticulocytes then further differentiate into mature erythrocytes. The
amount of RNA in mature erythrocytes decreases 20-100 times below the levels found in
early erythroblasts and reticulocytes that still actively synthesize RNA 28028 Thus,
mature erythrocytes are considerably less transcriptionally active than immature
erythrocytes. For this reason, immature erythrocytes are often used instead of mature
erythrocytes to study transcription. However, definitive erythropoiesis is a continuous

280

and steady-state process “. Therefore, cells at different stages of development are
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produced simultaneously. To ensure that the population of cells in a chicken’s blood is

mostly immature, chickens are treated with phenylhydrazine, an agent that induces

!

286,287 The treatment of red blood cells with phenylhydrazine results in the

anemia
formation of hydrogen peroxide 2%’ Hydrogen peroxide oxidizes the sulthydryl groups of
enzymes and peroxidizes membrane lipids 2. Compared to mature erythrocytes,
reticulocytes contain higher levels of enzymes such as glucose-6-phosphate
dehydrogenase and catalase that are required to detoxify hydrogen peroxide 256, Thus,
reticulocytes are less susceptible to hydrogen peroxide and the majority of circulating red

blood cells remaining in a chicken after phenylhydrazine treatment are immature,

Histone Acetyltransferases & Deacetylases in Cancer Development

The role of histone acetyltransferases and deacetylases in cancer development has
become more apparent in the past few years. The most obvious case where histone
acetylation plays a role in cancer development involves the development of leukemia. In
normal immature myeloid cells, retinoic acid (RA) stimulates differentiation through the
actions of the retinoic acid receptor (RAR) **®. In the absence of RA ligand, RAR forms
a heterodimer with the retinoid X receptor (RXR). This dimer binds to specific
promoters and recruits a co-repressor complex containing N-CoR, SMRT, mSin3A and
HDAC] #92% Thus, in the absence of ligand, RAR target genes are repressed by histone
deacetylation. In the presence of ligand, the RAR-RXR heterodimer releases its
deacetylase complex and binds to CBP and p300 histone acetyltransferases which in turn
recruit PCAF and promote transcriptional events leading to cell differentiation 2°'*%,

In acute promyelocytic leukemia (APL), the gene encoding RARq is disrupted 228

In most APL cases, chromosomes 15 and 17 are translocated, forming a fusion protein
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containing RARa fused to the N-terminal portion of the promyelocytic leukemia

. 294
pro’fem2

- This fusion causes the RARa protein to become unresponsive to physiological
levels of RA 2%%2%52%  APT can also develop when the Ma protein fuses to the
promyelocytic leukemia zinc finger (PLZF) protein *°. PLZF is required for limb and
skeletal development and is a co-repressor protein that binds to histone
deacetylases”*”. The formation of this RARa-PLZF fusion protein causes the RARq. to
become resistant to RA *®. Both forms of APL are treated with RA and TSA *°. Thus,
the development of APL shows that aberrations in histone acetyltransferase and
deacetylase recruitment to specific genes can cause abnormalitics in cell growth.

Histone deacetylases are also important for normal cell proliferation. The
retinoblastoma tumor suppressor gene produces Rb protein. When dephosphorylated, this
protein binds to E2F, a transcription factor involved in DNA replication during S

*% This interaction inhibits the function of E2F, thereby causing E2F-target genes

phase
to be repressed during G1. Rb also associates with HDAC1 and both proteins have been
shown to cooperate with one another in the repression of an E2F-1-driven promoter’®?,
Exposure to inhibitors of histone deacetylases leads to upregulation of E2F target
genes”®. This observation and the fact that the majority of Rb mutations found in human
tumors occur in the domain that interacts with HDAC1 suggests that aberrations in the
targeting of histone deacetylases to specific genes can help transform a normal cell into a
cancer cell ',

In a recent study, heregulin-B1 protein levels were shown to be induced by

metastatic associated protein 1 (MTA 1), a component of histone deacetylase and

nucleosome remodeling complexes %, Heregulin-B1 is a protein involved in the
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heregulin/HER2 pathway. In ERo. positive breast cancer cells, the activation of this
pathway suppresses ERE-driven transcription and causes thg cell to lose its estrogen
responsiveness. Loss of estrogen responsiveness is believed to be a main event in breast
cancer disease progression that contributes to the development of a further advanced and
invasive cancer cell phenotype. MTA-1 directly interacts with HDACI, HDAC2 and
ERaq, and the overexpression of MTA-1 in breast caner cells is correlated with an increase
in both invasive behavior and anchorage-independent growth 3%, In addition, treatment
of breast cancer cells with the histone deacetylase inhibitor, TSA, blocks MTA-1-
mediated repression of ER responsive genes containing EREs. Thus, histone deacetylases
are also important in cancer development and the aéc}uisition of an invasive phenotype.

Aberrant expression of histone acetyltransferases can also result in the
development of various diseases. The loss of one allele of CBP has also been shown to be
responsible for the development of Ruberstein-Taybi syndrome and to leave affected
individuals prone to cancer development !>, Somatic translocations involving the CBP
gene are found in various forms of leukemia 3% Furthermore, heterozygous mice
mutants for CBP display defects in development and a high incidence of hematological
malignancies, suggesting that CBP functions as a tumor suppressor >023%3,

In addition to CBP, the histone acetyltransferase p300 is also important for cell
development. P300 double knock-out mice die early after gestation and display
abnormalities in cell proliferation and heart development, as well as neurulation %,
Considerable embryonic lethality can also be observed in single knock-out mice ***.

CBP also appears to be an important factor in breast cancer development. When

compared to normal breast tissue, CBP is upregulated in human breast tissue **. As well,
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the histone acetyltransferases TIF 2 and AIB1 are amplified in human breast tumors %

" Both histone acetyltransferases help mediate estrogen-induced transcriptional

.1

activation. Furthermore, evidence exists to suggest that the nuclear receptor corepressor
N-CoR is downregulated in invasive breast tumors **. In addition to these findings,
researchers have also identified an upregulation in the level of ER coactivators such as
SRA and PELP1 in human breast tumors 3%’ % Thus, breast cancer development may
result, in part, from the upregulation of ER coactivators and the downregulation of ER
COIEpressors.

Based on research findings accumulated to date, it appears that alterations in the
equilibrium between histone acetyltransferases and'deacetylases are most likely involved
in the generation and suppression of various cancers and diseases. In support of this, the
development of Huntington’s disease is caused by a mutant form of the huntingtin
protein, Htt, which binds to and inhibits the activity of the histone acetyltransferases CBP
and PCAF through its abnormally expanded polyglutamine-containing domain 3%.
Normally, Hitt protein with an unexpanded repeat does not localize to the nucleus, and,
therefore, is unable to inhibit histone acetyltransferase activity >%.

* The effect of hyperacetylation and deacetylation on the expression of a gene
varies depending on the gene promoter. Thus, while one event may enhance the
transcription of a gene involved in cell growth and transformation, the other event may
suppress the expression of this gene and prevent tumorigenesis. Considering this,
researchers have attempted to further define the effectiveness and mechanism of action of
histone deacetylase inhibitors in disease therapy. As well, attempts are currently being

made to identify inhibitory drugs for histone acetyltransferase activity.
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Histone Deacetylase Inhibitors

As mentioned previously, histone acetylation is a dynamic process mediated by

f ]

the actions of both histone acetyltransferases and deacetylases. The level of histone
acetyltransferase and deacetylase activity surrounding a histone substrate and the
proximity of these enzymes to this substrate determines the acetylation status of that
histone.  Thus, inhibition of histone deacetylase activity by exposure to histone
deacetylase inhibitors promotes histone hyperacetylation *°,

To date, several structural classes of histone deacetylase activity inhibitors have
been identified including short chain fatty acids (butyrates), hydroxamic acids (TSA,
superoylanilide hydroxamic acid (SAHA)), benzamides (MS-27-275) and cyclic peptides
(trapoxin A) (reviewed in °'"). These inhibitors, however, are only effective on certain
classes of deacetylases. Class I and II histone deacetylases, except HDAC 6, are sensitive
to TSA while class III deacetylases are resistant 74312314 Similarly, class I and class II
histone deacetylases, except HDAC 6 and 10, are sensitive to sodium butyrate and class
IIT deacetylases are resistant 7?1331 The sensitivity of HDAC11 to TSA or sodium
butyrate has not yet been determined.

The majority of deacetylase inhibitors prevent the proliferation of numerous types
of transformed cell lines by inducing transcription of the cell cycle regulator
p21Waf/Cip1 *>3° Histone deacetylase inhibitors, however, have differential effects on
different cell types, as well as different genes %, Thus, the mechanism of action through
which deacetylase inhibitors affect a cell varies. Some inhibitors such as TSA are able to
specifically and directly inhibit histone deacetylase activity while the effect of other

inhibitors is indirect 32!, As well, the effects of some deacetylase inhibitors such as TSA
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and sodium butyrate are reversible while other inhibitors such as Trapoxin irreversibly

inhibit deacetylase activity 2.

f i

Some deacetylase inhibitors are also more potent i inducing growth arrest than
others. For example, sodium butyrate must be present in millimolar concentrations to
affect the biological activities of a cell while TSA is effective at nanomolar

*2 These differences in potency may be a consequence of differences in

concentrations
the chain length of the inhibitors since sodium butyrate has a shorter chain length than
TSA and the lipid solubility of short chain fatty acids decreases with a decrease in chain
length 3%,

The most studied class o f histone deacetyl‘a{se inhibitor is the butyrates. These
compounds are four-carbon short-chain fatty acids produced by the intestinal microflora
as a metabolic by-product of dietary fiber ***. The physiological concentration of sodium
butyrate within the colonic lumen of an individual who consumes a low to moderate fiber
diet is 10 mM **°. The effects of sodium butyrate are reversible due to its short half-
life®. Sodium butyrate inhibits deacetylase activity and arrests cells in the G1 and G2
phases of the cell cycle *2, When present at a concentration of 10 mM, this drug is
capable of promoting histone hyperacetylation, inducing cellular differentiation and/or
apoptosis in transformed cell lines 32733,

TSA is another well studied deacetylase inhibitor. This compound is considerably
more potent than sodium butyrate and is able to induce histone acetylation and cellular
differentiation at nanomolar concentrations 233! TSA was initially isolated as an

2

antifungal antibiotic **2. Like sodium butyrate, TSA inhibits proliferation by arresting

cells in G1 and/or G2 **2, These anti-proliferative effects are mediated by the ability of
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TSA to directly inhibit deacetylase activity and promote histone hyperacetylation of
specific gene regions *?'. The specificity of TSA for inhibiting histone deacetylase
activity is reflected in the fact that this inhibitor has no in vitro effect on other enzymes

including protein kinases, protein phosphatases, DNA topoisomerases and calmodulin 333,

Effect of TSA and Sodium Butyrate on Gene Transcription

The addition of 2 mM sodium butyrate or 0.3 pM TSA to HT-29 colon cancer
cells modulated the expression of 23 out of 588 genes (approximately 4%) investigated
with the majority of genes displaying an upregulation >%, Similarly, the expression of a
small fraction (2%) of genes was altered in Jurkat and SupTT1 cells treated with 400 nM
TSA for up to 8 h **'. Whether TSA and sodium butyrate repress or induce gene
transcription varies with gene type.

In general, TSA and sodium butyrate appear to influence the expression of genes
important for cell cycle regulation, apoptosis and invasion. Several theories have been
postulated to explain the effect of these drugs on transcription. The most popular theory
states that sodium butyrate and TSA affect gene transcription by inhibiting histone
deacetylase activity which, in turn, promotes histone hyperacetylation *****°, The
resulting hyperacetylation would then relax chromatin structure and enhances the access
of transcription factors to their target DNA regions. In support of this, Archer et al.
observed that overexpression of HDAC1 blocked sodium butyrate- and TSA-induced
transcription of the p21Waf/Cipl promoter **°. TSA also induces transcription of the
human immunodeficiency virus-1 (HIV-1) promoter and disrupts the association of a

specific nucleosome positioned along this promoter that normally inhibits transcription
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#T. Lastly, TSA-resistant cell lines have an altered histone deacetylase protein,
suggesting that histone deacetylase is an important target of TSA 32!,
L

Although sodium butyrate has been shown to affect histone deacetylase activity,
the effective concentration of sodium butyrate is high enough that other parts of the cell
might be affected by exposure to this drug including the cytoskeleton and enzymes other
than histone deacetylases. Whether this inhibitor affects gene expression by directly
altering deacetylase activity or by altering the activity of a protein that influences
deacetylase function is not clear. Furthermore, sodium bﬁtyrate could influence
downstream events such as the post-translational modification of various proteins *8. The
effect of sodium butyrate on gene expression is often investigated in cells treated with
high (i.e. millimolar) concentrations of sodium butyrate for extensive periods of time (ie.
24 h or greater) and no study has been performed to date showing the direct effect of
short-term (i.e. 1-2 h) sodium butyrate exposure on the activity of various cellular
enzymes.

Evidence suggests that exposure to sodium butyrate induces the serine-threonine
protein phosphatase type 1, PP1 or another phosphatase belonging to the PP1 family **°.
Therefore, one way sodium butyrate may influence histone deacetylase activity is by
altering proteins that affect the phosphorylation/dephosphorylation status of histone
deacetylases and other proteins 3%, Changes in phosphorylation state can control the
activity of regulatory proteins **°. For example, HDAC1 is phosphorylated most likely by
casein kinase 2 (CK2) and cAMP-dependent kinase ***3*, In one study by Dr. Schreiber
and colleagues, in vivo phosphorylation of mammalian HDAC]1 fused to a FLAG epitope

tag and transfected into T-Ag Jurkat cells reduced both i vitro and in vivo enzymatic
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activity and disrupted HDACI complex formation with proteins such as RbAp48 and

mSin3A %2

o

In another study, Dr. Ahn and colleagues observed that the exposure of cells to
the phosphatase inhibitor okadaic acid leads to hyperphosphorylation of HDAC1 and
HDAC2 **. This effect was accompanied by the disruption of HDACI-HDAC?2
complexes and protein complexes containing HDAC1, mSin3A and YY1 3%, Complexes
containing HDAC1, HDAC?2 and RbAp46/48 were not affected 34°. Thus, in these two
studies, histone deacetylase phosphorylation disturbed rather than promoted the
formation of histone deacetylase complexes. Sodium butyrate-induced PP1 activity may
promote HDAC1 and HDAC2 dephosphoryldtion which may decrease histone
deacetylase activity and disrupt HDAC complexes such as Sin3 and NuRD complexes.

Contrary to these findings, Cai et al. observed that the treatment of FLAG-tagged
HDACT with alkaline p hosphatase did not s ignificantly alter the ability of HDACI to
deacetylate an acetylated histone H4 N terminal peptide in vitro **°. Also, HDAC2 can be
phosphorylated by CK2 and this event is important for HDAC2 complex formation®*!,
Hypophosphorylation of HDAC?2 disrupts the interaction of HDAC2 with mSin3 and Mi2
and phosphorylation of HDAC2 increases its enzymatic activity >*'. Thus, whether
sodium butyrate affects gene expression by increasing PP1 activity which, in turn,
decreases histone deacetylase phosphorylation and whether this dephosphorylation event
is important for histone deacetylase activity and complex formation remains to be
determined.

PP1 also dephosphorylates the phosphorylated isoforms of the four core

histones'”’. Histone H3 phosphorylation is important in establishing the transcriptional
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competence of a gene '’ Phosphorylation of H3 on Serine 10 weakens the interactions
of the H3 N terminal tail with DNA and this event may promote the binding of
transcription factors to DNA 3%, Exposure to sodium butyrate may also influence gene
expression by promoting histone dephosphorylation which may cause chromatin to
assume a more tightly compact structure that hinders transcription factor access to target
DNA sequences.

Although an effect of deacetylase inhibitors on protein phosphorylation is a
plausible explanation for sodium butyrate- and TSA-induced transcriptional repression, it
does not explain the ability of these inhibitors to induce the transcription of certain genes.
It is tempting to hypothesize that sodium butyrate ar{d TSA increase the transcription of a
gene by promoting histone hyperacetylation that alters chromatin structure and/or
maintains the open structure of the active nucleosome. However, work by Dr. Crane-
Robinson and colleagues has shown that a hyperacetylated gene is not necessarily
transcriptionally active #%%2!,

Perhaps the effects of histone deacetylase inhibitors on other cellular proteins may
be contributing towards their differential effects on transcription. For example, sodium
butyrate is capable of altering the expression levels of the ER in breast cancer cells. A
short term treatment of MCF-7 human breast cancer cells with 3 mM sodium butyrate for
3 h decreases ER mRNA levels and decreases the transcription rate of the ER gene **°. A
longer treatment of breast cancer cell lines with 5 mM sodium butyrate for 24 h decreases
both unoccupied and total ERo levels in cytosolic and salt-soluble nuclear fractions
isolated from human breast cancer cells 6. Exposure to sodium butyrate also increases

insulin growth factor binding protein-3 (IGFBP-3) mRNA and protein levels in prostate
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cancer cells **. Similarly, exposure of human hepatocarcinoma cells to 480 ng/ml TSA
for 6-8 h increases IGFBP-3 mRNA levels >,
o

Sodium butyrate also affects the activity of enzymes other than PP1 and histone
deacetylase. Sodium butyrate rapidly induces the activity of tyrosine kinases that
phosphorylate and activate several proteins including MAP kinase (MAPK) *** Sodium
butyrate also increases alkaline phosphatase activity in LIM215 colon cancer cells and
this eventis believed to be regulated by protein kinase C (PKC) 350351 Thus, sodium
butyrate may affect histone deacetylase activity by inducing PKC activity. In support of
this, the histone deacetylase inhibitors sodium butyrate and apicidin induced
transcriptional activation of a transiently—transfec‘t%d p21Waf/Cipl promoter reporter
construct and treatment with the PKC inhibitor, calphostin C, inhibited this induction 3 2
Calphostin C-mediated transcriptional inhibition was dependent on the presence of a
Spl1/3 site **2. Spl and Sp3 interact with HDAC! and HDAC?2 and apicidin inhibits

histone deacetylase activity in vitro >5°°%*, Thus, histone deacetylase inhibitors may

induce PKC and this may alter the activity of histone deacetylases recruited by Sp1/Sp3.

TSA- and Butyrate-DNA Response Elements

The direct effect of TSA and sodium butyrate on gene transcription is most likely
mediated through one or more TSA or sodium butyrate DNA response elements
positioned in the promoter region of a target gene. The calbindin-D,g, gene contains a
butyrate respohse element between -175 and -78 and its transcription is upregulated in the
presence of sodium butyrate *>°, The HIV type 1 long terminal repeat (LTR) promoter
also contains two LTR regions that are inducible by sodium butyrate and a 14 bp region

within one of these LTRs is homologous to a portion of the butyrate response element
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within the calbindin-Dag gene promoter >, A TSA-responsive element has been mapped
to a region within the IGFBP-3 that coincides with a Sp1/GC-rich region within the

promoter 8

Similarly, a butyrate response element has also been identified in a 45 bp
DNA region along IGFBP-3 in breast cancer cells that contains binding sites for Sp1 and

activating protein-2 (AP-2) 3%,

TSA and Sodium Butyrate Mediate Transcription Through Sp1 and Sp3

The expression of IGFBP-3 is induced by treatment with sodium butyrate **7,
When studying the IGFBP-3 p romoter in breast ¢ ancer ¢ ells, s odium b utyrate-induced
transcriptional activation requires binding of Spli to its target sequence within the
promoter and the association of Sp3 with AP-2 *’. Treatment of breast cancer cells with
sodium butyrate did not alter Sp1 or Sp3 total protein levels **’. Co-immunoprecipitation
experiments on MCF-7 nuclear extracts revealed that HDAC] associates with Sp1 and
Sp3 and that sodium butyrate treatment does not alter this association **’. Instead, these
experiments showed that sodium butyrate treatment decreases the association of p300
with Spl and Sp3 by 39% and 99%, respectively **’. DNA affinity precipitation assays
showed that sodium butyrate treatment increased the association of the p300 cofactor
with the IGFBP-3 promoter by approximately 40%, while the association of Sp1, Sp3 and
HDACT with this gene region remained unaltered 3%7. Thus, p300, HDAC1, Spl and Sp3
are most likely assembled into a multi-protein complex along the IGFBP-3 promoter and
exposure to sodium butyrate only increases binding of the p300 histone
acetyltransferase®’.

Similar to the IGFBP-3 promoter, sodium butyrate-induced thymidine kinase

promoter activity also requires a Sp1 binding site >*®, This induction was believed tobea
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result of the ability of sodium butyrate to release an inhibitory-constraint on Sp1, making
it possible for Spl to associate with other accessory proteins t? regulate transcription of
the thymidine kinase gene.

Tsubaki et al. have also observed that both sodium butyrate and TSA increase
IGFBP-3 mRNA and protein levels in two human prostate cancer cell lines. However, the
butyrate response elements for the IGFBP-3 promoter differed between the two cell
lines®*. One cell line contained a butyrate response element in the IGFBP promoter that
closely resembled that found in the IGFBP gene promoter in breast cancer cells. The
other cell line contained a butyrate response element within the IGFBP gene promoter
that lacked a Sp1 binding site and instead containedg p53 and GATA DNA binding sites.
Of these two sites, the p53 response element was important for sodium butyrate-induced

347

transactivation **'. However, neither P53 nor GATA were required for butyrate

*¥_Thus, in addition to Sp1 binding sites, there are several other response

responsiveness
elements important for inducing a butyrate response.

Sodium butyrate has also been shown to induce transcription of p21Waf/Cip1 by
a p53-independent mechanism that requires p300 and Sp1 **°. In the presence of sodium
butyrate, the zinc finger transcription factor, ZBP-89, binds to both Spl and p300 and
mediates the interaction between these two factors 3%, ZBP-89 also recognizes the same
p21Waf/Cipl regulatory sequences as Sp1°*. In this case, sodium butyrate is thought to
induce p21 Waf/Cipl transcription by promoting the direct association of ZBP-89 with
p300 within a transcriptional complex that contains Sp1 ¥,

TSA-induced transcriptional activation of IGFBP-3 also appears to be mediated

by Spl and Sp3 ***, TSA induces Spl phosphorylation, enhances Sp1 binding to its
y op P phosp
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consensus DNA sequence, and releases HDAC! and Sp3 from Sp! transcription factor

complexes **®. TSA treatment also enhances the binding of Sp3 to its consensus DNA

R

sequence in Hep3B hepatocellular carcinoma cells, however, Sp3 is not able to activate
several Spl-responsive promoters alone >*%, The findings discussed in this section suggest
that histone déacetylase inhibitors may perturb transcription by influencing the
association of transcription factors such as Spl, Sp3 and ZBP-89 with specific regulatory
DNA sequences, by altering the association of transcription factors bound to Spl sites
with other transcription factors and/or by inhibiting the activity of Sp1/3-associated

histone deacetylases.

Histone Deacetylase Inhibitors and Cancer Treatment

Aberrations in cellular differentiation are a hallmark of cancer and inhibitors of
histone deacetylases promote cell differentiation and inhibit cell growth. Histone
deacetylase inhibitors show considerable promise in the treatment of neurodegenerative
diseases such as Huntington’s disease and cancer 30507509 The ftreatment of transgenic
flies expressing a mutant form of the Htt protein which is involved in the development of
Huntington’s disease with the deacetylase inhibitor SAHA increases éell viability by 55%
and markedly represses early adult death in a concentration-dependent manner %,
Histone deacetylase inhibitors are also being studied as chemotherapy agents to be used
in combination with conventional cytotoxic drugs, differentiation-inducing agents,
demethylating agents, cell cycle modulators and cell survival modulators *%.

Histone deacetylase inhibitors inhibit the proliferation of squamous, breast,
ovarian, liver and prostate cancer cell lines in culture 317320360 Furthermore, the injection

of sodium butyrate into hepatocellular tumors of nude mice every second day causes an
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approximate 50% decrease in tumor size and substantially increases the survival rate ',
Such findings have prompted researchers to investigate the use of deacetylase inhibitors
In cancer patients. However, one significant problem with using sodium butyrate as a
treatment drug is its half-life of approximately 6 min. In a recent clinical trial, Tributyrin,
a triglyceride containing three sodium butyrate moieties esterified to glycerol, was used
to enhance sodium butyrate’s short half-life. The oral administration of this drug to
patients with solid tumors gives sodium butyrate a half-life long enough to reach an
effective concentration of approximately 0.5 mM in 1 day without inducing severe
toxicity in the plasma %6,

Sodium butyrate treatment inhibits the grthil of breast cancer cells with either an
ERa-positive, hormone-dependent or an ERa-negative hormone-independent
phenotype®”. Sodium butyrate treatment is also capable of arresting the ERa-negative,
highly invasive and highly metastatic MDA-MB-231 breast cancer cell line in G2/M 3%.
A large percentage of breast tumors become resistant to anti-estrogen therapy 2. Thus,
sodium butyrate may be an effective alternative to the drugs currently used in hormone
therapy for breast cancer. Also, administration of a moderate to high dose (250-500
mg/kg/day) of phenylbutyrate, a more stable form of butyrate, in BALB/c mice for 7 days
has recently been shown to inhibit normal breast epithelial cell cycle progression >°!.
Such doses increase the levels of acetylated H3, prevent cyclin D1 expression and
significantly reduce the levels of ERo in mouse mammary epithelial cells **!. In a
previous study performed by the same research group, butyrate also increased

p21(Wafl/Cipl) expression and hypophosphorylated pRB in normal mammary epithelial

cells **% Since the presence of ERa. is important for early breast cancer development and
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cyclin DI, pRb and p21(Wafl/Cipl) are important for cell cycle progression,

phenylbutyrate may be a promising drug for breast cancer treatment.

o

Phenylbutyrate has been shown in a recent clinical trial to cause the complete
remission of APL in a 13 year old girl °**. This treatment elevated the levels of acetylated
histones in the mononuclear blood cells of this girl ***. This remission lasted for 7 months
before the girl experienced a relapse and became resistant to phenylbutyrate treatment 3¢,
However, several other patients with relapsed APL did not experience a remission after
this treatment >**.

The histone deacetylase inhibitor SAHA may also be a promising drug for breast
cancer treatment. This drug inhibits the proliferatio'niof MCF-7 human breast cancer cells
in culture *®. An accumulation of MCF-7 cells in G1 was shown after exposed to 1.25
and 2.5 uM S AHA for 48 h. Concentrations o f S AHA equalto or greater than 5 uM
caused cells to arrest in G2/M %, Exposure of MCF-7 cells to SAHA also induced the
expression of proteins involved in breast epithelial cell differentiation such as milk fat
globule protein, milk fat membrane globule protein and lipid droplets 3%, Moreover,
SAHA induced the differentiation of other breast cancer cell lines including SKBr-3 (ER-
negative) and MDA-468 (retinoblastoma- and ERo-negative) **. The effect of SAHA on
the differentiation of these other two cell lines was comparable to that seen on MCF-7
cells *%,

Hormonal therapy is a popular treatment for breast cancer. Tumors that require
estrogen for proliferation can eventually acquire the ability to grow in the absence of this

hormone. Once the tumors have deveioped this phenotype, they become difficult to treat
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by anti-estrogen hormonal therapy. SAHA may therefore be a valuable alternative drug

for breast cancers with various phenotypes including hormone-independence.

!

Histone deacetylase inhibitors have also been shown to cause growth-inhibition
and potentiate RA-induced cellular differentiation of an APL cell line derived from a
patient with retinoic acid-responsive APL that expresses the PML-RARo fusion protein
%%, Treatment of this cell line with phenylbutyrate, TSA or SAHA increased the fraction
of cells in GO/G1 and G2/M and induced apoptosis **. Leukemic mice with. the PLZF-
RARa/RARo-PLZF transgenes also display an increase in their median disease-carrying
survival period when treated with RA and a non-toxic dose of SAHA sufficient to induce
the accumulation of hyperacetylated H4 in the bone ;marrow, spleen and peripheral blood

%%, Several histone deacetylase inhibitors in phase I or II clinical trials include

FR901228, SAHA and pyroxamide *'2,
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The Nuclear Matrix

The chromatin fiber is organized into loop domains th‘rough 1ts association with
the NM *. These loop domains range in size from 5 kb to 200 kb, with the average size
being 70-100 kb *. The segment of DNA that attaches to the NM at the base of each loop
is referred to as a matrix attachment region (MAR). The NM is defined as the nuclear
structure remaining after the treatment of interphase nuclei with nucleases and high salt
to remove genomic DNA, chromatin and any loosely bound proteins %7 This
structure is also referred to as the nucleoskeleton or the nuclear scaffold depending on the
method of isolation. The NM is composed oft a nuclear lamina, a fibrogranular
ribonucleoprotein network and an internal matrix 3% (Figure 11). The internal matrix
occupies the nuclear interior and is connected to the nuclear lamina **®*.  This matrix
appears as a network of intricately woven fibers built upon an underlying layer of 10 nm

fibers **°7 The composition of the 10 nm fibers remains unknown.
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Figure 11.

Electron Micrograph Showing the Ultrastructure of the Nuclear
Matrix from a CaSki Cell. (A) The nuclear matrix is composed of the
nuclear lamina (L) and a network of interwoven fibers connected to the
lamina. This cell section displays 3 remnant nucleoli. (B). Higher
magnification of the internal NM fibers showing how they are built on an
underlying network of 10 nm filaments [bars = 1 uM (A) and 100 nM

(B)]. Image taken from *7°.
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Nuclear Matrix Composition

The exact protein composition of the NM varies according to the method of NM
protein isolation. The most popular methods use high salt conditions to strip away non-
NM proteins (NMPs) from the NM 42371, Analysis of NM proteins by two dimension gel
electrophoresis indicates that the NM is composed of at least 200 proteins. The majority
of these proteins are high molecular weight, nonhistone proteins >’2. Some NM proteins
identified to date include lamins A, B and C, nucleolar protein B23, nuclear matrins, the
nuclear-mitotic apparatus protein and various heterogeneous nuclear ribonucleoproteins
(hnRNPs) including hnRNPK 366373377 HnRNPs are believed to function in RNA
metabolism and hnRNPK has been shown to posséss all the properties of a transcription
factor, suggesting that at least some hnRNPs function in transcription 5627382

Although high salt extraction NM protocols are commonly used, the exposure of
nuclei to high salt may strip away some NMPs, leaving behind an underrepresented NM
fraction. As well, controversy exists in defining the true nature of a NMP. Some
researchers believe that only those proteins detected in a NM fraction can be designated
as true NMP, while proteins found both in the NM fraction and other cell fractions are
not. However, cytokeratins are some of the more abundant nuclear proteins cross-linked
to DNA in situ by cisplatin, an agent that predominantly cross-links NM proteins to
DNA”. As well, a recent study shows that actin is tightly associated with the NM and
located within close proximity of DNA ***. Lastly, vimentin maintains a tight association
with lamin B throughout isolation of the NM and, therefore, this protein should be at least

referred to as a complementary NMP ¥,
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The function of these cytoskeletal proteins in the nucleus is unknown. In estrogen-
responsive human breast cancer cells, the levels of cytolgeratins K8, K18 and K19
associated with nuclear DNA dramatically increase in response to estrogen treatment >7°.
Thus, cytokeratins may help mediate estrogen-induced changes in DNA organization and
cell structure. In addition, B-actin is a component of the chromatin remodeling
SWI/SNF-like Brg-associated factor complex®®. Actin-related proteins, Arp7 and Arp9,
are shared components of the SWI/SNF and RSC chromatin remodeling complexes
within yeast Saccharomyces cerevisiae 3. In a previous study, the Actl actin protein,
and the Act3/Act4 actin-related proteins were identiﬁed as subunits of the H4/H2A
histone acetyltransferase, NuA4 3**. The integrity of the NuA4 complex relies on the
presence of Act3/Act4. Furthermore, Act3/Actd could bind to nucleosomes in vitro
through the N terminal domains of histones H3, H4 and H2A **. The role of actin in
chromatin remodeling and observations that actin is tightly associated with the NM

suggest that actin may play a role in transcription by promoting the binding of histone

acetyltransferases or other components of chromatin remodeling complexes to the NM>°,

Nuclear Processes Associated with the Nuclear Matrix

The NM serves as a platform that is associated with and organizes nuclear
processes such as transcription, DNA replication and RNA processing **®. The NM is
enriched in transcriptionally active genes 18423528 and RNA polymerase II is fixed at
sites along the NM ****>_ This association suggests that transcriptionally active genes are
located at the base of DNA loops where they are positioned close to the transcription

machinery. However, the possibility also exists that a gene sequence within a loop
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domain may be located at a distal site from the NM and the association of a transcription
factor with this sequence promotes its recruitment to the NM.  Transcription factors such
as AML and YY1 have NM targeting sequences '*’. As well, RbAp48 associates with the
NM **¢ Both YY1 and RbAp48 associate with histone acetyltransferases and histone

187387392 The binding of estrogen to ERo causes this receptor to bind to its

deacetylases
target DNA sequence and become tightly associated with the NM °. The NM is also
associéted with histone acetyltransferases and histone deacetylases as well as ATP-
dependent chromatin remodeling factors '8%1893%3 1 fact, the majority of hisione
acetyltransferase and deacetylase activity and most of dynamically hyperacetylated H4

are associated with the NM ¥4, Thus, the recruitment of a gene to the NM positions this

gene close to factors that promote and initiate transcriptional activation.

The Influence of Cell and Nuclear Structure on DNA Organization and Gene
Expression

The shape of a cell is governed by a dynamic tissue matrix system that links
together three-dimensional skelétal networks from the NM, cytoskeleton (CSK) and
extracellular matrix (ECM) ***. The NM is the skeletal framework of the nucleus
composed of the nuclear-pore lamina, residual nucleoli and a network of
ribonucleoproteins **°. This structure binds to MAR DNA regions along the chromatin
fiber and organizes DNA into loop domains **°.

The tissue matrix system is believed to form a structural and functional
connection between the cell periphery and DNA, establishing a mechanical signaling

pathway to transmit signals from the cell’s exterior to nuclear DNA. In support of this,
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disrupting the CSK with cytochalasin D or acrylamide prevents a cell from interacting
with the surrounding ECM **¢ and pulling a single chromosqme out from an interphase
cell results in the removal of all subsequent chromosomes along with the CSK 37
Furthermore, a mechanical tug of the integrins on a cell surface alters the organization of.
the cytoskeletal filaments, the location of the nucleoli and the shape of the nucleus ***,
Because the tissue matrix connects the cell periphery with nuclear DNA, any
changes in the organization of the components of this system may influence gene
expression. For example, a change in cell shape induced by the ECM induces the

expression of B-casein >

. As well, a change in cell shape along with the binding of the
ECM to the p53 gene leads to changes in the nuclear localization of the p53 gene **¢
Furthermore, the ECM down regulates the expression of TGF-B % Thus, the ECM

plays a role in the transcriptional regulation of some genes.

Alterations in the Structure of DNA in Cancer Cells

Considering that cell and nuclear structure is intimately related to DNA
organization, changes in any of the components affecting cell or nuclear shape may
directly or indirectly alter DNA organization. Changes in DNA organization may, in
turn, alter the position of particular genes relative to specific transcription factors and
subsequently induce the aberrant expression of genes that confer pre-cancer cells with a
growth advantage. Such a theory is possible since changes in CSK organization have
been observed in Kirsten kidney cells when transformed with the ras oncogene ‘. As
well, exposure of a cell to the tumor promoter, phorbol 12-tetra-decanoate 13-acetate

(TPA) causes gross morphological changes in cell structure and the organization of NM-
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associated intermediate filaments *°’.  The actin microfilament arrays of the CSK also
appear to play an important role in gene expression. Estradial treatment of the MCE-7
human breast cancer cell line causes rearrangements in the F-actin cytoskeleton that lead
to the formation of lamellipodial structures 2,

Studies performed in our laboratory -show that exposure of the MCF-7 human
breast cancer cell line to estradiol increases the total cellular levels of cytokeratins K8,
K18 and K19, as well as the levels of cytokeratins K8, K18 and K19 associated with the
NM and with nuclear DNA % Similarly, the treatment of rat vaginal epithelium with
estradiol results in an increase in the levels of tQtal cellular cytokeratins “**. Thus,
estrogen appears to induce changes in cytoskeletai ‘structure. Whether these changes are
directly involved in or a consequence of estrogen-induced transcriptional initiation

remains to be determined.

Nuclear Matrix Proteins in Cancer
While some NM proteins are common among different cell types, others are
tissue- and cell-type specific with their expression reflecting the stage of differentiation

22I6CIUITITEANAS - Geveral studies have also shown that the protein

and development
> e 242,406-411
composition of the NM varies between normal and cancer cells . Breast
carcinomas but not normal or benign cells express a 114 kDa matrix attachment region
binding protein and the expression of this protein is elevated in poorly differentiated
breast ductal carcinomas *>. Changes in NM composition have also been shown to

correlate with the metastatic potential of oncogene-transformed mouse fibroblast cell

lines and with the state of differentiation of breast cancer cell lines #*%% In addition, the
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expression of three NM proteins has been found to correlate with the acquisition of
metastatic liver cancer *!!. iy

In a recent study, we identified differences in the levels of proteins associated
with DNA in well- and poorly differentiated breast cancer cell lines with hormone-
dependent and —independent phenotypes using the agent cisplatin . Cisplatin, otherwise
known as cis-diamminedichloroplatinum (ID), is a particularly useful agent for identifying
NM proteins bound to nuclear DNA in situ '>** This agent cross-links proteins within a
4 A distance of DNA and the majority of proteins cross-linked to DNA with cisplatin are
NM proteins. As well, the DNA cross-linked to proteins is enriched in MAR sequences
415-424. ;

In the area of bladder cancer research, scientists have identified NMP22 and
BCLA-4 as NM proteins expressed at high levels in bladder cancer cells that are excreted
in the urine of cancer patients “**. Such findings have lead to the development of kits for
the detection of these differentially expressed NM proteins from the urine of bladder

% The development of this non-invasive approach for cancer detection

cancer patients
has instigated a widespread effort for identifying NM proteins that are specific for cancer
cells and easily detected in the blood or serum of cancer patients. Thus, the use of NM
proteins as diagnostic indicators for cancer shows great promise. However, it is

important to further elucidate the role of these NM proteins in cancer development since

this may reveal new targets for cancer therapy.
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Breast Cancer

Breast cancer is one of the most common diseases among women in Western
countries. Several genetic and environmental factors most likely influence the
development of this disease, and, to date, only several risk factors have been established
including: age (breast cancer incidence doubles every 10 years), family history of breast
cancer and exposure to hormones such as estrogen %7

The influence of estrogen on breast cancer development has been substantiated by
observations that this hormone promotes the development of mammary cancer in rodents
and induces the proliferation of human breast cancer cells. Furthermore, the relative risk
of a woman in developing breast cancer is dependén‘t on factors influencing the length of
exposure to estrogen such as early menarche, late menopause, postmenopausal obesity
and hormonal replacement therapy **’.

The breast consists of several different cell types including epithelial,
mesenchymal, fat, immune and fibroblast cells. The majority of breast cancers are
epithelial in origin. Estrogen action is mediated through the action of the ERa.. The ERq
is infrequently expressed in normal breast epithelial cells while at least 70% of all
invasive breast cancers express the ERo, and are termed ER-positive ', Breast cancer
cells are thought to require estrogen in their initial stages of growth. The majority of
breast cancers arise in post-menopausal women. Estrone is the major circulating form of
estrogen in these women. This form of estrogen has one-tenth the biological activity of
17B-estradiol %%, Thus, the estrogenic environment is weak within post-menopausal
women. Because of this, it is thought that ER-expressing breast cancer cells acquire a

degree of independence from estrogen for proliferation %,
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Another characteristic of late stage disease development is the acquisition of an
anti-estrogen resistant phenotype. Endocrine therapy is an important treatment regimen
for breast_ cancer patients. This therapy involves treating patients with anti-estrogenic
compounds such as tamoxifen that prevent estrogen-mediated transcriptional activation.
However, approximately 50% of ERa-positive breast cancers become resistant to the

“% Thus, the mechanism of estrogen action and the steps leading to

tamoxifen
acquisition of an estrogen-independent and anti-estrogen-resistant phenotype must be
determined to further understand breast cancer development and to improve disease

therapy.

Breast Cancer Progression Cell Models

To date, many cells lines have been developed from different tumors and studied
to further elucidate the mechanisms responsible for estrogen-induced breast cancer cell
proliferation. The data collected from these cell lines have been very useful for
understanding early and late stage breast cancer. However, these cell lines have provided
little insight into the events involved in the progression of this disease from an early to a
late stage of development. Endocrine resistance is an important factor in breast cancer
development and treatment. For this reason, Dr. Clarke and colleagues developed a breast
cancer progression series composed of cell lines from a common lineage with different
stages of estrogen and anti-estrogen responsiveness. For a brief summary of the
phenotypes of each cell line, refer to Table 4.

The cell lines in this progression series are MCEF-7, MIII, LCC1 and LCC2 ***1,

The MIII cell line was developed by inoculating the mammary fat pads of an
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ovarectomized athymic nude mouse with MCFE-7 cells ' This inoculation led to the
development of a tumor that was harvested and made into the: MIII cell line. MIII celis
were then injected into each flank of an ovarectomized athymic nude mouse
Proliferating tumors were excised, cultured together and the resulting cell population was
designated LCC1. The LCC1 cells were then grown in the presence of increasing
concentrations of tamoxifen **°. Cells able to grow in the presence of 10°M tamoxifen
were designated LCC2. All four cell lines in this series express ERa to the same extent
#2430 The MCF-7 cell line is totally dependent on estrogen for growth and tumor
formation in nude mice *°. The MIII, LCC1 and LQCZ cell lines are estrogen-responsive
but they do not require estrogen for proliferation“m. The MIII, LCC1 and LCC2 cell
lines form proliferating tumors in untreated ovarectomized nude mice; however the time
required for LCC1 cells to form a tumor in these mice is much shorter than that for MIII

280 1,CC2 cells also have a shorter lag time for tumor formation than MIII cells,

cells
but their lag time is slightly longer than that of LCC1 cells 29930 All four cell lines are
sensitive to ICI (Imperial Chemical Industries) 182,780 **°  an anti-estrogen that
decreases cellular levels of ERq by promoting ERa ubiquitination and increasing
proteasome-dependent degradation of this receptor molecule’™ This anti-estrogen also
prevents the binding of ERa to DNA *%,

The MCF-7, MII1, and LCCI1 cell lines are sensitive to tamoxifen while the LCC2
cell line is tamoxifen-resistant **°. The binding of tamoxifen to ERa inhibits transcription
by promoting the recruitment of transcriptional corepressors such as NCoR, SMRT,

HDAC2 and HDAC4 to the promoter region of estrogen-responsive genes '*’. The MCF-

7 cell line is non-metastatic and non-invasive while the MIII and LCC1 cell lines are able
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to invade locally from solid mammary fat pad tumors and produce metastatic lesions %2,

% The study of this breast

In addition, the LCC2 cell line is invasive and metastatic 433’4?
cancer progression cell line model may provide insight on the mechanisms responsible

for breast cancer development.

Estrogen Action

Estrogen is important in the development and function of the reproductive system.
Furthermore, estrogen is a key regulator of bone metabolism and may have

256 There are three naturally occurring forms of estrogen: 17p-

cardioprotective effects
estradiol (E2), estrone (El), and estriol (E3). 'iThese estrogens are derived from
cholesterol.

Estradiol is primarily produced in the ovaries of a woman, while estrone and
estriol are primarily formed from estradiol in the liver “*°. During pubescence, a girl will
contain 55 to 128 pmol of estradiol per liter of serum. The production of estradiol
fluctuates during the menstrual cycle with the highest levels occurring in the pre-

ovulatory phase **°.

As a woman enters the peri-menopausal period, a depletion of
ovarian follicles occurs and the levels of estradiol in her serum begin to progressively
decline *°. Post-menopausal women display estradiol concentrations as low as 73 pmol
per liter of serum. The predominant form of estrogen in these women is estrone and most
of the estradiol is produced outside the ovaries ©°.

After 17p-estradiol has been synthesized, it is secreted into the bloodstream where
it either freely diffuses into target tissues or reversibly binds to sex hormone-binding f-

5

globulin and albumin ®*°. When encountering its target cell, estradiol passively diffuses

into the cell and binds to ERq.
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The ERo is a member of the nuclear receptor superfamily, a family of receptor
molecules with similar structural and functional properties. There are two subtypes of the
ERa and several isoforms and splice variants of each subtype. The first subtype, ERa,
has 6 regions (A-F). The N terminal A/B domain contains a ligand-independent
activation function AF-1. Region C is located in the center of the ERo and contains a
zinc finger DNA-binding domain. This region is responsible for sequence-specific
recognition of DNA response elements. Next to the DNA-binding domain is the hinge
region. This region contains elements involved in nuclear localization and may also
contain elements involved in ER transactivation, function, as well as co-regulator
binding''>. At the C terminal end of the receptor molecule is region E. This region
contains a ligand-binding domain, a transcriptional activation domain (AF-2), a
dimerization domain, a nuclear localization domain and a co-factor binding domain '*?,
AF-2 undergoes conformational changes in the presence of different ligands and creates a
hydrophobic surface by co-activators in its agonist-bound conformation %°¢. Lastly, region
F is a C terminal region of unknown function '

The second ER subtype is referred to as ERp. Compared to ERq, this subtype has

a different structure, low sequence homology, and, in most cases, a different tissue

distribution. The ligand binding domain of ERB has only a 55% sequence identity to that
of ERa . Asa result, the binding affinities of ERo and ERB vary with different ligands
3 Despite this difference, both subtypes have the same affinity for 17B-estradiol;
however, the manner with which each subtype influences transcription when bound to
estradiol differs. Estradiol activates transcription when bound to ERa and represses

transcription when bound to ERB *7. ERB can be found in many different tissues
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including kidney, intestinal mucosa, bone marrow, bone and endothelial cells, while ERq,

. . . . 435
is found in breast cells, ovarian stroma and endometrium ***. .

i

Mechanism of ER-Alpha T ranscriptional Activation

The unliganded form of ERq exists in a complex containing chaperone proteins
that either stabilize the ERa, in an unactivated state or mask the DNA binding domain of
the ERo. %*° Whether unliganded ERa. remains in the cytoplasm or the nucleus
remains to be determined. While one theory suggests that unliganded ERc is located
predominantly in the nucleus *°, another suggests that unliganded ERq is equally
distributed between the cytoplasm and nucleus 2°**°. When free estrogen is present, it
binds to the ligand binding domain of the ERo, el causing helix 12 to alter its position
such that it encloses the estrogen molecule in a hydrophobic cavity **.  These
conformational changes in the ERo. molecule cause the chaperone proteins associated
with ERa to dissociate. The estrogen-ER complex then either diffuses into or relocates
itself inside of the nucleus where it binds to an ERE DNA sequence as a homodimer or as
a heterodimer with ERp #*643%438505 ppo binding of estrogen ligand to ERa and the
subsequent binding of this receptor-ligand complex to DNA also enables the interaction
of ERat with the LXLL motif of transcription co-activators *°.  These co-activators
contain histone acetyltransferase and/or recruit other co-activators with histone
acetyltransferase activity'!®!!! In addition, estrogen stimulation of MCF-7 cells leads to
the recruitment of the CARMI arginine methyltransferase to the pS2 promoter. As a

result, proteins with histone acetyltransferase and methyltransferase activity become
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localized to the ligand-bound receptor, causing the structure of chromatin surrounding
this receptor-ligand complex to assume a more permissive environment for transcription.
In its unliganded state, the ERo molecule can also interact with histone
acetyltransferases and deacetylases. In a recent study, the histone acetyltransferases AIB-
I and PCAF were associated with the cathepsin D promoter in the absence of
estrogen'**** ERq, CBP, SRC-1 and AIBI are also associated with the pS2 and c-myc
promoters in the absence of estrogen 2*°. However, the levels of histone acetyltransferases
along these different promoters are significantly lower compared to levels in estrogen-
treated cells. Furthermore, ERa, N-CoR, SMRT, HDACZ and HDAC4 are associated
with the c-myc promoter in the absence of estrogen '*’. Such findings suggest that the
histones along an estrogen-responsive gene promoter are continually being dynamically
acetylated at all times. In support of this, dynamic acetylation has been observed along
the c-fos and c-jun genes in mouse fibroblasts grown in the absence of any transcriptional

7, Interestingly, a low level of acetylated H4 is

stimulation or gene transcription
associated with the pS2 and c-myc promoters in the absence of estrogen, suggesting that
the level of histone acetyltransferase activity recruited to these promioters in the absence
of transcriptional stimulation exceeds the level of histone deacetylase activity ‘2% In
the presence of estrogen, the level of histone acetyltransferases associated with the c-myc,
cathepsin D and pS2 promoters substantially increases. Thus, exposure to estrogen most
likely promotes the recruitment of additional histone acetyltransferases to the promoter
region of estrogen-responsive genes where they compete with the pre-existing histone

deacetylases and sway the balance of histone acetyltransferase and deacetylase activity

such that acetylation is the favored reaction.



Several types of EREs exist within the genome. The consensus ERE consists of a
palindrome of PuGGTCA motifs separated by 3 bp . Each molecule of the ER dimer
binds to its own PuGGTCA motif ***. The ERa binds with strong affinity to the
consensus ERE; however, this sequence is present at a relatively low frequency of
approximately one in 4 million base pairs 2°¢, Recently, it has been proposed that ERE
sequences regulate the activity of ERa and other nuclear transcription factors in an
allosteric manner. More specifically, the sequence and orientation of EREs may cause
changes in the structure of the ERa molecule that influence the association of co-
regulatory proteins with this receptor molecule 439’44?.

In addition to recognizing the consensus ERE palindrome, ERa binds to imperfect
palindromes where at least one of the bases has been mutated 2 %441 In fact, the majority
of estrogen target genes contain imperfect palindrome EREs **. The ERa dimer binds to
these sequences with a much weaker affinity than the consensus sequence; however, the
binding affinity of ERa for an ERE does not necessarily reflect the transcriptional
response*”’. ERa also binds with weak affinity to sites containing only one PuGGTCA
sequence 2544 Thus, the ERa has a large number of sites through which it can bind and
activate transcription in the presence of estrogen.

The response of a gene to estrogen may also depend on the ability of ERq to
cooperate with other transcription factors such as AP1 and Spl. Many regulatory regions
of estrogen responsive genes such as c-myc and cathepsin D contain either a half or full
ERE palindrome associated with GC boxes (GGGGCGGGG) or GT/CACCC boxes
(GGTGTGGGG) ¢ The Spl transcription factor binds to these boxes and assists in

estrogen-induced transcriptional initiation “**. In human breast cancer cells, the ER has
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even been shown to cooperate with Sp1 in the transcriptional activation of an estrogen-
responsive gene lacking an ERE *“***®* As well. ER« can also ’regulate estrogen-induced
transcription through its association with AP 1, a protein heterodimer composed of
transcription factors from the Jun/Fos family *****_Such observations show that the ERa
does not necessarily bind DNA to initiate transcription. Although the mechanism of Spl
action is unknown, it appears to be cell type-specific since estrogen is unable to activate
Spl in HeLa cells expressing ERa. 2*°. The ability of ERa to interact directly with
specific genes through an ERE and/or to interact with other proteins involved in gene
regulation may result in “cross-talk”, an event where ERo( can influence gene expression

3

by activating more than one distinct signaling pathﬂway. Thus, transcriptional regulation

by ERa is a very complex event 2°.

Estrogen Induces the T ranscriptional Activation of the pS2 Gene

Approximately 0.4% of the genes within the nucleus are transcriptionally
activated in the presence of 10 M estrogen for 3 h *”. The pS2 gene, otherwise known
as Trefoil factor-1, is a well studied, estrogen-responsive gene that has provided
considerable information about the mechanism of estrogen action in breast cancer cells.
The pS2 gene belongs to the trefoil peptide family, a small family of polypeptides with
molecular masses of 6-7 kDa characterized by at least 1 trefoil domain composed of a
triple-looped, cysteine-rich region **°. The Trefoil domain is held together tightly by three
disulphide bonds. Because of this, the pS2 protein is resistant to enzymatic digestion *'.

Expression of the pS2 gene was first detected in the MCF-7 human breast cancer

cell line during a search for estrogen-induced genes %3 When MCF-7 cells are treated

97



with 10 nM estradiol, transcription of the pS2 gene begins as early as 15 min and
continually increases over a 24 h period ** While the pSZ.gene is not expressed in
normal breast tissue, it is expressed in approximately 68% of breast tumors *° and its
expression correlates strongly with the presence of ERq, %456 Only a small portion of
the cells within a tumor express pS2 and the percentage of pS2-positive breast cancer
cells is lower in tumors from post-menopausal women ***¢ The expression of pS2 is
controlled at the transcriptional level and its expression in human breast tumors is
suggestive of a favorable response to therapy with anti-estrogenic compounds that inhibit
the growth-promoting effects of estrogen **”.

The pS2 gene is also expressed in other types of carcinomas including stomach,
pancreatic, lung, endometrium, prostate, bladder, cervical, ovarian and skin cancer

451

(reviewed in ™). In these carcinomas, the expression of pS2 is not dependent on the

presence of ERc, indicating that the expression of this gene can occur by pathways
alternative to those mediated by ERo “**%%° In support of this, the 5” flanking region of
the pS2 gene contains a complex promoter/enhancer region that is responsive to a variety
of stimuli including estrogen, EGF, c-jun, the c-Ha-ras oncopro’téin and the tumor
promoter, TPA **!. The ERE within this promoter is an imperfect palindromic sequence
consisting of 13 bp (GGTCACGGTGGCC). The efficiency of ERa binding to the pS2
ERE is 5 times lower than that of a perfectly palindromic ERE *Z2.

Although pS2 is expressed in tumors, it is normally and predominantly expressed
in the stomach **. In the gastrointestinal tract, pS2 expression is increased around sites of
mucosal injury such as peptic ulcers. At these sites, pS2 is thought to assist in mucosal

repair by stimulating the migration of surviving cells from the wound edge to over the
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exposed lesion **!. Thus, pS2 is thought to function as a motogen, a factor that promotes
cell movement. In support of this, pS2 expression is positively correlated with lymph

i

- 45
node metastasis *°.

In the past, it has been speculated that pS2 functions as a mitogen. However, to
date, no conclusive evidence has been presented to substantiate this theory. The pS2
protein may also function as a tumor suppressor since pS2-knock out mice display severe

hyperplasia and high-grade dysplasia as well as adenoma in the stomach **.

Structure of the pS2 Gene

The pS2 gene consists of 3 exons separated; by 2 introns (Figure 12). Response
elements to estrogen, EGF, TPA, c-HA-ras and c-jun are located next to each other in the
57 flanking promoter/enhancer region of the gene “'. Two nucleosomes are positioned
along the pS2 promoter region, one over the TATA box (nucleosome T) and one over the
ERE (nucleosome E) “**. Nucleosome E also covers two Sp1 binding sites and one Apl

binding site (Figure 12).
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Figure 12. Schematic Diagram of the pS2 Gene and Promoter. (A) The pS2 gene
is organized into a promoter region and three exons. The bar above the
schematic of the pS2 gene represents 1 kb of DNA. (B) The pS2 promoter
contains an imperfect estrogen response element (ERE), a TATA box, and
DNA-binding sites for SP1 and AP1. Nucleosomes E and T display the

positioning of nucleosomes over the ERE and TATA DNA sequences.
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Objectives, Rationale & Hypotheses

The overall objective of my studies was to determiqq the relationship between
chromatin structure and gene expression. Since chromatin structure can be influenced
directly by factors that alter the properties of histones and indirectly by the NM, my
project was divided into two main areas: one focusing on the role of histone acetylation
in DNA organization and gene expression and the other focusing on the role of the NM in
DNA organization and cancer development.

To further understand the involvement of histone acetylation in transcription, the
acetylation dynamics of histones located along a constitutively active (BA—globin),
competent (g-globin) and inactive (vitellogenin) gér\w were studied in chicken immature
erythrocytes. While the relationship between histone acetylation and transcription has
been well studied, little is known about the dynamic behavior of histone acetylation and
how this behavior affects transcription. Populations of histones displaying the same rate
of acetylation but different rates of deacetylation have been identified 2**?® Davie and
colleagues have provided correlative evidence suggesting that the histones associated
with transcriptionally active genes are rapidly and dynamically acetylated while histones
along inactive genes are either slowly acetylated, unacetylated or in a static state of
acetylation depending on the transcriptional competence of the gene '*

The transcriptional machinery and the majority of transcriptionally active DNA
sequences are associated with the NM 84189234238 = 4 ¢ well, the majority of histone
acetyltransferase and deacetylase activity is associated with the insoluble nuclear skeleton
which contains ~the NM ¥ Thus, the observations of Dr. Davie and colleagues suggest

that active genes are located within nuclear regions enriched in histone acetyltransferase
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and deacetylase activity and that perhaps the ability of these enzymes to induce a rapid
and dynamic state of acetylation assists in the recruitment  of transcriptionally active
genes to sites of transcription. With this to consider, one of the goals of my research was
to determine if the histones along transcriptionally active, competent and inactive genes
have the same rate of deacetylation. As well, I determined if the genes bound to the NM
are associated with hyperacetylated histones.

We hypothesize that dynamic histone acetylation acts to recruit genes to sites of
transcription associated with nuclear substructures such as the NM. Thus, we postulate
that transcriptionally active genes are located in nuclear regions enriched in histone
acetyltransferase and histone deacetylase activity. ;l“he close proximity of these genes to
these enzymes causes the histones associated with these active genes to be class I
acetylated. Transcriptionally competent genes are most likely located in nuclear regions
with lower amounts of histone acetyltransferase and deacetylase activity and are,
therefore, associated with histones that are dynamically acetylated at a slower class II
rate. Inactive genes remain in a more condensed structure relative to active and
competent genes and are not dynamically acetylated.

Another portion of my research focused on studying the involvement of dynamic
histone acetylation in estrogen-mediated transcriptional activation. While histone
acetylation has been found to occur on the promoter regions of estrogen-responsive genes

19%1% the nature of this acetylation and its exact function in

in the presence of estrogen
hormone-mediated transcription remains to be determined. To date, the involvement of

histone deacetylation in estrogen-mediated transcriptional activation has been largely

ignored. Without sufficient proof, many researchers have postulated that exposure to
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estrogen causes the replacement of histone deacetylases situated along an estrogen-
responsive gene by histone acetyltransferases. However, it is possible that deacetylases
are present both in the absence and presence of estrogen and that treatment with estrogen
simply disturbs the balance between acetyltransferases and deacetylases, causing an
increase in the recruitment of histone acetyltransferases while a background of
deacetylase activity persists.

Previous studies suggest that histone acetyltransferases are situated along the
promoter region of estrogen-responsive genes .in the absence of estrogen '°® In the
presence of estradiol these acetyltransferases cycle on and off the promoter region in a

198 Little investigation has been made to determine if dynamic

time-dependent manner
histone acetylation takes place downstream from the promoter regions of estrogen-
responsive genes and if this event is dependent on transcription. Therefore, my objectives
were: 1) to determine if histone deacetylases are associated with the pS2 gene by using
inhibitors of deacetylases that increase histone acetylation levels along gene regions
associated with histone deacetylases and by identifying the location of HDAC] along pS2
promoter and coding regions and 2) to determine if estrogen-induced histone acetylation
is a widespread, dynamic and transcription-independent event mediated by histone
acetyltransferases and deacetylases that are associated with the entire estrogen-responsive
gene.

We hypvothesize that in the absence of estrogen, the pS2 estrogen-responsive gene
gene is localized to nuclear regions enriched in histone acetyltransferases and histone

deacetylases in MCF-7 cells. Exposure to estrogen causes ERa to bind to the pS2

promoter and recruit histone acetyltransferases to this region where they work against the
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action of pre-existing histone deacetylases to increase the frequency of histone
acetylation. This promoter-targeted event occurs indepegg:iently of transcriptional
initiation and is a cyclical event involving the rapid binding and dissociation of factors to
estrogen~résponsive promoters. Exposurev to estrogen also induces histone acetylation
along the pS2 coding regions in the presence or absence of transcription. This event
modifies chromatin structure to facilitate transcription. Lastly, treatment of MCF-7 cells
with histone deacetylase inhibitors dissociates histone deacetylases from the promoter
and coding regions of the pS2 gene without affecting the association of histone
acetyltransferases. Thus, exposure to histone deacetylase inhibitors induces histone
acetylation along the promoter and coding regions of the pS2 gene.

Lastly, the final objective of my studies was to see if changes in NM organization
may be involved in the acquisition of phenotypes important for breast cancer cell
invasion, metastasis and resistance to anti-estrogen treatment. In a previous study,
differences were observed in the patterns of NM proteins isolated from well- and poorly-
differentiated breast cancer cell lines “°® and some of these differences were observed in
patterns of NM proteins associated with DNA “*°.  This observation was significant
because well-differentiated breast cancer cells generally have a more favorable outcome
after anti-estrogen treatment when compared to poorly-differentiated cells, The
possibility exists that changes in NM composition can alter DNA organization and
initiate downstream events that give a cancer cell a more aggressive phenotype. Thus, the
final objective of my research was to study the changes that occur in NM composition

and DNA-associated proteins in the cell lines from a breast cancer cell line progression

series. We hypothesized that cell lines with different phenotypes in a breast cancer
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progression series display differences in the expression profiles of specific NM proteins
either directly or indirectly involved in DNA organization. Thus, the progression of a
breast cancer cell to a more advanced stage in disease development is accompanied by

changes in DNA organization mediated in part by the nuclear matrix.
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PartI: Dynamically Acetylated Histones are Associated with Transcriptionally

Active and Competent, but not Inactive, Genes in the Avian Adult B-

1
Globin Gene Domain

Both class I and II acetylated histones are acetylated with a t;, of 12 min;
however, class I acetylated histones are deacetylated with a ti, of 5 min, while class II
acetylated histones are deacetylated with a t, of 90 min #. Davie aﬁd colleagues have
presented data showing that class I dynamic histone acetylation corrélates with
transcriptional activity, while class II acetylation correlates with transcriptional

'8 This suggests that transcriptionally active DNA sequences may be

competence
situated near nuclear regions enriched in histone acetyltransferase and deacetylase
activity and, therefore, raises the possibility that dynamic histone acetylation may
mediate the attachment of active DNA sequences to regions of the nucleus such as the
nuclear matrix.

The objective of this study was characterize the dynamics of histone acetylation
along a constitutively active (B"-globin), competent (g-globin) and inactive (vitellogenin)
gene in chicken immature erythrocytes. We also determined if dynamically acetylated
histones are associated with the insoluble nuclear skeleton since this fraction of the
nucleus harbors the majority of transcriptionally active DNA, and histone

1% As well, no attempts have been made to

acetyltransferase and deacetylase activity
date to show an association between dynamic histone acetylation and the transcriptionally
active and/or competent genes associated with this fraction.

Histones and salt-soluble chromatin fragments were isolated from chicken

immature erythrocytes that were pre-treated with sodium butyrate to induce histone
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hyperacetylation and then incubated in the absence of this inhibitor for 0-30 min to

initiate histone deacetylation. Acetylated chromatin is salt-soluble. Therefore, the rate of

1
1

histone deacetylation along the B*-globin, g-globin and vitellogenin genes was studied as
a function of the rate of loss of salt-solubility of chromatin fragments containing these
three DNA sequences. As well, the association of acetylated H3 and H4 with
nucleoskeleton-associated chromatin fragments containing the p*-globin, g-globin and

vitellogenin DNA sequences was determined using the ChIP assay.
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1.0 Methods

1.1  Treatment of Adult White Leghorn Chickens with l?!lenylhydrazine

A solution containing 55% ethanol (v/v) and 0.025 g/ml of acetyl-
phenylhydrazine was injected subcutaneously into the breast of adult white leghorn
chickens over a six day period. The chickens were injected with 0.7, 0.7, 0.4, 0.6, 0.7,
and 0.8 ml of this solution on days 1, 2, 3, 4, 5 and 6, respectively. Such a treatment
schedule causes the horn of a chicken to turn from red to light pink and causes the

chicken blood to contain 95% reticulocytes and 3% mature erythrocytes *6°.

1.2 Harvesting of Inmature Erythrocytes from Adult White Leghorn Chickens

On the seventh day of treatment, the chickens were anesthetized with a solution
containing 3 parts Ketalean, 1 part Rompun, and 2 parts collection buffer. Small birds
were injected with 0.2 ml of anesthetic while larger birds were injected with 0.5 ml. The
jugular vein of each chicken was then severed and the chicken immature erythrocytes
from each chicken were collected into an approximate equal volume of ice-cold
collection buffer (pH 7.4) containing 75 mM NaCl, 25 mM EDTA (pH 8.0), and 25 mM
Tris-HCI (pH 7.5). The blood was filtered through at least 4 layers of cheese cloth and
centrifuged in 30 ml aliquots at 500 x g for 10 min at 4°C. The supernatant and white
cell layer were aspirated away from each red cell pellet and the remaining cell pellet was
washed with 30 ml of ice-cold Swim’s media (pH 7.2) (Sigma-Aldrich). The cells were
then centrifuged at 500 x g for 10 min at 4°C, washed a second time in ice-cold Swim’s
media and centrifuged once again. After the second wash, the supernatant and white cell

layer were removed by aspiration and the pellet was either stored at -80°C or resuspended

in an equal volume of Swim’s media pre-warmed to 37°C.
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1.3 Treatment of Chicken Immature Erythrocytes with 10 mM Sodium Butyrate

Once suspended in pre-warmed Swim’s media, the iminature erythrocytes were
treated with or without 10 mM sodium butyrate (Sigma-Aldrich) for 60 min at 37°C to
induce histone hyperacetylation. The erythrocytes were then washed three times in ice-
cold Swim's media, resuspended in fresh Swims media pre-warmed to 37°C and
incubated for 0, 5, 10, 15, and 30 min at 37°C. Following treatment, the erythrocytes
were immediately resuspended in ice-cold Swim's media, collected by centrifugation and
washed one additional time in ice-cold Swim’s media. The cells were then centrifuged
and stored at -80°C. Three different preparations of erythrocytes were prepared, treated

and analyzed.

1.4 Fractionation of Erythrocyte Chromatin Fractionation

Chromatin fragments soluble in 150 mM NaCl were isolated from chicken
immature erythrocytes as previously described (Figure 13). All buffers contained 1
mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-Aldrich). Nuclei from chicken
immature erythrocytes were isolated by suspending the erythrocytes in ice-cold
Reticulocyte Standard Buffer (RSB) (10 mM Tris-HCI, pH 7.5, 10 mM NaCl, 3 mM
MgCly) containing 0.25% Triton-X-100 (v/v) and homogenizing the mixture. The cell
debris was then separated from the nuclei by centrifugation at 500 xg for 10 min at 4°C.
This extraction procedure was performed once again to ensure that the nuclei were well

separated from the remaining cell debris.
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Figure 13.

NaCl Chromatin Fractionation Protocol. Chicken immature erythrocyte
nuclei were isolated and treated with MNase. The nuclei were then lysed
with EDTA and the nuclear lysate was collected. NaCl was added to the
lysate to a final concentration of 150 mM and the salt-soluble chromatin
fragments were isolated. The PE pellet was resuspended in cytoskeletal
buffer and incubated with 1% formaldehyde for 10 min to remove

chromatin fragments associated with the insoluble nuclear material.

110




Once the nuclei were isolated, they were resuspended to 50 Ayeo units/ml in Wray
& Stubblefield (W&S) buffer [1 M hexylene glycol, 10 mM Pipes (Piperazine-N,N’-bis
(2-ethanesulfonic acid), pH 7.0, 1% thiodiglycol (v/v), 30 mM sodium butyrate]
containing 2 mM MgCl, and 1 mM CaCl,. The suspension of nuclei was incubated with
15 units of micrococcal nuclease (Worthington Biochemical Corporation, NJ) per mg of
total DNA for 5 min at 37°C to partially digest the linker DNA region '®. EGTA (pH
8.0) was then added to a final concentration of 10 mM to stop the reaction. The nuclei
were once again collected by centrifugation (9000 x g, 10 min, 4°C), resuspendéd inalo
mM EDTA (pH 8.0) solution, and incubated on ic;e for 30 min. The suspension was
centrifuged at 9000 x g for 10 min at 4°C. The résulting supernatant and the pellet of
insoluble nuclear material are referred to as SE and PE, respectively. The SE fraction was
then made to 150 mM NaCl and centrifuged (9000 x g, 10 min, 4°C) to remove salt-
insoluble chromatin fragments. The supernatant containing NaCl-soluble chromatin
fragments (S150) was collected and the DNA sequences within these fragments were
isolated and analyzed as described in the following section.

Chromatin fragments soluble in 3 mM MgCl, were isolated from chicken
immature erythrocytes as previously described **. All buffers contained 1 mM PMSF. In
brief, nuclei from chicken immature erythrocytes were suspended to 70 Aygo units/ml in a
digestion buffer (0.25 M sucrose, 60 mM KCI, 15 mM NaCl, 10 mM sodium butyrate, 15
mM PIPES (pH 6.6)) containing 3 mM MgCl; and 1 mM CaCl, (Figure 14). The nuclei
were digested with 1 unit of micrococcal nuclease per 50 pg of total DNA for 5 min at 37
°C and centrifuged (9000 x g, 10 min, 4°C). EGTA was then added to the nuclei to a final

concentration of 20 mM to terminate the reaction, and the nuclei were centrifuged (9000
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x g, 10 min, 4°C). The supernatant fraction containing the MgCly-soluble chromatin
fragments and the pellet fraction containing the insoluble chromatin fragments were
collected and the DNA sequences within both fractions were isolated and analyzed as

described in the following section.

Erythrocyte
Nuclei
(in 3 mM MgCly)

l MNase

l Centrifuge

Supernatan/ \ Pellet

MgClz-soluble chromatin Insoluble nuclear material
(5 % of total nuclear DNA)

Figure 14. MgCl; Chromatin  Fractionation Protocol. Immature chicken
erythrocyte nuclei were isolated and treated with MNase in the presence of
3 mM MgCl,. The nuclei were then centrifuged and the chromatin
fragments released into the supernatant (approximately 5% of total nuclear

DNA) were isolated by centrifugation.



1.5  DNA Preparation and Hybridization

DNA from S150, MgCl,-soluble and MgCly-insolubté chromatin fractions was
extracted with an equal volume of phenol/chloroform/isoamyl alcohol (25:24:1). The
resulting DNA fragments were precipitated with sodium acetate and ethanol, resuspended
in Tris-EDTA buffer (pH 8), quantified by UV spectrophotometry, and then either siot
blotted using a Schleicher and Schuell slot blotting manifold or Southern blotted onto
Hybond N+-charged nylon membrane. For the slot blot analysis, an amount of DNA was
applied to each slot such that the relationship between the signal and the amount of DNA
slotted was linear. Thus, the signal intensity from gach slot was directly proportional to
the amount of hybridizable DNA sequence.

The slot or Southern blot was then hybridized overnight at 42°C with 6 x 10® cpm
of **P-labelled DNA with a specific activity of approximately 1 x 10 cpm/pg DNA.
DNA probes recognizing the B-globin, e-globin and vitellogenin genes were used 282467,
The B*-globin and g-globin DNA brobes recognize the second intron of the - and e-
globin genes, respectively. Both probes are 500 bp long. The B*- and e-globin introns
are approximately 800 and 600 bp, respectively, from the transcription start site of their
respective gene®®. The vitellogenin DNA probe is 3.6 kbp in length and recognizes the

5 region of the vitellogenin gene *¢’

. Following hybridization, the slot or Southern blot
was washed to remove non-specifically bound probe. In the Slot blot analysis, the
amount of probe hybridized to each slot was quantified by a phosphorimager (Bio-Rad,

CA).
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1.6 Isolation of Histones

To isolate histones from chicken immature erythrocytes, the cells were suspended

f i

in RSB buffer containing 0.25% Triton X-100 (v/v) and the nuclei isolated as described
in section 1.4. After the final centrifugation step, the nuclei were resuspended in 1 ml of
RSB containing 1 mM PMSF. H,SO, (250 ul of 4N) was then added to the nuclei and the
sample was incubated on ice for 30 min. In cases where histones were extracted from a
chromatin preparation, a 1 ml volume of the preparation in digestion buffer (0.25 M
sucrose, 60 mM KCI, 15 mM NaCl, 10 mM sodium butyrate, 15 mM PIPES (pH 6.6))
containing 3 mM MgCl, and 1 mM CaCl, was supplemented with H,SO4 to 0.2 N. Acid-
insoluble material was removed from the sample by ;:entrifugation at 9000 x g for 10 min
at room temperature. The supernatant was then made to 20% trichloroacetic acid (v/v)
and centrifuged at 9000 xg for 10 min. The resulting pellet was washed in 1 ml of
acetone containing 50 mM HCI and then three times in 1 ml of acetone. The pellet is
enriched in histones but also contains other acid-extracted proteins such as HMG

proteins. The protein pellet was air-dried, resuspended in double-distilled water and
stored at -20°C. Protein concentrations were determined using the Bio-Rad protein

microassay (Bio-Rad, CA).

1.7 Acid-Urea-Triton X-100 Polyacrylamide Gel Electrophoresis

Twenty pg of acid-extracted proteins were electrophoresed on to an acid-urea-
triton 15% polyacrylamide gel as previously described ** in order to resolve acetylated
histone isoforms from each other. The running and stacking gel components were as

follows:
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Stock Solution | Resolving Gel (15%)  Stacking Gel (7.5%)

29.2% acrylamide/ . 80.0ml ‘ 20.0 ml

0.8% bisacrylamide

4% TEMED/ 43% acetic acid 20.0 ml 0.8 ml
| Urea : 64.0¢g 320¢g

0.02% Riboflavin 3.2ml 1.6 ml

100% Triton X-100 0.6 ml 0.3 ml

Thiodiglycol 1.6 ml 0.8 ml

3MKAc, pH 4 - 10 ml

Double distilled H,0 To 160 m] To 80 ml

The gels were poured between 2 - 15 cm long glass plates separated by 1.5 mm
spacers and polymerized between two light boxes overnight. Two microliters of reducing
mix composed of equal volumes of Tris-Acetate, pH 8.8, H;0, and B-mercaptoethanol
were added to every 3 ul of protein sample. The sample was then left at room temperature
for 10 min. An equal volume of 2 X AUT loading buffer (0.75 M potassium acetate, pH
4.0, 30% (w/v) sucrose, 0.05% (w/v) pyronin y) was added to the sample. The sample
was then loaded directly onto the AUT gel and electrophoresed toward the cathode at 200
V for 16-20 h at 4°C. The top and bottom of the AUT gel was emersed in 0.9 N acetic

acid during electrophoresis.

1.8 Detection of Proteins with Coomassie Brilliant Blue
Gels were stained overnight in a solution of 0.4% (w/v) Serva Blue (Coomassie
Brilliant Blue G250 equivalent), 45% (v/v) methanol, 9% (v/v) acetic acid. To remove

excess stain, the gels were placed in a strong destaining solution [25% (v/v) methanol,
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12.5% (v/v) acetic acid] for 1 h. Gels were then transferred to a milder destaining

solution [5% (v/v) methanol, 7.5% (v/v) acetic acid] for several hours to overnight and

?
4

dried between sheets of gel drying film (Promega Corp., WI) at room temperature.

1.9 Detection of Acetylated Histones by Immunoblotting

Before AUT gels were set up for protein transfer, they were soaked in 100 ml of
equilibration buffer #1 containing 287.5 pl glacial acetic acid, 5 ml 10% SDS (w/v), and
94.7 ml of double-distilled H,0. After 30 min, the old equilibration buffer was replaced
with new equilibration buffer and the gel was soaked for another 30 min. The gel was
then placed in 100 ml of equilibration buffer #2 cdr;lposed of 6.25 ml 1 M Tris-HCI, pH
6.8, 5 ml B-mercaptoethanol, 23 ml! 10% SDS (w/v), and 65.75 ml of double-distilled
H,0. The proteins in the equilibrated gel were transferred to nitrocellulose membrane as
described previously. The transfer took place overnight at 50 V and 4°C using transfer
buffer containing 25 mM CAPS [3 ~(Cyclohexylamino)-1-Propanesulfonic Acid] and 20%

methanol (v/v) *7°.

Acetylated isoforms of H2B, H3 and H4 were detected by immunostaining the
nitrocellulose membrane with polyclonal antibodies to di-acetylated H2B (Serotec, UK),
di-acetylated H3 and penta-acetylated H4 (Upstate Biotech, NY), respectively. When

using the acetylated H2B antibody, the nitrocellulose membrane was blocked with 3%
(w/v) skimmed milk in 1X TTBS (0.1 M Tris-HCI (pH 8), 0.3 M NaCl, 0.4% (v/v)
Tween-20) for 25 min at room temperature on a shaker. The membrane was incubated
overnight at 4°C in a 1/400 dilution of the anti-acetylated H2B primary antibody in 1X

TTBS. The membrane was then rinsed for 5 min with 1X TTBS and the wash repeated.
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The membrane was incubated for 20-30 min at room temperature in a 1/5000 dilution of
goat-anti-rabbit horse radish peroxidase secondary antibody in ;IX TTBS. The membrane
was then washed 2 X 15 min with 1X TTBS an;i subjected to enhanced
chemiluminescence (ECL).

For the acetylated H3 antibody, the nitrocellulose membrane was blocked with
7.5% (w/v) skimmed milk in 1X TTBS for 1 h at room temperature on a shaker. The
membrane was incubated overnight at 4°C in a 1/1000 dilution of the anti-acetylated H3
antibody in 1X TTBS. The membrane was then rinsed for 5 min with 1X TTBS and the
wash repeated. The membrane was incubated for 20 min at room temperature in a
1/5000 dilution of goat-anti-rabbit horse radish pc;roxidase secondary antibody in 1X
TTBS. The membrane was washed 2 X 15 min with 1X TTBS and subjected to ECL.

Immunoblotting with the penta-acetylated H4 antibody involved blocking the
nitrocellulose membrane with 3% (w/v) skimmed milk in 1X TTBS for 15-20 min at
room temperature on a shaker. The membrane was then incubated overnight at 4°C in a
1/1000 dilution of the anti-acetylated H4 antibody in 1X TTBS. The membrane was then
rinsed for 5 min with 1X TTBS and the wash repeated. The membrane was incubated
for 20 min at room temperature in a 1/5000 dilution of goat-anti-rabbit horse radish
peroxidase secondary antibody in 1X TTBS. The membrane was washed 2 X 15 min with

IX TTBS and subjected to ECL.

117



1.10  Isolation and Fragmentation of PE-Associated Chromatin

Insoluble nuclear material (PE) was isolated from immature chicken erythrocytes

!

as described in section 1.4 except that the nuclei were digested with 15 units of
micrococcal nuclease per mg of total DNA for 10 min at 37°C to more extensively
fragment the chromatin (Figure 13). The PE fraction was resuspended in CSK buffer [10
mM Pipes, pH 6.8, 300 mM sucrose, 100 mM KClL, 3 mM MgCl,, 1 mM EGTA, 0.5%
thiodiglycol (v/v)] to approximately 10 Ag units/ml. Formaldehyde was added to the
suspension to a final concentration of 1% for 10 min on ice to release chromatin
fragments from the PE fraction *"°. The cross-linking reaction was quenched by the
addition of Tris-HCI (pH 8) to a final concentration of 125 mM. The sample was
dialyzed overnight at 4°C against double-distilled water and 0.5 mM PMSF, and then
concentrated to approximately 4-5 ml using PEG 6000-8000 Carbowax (Fischer
Scientific, Ont). Added to the sample was NaCl, Tris-HCI, EDTA, Triton X-100, and
SDS to 250 mM, 25 mM (pH 7.5), 5 mM, 1% (v/v), and 0.1% (w/v), respectively
(SB250). The DNA within the sample was reduced to 500 bp fragments by sonication on
ice for a total time of 4 min at 30% output (Sonifier Cell Disrupter 350, Branson
Ultrasonic Corporation, CT). The 4 min period of sonication was divided up-into 16 — 15
sec. pulses with 15 sec. waiting intervals on ice in between each pulse. The sonicated PE
suspension was then diluted to approximately 9 Ay units/ml and centrifuged for 10 min

at 9000 x g to remove insoluble material.
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1.11  Assessment of the Efficiency of Formaldehyde-Mediated Chromatin Release

from the PE .

To verify that the 1% formaldehyde treatment released the majority of PE-
associated' chromatin fragments, cross-linked PE was sonicated as described in section
1.10, dialyzed against TE buffer (pH 8) overnight at 4°C, supplemented with NaCl, Tris-
HCI, EDTA, Triton X-100, and SDS to 250 mM, 25 mM (pH 7.5), 5 mM, 1%, and 0.1%,
respectively. The sample was then diluted to approximately 9 Azeo units/ml with SB250
buffer and centrifuged (9000 x g, 10 min, 4°C). The amount of DNA associated with this
cross-linked PE sample before and after centrifugation was determined by both the
diphenylamine assay and A,g measurements ¥’ ’F‘or both assays, a 10 pl aliquot was
collected from the formaldehyde cross-linked PE in CSK buffer. The cross-linked sample
was then centrifuged at 9000 x g for 10 min at 4°C and a 10 ul aliquot was removed from
the supernatant.

In the diphenylamine assay, both 10 pl aliquots were diluted to 500 pl with
double-distilled water. Perchloric acid [83.33 ul of 60% (v/v)] was then added to the
diluted sample to hydrolyze the DNA into nucleotides. Diphenylamine (583.33 pl of a
4% (v/v) solution in glacial acetic acid) was added to the sample to react with the
deoxyribose units of the nucleotides and produce a blue-colored product. Lastly, 29.2 ul
of 1.6% (v/v) acetaldehyde was added to react with the diphenylamine and potentiate the
development of the blue product and the samples were incubated overnight at 30°C. The
intensity of the blue product is directly proportional to the concentration of DNA in the
sample. The absorbance of each sample and a series of DNA standards were measured at

both 595 and 700 nm. The difference between the two absorbance values was
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determined. A difference of 0.15 is equal to 10 ng/ml of DNA. Thus, the concentration of
DNA in each sample was determined. The concentration .of DNA released into the
supernatant after formaldehyde cross-linking and centrifugation was divided by the
concentration of DNA in the original PE sample.

In the Aggo assay, both 10 ul aliquots were diluted with 900 ul double distilled
H0. The Aszeo of each diluted sample was measured by spectrophotometry. The Axgg
value for the supernatant was divided by the Az value for the original PE sample to

determine the percentage of Az units.

1.12  Immunoprecipitation of PE Chromatin Fragments Associated with

Acetylated H3 and H4

The suspension of PE-associated chromatin fragments was made up to 1 mM
PMSF and 50 pg/ml leupeptin. A volume of 2.5 ul of antibody to di-acetylated H3 or
penta-acetylated H4 was added to 500 pl of the suspension and the mixture was incubated-
overnight at 4°C. The suspension was then incubated for 3 h at 4°C on an orbitron with
20 pl of a 50:50 protein A sepharose slurry (Zymed Laboratories Inc., Ontario) that had
been pre-treated overnight at 4°C with 0.1 pg/pl of sonicated salmon sperm DNA and 1
mg/ml of bovine serum albumin (BSA). To control for non-specific binding of DNA to
protein A, 500 pl of the suspension was incubated for 3 h at 4°C with 20 pl of the 50:50
protein A slurry in the absence of primary antibody. The protein A sepharose of both
samples was then centrifuged at 2200 x g for 30 sec. and washed sequentially with I ml
of IX RIPA (Radioimmunoprecipitation) buffer [150 mM NaCl, 50 mM Tris-HCI, pH

8.0, 0.1% SDS (w/v), 0.5% sodium deoxycholate (w/v) (SDC), 1.0% NP-40 (v/v)], 1 ml
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of high salt buffer [S00 mM NaCl, 1.0% NP-40 (v/v), 0.1% SDS (w/v), 50 mM Tris-HCI,
pH 8.0, 1 mM EDTA), 1 ml of LiCl wash buffer [250 mM LiCl, 1.0% NP-40 (v/v), 0.5%
SDC (w/v), 1 mM EDTA, 50 mM Tris-HCI, pH 8.0), and two times with 1 ml of TE
buffer (pH 8.0). A volume of 100 ul of TE buffer (pH 8.0) was added to the protein A
sepharose along with 0.5 mg/ml proteinase K, 0.5% SDS (w/v) and 100 mM NaCl. The
mixture was incubated overnight at 37°C and then at 68°C for 6 h. The mixture was
centrifuged at 2200 x g for 30 sec and the supernatant was extracted once with an equal
volume of phenol/chloroform/isoamyl alcohol (25:24:1). The DNA in the supernatant
was precipitated with 20 pg/ml of glycogen carrier, f)ne—tenth the volume of 3 M sodium
acetate (pH 5.3), and 3 volumes of absolute ethanoi. The DNA was then resuspended in
double-distilled water, quantified by flucrometry and slotted on to a Hybond N+-charged
nylon membrane using the slot blot manifold described in section 1.5. The slot blot was

then hybridized to B*-globin, e-globin, and vitellogenin gene probes previously described

in section 1.5.
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2.0 Resulrts

2.1 Rate of Deacetylation of Hyperacetylated H2B, H3 and H4

Immature erythrocytes were incubated with 10 mM sodium butyrate for 60 min to
induce a state of histone hyperacetylation. The erythrocytes were then incubated in the
absence of sodium butyrate for 0 to 30 min to deacetylate the hyperacetylated histones.
Histones were extracted from the nuclei of cells collected at various time points
following sodium butyrate removal and subjected to AUT gel electrophoresis and
immunoblotting. The resulting membrane was immunostained with antibodies to highly
acetylated H2B, H3 and H4 (Figure 15).

Immunoblot analysis of the total nuclear hiétone extracts showed a large drop in
the levels of penta-acetylated H3 within the first 5 min of incubation in the absence of
sodium butyrate. At 10 min the levels of penta-acetylated H3 dropped further, becoming
barely detectable at 30 min. A rapid decline in the levels of tetra-acetylated H3 was also
observed at S min. At 10 min the level of tetra-acetylated H3 declined further, plateauing
at a very low level. Levels of tri-acetylated H3 did not change initially but at 10 min a
decrease in the levels of this acetylated H3 isoform was observed. At 5, 10, and 15 min
following sodium butyrate removal, the levels of mono- and di-acetylated H3 decreased

but at a much slower rate than the highly acetylated H3 isoforms.
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Figure 15. Immunoblot Analyses of H3, H4 and H2B Deacetylation. Chicken
immature erythrocytes were incubated with sodium butyrate for 1 h,
followed by incubations for various times in the absence of sodium
butyrate. Total nuclear histones were extracted from the nuclei of sodium
butyrate-treated chicken immature erythrocytes incubated for 0, 5, 10, 15
and 30 min in the absence of sodium butyrate. Twenty pg of acid-
extracted histones were electrophoresed on an Acid-Urea-Triton 15%
polyacrylamide gel which was stained with Coomassie Blue (panel A).
The proteins were transferred to nitrocellulose and immunostained with
antibodies to hyperacetylated H3, H4 or H2B (panel B). 1, 2, 3, 4, and 5

designate mono-, di-, tri-, tetra- and penta-acetylated histone isoforms,

respectively.
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Immunostaining the blots with anti-penta-acetylated H4 antibody revealed that the
levels of tetra-acetylated H4 rapidly declined at 10 min (Eigure 15). These levels
declined further over the next 20 min. Similarly, the levels of tri-acetylated H4 also
decreased at 10 min, although this decrease was not as pronounced as that observed for
the tetra-acetylated H4 isoform. The mono- and di-acetylated H4 isoforms accumulated
at 15 and 30 min post sodium butyrate removal. In summary the immunoblot analyses
show that class 1 highly acetylated H3 and H4 isoforms decline to low levels by 10 min
following incubation of cells in media lacking sodium butyrate.

Lastly, immunoblot analysis of the total nuclear histone extracts with an antibody
to di-acetylated H2B showed that the level of penfa—acetylated H2B drops drastically to
undetectable levels when cells were incubated in the absence of sodium butyrate for 10
min. A slight decrease was also observed for di- and tri-acetylated H2B after 10 min.

However, the levels of these H2B acetylated isoforms appeared to stay the same when

incubated for up to 30 min in the absence of sodium butyrate.

2.2 Effect of Histone Deacetylation on 0.15 M NaCl Solubility of Globin

Chromatin Fragments

By chromatin fractionation experiments, our research group has determined that
chromatin fragments soluble in the presence of 150 mM NaCl are enriched in acetylated
histones as well as the transcriptionally active B*- and transcriptionally competent g-
globin DNA sequences '*. In addition, our group has also shown that the solubility qf
active/competent gene chromatin fragments in 0.15 M NaCl is dependent on the level of
acetylated histone species within these fragments "°. Therefore, the rate of deacetylation

of histones associated with transcriptionally active and competent chromatin fragments
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can be determined by studying the rate with which these fragments lose their salt
solubility in the presence of 0.15 M NaCl. o

Soluble chromatin fragments (fraction SE) were isolated from nuclei of cells
incubated for various times (0, 5, 10, 15 and 30 min) following the removal of sodium
butyrate. Typically 60% of the Asg absorbing material was released into this fraction.
The SE chromatin fraction was made 0.15 M in NaCl, and the salt-soluble chromatin
fragments (fraction S150) isolated. The DNA sequences in these salt-soluble chromatin
fragments were analyzed by slot blot hybridization with probes to the P*-globin, &-
globin, and vitellogenin DNA sequences. Figure IQ shows that incuBation of cells in the
absence of sodium butyrate results in a decline in the content of B“-globin and g-globin
DNA sequences in the 0.15 M NaCl soluble chromatin fragments. The content of
vitellogenin DNA sequences in the salt soluble chromatin fraction was not altered
throughout the 30 min. incubation. The parallel drop in the salt solubility of the B*-
globin and &-globin chromatin fragments suggests that the deacetylation rates of the

histones associated with these chromatin fragments are similar.



Figure 16.
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p*-globin and g-globin Chromatin Fragments Lose Solubility in 150
mM NaCl at Similar Rates Following Removal of Sedium Butyrate.
Chicken immature erythrocytes were treated and S150 chromatin was
isolated as previously described in Figure 13. Three ug of DNA isolated
from NaCl-soluble chromatin fragments were slotted onto nylon
membrane and hybridized to DNA probes recognizing intronic regions of
the p*-globin and g-globin genes and the 5’ region of the vitellogenin
gene. The intensity of hybridization to each slot was measured by a
phosphorimager and plotted against the time of incubation in the absence

of butyrate.
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2.3 Effect of Histone Deacetylation on MgCl, Solubility of Globin Chromatin

¢
:

Fragments

Mononucleosomes released from micrococcal nuclease-digested erythrocyte
nuclei into buffers containing 3 mM MgCl, are enriched in the transcriptionally active
B*-globin DNA sequences and largely depleted in inactive DNA sequences. Inhibiting
histone deacetylation increases the enrichment of active mononucleosomes released from

2

the nuclease digested nuclei *’>. Thus, enhanced solubility of transcriptionally active

mononucleosomes from nuclease digested nuclei is a direct consequence of induced
histone acetylation '**. .

To test whether the status of dynamically acetylated histones affected the release
of competent e-globin mononucleosomes from nuclease digested nuclei, nuclei isolated
from cells incubated in the absence or presence of sodium butyrate for 60 min were
digested with micrococcal nuclease. The chromatin fragments released from the nuclei
| during digestion and those remaining within the nuclei were collected. The percentage of
chromatin released from the nuclease digested nuclei was similar for each preparation
(4.4 to 5%). B"-globin DNA sequences were enriched in the mononucleosomal fraction
released from the nuclease-digested nuclei of sodium butyrate-treated immature
erythrocytes (Figure 17).  However, this enrichment was not observed with
mononucleosomes isolated from cells incubated in the absence of sodium butyrate. These
observations are identical to the results of Dr. Nelson and colleagues 2 The content of
g-globin DNA sequences in the mononucleosome fraction was greater from nuclei

isolated from cells incubated in the presence of sodium butyrate compared to that from

nuclei of cells incubated in the absence of sodium butyrate (Figure 17). The enrichment
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of e-globin DNA sequences in the 3 mM MgCl,-soluble mononucleosome fraction,
however, was less than that attained by the p*-globin DNA sequences. In summary, the
results show that histone hyperacetylation increases the release of e-globin
mononucleosomes from nuclease digested nuclei.

Since  hyperacetylation directly influences the MgCl,  solubility of
transcriptionally active and competent mononucleosomes, we monitored the content of
these sequences in the mononucleosome fraction as a function of time during which
hyperacetylated histones were becoming deacetylated. As with the previous studies, cells
were incubated with sodium butyrate to maximize ?lge acetylation state of class 1 histones
followed by incubation of the cells for various times in the absence of sodium butyrate to
Initiate the deacetylation of the hyperacetylated class lhistones. The DNA from the 3
mM MgCl,-soluble mononucleosomes was slotted onto nylon membrane and hybridized
to DNA probes recognizing B”-globin and g-globin intronic regions and the 5’ region of
the vitellogenin gene. A plot of the hybridization signal intensity versus time following
removal of sodium butyrate showed that the release of B2-globin and e-globin
mononucleosomes was markedly reduced by 5 min followed by a more gradual decline
(Figure 18). In contrast to the B"-globin and g-globin mononucleosomes, the
deacetylation of hyperacetylated histones did not alter the release of vitellogenin
mononucleosomes from the nuclease digested nuclei. The sudden decrease in the release
of B*-globin and e-globin mononucleosomes within the first 5 min of incubation in the
absence of sodium butyrate closely follows the timing of class 1 hyperacetylated histone

deacetylation, particularly that of H3 (see Figure 15). In summary the rapid decline in

128



the release of B”-globin and g-globin mononucleosomes from nuclease digested nuclei

parallels the rapid deacetylation of the hyperacetylated class 1 histones.

mono —

Figure 17.

(A) (B)
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Histone Hyperacetylation Influences the MgCl, Solubility of
Transcriptionally Active p*-globin and Competent ¢-globin
Mononucleosomes. Eight pg of DNA from MgCly-soluble and insoluble
chromatin fractions of chicken immature erythrocytes treated with or
without sodium butyrate (But) for 60 min at 37°C were electrophoresed on
to a 0.8% agarose gel. The DNA was transferred to nylon membrane. (A)
Hybridization of DNA to a probe containing the intronic sequence from
the B*-globin gene. (B) Hybridization of DNA to a probe containing the
intronic sequence from the e-globin gene. S and P designate lanes
containing MgCly-soluble and insoluble DNA, respectively. “Mono”

designates mononucleosomal-sized DNA fragments.
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Figure 18.
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B*-globin and e-globin Chromatin Fragments Lose Solubility in 3 mM
MgCl2 at Similar Rates Following Removal of Sodium Butyrate.
Chicken immature erythrocytes were treated and MgCly—soluble
chromatin was isolated as previously described in Figures 14. Three pg of
DNA isolated from MgCl,-soluble chromatin fragments were slotted onto
nylon membrane and hybridized to DNA probes recognizing intronic
regions of the B*-globin and e-globin genes and the 5’ region of the
vitellogenin gene. The intensity of hybridization to each slot was
measured by a phosphorimager and plotted against the time of incubation

in the absence of butyrate.
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2.4 Transcriptionally Active B*-globin and Transcriptionally Competent ¢-
Globin Genes Associated with Fraction PE are Bound to Hyperacetylated
Histones H3 and H4
Previous studies have demonstrated directly that acetylated histones are

associated with the transcriptionally active B*-globin and transcriptionally competent ¢-

globin genes in avian erythrocytes. However, these ChIP assays used soluble chromatin
fragments. Most highly acetylated histones and transcriptionally active B*-globin DNA
sequences are associated with fraction PE, the low salt insoluble residual nuclear material
harboring chromatin associated with the nuclear matrix '™ To date, no studies have
determined if transcriptionally active chromatin bound to the nuclear matrix is associated
with highly acetylated histones. To address this question, chromatin fragments
associated with the low salt insoluble nuclear material of sodium butyrate-treated chicken
immature erythrocytes were briefly incubated with formaldehyde. In addition to cross-
linking histones to DNA, formaldehyde incubation releases chromatin fragments from the

- 37
nuclear matrix >7°.

To verify that the formaldehyde treatment conditions could efficiently remove the
majority of chromatin fragments associated with the PE, the amount of DNA associated
with and released from the PE fraction after formaldehyde treatment was determined
using Ageo measurements and the diphenylamine assay (Tables 1 and 2, respectively).
Both assays showed that at least 93% of DNA associated with the PE fraction is released

after formaldehyde treatment.



Table 1. Assessment of the Efficiency of Formaldehyde-Mediated Chromatin
Fragment Removal from the PE of Sodium Butyrate-Treated Chicken
Immature Erythrocytes as Determined by A, Measurements,

% A, units
Replicate PE (Aze units/ml) | Supernatant (A, units/ml) released
1 9.5 8.5 89.5
2 9 9 100.0
3 9.2 9.2 100.0
Average 9.2 8.9 96.5

Table 2. Assessment of the Efficiency of Formaldehyde-Mediated Chromatin
Fragment Removal from the PE of Sodium Butyrate-Treated Chicken
Immature Erythrocytes as Determined by the Diphenylamine Assay.

0D595 0D7oq 0D595‘0D700 Concentration
Replicate | (Units/ml) | (Units/ml) (Units/ml) (ng/ml)
1 8.9 2.1 6.8 453
2 9.9 2.5 74 493
PE 3 9.8 2.6 7.2 480
4 9.3 2.3 7 467
5 10.2 2.5 7.7 513
Average 9.62 2.4 7.22 481
1 247 17.5 7.2 480
2 18.3 12.5 5.8 387
Supernatant 3 16.3 10.7 5.6 373
4 17.9 11.8 6.1 407
5 18.2 12 6.2 413
Average 13.9 7.2 6.7 450
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The chromatin fragments bound to hyperacetylated H3 and H4 were isolated by
ChIPs. In previous immunoblot experiments and in Figure 15.we demonstrated that the
antibodies used in the ChIP assays preferentially recognize highly acetylated isoforms of
H3 or H4 *°. However, the anti-di-acetylated H3 antibody (acetylated K9 and K14) was
more discriminating for the highly acetylated H3 isoforms than was the anti-acetylated
H4 antibody for the highly acetylated H4 isoforms. The DNA sequences bound to
hyperacetylated H3 and H4 were isolated and analyzed by slot blot analysis using DNA
probes to the intronic regions of the *-globin and e-globin geneé and to the 5’ region of
the vitellogenin gene. A comparison of the hybridization signal intensities of the three
probes in the input and acetylated H3-immunoprécipitated DNA fractions showed that
hyperacetylated H3 was bound to B*-globin and g-globin, but not vitellogenin, DNA
(Figure 19). Figure 19 shows that acetylated H4 was bound to B*-globin and g-globin
intronic DNA sequences. Vitellogenin DNA was also bound to acetylated H4. Chicken
erythrocytes have a population of histones in a static state of mono- and di-acetylation *2.
Thus, we assume that vitellogenin was associated with this histone population. In

summary, our results show that hyperacetylated H3 and H4 are bound to the B%-globin

and e-globin DNA sequences associated with the insoluble residual nuclear material.
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Figure 19.  p*-globin and g-globin Chromatin Fragments Associated with the

Low Salt Insoluble Chromatin Fraction are Bound to Hyperacetylated
H3 and H4. Input, anti-hyperacetylated H3 (AcH3)-immunoprecipitated,
and anti-hyperacetylated H4 (AcH4)-immunoprecipitated DNA were
isolated and quantified by fluorometry. Two hundred ng of
immunoprecipitated and input DNA were slotted into their respective slots
and hybridized to probes recognizing an intronic region of the f*-globin
and e-globin genes and the 5° region of the vitellogenin gene. A volume
of DNA non-specifically bound to protein A sepharose was slotted that
was equivalent to the volume of immunoprecipitated DNA. Input
represents the initial total pool of DNA fragments used in the ChIP assay.
IP represents DNA immunoprecipitated with anti-acetylated histone

antibody. NS represents DNA non-specifically bound to protein A

sepharose in the absence of primary antibody.
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3.0 Discussion

Rates of histone acetylation and deacetylation are determined in pulse-chase
experiments in which protein synthesis is inhibited with cycloheximide 2. It is possible
that some histone acetyltransferases, deacetylases or protein components of these large

2% Thus, when protein synthesis is inhibited, the

multi-protein complexes are labile
rapid turnover of these proteins may alter the physiological dynamics of histone
acetylation. Our immunoblot analyses with anti-acetylated H2B, H3 and H4 antibodies
provide an assessment of the rates of deacetylation of H2B, H3 and H4 without using
protein synthesis inhibitors. The rates of deacetylation of the highest acetylated isoforms
of H3 were very rapid, in accordance with pulse-che;se studies 2% Similarly, the rates of
deacetylation of tri- and tetra-acetylated isoforms of H2B and H4 determined in
immunoblot experiments and pulse-chase studies were comparable. We conclude that
cycloheximide does not significantly disturb the balance between histone
acetyltransferase and histone deacetylase activity in chicken immature erythrocytes.

Our results show that class 1 histones, which are rapidly highly acetylated and
deacetylated, are bound to transcriptionally active B*-globin and transcriptionally
competent e-globin genes. In parallel B*-globin and g-globin chromatin lost solubility in
150 mM NaCl as deacetylation of the hyperacetylated H3 and H4 isoforms progressed.
Further, the rapid deacetylation of hyperacetylated H3 isoforms corresponded to a rapid
reduced solubility in 3 mM MgCl, of B*-globin and e-globin mononucleosomes from
nuclease digested nuclei. The loss of the hyperacetylated H3 histones may reverse the

disruption of higher order globin chromatin structure, obstructing the release of

: . . 211,213,473
mononucleosomes from the globin chromatin domain 2113473, However, the extent of



MgCl, solubility loss of the B*-globin mononucleosomes was more acute than that of the
g-globin chromatin fragments. These and other studies show that a greater percentage of
B%-globin compared to e-globin chromatin is soluble in 150 mM NaCl or 3 mM
MgCL>>. We interpret these studies to demonstrate that active coding regions of the p*-
globin gene are extensively associated with class 1 acetylated histones, while the
competent e-globin gene is a mosaic of class 1 and class 2 acetylated histones. This
would explain why in our previous study the partitioning of p*-globin DNA sequences
precisely matched that of the hyperacetylated H4 isoforms, while competent g-globin
DNA sequences did not '**, .

Dr. Crane-Robinson and colleagues have shown that the entire f3-globin loop
domain is associated with acetylated histones in soluble chromatin fragments . The low
salt insoluble chromatin fraction, which contains the bulk of the highly acetylated
histones and transcriptionally active DNA, was excluded from their analyses. Our ChIP
assays show for the first time that B and e-globin intron DNA sequences associated
with the residual insoluble nuclear material are bound to highly acetylated H3 and H4.
Fraction PE harbors most of the histone acetyltransferase and deacetylase activities.
Further, histone acetyltransferase and histone deacetylase activities are associated with
the nuclear matrix *°. Our observations are consistent with a model in which nuclear
matrix associated histone acetyltransferases and deacetylases mediate a dynamic
attachment between transcriptionally active chromatin domains and the nuclear matrix.
In the case of the B-globin domain,‘ these dynamic interactions are not confined to the

promoter region but also include the coding regions of expressed and competent genes.



PartII: ~ Association of Dynamically Hyperacetylated Histones with the Estrogen-
Responsive pS2 Gene

While histone acetylation has been found to occur on the promoter regions of

198199 the nature of this acetylation

estrogen-responsive genes in the presence of estrogen
and its function in hormone-mediated transcription remains to be determined. To date, the
involvement of histone deacetylation in estrogen-mediated transcriptional activation and
chromatin remodeling has been largely ignored. Without sufficient proof, many
researchers have postulated that exposure to estrogen causes the replacement of histone
deacetylases situated along an estrogen-responsive gene with histone acetyltransferases.
However, it is possible that deacetylases are present both in the absence and presence of
estrogen and that treatment with estrogen simply disturbs the balance between
acetyltransferases and deacetylases, causing an increase in the recruitment of histone
acetyltransferases while a background of deacetylase activity persists. Little investigation
has also been made to determine if dynamic histone acetylation takes place downstream
from the promoter regions of estrogen-responsive genes and if this event is dependent on
transcription.

In order to further understand the involvement of dynamic histone acetylation in
estrogen-mediated chromatin remodelling, the objectives of this study were: 1) to
determine if histone deacetylases are associated with the pS2 promoter and coding
regions in the absence of transcriptional stimulation by using inhibitors of deacetylases
that increase histone acetylation levels along gene regions associated with histone
deacetylases and by identifying the location of HDAC]I along the pS2 promoter and

coding regions and 2) to determine if estrogen-induced histone acetylation is a
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widespread, dynamic and transcription-independent event mediated by histone
acetyltransferases and deacetylases that are associated with the pS2 promoter and exon
regions. The effects of estrogen, histone deacetylase inhibitgrs and an inhibitor of
transcription on the levels of acetylated H3 and H4 associated with the pS2 promoter and

exon regions were determined using the ChIP assay.



1.0 Methods

1.1 Cell Maintenance .

The TS human breast carcinoma cell line was used. This TS cell line is a sub-
clone of MCF-7 and is referred to as MCE-7 throughout the body of this text. This cell
line was maintained in T-185 flasks (Nalge Nunc, NY) and treated on 150 x 20 mm tissue
culture dishes (Nalge Nunc) at 37°C (humidified atmosphere, 5% CO,/ 95% Air). The
cells were maintain,ed- in complete culture medium containing Dulbecco's Modified Eagle
Medium (DMEM, Invitrogen Life technologies, CA) supplemented with 1% (v/v) L-
glutamine, 1% (v/v) glucose, 1% (v/v) penicillin/streptomycin and 5% (v/v) fetal bovine

serum (FBS: Invitrogen).

1.2 Cell Treatments

For an overall summary of the different cell treatments, please refer to Figure 20.
Prior to treatment, all cells were grown for 4 - 5 days in 5% complete media on 150 x 20
mm tissue culture dishes. At approximately 50 — 60% confluence, the dishes were
washed 2 times with 10 ml of 1 X PBS. Fifteen ml of estrogen-depleted phenol red-free
(PRF) media (Invitrogen) containing 5% (v/v) twice charcoal-stripped FBS and
supplemented as mentioned in the previous section was then added to each plate and the

cells were grown for another 3 - 5 days.
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Figure 20.  Diagram of Estradiol (E2), HDAC Inhibitor and DRB Treatment
Conditions for MCF-7 Cells. CHCO signifies treatment with 1%

formaldehyde for 10 min. D represents Days.

1.2.1 Formaldehyde Cross-linking of MCF-7 Celis

The cross-linking of MCF-7 cells was performed while cells were still attached to
tissue culture plates. Immediately after treatment, the media was aspirated from each
plate and replaced with 10 ml of a solution containing 1% (v/v) formaldehyde in 1 X
PBS. The cells were then incubated at room temperature in the presence of formaldehyde
for 10 min. The cross-linking reaction was stopped by adding glycine to a final
concentration of 125 mM and/or washing the plates 2 times with approximately 20 ml of
ice-cold 1 X PBS. The cross-linked cells were then collected with a rubber policeman and

stored at -80°C.
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1.2.2  Estradiol Treatment of MCF-7 Cells !

On the 3 - 5™ day of growth in estrogen-deplete conditions, E2 was added to the
media to a final concentration of 10° M from a 10 M stock. The cells were incubated at
37°C in the presence of 108 M E2 for 0,0.5, 1,2 0r 3 h. At the end of each treatment
time, the cells were either immediately collected or cross-linked with 1% (v/v)
formaldehyde (see section 1.2.1). In all cases, cells were collected with a rubber
policeman, pelleted by centrifugation at 300 x g for 5 min and the media or PBS

aspirated. The cell pellets were stored at -80°C.,

1.2.3  Sodium Butyrate or Trichostatin A Treatment of MCF-7 Cells

On the 3™ - 5™ day of growth in estrogen-deplete conditions, sodium butyrate or
TSA (Sigma-Aldrich) was added to the media to a final concentration of 10 mM or 500
ng/ml, respectively. The cells were then incubated at 37°C for 2 h. When cells were to
be treated with histone deacetylase inhibitor for 2 h plus E2 for 30 min, the inhibitor was
added 1.5 h prior to E2 treatment and the media containing the inhibitor was
supplemented with E2 for the remaining 30 min. For cells treated with E2 for 1 h,
HDAC inhibitor was added to the media 1 h prior to the addition of E2. When cells were
to be treated with B2 for more than 1 h, HDAC inhibitor was added in the final 2 h of E2
treatment. Following treatment, the cells were either immediately collected or cross-
linked with 1% (v/v) formaldehyde (section 1.2.1). In all cases, cells were collected with
a rubber policeman, pelleted by centrifugation at 300 xg for 5 min and the media or PBS

aspirated. The cell pellets were stored at -80°C.
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1.2.4 DRB Treatment of MCF-7 Cells

On the 39 - 5" day of growth in estrogen-dep1§t§ conditions, DRB (5,6-
dichlorobenzimidazole 1-b-D-ribofuranoside) was added to a final concentration of 150
uM and the cells were incubated for 4 h to inhibit transcription. DRB blocks
transcription by inhibiting CDK7 and CDK9 “***>_ CDK7 and CDK9 phosphorylate the
large subunit of the RNA polymerase II C-terminal domain, an event required to convert
RNA polymerase into an elongation mode “*. When the C terminal domain of RNA
polymerase II is underphosphorylated, it can still mediate protein-protein interactions that
lead to the assembly of the preinitiation complex, however, it can not initiate
transcriptional e longation. If the D RB-treated ¢ elis.were alsotobetreated with E2 to
study transcription-independent histone acetylation, E2 was added after the initial 4 h
DRB treatment as described in section 1.2.2 and the cells were subsequently incubated in
the presence of both DRB and E2 for 30 min, 1 h, 2h or 3 h. In cases where cells were to
be treated with DRB, sodium butyrate and E2 together to study transcription-independent
dynamic histone acetylation, 150 uM of DRB was added to the cells 4 h prior to the start
of the 10 nM E2 treatment, while 10 mM sodium butyrate was added 2 h prior to the
completion of the E2 treatment. Following treatment, the cells were either immediately
collected or cross-linked with 1% (v/v) formaldehyde (section 1.2.1). In all cases, cells
were collected with a rubber policeman, pelleted by centrifugation at 300 x g for 5 min

and the media or PBS aspirated. The cell pellets were stored at -80°C.
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1.3 Determination of pS2, GAPDH and Cyclophilin 33 RNA Levels in MCF-7
Cells
The RNA levels of the estrogen-responsive pS2 géne and the estrogen-non-
responsive GAPDH and cyclophilin 33 genes were measured in treated MCF-7 cells to

verify that the cells from each treated passage were responding to each treatment in a

consistent and similar manner.

1.3.1 Isolation of Total RNA from MCF-7 Cells

Total RNA from MCF-7 cells treated with or without 10®°M E2 and/or
transcriptional or HDAC inhibitors was isolated u'si;ng the Qiagen RNeasy Kit (Qiagen,
CA). The concentration of each RNA sample was determined by diluting 3 ul of RNA
into a final volume of 50 pl with double-distilled water and reading the A,s unit value.
The A 250 units were also d etermined for e ach sample to assess the ratio o f A Ao
values and determine the purity of each RNA sample. Finally, the Ajg unit value was
multiplied by a dilution factor 0f16.7 and a ¢ onversion £ actor 0£40 to determine the

concentration of RNA (ug/ml) in each sample.

1.3.2  Conversion of Total RNA into cDNA Using Reverse Transcriptase (RT)

One pg of total RNA from each batch of treated cells was converted into cDNA
by the following reaction. One g of total RNA was transferred into a microcentrifuge
tube and diluted to a final volume of 12 pl with double-distilled H,O. The diluted RNA
was incubated at 65°C for 5 min, cooled on ice for 5 min and then added to the following

Invitrogen products: 6 ul 5 X first strand buffer (250 mM Tris, pH 8.3, 375 mM KCI), 15
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mM MgCl,, 0.1 pl 40 U/ul RNase Out, 1.5 uI of a solution containing 10 mM of each
dNTP solution, 3 pl 0.1 M DTT, 1 pl of a 50 uM random hexamer solution , 4.9 pl
double-distilled H,0, and 1.5 ul 200 U/ul Moloney Murine L eukemia V irus (MMLV).

The sample was incubated at 37°C for 1 h, boiled for 3 min and then stored at -20°C.

1.3.3 Detection of pS2, GAPDH and Cyclophilin 33 ¢cDNA in MCF-7

RNA levels for pS2, GAPDH and Cyclophilin 33 were determined indirectly from
the cDNA of each batch of treated cells. Three microliters of cDNA isolated from a 50 ul
reverse franscriptase (RT) reaction were added to S pl of Invitrogen 10 X PCR buffer
(200 mM Tris, pH 8.4, 500 mM KCl), 0.4 ul of 10 mM dNTP (Invitrogen), 1.5 pl 50 mM
MgCl, (Invitrogen), 0.25 pl Platinum Taq (5U/ul) (Invitrogen), 50 uM/2 ng of forward
primer, 50 pM/ 2 ng of reverse primer, and 38.85 pl H,0. Primers were used to amplify
exon 2 of the pS2 gene, as well as exon 7 and exon 2 of the GAPDH and cyclophilin 33
genes, respectively. The sequence of each primer is listed Table 3.

All PCR reactions were placed in a thermocycler (Perkin Elmer, MA) and
subjected to 1 cycle of 95°C for 5 min, and then 27 cycles of the following: 95°C for 30
sec, 60°C for 30 sec, and 72°C for 30 sec. Five ul of 10 X DNA loading buffer was then
added to the 50 pl PCR reaction and 15-20 ul of the PCR reaction was electrophoresed on
a 1% (w/v) agarose gel. The gel was analyzed by scanning densitometry on a Kodak
Image Station™ and the density of the amplified PCR product from each treatment was
plotted. The fold induction of RNA levels in response to treatment was determined by

dividing the net density value of PCR products from treated cells by that of products from
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untreated cells. Thus, a fold induction value of less than one represents depletion in the

RNA sequence in treated cells relative to untreated cells.

Table 3. Primers Used to Assess pS2, GAPDH and Cyclophilin RNA Levels as

well as the Levels of pS2 Promoter and Exon 3 in ChIP DNA.

Gene Gene Region Primer Sequences

5" CCACCCCGTGAGCCACTGTTG 3’

pS2 PrOmOter 3, GGCCCGGGGATCCTCTGAGAC 5

5" CTGGGGCACCTTGCATTTTCC 3’

BxonZ 3 CGGGGGGCCACTGTACACGTC 5

Exon 3 5" GCCACCTCCACCGGACACCTC 3’
3’ CAGGGTGAAACGCTGCGCTTC 5°

5" CCAGGAAATGAGCTTGACAAAGTG 3’

GAPDH Exon 7 3’ AAGGTCATCCCTGAGCTGAACGGG 5’

5" GCTGCGTTCATTCCTTTTG 3’

Cyclophilin 33 Exon2 3 CTCCTGGGTCTCTGCTTIG §°

1.4 Extraction and Analysis of Hyperacetylated Histones in MCF-7 Cells

Cells were suspended in TNM buffer (10 mM Tris-HCI, pH 8, 100 mM NaCl, 300
mM sucrose, 2 mM MgCl, 1% (v/v) thiodiglycol, 1 mM PMSF) containing 0.25% (viv)
Triton X-100. The nuclei were then isolated and the histones extracted as previously
described in Methods section 1.6 of Part I except TNM buffer was always used instead of

RSB buffer. The isolated histones were then separated into their acetylated isoforms by
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electrophoresis onto an AUT gel as described in Methods section 1.7 of Part I and the
resulting gel was stained with a Coomassie Blue solution as described in Methods section

1.8 of Part I. The intensity of each acetylated histone isoform was quantified by scanning

densitometry using a Kodak™ image station.

1.5  Assessment of ERa, HDAC 1, Sp1 and Sp3 Levels in Sodium Butyrate and

TSA-Treated MCF-7 Cells

1.5.1 Preparation of Total Cell Lysates from MCF-7 Cells

MCF-7 cells were lysed in 8 M urea and sonicated for 10 — 20 sec. at 40% output
with a Sonifier Cell Disrupter 350 (Branson Ultrasonic Corporation). Protein
concentrations were determined using the Bio-Rad protein microassay. Samples were

stored at -20°C.

1.5.2  SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) of Total Cell Lysates

from MCF-7 Cells

Proteins from total cell lysate were initially resolved by SDS-PAGE gel
electrophoresis. The resolving gel solution consisted of 10% (w/v) acrylamide, 0.1% SDS
(w/v), and 375 mM Tris-HCI, pH 8.8. Ammonium persulfate (0.15%, w/v) and TEMED
(0.03%, v/v) were added to the gel solution and the gel was allowed to polymerize for 1-2
h. The stacking gel, which consisted of 3% (w/v) acrylamide, 0.1% (w/v) SDS and 125
mM Tris-HCI, pH 6.8, was supplemented with 0.15% (w/v) ammonium sulfate and

0.08% (v/v) TEMED, poured over the resolving gel and allowed to polymerize.
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Approximately 10 ml each of resolving and stacking gel solutions were prepared for each
gel. The gel thickness was typically 0.75 mm and the gel lengtlh was 8 cm high, 6 cm of
which belonged to the resolving gel.

Once the stacking gel was polymerized, sample loading buffer [4 X stock: 277 mM
SDS, 396 mM Tris-HCI, pH 6.8, 402 mM DTT, 40% (v/v) glycerol, 0.4% (wW/v)
bromophenol blue] was added to 15 g of total cell lysate protein from each treatment
sample and the sample was boiled for 2-4 min. After boiling, the samples were pulse-
centrifuged, loaded into their respective wells and electrophoresed at room temperature
for 45 min at 200 V. As well, an aliquot of pre-stained proteins of known molecular
weights (Rainbow Marker, Amersham-Pharmacia, ON) was loaded into a well adjacent
to the test samples to help assess the molecular mass of unknown proteins. The running

buffer consisted of 193 mM glycine, 1% (w/v) SDS, 25 mM Tris-HC], pH 8.3.

1.5.3  Immunoblot Analysis of ERq, HDACI1, Sp1 and Sp3 Levels in Cell Lysates
from Treated MCF-7 Cells

The total cell lysate proteins resolved on the SDS-PAGE gels were transferred to
nitrocellulose membrane as described in Methods section 1.9 of Part I except no pre-
soaking of the gels in equilibration buffer was required.

For Immunoblot analysis of ERo protein, the nitrocellulose membrane was
Incubated in 5% (w/v) skimmed milk diluted in 1 X TTBS [0.1 M Tris-HCI, pH 8, 0.3 M
NaCl, 0.4% (v/v) Tween-20] for 1 h and then washed 2 times with 1 X TTBS, each time
for only 2 min. The membrane was incubated in a 1 X TTBS solution containing ERo

antibody (Nova Castra, UK) diluted to 1/800 for 1.5 h at room temperature and then
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quickly washed twice. The membrane was incubated in a solution of 1 X TTRS
containing a 1/3000 dilution of goat-anti-mouse antibody linked to horseradish
peroxidase, incubated for 30 min at room temperature and washed twice, each time for 15
min. ECL was performed to detect the interaction of the ERa antibody with its target
protein in the MCF-7 cell lysate.

For immunoblot analysis of HDACI protein, the nitrocellulose membrane was
incubated in 7% (w/v) skimmed milk diluted in 1 X TTBS for 1 h. The membrane was
washed 2 times with 1 X TTBS, each time for only 2 min and then placed in a 1 X TTBS
solution containing HDAC1 antibody (ABR, NJ) diluted to 1/2000 for 1 h at room
temperature. The membrane was quickly washed twice and incubated in a solution of 1 X
TTBS containing a 1/10,000 dilution of goat-anti-rabbit antibody linked to horseradish
peroxidase for 30 min at room temiaerature. The membrane was washed twice, each time
for 15 min and ECL was performed to detect the interaction of the HDAC1 antibody with
its target protein in the MCF-7 cell lysate.

For immunoblot analysis of Spl and Sp3 protein, the nitrocellulose membrane was
incubated in 7.5% (w/v) skimmed milk diluted in 1 X TTBS for 1 h. The membrane was
washed 2 times with 1 X TTBS, each time for only 2 min, placed in 1 X TTBS solution
containing Spl (Upstate Biotech) or Sp3 (Santa-Cruz Biotechnology, CA) antibody
diluted to 1/500, and incubated for 1 h at room temperature. The membrane w as then
quickly washed twice and incubated in a solution of 1 X TTBS containing a 1/2500
dilution of goat-anti-rabbit antibody linked to horseradish peroxidase for 30 min at room
temperature. The membrane was washed twice, each time for 15 min, and ECL was

performed to detect the interaction of the Spl and Sp3 antibodies with their target
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proteins in the MCF-7 cell lysate. The levels of Spl, Sp3, HDACI1, HDAC? and ERq
were determined for at least two, and, in most cases, three passages of treated MCF-7

cells.

1.6 Isolation of DNA Sequences Associated with Hyperacetylated H3 and H4

Histones and HDAC1 in MCF-7 Cells by the ChIP Assay

1.6.1 Preparation of MCF-7 Cell Lysate for Immunoprecipitation

The DNA associated with hyperacetylated H3 and H4 antibodies and HDAC]
was isolated using a method based on two previously published protocols %474,
Approximately 1x 107 formaldehyde-cross-linked cells were resuspended in 750 pul of
lysis buffer [1% SDS (w/v), 10 mM EDTA, 50 mM Tris-HCI, pH 8.1] containing 1 mM
PMSF, 50 uM iodoacetamide, 10 pg/ml leupeptin and 1 pg/ml aprotinin. The cell lysate
was placed on ice for 5 min and then sonicated at 40% output for 14 - 30 sec. pulses
using a sonifier cell disrupter 350 (Branson Ultrasonic Corporation) to reduce the DNA
to 300-500 bp fragments. The sonicated lysate was then centrifuged for 10 min at 10,000
Ipm In a microcentrifige at 4°C. The supernatant was transferred to a fresh
microéentrifuge tube and diluted to 2 Ay units/ml with 1 X RIPA buffer [0.1% (w/v)
SDS, 0.1% (w/v) SDC, 1% Triton X-100 (v/v), 1 mM EDTA, 0.5 mM EGTA, 140 mM
NaCl, 10 mM Tris-HCI, pH 8] containing the same concentrations of leupeptin, aprotinin,
PMSF and iodoacetamide as was in the lysis buffer. The sample at this point is referred to
as the input. One hundred ul of input DNA was aliquoted into a clean microcentrifuge

tube.
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1.6.2 Immunoprecipitation of DNA sequences Associated with Hyperacetylated H3

i

and H4 Histones and HDAC1

Either an anti-HDACI, anti-acetylated H3, anti-acetylated H4 or anti-integrin o1
(Upstate Biotech) antibody was added to 1 ml of cel] lysate to a final dilution of 1/250.
The anti-integrin ol antibody was used as a control for proteins non-specifically
immunoprecipitated by non-antibody serum components. The sample was incubated for 2
h at 4°C on an orbitron. BSA and sonicated E. coli DNA were then added to the sample
to a final concentration of 10 pg/ml and 5 pg/ml, respectively, followed by 50 pl of a
50:50 slurry of protein A sepharose (Amersham—i’harmacia) in 1 X RIPA buffer. The
sample was incubated at 4°C for 2 h on an orbitron. Non-specific material bound to the
protein A sepharose was removed by washing the sepharose 3 times in 1 ml of ice-cold
IX RIPA, 3 times in 1 ml of ice-cold 1 X RIPA supplemented with 1 M NaCl, 2 times
with 1 ml of ice-cold LiCl buffer [0.25 M LiCl, 1% NP-40 (v/v), 1% SDC (w/v), 1 mM
EDTA, 10 mM Tris-HCI, pH 8], and then 2 times with 1 ml of ice-cold TE (20 mM Tris-
HCI, 1 mM EDTA, pH 8) buffer. Each wash was performed for 4 min on an orbitron.

After the final TE wash, the protein A sepharose was resuspended in 200 pl of
1.5% (w/v) SDS elution buffer and incubated for 15 min at room temperature on an
orbitron. The supernatant was transferred to a fresh microcentrifuge tube and 150 pl of
0.5% (w/v) SDS elution buffer was added to the left over beads to elute any complexes
still associated with the sepharose. The beads were incubated once again for 15 min at
room temperature on an orbitron and the supernatant was combined with the first eluate.

EDTA, pH 8, Tris-HCI, pH 6.5, and NaCl were added to the input and the eluted

150



supemnatant to final concentrations of 10 mM, 40 mM, and 200 mM, respectively. The
samples were incubated at 68°C overnight to reverse formalc}@hyde cross-links between
the DNA and protein. The following morning, proteinase K was added to the samples to a
final concentration of 50 pg/ml and the sample was incubated at 55°C for 2 h to digest
away any residual peptides or proteins still associated with the DNA. The samples were
extracted once with an equal volume of phenol:chloroform:isoamyl alcohol (25:24:1).
Five to ten pg of glycogen carrier (Invitrogen) and 2-3 volumes of absolute ethanol were
then added to the samples and the samples were incubated at -80°C overnight to
precipitate the immunoprecipitated DNA sequences. The samples were centrifuged for 30
min at 4°C and the resulting pellet of DNA was w;”tshed once with 1 ml of ice-cold 70%

(v/v) ethanol. The DNA pellet was then resuspended in 20 pl of double-distilled H,0O and

stored at 4°C or -20°C,

1.6.3  Quantitative PCR on Input and Immunoprecipitated DNA Sequences

The immunoprecipitated and input DNA was analyzed for DNA sequences within
the pS2 gene by real time PCR. Primers were used to amplify 315, 228 and 196 bp
regions from the pS2 promoter, exon 2 and exon 3, respectively (Table 3). The primers
for the 315 bp pS2 promoter region amplified most of the promoter region occupied by
nucleosome E with the exception of the one Spl DNA-binding site upstream from the
ERE (see Figure 12). Each PCR reaction was conducted in an iCycler™ (Bio-Rad) in the
presence of 1 X Invitrogen PCR buffer, 80 pM dNTP, 1.5 mM MgCl,, 1.25 U Platinum
Taq (Invitrogen), 2 ul input or 4 pl immunoprecipitated DNA, and Sybr (Sigma) green

diluted to 1/100,000. Amplification conditions were as follows: 1 cycle of 94°C for 5
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min, followed by 27-31 cycles of 94°C for 30 sec, 60°C for 30 sec, and 72°C for 30 sec.
Bio-Rad iCycler ™ software was used to visualize the intercalation of SyBr green dye
into double stranded DNA during the amplification reaction. Initially, PCR reactions
were run on input and immunoprecipitated DNA in an 1Cycler™ for each primer set to
determine the number of cycles required for the desired PCR product to reach a linear
stage of amplification. All subsequent PCR experiments on input and
Immunoprecipitated DNA were visualized using the Bio-Rad iCycler™ software to
monitor amplification. All PCR reactions were stopped when the PCR product reached a
linear stage of amplification.

PCR products were electrophoresed on to a 1% (w/v) agarose gel, stained with
ethidium bromide and then quantified using a Kodak Image Station™. The net intensity
of each ChIP DNA PCR product from each treatment was divided by the net intensity of
the same PCR product from the respective starting input. The resulting normalized value
was then divided by the normalized value for untreated samples to determine the fold
enrichment of this DNA sequence in treated relative to untreated samples. ChIP assays

were performed on at least 3 passages of treated MCF-7 cells.
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2.0 Results

2.1 Sodium Butyrate and TSA Induce Histone Hyperac)eltylation in MCF-7 Cells
To determine if the histones associated with the pS2 gene promoter are
dynamically acetylated in the absence of estrogen, MCF-7 human breast cancer cells
were treated with either 10 mM sodium butyrate or 500 ng/ml TSA for 2 h to inhibit
histone deacetylase activity and promote histone hyperacetylation along DNA regions
targeted by histone deacetylases. The efficacy of each histone deacetylase inhibitor under
these conditions was determined by isolating the histones from treated cells and
analyzing their acetylation status by AUT gel electrophoresis. Figure 21 shows that the
treatment conditions for both histone deacetylase iﬁﬁibitors were effective in significantly
increasing the levels of acetylated histones. In particular, an increase in the levels of
mono-, di-, tri- and tetra-acetylated H2B, H3 and H4 could be easily discerned in lanes

containing histones from sodium butyrate- or TSA-treated cells.
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Figure 21.
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Treatment of MCF-7 Human Breast Cancer Cells with 10 mM
Sedium Butyrate for 2 h or 500 ng/ml TSA for 2 h Induces Histone
Hyperacetylation. 20 ug of acid extracted histones was electrophoresed
onto a 15% Acid-Urea-Triton gel and the gel was stained with
Coomassie Blue. 0, 1, 2, 3, and 4 represent mono-, di-, tri- and tetra-

acetylated histone isoforms, respectively.
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2.2 Estradiol Increases while DRB, Sodium Butyrate and TSA Decrease pS2

RNA Levels in MCF-7 Cells

Next the effect of 10 nM E2 for 1 h, 500 ng/ml TSA for 2 h and 10 mM sodium
butyrate for 2 h on pS2, GAPDH and Cyclophilin 33 RNA levels was determined by RT
PCR. An E2 concentration of 10 nM was used since E2 present at this concentration
fully occupies the ERo and maximally stimulates pS2 gene expression *7°, Analysis of the
RT-PCR products revealed that pS2 RNA levels increase 3.2 + 0.7 fold (n=7) in MCF-7
cells treated with 10 nM E2 for 60 min when compared to untreated cells, while RNA
levels are only 0.6 £ 0.2 (n = 5) and 0.5 + 03 (n = 4) fold in cells treated with 10 mM
sodium butyrate (But) for 2 h or 500 ng/ml TSA for 2 h, respectively (Figure 22).
GAPDH and Cyclophilin 33 RNA levels did not differ significantly between untreated
cells and cells treated with E2, sodium butyrate or TSA.

The effect of treatment with 150 uM DRB alone or in combination with 10 nM
E2 and/or 10 mM sodium butyrate on pS2 RNA levels was also determined. The results
of this analysis are displayed in Figure 23. Treatment with 10 nM E2 for 1 h induced pS2
RNA levels by 3.2 + 0.7 fold (n = 7) with respect to unfreated cells. Treatment with 10
mM sodium butyrate for 2 h or 150 uM DRB for 4 h decreased pS2 total RNA levels to
0.6£0.2 (n=06)and 0.5+ 0.3 fold (n = 4), respectively. Cells treated with both E2 and
sodium butyrate or E2 and DRB displayed pS2 levels close to that observed in untreated
cells. Lastly, cells treated with E2, DRB and sodium butyrate also displayed no

significant change in pS2 RNA levels from that in untreated cells.
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Figure 22. Effect of Estradiol, A
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Figure 23.
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The Effect of Estradiol, Sodium Butyrate and DRB on pS2 Total RNA
Levels in MCF-7 Cells. MCF-7 cells were treated with 150 uM DRB for
4 h and/or 10 mM sodium butyrate (But) for 2 h and/or 10 nM E2 for 1 h.
Treatment with E2 increased pS2 total RNA levels 3.2 + 0.7 (n = 7) fold,
while the amount of pS2 RNA was only 0.6 + 0.2 (n = 5) fold in cells
treated with sodium butyrate when compared to untreated cells. Addition
of E2 to sodium butyrate-treated cells resulted in a pS2 RNA level that
was 1.4 + 0.2 (n = 4) fold compared to untreated cells and DRB treatment
alone yielded pS2 RNA levels that were 0.5 + 0.3 (n = 4) fold. Cells
treated with DRB and E2 displayed pS2 RNA levels that were 1.0 + 0.04
(n=2) fold of levels in untreated cells and pS2 RNA levels in cells treated
with DRB, sodium butyrate and E2 were only 1.0 + 0.01 (n = 2) fold.

Error bars represent the standard error of the mean.
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2.3 Sodium Butyrate and TSA do not Alter ERa, HDAC1, HDAC?2 or Spl Levels

in MCF-7 Cells

To further understand the mechanism through which sodium butyrate and TSA
affect pS2 gene expression in MCE-7 cells, we measured the total cellular levels of some
proteins involved in the estrogen response in untreated and treated MCF-7 cells (Figure
24). These proteins included ERq, HDACI, HDAC2, Sp1 and Sp3 protein. These results
showed that exposure to either 10 mM sodium butyrate or 500 ng/ml TSA for 2 h or 10
nM E2 for 1 h does not significantly alter the levels of ERa, HDACI, HDAC2 and Sp1 in
MCEF-7 cells. Treatment with E2 for 1 h also did not significantly alter Sp3 protein levels.
Overall, sodium butyrate and TSA did not signiﬁcaiﬁtly alter the level of both short forms
of Sp3. However, the results of a third experiment showed an increase in both short forms
after these treatments. The levels of Sp3 long form protein displayed considerably more
variability in response to histone deacetylase inhibitors. In one experiment, sodium
butyrate and TSA treatment increased the levels of Sp3 long form. In a second
experiment, TSA increased while sodium butyrate did not alter Sp3 long form levels. In a
third experiment, TSA decreased Sp3 long form levels while sodium butyrate increased

them.
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HDAC?2

Figure 24,

E2, Sodium Butyrate and TSA do not Significantly Alter ERa,
HDACI1, HDAC? or Spl Protein Levels in MCF-7 Cells. MCF-
7 cells were treated with 10 mM sodium butyrate (But) or 500
ng/ml TSA for 2 h or 10 nM E2 for 60 min. Fifteen g of total cell
extracts from each treatment sample were electrophoresed on to a
10% SDS-PAGE gel, transferred to nitrocellulose and
immunostained with antibodies to ERa, HDAC1, HDAC2, Spl or

Sp3. L and S designate long and short forms of the Sp3 protein.
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2.4.  Sodium Butyrate and TSA Decrease HDAC1 Levels Associated with the pS2

Promoter )

Sodium butyrate has previously been shown to remove HDAC1! from the
promoter region of the HER (Human Epidermal Growth Factor Receptor 2) gene and the
HIV-1 long terminal repeat /478, Furthermore, the effect of HDAC inhibitors on the
association of ERa with estrogen-responsive genes remains to be determined. To see if
sodium butyrate and TSA reduce pS2 RNA levels by altering the association of HDAC1
with different regions of the pS2 gene, the DNA sequences associated with HDAC1 were
analyzed by quantitative PCR using primers to the pS2 promoter, exon 2 and exon 3 gene
regions. PCR analysis was performed on three different passages of sodium butyrate- and
TSA-treated cells. With the exception of one MCF-7 passage which displayed no change
in HDACI levels along the 3 pS2 gene reglons in response to TSA treatment, the trend of
sodium butyrate and TSA treatment on HDACI distribution along each target DNA
sequence was similar. A representative PCR data set along with one of the replicate data
sets is displayed in Figure 25.

The results of these ChIP assays show that treatment of MCF-7 cells with 10 mM
sodium butyrate or 500 ng/ml TSA for 2 h decreases HDACI levels along the pS2
promoter. Sodium butyrate treatment also decreased HDAC1 levels along exons 2 and 3,
while TSA had no significant effect on HDAC1 association with these two regions. No
significant levels of pS2 promoter or coding region DNA sequences were
immunoprecipitated non-specifically by the integrin ol antibody. These results suggest
that sodium butyrate inhibits histone deacetylation along the promoter and coding regions

of the pS2 gene by disrupting the association between histone deacetylases and these
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gene regions. TSA, on the other hand, appears to inhibit the recruitment of histone

deacetylases only to the pS2 promoter.

Figure 25.
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The Effect of TSA and Sedium Butyrate on the Association of HDAC1
with the pS2 Promoter, Exon 2 and Exon 3 in MCF-7 Cells. (A) PCR
analysis of pS2 promoter, exon 2 and exon 3 DNA sequences associated
with HDAC1 in MCF-7 cells treated with 500 ng/ml TSA for 2 h. (B) PCR
analysis of pS2 promoter, exon 2 and exon 3 DNA sequences associated
with HDAC1 in MCF-7 cells treated with 10 mM butyrate (But) for 2 h.
Replicate data for each treatment set are displayed to the right. (C) PCR
analysis of pS2 promoter, exon 2 and exon 3 DNA sequences associated

with integrin a1 in untreated MCF-7 cells.
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2.5  Estradiol, Sodium Butyrate and TSA Induce Histone H3 and H4

Hyperacetylation Along the pS2 Gene in MCF-7 Cell‘s

We showed that sodium butyrate and TSA induce histone acetylation in MCF-7
cells (section 2.1). To determine if these histone deacetylase inhibitors induce histone
hyperacetylation along the pS2 gene, the ChIP assay was performed on untreated MCF-7
cells as well as MCF-7 cells treated with histone deacetylase inhibitor or 10 1M E2 for 1
h. The DNA sequences associated with hyperacetylated H3 and H4 were analyzed by
quantitative PCR using primers to the promoter, exon 2 and exon 3 regions of the pS2
gene. The fold enrichment of each target DNA sequence was then calculated by
normalizing the net intensity of each PCR product ti; its respective starting input and then
dividing all normalized values from treated samples by that generated from the untreated
sample. PCR analysis was performed on three different passages of E2-, sodium butyrate-
and TSA—treated cells. The trend for fold enrichment of acetylated H3 and H4 was
similar in all three passages. However, the exact fold enrichment values varied
significantly between passages due to variations in the ability of the antibody to
immunoprecipitate its target protein. Thus, instead of averaging the three data sets, a
representative PCR data set along with a diagrammatic representation of the fold
enrichmént in acetylated H3 and H4 is displayed in Figure 26. As well, the PCR data
from another treated passage is displayed.

The results of these ChIP assays show that treatment of MCF-7 cells with 10 oM
E2 for 60 min increases the level of H3 acetylation along the pS2 promoter and exon 2 by
approximately 2.6 and 1.9 fold, respectively. The level of acetylated H3 along exon 3,

however, was only 1.2 fold of the level along the same gene region in untreated cells. As
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well, this E2 treatment increased H4 acetylation levels by a respective 4.6, 2.4 and 4.2
fold along the pS2 promoter, exon 2 and exon 3. Similarly, §0dium butyrate treatment
also increased acetylated H3 levels along the pS2 promoter and exon 2 by approximately
2.3 and 2 4 fold, respectively. However, acetylated H3 levels along exon 3 in sodium
butyrate-treated cells did not vary much from the levels observed in untreated cells since
only a 1.2 fold enrichment was observed along this gene region. The levels of acetylated
H4 were also increased by approximately 3.8, 2.5 and 3.6 fold along the promoter, exon 2
and exon 3 regions, respectively. Lastly, TSA treatment increased acetylated H3 levels by
approximately 1.6, 1.5 and 2.5 fold and acetylated H4 levels by approximately 2.2, 1.9
and 3 fold along the pS2 promoter, exon 2 and exon ;3, respectively.

Thus, E2 is able to induce H3 and H4 acetylation along regions downstream from
the pS2 promoter. Furthermore, the fact that TSA and sodium butyrate i nduce histone
acetylation along the three pS2 gene regions suggests that both histone acetyltransferases

and histone deacetylases are associated with or located close to the pS2 promoter, exon 2

and exon 3 gene regions in the absence of estro gen.
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Figure 26.  The Effect of Sodium Butyrate, TSA and Estradiol (E2) on H3 and H4
Acetylation Along the pS2 Promoter, Exon 2 and Exon 3 Gene
Sequences in MCF-7 Cells . Representative PCR product data set (left) of
H3 - and H4 -associated pS2 promoter, exon 2 and exon 3 DNA sequences
in immunoprecipitated DNA accompanied by a replicate data set (Right
upper box) and a diagrammatic representation of the fold enrichment of
these products in E2- (A), Butyrate (But)- (B), and TSA- (C) treated MCF-

7 cells. Inp represents Input.
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2.6 Exposure to Estradiol Induces Histone Hyperacetylation Along the pS2

Promoter and Exon 3 that is Sustained for up to 180 min.

t

To determine if the effect of E2 on H3 and H4 acetylation along the pS2 gene is
sustained over time, we treated MCF-7 cells with 10 nM E2 for 0 — 180 min. The DNA
associated with hyperacetylated H3 and H4 was isolated using the ChIP assay and the
fold enrichment of the pS2 promoter and exon 3 DNA sequences in the ChIP DNA was
determined as previously described in section 2.5. Once again PCR analysis was
performed on three different passages of E2-treated MCE-7 cells. The results of one data
set are displayed in Figure 27.

All three passages showed that H3 becdlines hyperacetylated along the pS2
promoter at 30 min exposure to E2. In two cell passages, H3 acetylation along the
promoter was sustained throughout all treatment time points, while in a third passage H3
acetylation decreased to levels observed in untreated cells when cells were treated with
E2 for more than 60 min (data not shown). When compared to untreated cells, the
acetylated H3 level was higher than levels in untreated cells along exon 3 at 30 min in
two passages and approximately equal to levels in untreated cells in a third passage.
Likewise, two passages displayed an increase in acetylated H3 at 60 min, while in a third
passage acetylated H3 levels were equal to levels in untreated cells. At 2 h E2 treatment,
acetylated H3 levels were equal to levels in untreated cells in two passages, while
acetylated H3 levels were increased above control levels in a third passage. The
variations observed between acetylated H3 levels on the pS2 promoter and exon 3
regions between passages are most likely due to variations in the Immunoprecipitation

efficiency of the acetylated H3 antibody between samples. Nevertheless, these results
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show that the pS2 promoter and exon 3 are rapidly H3 hyperacetylated in response to E2
treatment by 30 min and that this hyperacetylation lasts for at le'ast 60 min.

Along the pS2 promoter, acetylated H4 levels began to show a significant
increase by 60 min, dropped to levels just above untreated control levels at 120 min and
then increased again at 180 min. However, in one other passage acetylated H4 levels
were still significantly higher than in control cells at 120 min. In one passage, H4 became
hyperacetylated as early as 30 min along exon 3 and stayed hyperacetylated for all
remaining time points in one cell passage. A similar trend was displayed for two other
passages. However, in both of these passages acetylated H4 levels at 120 min of E2
treatment were greater than levels observed beforéi and after this treatment time point.
Once again, the variations observed between acetylated H4 levels on the pS2 promoter
and exon 3 regions between passages are most likely due to variations in the
immunoprecipitation e fficiency o f the acetylated H 4 antibody b etween samples. T hese
results show that E2 treatment rapidly induces H4 hyperacetylation along the pS2
promoter and exon 3 regions within 30 min and that this hyperacetylation lasts for at least

180 min.
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Figure 27. The Effects of Estradiol on H3 and H4 Acetylation Along the pS2
Promoter and Exon 3 Gene Sequences. PCR analysis of pS2 promoter
and exon 3 DNA sequences associated with acetylated H3 and H4 in
MCEF-7 cells treated with 10 nM E2 for 0 - 180 min. The pS2 promoter
and exon 3 PCR products are displayed. Positioned below this display are
plots displaying the fold enrichment values of each DNA sequence in
acetylated H3 - and H4 -immunoprecipitated DNA samples relative to

untreated cells. Inp represents input.
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2.7  Estradiol Induces Histone Acetylation Along the pS2 Promoter and Exon 3

Even When Transcription is Inhibited ‘

The widespread acetylation of histones along the pS2 gene may function in the
recruitment of this active gene to specific nuclear regions such as the NM. Alternatively,
this widespread histone acetylation may result from contacts made between regions of the
the pS2 gene and the transcriptional initiation and elongation machinery. To determine if
transcriptional ~ stimulation was required for estrogen-induced H3 and H4
hyperacetylation along the pS2 gene, MCF-7 cells were treated with 150 APM DRB for 4 h
to inhibit transcription. E2 was then added to the DRB-containing media for 0 — 180 min
and the DNA sequences associated with hyperacetylated H3 and H4 were isolated and
analyzed for pS2 promoter and exon 3 DNA sequences by PCR analysis. This analysis
was performed on two passages of treated cells. The results of one data set are displayed
in Figure 28.

Both passages displayed a drastic increase in hyperacetylated H3 levels along the
promoter when exposed to E2 for 30 min in the presence o f DRB. T his increase was
greater than that observed in DRB-treated cells and cells treated only with E2 for 30 min
(Figure 28). Acetylated H3 levels decreased slightly at 60 and 120 min but remained
substantially higher than in untreated or DRB-treated cells. Furthermore, at 180 min,
acetylated H3 levels were still greater than levels in untreated and DRB-treated cells. In
one cell passage, acetylated H3 levels along exon 3 were higher than in untreated or
DRB-treated cells at 60, 120 and 180 min of E2 treatment (Figure 28). In another cell
passage, DRB-treated MCF-7 cells for all E2 treatment time points displayed the same

degree of H3 acetylation along pS2 exon 3 as was seen for untreated cells (data not
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shown). However, in this passage, the level of acetylated H3 associated with pS2 exon 3
in response to all E2 treatments did not significantly differ fron? levels observed in DRB-
treated cells.

Exposure of MCF-7 cells to DRB for 5 h led to an increase in H4 histone
acetylation along the pS2 promoter in one cell passage (data not shown). This
observation, however, could not be repeated since a second DRB-treated passage
displayed a slight depletion in acetylated H4 along the pS2 promoter when compared to
untreated cells (shown in Figure 28). Both passages of MCF-7 cells treated with E2 for
30 min displayed an increase in acetylated H4 along the pS2 promoter when compared to
untreated cells. The level of H4 acetylation along th; pS2 promoter in the presence of E2
for 30 min was greater than that observed in one passage of cells treated only with DRB
(Figure 28) but not greater than that observed in another passage of DRB-treated cells
(data not shown). Acetylated H4 levels along the pS2 promoter still remained high at 60
min E2 treatment when compared to untreated cells. These levels were greater than levels
observed in D RB-treated ¢ ells from one passage (shown in Figure 28) but not greater
than levels observed in a second passage (data not shown). By 120 min E2 treatment,
acetylated H4 levels along the pS2 promoter were equivalent to levels observed in DRB-
treated cells in one passage (data not shown) and approximately equal to levels observed
in the untreated cells of another passage (Figure 28). Acetylated H4 levels then either
slightly increased in one passage (Figure 28) or remained steady in a second passage
(data not shown) to levels observed in DRB-treated cells at 180 min E2 treatment. The
difference in H4 acetylation levels along the pS2 promoter between passages is most

likely due to inefficiencies in immunoprecipitation of acetylated H4.
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Analysis of pS2 exon 3 revealed that acetylated H4 levels were higher along exon

3 in both cell passages when they were treated with only DRB compared to untreated
p

cells (Figure 28). The addition of E2 to both passages of DRB-treated cells for 30 min
increased H4 acetylation levels along exon 3 beyond levels observed in DRB-treated
cells. In one passage, H4 acetylation levels were slightly greater than levels observed in
DRB-treated cells when cells were treated with E2 for 60 — 180 min (Figure 28). In a
second passage, acetylated H4 levels dropped to untreated levels along exon 3 at 60 min
E2 treatment, increased a little further to just below levels observed in DRB-treated cells
by 120 min E2 treatment and then increased to DRB-treated levels by 180 min E2
treatment (data not shown). However, in a third pagsage of DRB-treated cells that were
exposed to 10 nM E2 for only 60 min, acetylated H4 levels were higher along exon 3
than in untreated cells (data not shown). This suggests that the DRB treatment
accompanied by treatment with 10 nM E2 for 60 min induces H4 hyperacetylation along
PS2 exon 3 and that the depletion of acetylated H4 in the second passage was most likely
a consequence of the inefficient immunoprecipitations of acetylated H4-associated DNA
sequences.

Overall, these results show that treatment of MCE-7 cells with 10 nM B2 for 30 —
180 min induces H3 acetylation along the pS2 promoter and possibly increases H3
acetylation along exon 3 in the absence of transcription. DRB treatment most likely
induces H4 acetylation along both the pS2 promoter and exon 3 and treatment of MCF-7
cells with 10 nM E2 may mildly induce H4 acetylation levels along the promoter and
exon 3 regions of the pS2 gene in the absence of transcription. Of interest was the

observation that acetylated H3 and H4 levels were maintained along exon 3 after 30 min
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of E2 treatment in the presence of DRB (Figure 28). In MCF-7 cells treated with only
E2, H3 and H4 acetylation levels were maximal along exon 3 ‘at 30 min and then started
to decline thereafter (Figure 27). Furthermore, a signiﬁcaxtlt amount of H3 and H4
acetylation still occurred along the pS2 promoter when transcription was inhibited. These
results suggest that at least some of the histone acetylation that takes place along the pS2
promoter and exon 3 in response to E2 treatment is transcription-independent. However,
acetylated H3 levels in E2-treated cells were substantially greater than levels in untreated
or DRB plus E2-treated cells along the pS2 promoter and exon 3 at 120 min and 30 min
E2 treatment, respectively. Thus, in the case of H3, E2-induced widespread acetylation
may also result from contacts made between the;pSZ promoter and exon 3 and the

transcriptional initiation and elongation machinery.

171



Figure 28.
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The Effects of Estradiol and DRB on H3 and H4 Acetylation Along
the pS2 Promoter and Exon 3 Gene Sequences . PCR analysis of pS2
promoter and exon 3 DNA sequences associated with acetylated H3 and
H4 in MCF-7 cells treated with 10 nM E2 for 0 - 180 min in the presence
of 150 uM DRB. The pS2 promoter and exon 3 PCR products are
displayed. Positioned below this display are plots of the relative fold
enrichment values of each DNA sequence in H3- and H4-

immunoprecipitated DNA. Inp represents input.
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2.8 Estradiol-Induced Histone Acetylation Along the pS2 Promoter and Exon 3

is a Dynamic Process ;
i

Histone acetylation is usually a dynamic process mediated by both histone
acetyltransferases and histone deacetylases. Therefore, we determined if the E2-induced
widespread histone acetylation observed in the presence or absence of DRB is a dynamic
event mediated by both these enzymes. MCF-7 cells were treated with DRB and E2 as
described in section 2.7 and 10 mM sodium butyrate was added to the E2 plus DRB—
containing medium 2 h before completion of the E2 treatment. DNA sequences
associated with hyperacetylated H3 and H4 were isolated and analyzed for pS2 promoter
and exon 3 DNA sequences by PCR analysis.Tl;is analysis was pérformed on two
passages of treated cells. The results of this analysis are presented in Figure 29A.
Unfortunately, the PCR analysis for one of the two passages did not produce useful data.
Therefore, the results of this section are based on one passage of treated cells and should
only be considered preliminary.

The treatment of MCF-7 cells with DRB and sodium butyrate increased H3 and
H4 acetylation levels along the pS2 promoter when compared to untreated or DRB-
treated cells. Addition of 10 nM E2 to cells treated with both DRB and sodium butyrate
drastically increased b oth acetylated H3 and H4 along the p S2 promoter at 60 min to
levels far greater than that observed in E2-, E2 plus DRB- or E2 plus 10 mM sodium
butyrate-treated cells. H3 and H4 acetylation levels then started to decline at 120 and 180
min but were still significantly greater than the levels observed in cells treated with E2 or

DRB plus E2 for the same time points. These results suggest that, in the absence of

transcription, H3 and H4 acetylation along the pS2 promoter is a dynamic process.
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Interestingly, both H3 and H4 acetylation levels did not begin fo substantially increase
until after 30 min B2 exposure. Thus, the presence of sodiuml butyrate appeared to delay
the onset o fH3 and H 4 acetylation a long the p S2 promoter in cells treated with both
DRB and E2.

In the absence of E2, sodium butyrate and DRB induced H3 and H4 acetylation
along pS2 exon 3. Treatment of DRB- and sodium butyrate-treated cells with 10 nM E2
did not influence H3 and H4 acetylation along this gene region. With the exception of the
30 min E2 time point, DRB and sodium butyrate together in the presence or absence of
E2 induced H4 acetylation to a level greater than that observed in cells treated only with
DRB or DRB and E2. These results suggest thé:t transcription-independent H3 and,
possibly, H4 histone acetylation along pS2 exon 3 is a dynamic event.

The ability of DRB and sodium butyrate to enhance H3 and H4 acetylation levels
along the pS2 promoter beyond levels observed in E2- or DRB plus E2-treated cells may
result from the ability o f's odium b utyrate to act additively or synergistically with E2.
MCF-7 cells were treated with 10 mM sodium butyrate for 1 h and then 10 mM sodium
butyrate plus 10 nM E2 for an additional hour. DNA sequences associated with
hyperacetylated H3 and H4 were isolated and analyzed as described in section 2.4. PCR
analysis was performed on four passages of treated cells. The results of this analysis are
presented in Figure 29B. The treatment of MCF-7 cells with both E2 and butyrate did not
increase H3 and H4 acetylation levels along the pS2 promoter and exon 3 when
compared to cells treated only with sodium butyrate. Thus, sodium butyrate does not

appear to act additively or synergistically with E2 in inducing H3 or H4 hyperacetylation.
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Figure29. The Effect of Sodium Butyrate (But), Estradiol (E2) and DRB on H3
and H4 Acetylation Along the pS2 Promoter and Exon 3. (A). PCR

analysis of pS2 promoter and exon 3 DNA associated with acetylated H3
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and H4 in MCF-7 cells treated with 10 nM E2 for 0-180 min and 10 mM
sodium butyrate for 2 h in the presence of 150 mM DRB. Positioned
below this display are plots of the relative fold enrichment values of each
DNA sequence in H3- and H4-immunoprecipitated DNA. (B). PCR
analysis of pS2 promoter and exon 3 DNA sequences associated with
acetylated H3 and H4 in MCF-7 cells treated with 10 nM E2 for 60 min

and 10 mM sodium butyrate for 2 h. Inp represents input.
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3.0 _ Discussion

The exact function of histone acetylation in transoripti?n has been questioned for
decades. To further understand the involvement of this event in transcription, we studied
the effect of estrogen on H3 and H4 acetylation along the pS2 promoter, exon 2 and exon
3. To date, estrogen-induced H3 and H4 acetylation has mainly been studied along the
promoter regions of the estrogen-responsive pS2, c-myec, cathepsin D and EBI
genes'®"1%1% 1 5 recent study, Dr. Freedman and colleagues showed that exposure of
MCF-7 cells to E2 for 15 and 30 min increased acetylated H4 levels along a downstream
open reading frame in the pS2 gene **. However, whether this acetylation was a dynamic
process was not determined. Learning the dynair;ics of histone acetylation along the
different regions of estrogen-responsive genes is important for further elucidating the
involvement of this event in estrogen-induced transcription. Furthermore, breast cancer
cells proliferate in response to estrogen stimulation. Understanding the events involved in
E2-induced transcriptional activation is therefore important for highlighting potential
areas of disease therapy.

The first goal in this study was to determine if H3 and H4 are hyperacetylated in
response to estrogen stimulation along regions downstream from the pS2 promoter. The
treatment of MCF-7 cells with 10 nM E2 for 60 min induced pS2 RNA levels and also
induced histone acetylation along the pS2 promoter and exon 2. H3 acetylation appeared
not to be increased along exon 3. However, as can be seen in the replicate data set as well
as in the BE2-time course data set displayed in Figure 27, acetylated H3 levels associated.
with exon 3 were above levels observed in untreated cells when MCF-7 cells were {reated
with E2 for 60 min H4, in particular, displayed a larger fold enrichment along the three

pS2 gene regions. This was most likely due to the efficiency of the acetylated H3 and H4
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antibodies in recognizing their epitopes in the ChIP assay. In fact, even the antibodies
themselves produced slight variations between individual immunoprecipitations. For
example, the replicate data set in Figure 26 for ChIP assays performed on MCF-7 cells
treated with 10 nM E2 for 60 min showed that H4 was hyperacetylated along pS2 exon 3
after E2 treatment. However, the representative data set shows that H4 was not
hyperacetylated to the same degree on exon 3 even after considering the weaker intensity
of the input exon 3 PCR product. To more accurately determine the effect of E2 on H3
and H4 acetylation along the pS2 promoter and exon 3, we performed ChIP assays on
several different passages of E2-treated cells. These additional assays supported the
representative data set displayed in Figure 26. |

Our finding that e strogen t reatment i nduces widespread H3 and H4 acetylation
along the pS2 gene suggests that exposure to B2 either stimulates the recruitment of
histone acetyltransferases and/or the removal of histone deacetylases from the pS2
promoter, exon 2 and exon 3. Estrogen-induced histone acetyltransferase recruitment to
the pS2 promoter and coding regions is a likely scenario since the treatment of MCE-7
cells with E2 initiates the recruitment of histone acetyltransferases and the subsequent
acetylation of histones along the promoter of several estrogen responsive genes including
the pS2 gene 67168245 However, E2 treatment promotes the recruitment of the RNA
polymerase II complex to estrogen-responsive genes '® and this complex is associated
with histone acetyltransferases such as CBP and ELP3 1% Thus, the possibility still
exists that E2-induced widespread histone acetylation along the pS2 gene resulted from
contacts made between the pS2 promoter and exon 3 and the transcriptional initiation and

elongation machinery. The induction of H3 and H4 acetylation along the exon regions of
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an E2-responsive gene in the presence o f E2 has not been shown by another research

group. ‘

Whether E2 treatment caused a decrease in the level of histone deacetylases
associated with these three pS2 gene regions was not determined. However, in a recent
study by Dr. Shang and colleagues, HDAC2 and HDAC4 levels were decreased along the
c-myc promoter in MCF-7 cells after treatment with 100 nM E2 for 45 min '¢. Thus,
histone deacetylase removal from both the promoter and coding regions of estrogen-
responsive genes is a likely consequence of estrogen treatment.

Our second goal was to determine if the pS2 promoter, exon2 and exon 3 regions
are dynamically or statically acetylated. To accompiish this task, we treated MCF-7 cells
with either sodium butyrate or TSA histone deacetylase inhibitors. Our assumption was
that if the histones along these gene regions are dynamically acetylated, exposure to an
inhibitor of histone deacetylase activity would disturb the balance between the histone
acetylation and deacetylation reactions and prolong the histone acetylation reaction. The
consequence of this event would be an increase in the levels of acetylated histones in
DNA regions situated close to histone acetyltransferases. Thus, observations of an
induction in H3 and H4 acetylation levels along a specific gene region inresponse to
histone deacetylases inhibitor treatment would suggest that histone acetyltransferases and
histone deacetylases are associated with this gene region.

To address the issue of dynamic histone acetylation along different pS2 gene
regions, we first determined the effect of sodium butyrate and TSA on pS2 gene

expression. The treatment o f M CF-7 cells with 10 mM sodium b utyrate or 5 00 ng/ml

TSA for 2 h drastically reduced pS2 RNA levels and therefore inhibited pS2 gene
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expression. However, these inhibitors did not alter the expression of GAPDH or

cyclophilin 33. }

The effect of HDAC inhibitors on transcription is unknown. Butyrate and TSA
affect the transcription of only a small fraction of genes within the nucleus *>*31479 54
whether they repress or induce gene transcription varies with gene type. Several studies
have presented findings indicating that GAPDH RNA levels remain unaffected by both
TSA and sodium butyrate 313331480, Interestingly, pS2 RNA levels were shown to
increase upon exposure to 2.5 - 10 ng/ml TSA in the presence of 10" M E2 after a 24
hour incubation. This induction was further increased to 2 fold after 48 h *. Although
this disagrees with our current findings, it is imp(;nant to consider that this inducible
effect may be a result of the extended TSA and E2 incubation period and the fact that
both E2 and TSA have many direct and indirect effects on the cell cycle that may
promote pSZ gene expression. As well, we exposed our cells to 50 X the concentration of
TSA for only 2 h and 1000 X the concentration of E2 for 1 h. We chose such a high E2
concentration for only 1 h because E2 present at 10 nM will fully occupy the ERa and
maximally stimulate pS2 gene expression within an hour without causing significant
changes in cell cycle distribution *”°. We also used a higher TSA concentration because
this concentration has been used in other studies and shown to effectively induce histone
acetylation in as little as 30 min *2. Furthermore, the fact that exposure to a 10 mM
physiological concentration of sodium butyrate for 2 h caused the same degree of
inhibition in pS2 gene expression as the TSA treatment suggests that the TSA

concentration was not unnecessarily high.

180



The pS2 protein is thought to function as a motogen, a factor that promotes cell
movement and sodium butyrate inhibits the invasive behavior of cancer cells 8 Exactly
how sodium butyrate inhibits pS2 gene expression is unknown. The pS2 gene contains an
ERE as well as an AP1-binding site '%#64482, Preliminary data obtained by Dr. Sun in
our laboratory also indicates that the Sp1 and Sp3 proteins bind to two sites located on
either side of the ERE in vitro 24 (Figure 12). As well, Dr. Sun has presented
preliminary data showing that Sp1 and Sp3 bind to the pS2 promoter in situ.

The expression of the pS2 gene depends on the formation of multi-protein
complexes containing the ERaq, histone acetyltransferases and AP-1 68245482 Also, in
transient transfection experiments, Sp1 is required f;r estrogen-enhanced expression of a
reporter construct containing three consensus Spl sites . Spl is capable of interacting
with various transcription factors including p300/CBP, HDACI and ERa and the net
activity of these factors to promote or hinder transcription most likely depends on their
abundance, as well as their binding affinity and residence time along the pS2
promoter>¥486487,

To determine if butyrate and TSA indirectly inhibit pS2 gene expression by
altering the levels of factors important for pS2 transcription, we assessed the levels of
Spl, Sp3, ERa, HDAC1 and HDAC? in butyrate- and TSA-treated MCF-7 cells. Both
inhibitors did not significantly affect the levels of Spl, ERa, HDAC1 and HDAC2.
Thesé inhibitors also did not significantly affect the level of Sp3 short form protein;
however, the effect on Sp3 long form protein could not be conclusively determined. In a

previous study, Spl and Sp3 levels were not altered in sodium butyrate-treated MCF-7

cells *”7. As well, the DNA-binding ability of Sp1 and Sp3 to their target gene was not

181



affected **. Similarly, Sp1, Sp3 or HDACI levels were not altered in TSA-treated

hepatoma cells **

- Thus, it seems likely that sodium butyrate apd TSA do not exert their
effect on pS2 gene transcription in MCF-7 breast cancer cells by altering the levels of
these proteins. However, these findings do not exclude the possibility that sodium
butyrate and TSA alter the levels of other factors important for pS2 gene expression such
as AP-1, CBP, p300, AIB1, SRC-1 or any one of components of the DRIP complex.

Exposure to sodium butyrate increases the levels of the PP1 phosphatase **. The
transcriptional properties of many of the factors influencing estrogen action are affected
by phosphorylation. For example, ERo is phosphorylated by MAPK and this event
increases its transcriptional efficiency “*%8. Tliei transcription factor Spl is also
phosphorylated by a DNA-dependent kinase “°. In addition, the transcriptional activity of
AIBI, a ligand-dependent ER coactivator, and the association of this coactivator with
p300 is enhanced by estrogen- or growth factor-induced MAPK serine phosphorylation in
MCE-7 cells **. Similarly, MAPK phosphorylates SRC-1, a histone acetyltransferase that
interacts with RNA polymerase II, CBP and ERq 13482491492 This event enhances the
coactivation properties of SRC-1 42,

Histone deacetylase activity and histone deacetylase complex formation may be
regulated by phosphorylation. The in vivo phosphorylation of mammalian HDAC1 has
been shown to reduce its enzymatic activity and disrupt HDAC1 complex formation with
RbAp48 and m Sin3A **. S imilarly, p hosphorylation o f HDACT and HDAC? disturbs
their interactions with one another as well as the interactions between HDACI and co-
repressors such as mSin3A and YY1 **. However, contradictory evidence exists

suggesting that HDAC1 phosphorylation does not influence its deacetylase activity **°.
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As well, the phosphorylation of HDAC2 activity increases its activity >*". We showed
that sodium butyrate and TSA-treatment increased H3 and H4 acetylation levels and
decreased HDACI levels along the pS2 promoter. This suggests that both histone
deacetylase inhibitors disturb the association of histone deacetylases such as HDAC]1
with this gene region; however, the ability of these inhibitors to reduce histone
deacetylase activity is also likely. Our results agree with the idea that sodium butyrate
induces PP1 activity which disrupts histone deacetylase complexes or decreases histone
deacetylase activity.

In addition to altering protein phosphorylation, sodium butyrate and TSA may
influence pS2 gene expression by altering the acetS;Iation status of transcription factors.
The ubiquitously expressed transcription factor YY1 interacts with the histone
acetyltransferases p300 and CBP, as well as the histone deacetylases HDAC1, HDAC?2,
HDAC3 *!. Acetylation of YY1 stabilizes its association with histone deacetylases,
causing it to act as a transcriptional repressor *°'. In addition, Dr. Pestell and colleagues
have reported evidence suggesting that the ability of ERa to induce the transactivation of
an ERE-luciferase reporter construct is suppressed by acetylation of two specific lysine
residues within the hinge/ligand binding domain of ERo '%. Sodium butyrate and TSA
may inhibit pS2 expression by promoting the acetylation of certain transcription factors
which may in some cases stabilize the association of these factors with histone
deacetylases and in other cases directly alter the transactivation properties of these
factors.

Even though sodium butyrate and TSA inhibited pS2 gene expression, both

compounds induced histone acetylation along the pS2 promoter, exon 2 and exon 3 in the
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absence of estrogen. We also observed that HDACI is associated with all three gene
regions in untreated cells. Therefore, in the absence of E2, the pSZ promoter, exon 2 and
exon 3 gene regions are dynamically acetylated and most likely situated near regions of
histone acetyltransferase and histone deacetylase activity.

These findings are supported by evidence from several studies. Dr. Mahadevan
and colleagues recently demonstrated that H3 and H4 are dynamically acetylated along
the promoter and two downstream regions of the c-jum gene in quiescent mouse
fibroblasts . As well, Dr. Freedman and colleagues showed that the pS2 gene promoter
1s associated with a low level of acetylated H4 in untreated MCF-7 cells 3 Dr. Brown
and colleagues have reéently shown that HDACZde HDAC4 are assoéiated with the
estrogen-responsive c-myc promoter in untreated MCF-7 cells '*’. Small levels of ERa
and histone acetyltransferases such as SRC-1, AIB-1 and CBP are also associated with
the pS2 promoter region in the absence of estrogen 2. Furthermore, the interaction of
ERa with SRC proteins and p300/CBP is sufficient to induce targeted histone acetylation
on estrogen-responsive promoters in the absence of transcription .

When treated with sodium butyrate, the levels of HDAC]1 associated with all three
PS2 gene regions significantly decreased while TSA-treated cells displayed a significant
decrease only along the promoter. TSA has also been shown to remove HDACI and
HDAC2 from the HER2 promoter in breast c ancer cells *76. S imilarly, TSA treatment
removed HDAC1 from the methylated metallothionein gene promoter in mouse
lymphosarcoma cells *’®. The differential effect of TSA and sodium butyrate on HDAC1
association along exons 2 and 3 may be a result of TSA having a higher potency and less

pleiotropic effects than sodium butyrate on other nuclear proteins 222, Whether these
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inhibitors affect the association of other histone deacetylases with the three pS2 gene
regions is an area that warrants further investigation. ‘

To determine if estrogen-mediated induction in H3 and H4 acetylation levels is an
early immediate or a prolonged response, we treated MCF-7 cells with E2 for 0 to 180
min and analyzed the levels of hyperacetylated H3 and H4 associated with the pS2
promoter and exon 3. Our observations that H3 and H4 acteylation levels were increased
along the pS2 promoter for 180 min and along exon 3 regions for up to 120 min suggests
that E2-induced H3 and H4 acetylation along the pS2 gene is a prolonged event. In a
study by Dr. Evans and colleagues, the levels of acetylated H4 increased along the pS2
promoter between 0 and 60 min E2 treatment 199i Dr. Freedman and colleagues also
observed that acetylated H4 levels along the pS2 promoter were increased by 30 min and
were sustained for at least another 135 minin the presence o f E2 **. This somewhat
prolonged estrogen-induced histone acetylation along the pS2 promoter may assist in
transcriptional re-initiation events by allowing transcription factors to cycle on and off of
the promoter region over time.

Compared to the pS2 promoter region, H3 and H4 acetylation along exon 3 was a
relatively short-lived event. Transcription of pS2 occurs within 15 — 30 min of E2
treatment and c arries on for atleast 6 h inthe presence ofe strogen ' %***, T herefore,
while the level of histone acetylation along exon 3 decreases to control levels after 120
min, transcription is still an ongoing process.

In a recent study, the overall charge of the H3 histone tail was found to correlate
better with transcription than histone acetylation, suggesting that other post-translational

modifications of the core histone N terminal tails may be important for transcription ***.
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Despite this, histone acetylation is still a necessary event for transcription since the
mutation of Gen5 and Elp3 in yeast caused histone hypoacgtylation along the coding
regions of several genes and this event correlated with the reéuced transcription of these
genes 2, However, other histone modifications such as histone phosphorylation that alter
the overall charge of histone N terminal tails could be taking place along exon 3 while
histone acetylation starts to decline. Acetylation of H3 by CBP stimulates the tight
binding of the CARMI arginine methyltransferase to chromatin and the subsequent
methylation of H3 R17 at 30 min E2 treatment '®®. The presence of CARMI
synergistically enhances the function of ERa ', The levels of R17 methylation remain
high at 60 and 180 min E2 treatment. Although p;otein methylation does not alter the
overall charge of the histone tails, it does alter the hydrophobicity *°. The presence of
multiple histone modifications along exon 3 may create an environment favored by
specific proteins or enzymatic activities. In addition to protein modification, DRIP co-
activator proteins are recruited to the pS2 promoter between 105 and 165 min E2
treatment ***. Thus, as histone acetylation begins to decline along exon 3, other events
may take place that continue the transcription process.

MCF-7 cells treated only with DRB displayed a higher level of acetylated H4
along the pS2 promoter and exon 3 than that found in untreated cells while acetylated H3
levels did not display any significant enrichment. As well, the treatment of MCF-7 cells
with both DRB and E2 decreased the onset time for H3 and H4 acetylation along the pS2
promoter. The treatment of MCF-7 cells with estrogen causes factors such as histone
acetyltransferases and RNA polymerase II to cycle on and off the promoter of estrogen

responsive genes '®?*° This treatment also decreases the levels of histone deacetylases
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associated with the promoter regions of estrogen-responsive genes '°. DRB treatment
stabilizes the association of ERo,, AIB1 and RNA polymerase; II on the promoter of the
cathepsin D gene ', Different histone acetyltransferases have different target substrate
specificities. For example, NuA4 primarily acetylates histone H4 in vitro while it does
not significantly acetylate H3 '*°, Gens strongly acetylates H3 and weakly acetylates H4
in vitro ''°. PCAF also primarily acetylates H3 at Lys-14 and more weakly acetylates H4
at Lys-8 19, Thus, in the absence of E2, DRB most likely stabilizes the association of H4-
targeting histone acetyltransferases with the pS2 promoter and exon 3.

Alternatively, DRB treatment may promote the disassociation of H4-targeting
histone d eacetylase c omplexes from the pS2p rom;)ter and exon 3. DRB inhibits CK2
activity **¢. CK2 phosphorylates HDAC2 and this event is required for HDAC2 complex
formation with mSin3 and Mi2 . Therefore, DRB most likely prevents HDAC2 from
becoming phosphorylated and this event prevents the recruitment of HDAC2-containing
complexes to these gene regions. However, whether DRB actually affects the association
or function of HDAC2-containing or other histone deacetylase-containing complexes
with the pS2 gene remains to be determined.

The increased speed with which H3 and H4 became acetylated along the pS2
promoter in the presence of E2 and DRB likely resulted from estrogen-mediated
recruitment and DRB-induced stabilization of H3- and H4-targeting histone
acetyltransferases either associated directly or indirectly with the promoter region
through RNA polymerase II ', Therefore, treatment with E2 most likely promoted the
recruitment of histone acetyltransferases to the pS2 promoter and DRB would have

prevented these factors from cycling off this gene region.
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DRB-treated MCF-7 cells displayed a delay in estrogen-induced H3 acetylation
along exon 3 when compared to levels observed in cells treate(‘i with E2 alone. However,
this event was prolonged for at least 180 min. H4 acetylationl was slightly induced in the
presence of DRB alone and E2 treatment further increased acetylated H4 levels for up to
180 min. The ability of DRB to stabilize the association of histone acetyltransferases with
downstream regions has not been determined.

Although DRB can stabilize the association of histone acteyltransferases with an
estrogen-responsive gene, this transcriptional inhibitor prevents RNA polymerase 11 from
converting into an elongation mode. As well, cells were treated with DRB for 4 h, a time
sufficient to ensure that levels of RNA polymerase‘fl remaining on downstream pS2 gene
regions were minimal. Thus, E2 treatment induces H3 and H4 acetylation along the pS2
promoter and exon 3 in the absence of transcriptional stimulation.

Acetylated H3 levels in E2-treated cells were substantially greater than levels in
untreated or DRB plus E2-treated cells along the pS2 promoter at 120 min E2 treatment
and along exon 3 at 30 min of E2 treatment. Therefore, while most of the histone
acetylation that took place along the promoter and exon 3 occurred independently of
transcription, some histone acetylation was also stimulated by the recruitment of histone
acetyltransferases to the pS2 gene during the transcriptional initiation and elongation
process.

Lastly, the addition of 10 mM sodium butyrate to cells treated with both DRB and
E2 had profound effects on estrogen-induced H3 and H4 histone acetylation along the
pS2 promoter and no significant effect on H3 and H4 acetylation levels along exon 3. The

drastic induction in H3 and H4 hyperacetylation along the pS2 promoter most likely
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resulted from the presence of all three reagents. E2 treatment most likely promotes factor
recruitment to and histone deacetylase removal from the pS2 gene, while DRB would
most likely stabilize factor association and possibly alter the transcriptional properties of
some of the associated factors. Sodium butyrate would then remove any residual histone
deacetylases from the pS2 gene and possibly alter the characteristics of various histone
acetyliransferases associated with the pS2 gene either by altering their phosphorylation or
acetylation status or by altering the components of the multi-protein complex in which
they reside. The fact that we observed a large increase in acetylated H3 and H4 levels
over time in the presence of all three reagents when compared to levels observed in cells
treated only with E2 and DRB suggests that estrogen-induced histone acetylation along
the pS2 promoter is a dynamic and prolonged event occurring for at least 180 min.

The majority of E2 treatment time points in MCF-7 cells pre-treated with DRB
and sodium butyrate displayed significantly higher levels in histone acetylation along the
promoter when compared to cells treated only with E2-, DRB plus E2-, or sodium
butyrate. By themselves, E2, DRB and sodium butyrate could not induce H3 and H4
acetylation to the same drastic level as that observed along the pS2 promoter in MCF-7
cells treated with E2 for 60 min in the presence of DRB and sodium butyrate. Likewise,
the treatment of MCF-7 cells with E2 plus DRB or DRB plus sodium butyrate also did
not drastically induce histone hyperacetylation. Initially, we thought that this drastic
induction in H3 and H4 hyperacetylation was a result of the ability of sodium butyrate to
act additively or synergistically with E2. However, analysis of histone acetylation along

the pS2 promoter in MCF-7 cells treated with butyrate or butyrate plus E2 revealed that
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treatment o f cells with b oth s odium b utyrate and E2 d oes n ot further enhance s odium

butyrate-induced H3 and H4 hyperacetylation (Figure 29B).

i
i

The addition of E2 to DRB plus sodium butyrate-treated MCF-7 cells did not
further increase acetylated H3 levels along exon 3 beyond levels observed in cells treated
with DRB plus sodium butyrate, E2 plus DRB, E2 or sodium butyrate. In most cases,
treatment of MCF-7 cells with DRB, sodium butyrate and E2 also did not further induce
acetylated H4 levels along exon 3 when compared to cells treated with DRB plus E2.
However, acetylated H4 levels along this gene region were significantly greater than in
cells treated with E2 plus DRB, DRB, sodium butyrate or E2. The substantial increase of
acetylated H4 in DRB plus sodium butyrate—trea‘;ed cells suggests that H4-targeting
histone deacetylase complexes are predominantly situated close to exon 3 in the absence
of E2.

These observations suggest that E2 is unable to promote the recruitment of
additional histone acetyltransferases to exon 3 in the presence of sodium butyrate. We
previously showed that acetylated H3 and H4 levels are increased along exon 3 in the
presence of DRB and E2. This suggests that DRB does not interfere with histone
acetyltransferase recruitment. We aso showed that sodium butyrate and TSA treatment
induce H3 and H4 acetylation along exon 3 to approximately the same extent as 60 min
of E2 treatment or (Figure 26). Thus, these histone deacetylase inhibitors most likely do
not promote the complete removal of histone acetyltransferases.

However, the treatment of MCF-7 cells with sodium butyrate and E2 did not
increase H3 and H4 acetylation levels beyond those observed in cells treated only with

E2, sodium butyrate or TSA alone (Figure 29B). Perhaps the inability of estrogen to
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further increase sodium butyrate-induced H3 and H4 hyperacetylation along exon 3 can
be explained by the fact that E2 treatment reduces the associati?n of histone deacetylases
with estrogen-responsive genes ', Whether E2 complétely removes all histone
deacetylase activity from an e strogen-responsive gene remains to be d etermined. W ith
this to c onsider, we cannot rule o ut t he p ossibility that at  east some d ynamic histone
acetylation takes place along exon 3 in the presence of E2 and DRB.

Evidence showing that histone acetyltransferases and deacetylases are associated
with the pS2 promoter and exon 3 in the absence of B2 suggests that the pS2 gene is
located in nuclear regions enriched in histone acetyltransferase and histone deacetylase
activity. In the presence of estrogen or sodium buty;ate, acetylated H3 and H4 levels are
usually greater along the pS2 promoter than along exons 2 or 3 (Figure 26). Our
observations that E2 treatment induced H3 and H4 acetylation along the pS2 promoter in
the presence of both DRB and sodium butyrate, but not along exon 3, can possibly be
explained by the fact that the pS2 promoter is situated within a nuclear region containing

more histone acetyltransferase activity than nuclear regions associated with exon 3.
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In summary, we showed that dynamic H3 and H4 acetylation takes place along
the pS2 promoter, exon 2 and exon 3 in the absence of E2. "{‘his suggests that the pS2
gene is localized to nuclear regions associated with hisltone acetyltransferases and
deacetylases in the absence of estrogen. The act of dynamic histone acetylation along the
pS2 gene may recruit this gene (and other genes) to the NM or other regions enriched in
histone acetyltransferases, deacetylases and transcription factors.

Treatment with E2 induces H3 and H4 acetylation along the pS2 promoter, exon 2
and exon 3 in the presence or absence of transcription. Thus, exposure to E2 most likely
mediates the recruitment of additional histone acetyltransferases to the promoter and
coding regions of estrogen-responsive genes and thlase enzymes may function to tighten
the association between these genes and nuclear regions such as the NM. In support of
this, the binding of ERa to estrogen causes this receptor molecule to become tightly
associated with the NM and to recruit histone acetyltransferases to the promoter regions
of estrogen-responsive genes 741258

The fact that higher levels of dynamic H3 and H3 acetylation were often observed
along the pS2 promoter compared to coding regions suggests that more histone
acetyltransferases are recruited to the promoter in response to E2 treatment compared to
downstream regions. The function of these additional acetyltransferases could be to
generate a histone code along the core histone N terminal tails associated with the pS2
promoter that can be recognized by additional factors involved in the transcriptional
process. As well, the acetylation of core histones in unfolded, transcriptionally active
nucleosomes along the pS2 gene may be required to ease the movement of DNA through

NM-associated RNA polymerase II molecules. Thus, histone acetylation is important for
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the transcription process but can occur independently of this event. The transcriptional
activation of the pS2 gene most likely depends on the recruitment of specific
1

transcription factors to the same nuclear region of this gene.
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PartIII:  Analysis of DNA-associated Nuclear Matrix Protein Profiles from Cell

Lines Composing a Model of Breast Cancer Disease Development
¢

The majority of breast cancers initially depend on estrogen for growth and
approximately 60% of these tumors respond to anti-estrogen or other endocrine therapies
1031 the malignant progression of breast cancer, breast tumors progress from
hormone-dependent growth to a more aggressive phenotype characterized by hormone-
independent growth, resistance to endocrine therapy and widespread metastasis $'*°, Ag
well, over 30% of all breast tumors that express the ERa fail to respond to anti-estrogen
therapy, suggesting that loss of hormone dependence in breast cancer cells is an
important step in breast cancer development 514; The NM organizes DNA into loop
domains and has a role in determining cell shape **". This nuclear structure serves as a
platform upon w hich m any nuclear p rocesses including transcription, D NA replication
and RNA processing are associated °'**'". The organization and composition of the NM
change with nuclear abtivity 213518519 Afterations in NM organization may, therefore,
alter DNA organization and influence gene expression. Changes in the expression
patterns of NM proteins between hormone-dependent and hormone-independent human
breast cancer cells have been observed **, As well, informative NM proteins have been
identified for bladder, breast, colon, and cervical cancers “***?°22_ We have previously
shown that the cross-linking agent cisplatin preferentially cross-links NM proteins to
DNA in situ. Thus, the objective of this study was to determine if changes in NM

organization correlate with the acquisition of invasive, metastatic and anti-estrogen

resistant phenotypes important for breast cancer cell development.
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For this study, we isolated NM and cisplatin DNA-cross-linked NM proteins from |
various cell lines in a breast cancer progression series “***'. This series consists of four
cell lines including: MCF-7, MIII, LCC1 and LCC2. All celf lines express ERq and are
stimulated to proliferate by estrogen *24°, However, the MIII, LCC1 and LCC2 cell lines
are able to grow in the absence of estrogen “. In addition, all cell lines in this series are
sensitive to the anti-estrogen ICI, while only the LCC2 cell line is resistant to the anti-
estrogen tamoxifen **. The MCF-7 cell line is non-metastatic and non-invasive while the
MIII and LCC1 cell lines are able to invade locally from solid mammary fat pad tumors
and produce metastatic lesions “2. In addition, the LCC2 cell line is invasive and

433434 Thus, the MCF-7 cell line has ‘a phenotype more representative of

metastatic
carly-stage breast cancer while the MIII and LCC] cell lines have an intermediate
phenotype and the LCC2 cell line displays a phenotype representative of advanced breast
cancer. NM and cisplatin DNA-cross-linked proteins were isolated from each cell line

and the levels of proteins in each preparation were analyzed by two dimensional

electrophoresis.
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1.0 Methods

1.1 Cell Maintenance

The human breast carcinoma cell lines MCF-7, M11, LéCl and LCC2 were used
in this study. The MCF-7 cell line was a sub-clone generated by Dr. Rob Clarke and is
referred to MCF-7(RC). All cell lines were maintained at 37°C (humidified atmosphere,
5% CO,/ 95% Air) on 150 x 20 mm tissue culture dishes (Nunc). The MCF-7(RC) cell
line was cultured in Dulbecco's Modified Eagle M edium (DMEM, Gibco-BRL, Grand
Island, New York) supplemented with 1% (v/v) L-glutamine, 1% (v/v) glucose, 1% (v/v)
penicillin/streptomycin and 5% (v/v) fetal calf serum (FCS: Gibco, Grand Island, New
York). MIII, LCC1 and LCC2 were cultured in Phenol Red Free Dulbecco’s Modified
Eagle Medium (Sigma), 5% (v/v) twice charcoal stripped fetal calf serum and
supplemented as mentioned above. At approximately 90% confluence, cells were

scraped from the plates and frozen as pellets containing 1 x 107 cells at -70°C.

1.2 Isolation and Analysis of Nuclear Matrix Proteins and Proteins Cross-Linked

to DNA in Situ.

Nuclear matrices were isolated by Dr. Shanti Samuel from the breast cancer céll
lines as previously described (Figure 30) 22, Cell pellets containing 1 x 107 cells were
resuspended in 10 ml of ice-cold TNM buffer (see recipe in Methods section 1.4 of Part
IT) containing 1 mM PMSF. The cell suspension was homogenized 5 times with a Teflon
pestle on ice. Following homogenization, cells were incubated on ice for 5 min. A final
concentration of 0.5% (v/v) Triton X-100 was added to release lipids and soluble proteins
while nuclei remained intact. The suspension of nuclei was passed three times through an

18 gauge needle and collected by centrifugation at 1000 x g for 10 min at 4°C. The nuclei
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were again resuspended in ice-cold TNM buffer with 1 mM PMSF, homogenized and

pelleted as before.

:
i

The nuclei were resuspended to a concentration of 20 A, units/ml in cold DIG
buffer (50 mM NaCl, 300 mM sucrose, 10 mM Tris-HC, pH 7.4, 3 mM MgCl, 1% (v/v)
thiodiglycol, 0.5% (v/v) Triton X-100) with 1 mM PMSF and digested with DNase I at a
concentration of 168 units/ml for 20 min at room temperature. Ammonium sulphate (final
concentration of 0.25 M) was added with stirring to facilitate chromatin removal, and the
pellet consisting of NM proteins bound to intermediate filament (IF) proteins (NM-IF)
was obtained by centrifugation at 9600 x g for 10 min at 4°C. This pellet was
resuspended in ice-cold DIG buffer with 1 mM PMiSF , extracted by adding 4 M NaCl to
a final concentration of 2 M, and incubated on ice for 30 min. The sample was then
centrifuged at 9600 x g for 10 min at 4°C. The NaCl-extracted pellet (NM2-IF) was again

resuspended in ice-cold DIG buffer, extracted with 2 M NaCl and centrifuged as before.
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Figure 30.

Nuclei

NM-IF

NM2-

NM

Nuclear Matrix Extraction Method. Nuclei were isolated from breast
cancer cells and treated with DNase I to digest approximately 95% of total
nuclear DNA. The nuclei were then treated with NH;SO4 and centrifuged
to remove soluble nuclear proteins, non-histone chromosomal proteins and
histones. This resulting pellet contains mostly NM proteins associated
with intermediate filament proteins (NM-IF). The NM-IF fraction was
treated with NaCl to remove any residual non-nuclear matrix proteins
(NM2-IF). The NM2-IF was resuspended in disassembly buffer, dialyzed
against assembly buffer and centrifuged to dissociate the intermediate

filament proteins from the NM.
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The NM2-IF was resuspended in Disassembly buffer (8 M urea, 20 mM 2[N- |
morpholino] ethane sulfonic acid, pH 6.6, 1 mM EGTA, 1 leI PMSF, 0.1 mM MgClL,
1% (v/v) B-mercaptoethanol) and dialysed overnight at room Jtemperature against 2 liters
of Assembly buffer (0.15 M KCl, 25 mM imidazole, pH 7.1, 5 mM MgCl,, 2 mM DTT,
0.125 M EGTA, 0.2 mM PMSF). Dialysis allowed the urea to be removed and the
intermediate filaments (IFs) to reassemble. The IFs were removed by ultracentrifugation
at 150,000 x g for 90 min at room temperature. The resulting supernatant containing NM
proteins was removed carefully and lyophilized. Lyophilized samples were resuspended
in 8 M urea, aliquoted and frozen at -20°C. Protein concentrations were determined using

the Bio-Rad assay with BSA as a standard.

1.3 Isolation and Analysis of Nuclear Matrix Proteins and Proteins Cross-Linked
to DNA in situ.

DNA-protein cross-linking was performed as previously described *”° (Figure 31).
Approximately 1 x 107 cells were resuspended to a density of 1 x 10° cells/ml in Hanks
Buffer containing sodium acetate instead of NaCl at the same concentration. The cells
were incubated with 1 mM cisplatin at 37°C for 2 h with gentle shaking. Following this
incubation, cells were treated with lysis buffer (5 M urea, 2 M guanidine-HCL, 2 M NaCl
and 0.2 M potassium phosphate, pH 7.5). HAP (4 g/ 20A360 units of lysate, Bio-Rad)
was then added. The HAP resin was washed with lysis buffer to remove RNA and
proteins not cross-linked to DNA. To reverse the cross-linking, the HAP was incubated
in lysis buffer containing 1 M thiourea instead of 5 M urea. By doing so, the proteins

were released from HAP, while the DNA remained bound. The eluted proteins were
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dialyzed against double-distilled H,0, lyophilized and then resuspended in § M urea.
Protein concentrations were determined using the Bio-Rad Protein Assay with BSA as a

¢

standard.

14  Two-dimensional Gel Electrophoresis of Nuclear Matrix and Cross-linked
Proteins.
Two-dimension p olyacrylamide gel electrophoresis w as p erformed as d escribed

498, Separation of proteins by their isoelectric point was performed by loading

previously
80 ug of protein sample on to isoelectric focusing tube gels (1.5 mm x 18 cm) containing
2% pre-blended ampholines of isoelectric poinf[ (D values of 3.5-9.5 and 5-8
(Amersham-Pharmacia). The gels were electrophoresed at 400 V, 400 mA for 16 h and
then 800 V, 400 mA for 2 h. After electrophoresis, the gels were placed in a sample
reducing buffer containing 3% (w/v) SDS, 1.5% (w/v) DTT, 0.07% (w/v) Tris-HCI, pH
6.7, 0.01% (w/v) bromophenol blue for 20 min at room temperature. Following the
incubation, the tube gels were layered on to 8% SDS-PAGE resolving gels.
Electrophoresis was performed at a constant amperage of 50 mA per gel for 2.65
h at room temperature. Gels were stained with silver using the Pharmacia Silver Stain kit
(Amersham-Pharmacia) and then dried between sheets of gel drying film (Promega
Corp.) at room temperature. Stained gels were scanned using a PDI 3250F densitometer
(PDL Huntington Station, N.Y.), and the data were analyzed with Image Master software

(Amersham Pharmacia Biotech). Molecular masses and isoelectric points were

determined using two-dimension SDS-PAGE standards (Bio-Rad and Amersham
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Pharmacia BioTech) and carbamylated carbonic anhydrase (ca) (Amersham Pharmacia

BioTech). All studies were carried out using 3 preparations from each cell line.

Cell

Cross-linked Protein-
DNA Complexes

¢ Wash + Reverse Cross—Link
v Centrifuge

] AR

DNA Cross-Linked Protein
8 w% ®

Figure 31. Cisplatin Protein-DNA Cross-linking Protocol. Breast cancer cells were
treated with 1 mM cisplatin for 2 h and lysed in buffer containing 2 M NaCl,
5 Murea, 2 M GnHCI and 200 mM potassium phosphate. The cell lysate was
incubated with hydroxyapatite (HAP) to capture nuclear DNA and DNA-
protein complexes. Proteins not cross-linked to DNA and RNA were removed
by washing the HAP with lysis buffer. The protein-DNA cross-links were
reversed by resuspending the HAP in reverse lysis buffer (2 M NaCl, 1 M
thiourea, 2 M GnHCI, 200 mM potassium phosphate) and proteins were
isolated from the DNA-HAP complexes by centrifugation.
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2.0 Results

2.1  The Majority of NM and DNA-Cross-linked Protei?s are Common Among

Cell Lines in a Breast Cancer Cell Line Progressionl Series

Nuclear matrix proteins (NMPs) and proteins cross-linked to DNA in situ were
1solated from MCF-7, MIII, LCC1, and LCC2 cells. The proteins were analysed by two-
dimension gel electrophoresis. To compare the proteins in the various gel patterns,
several exogenous proteins were used to align protein patterns. Carbamylated carbonic
anhydrase (30 kDa, pl 4.8-6.7) served as a reference for determining the molecular mass
and isoelectric point of the proteins. Two-dimension SDS-PAGE standards were used to
determine the molecular mass of the proteins.

Representative silver-stained two-dimension gel patterns of nuclear matrix
proteins (NMP) and proteins cross-linked to DNA i situ with cisplatin (XLP) isolated
from the various cell lines are shown in Fi gures 32 and 33, respectively (see Figure 34 for
a schematic representation of the two-dimension gel pattern data). Many of the proteins
were common to the NMP and XLP preparations both within each cell line and between
the four cell lines. For example, hnRNP K, which was identiﬁed according to its

molecular mass and plI coordinates, was found in all patterns.
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Figure 32.

p! 6.0 5.0 4.0 6.0 504.0

Nuclear Matrix Proteins of MCEF-7, MIII, LCC1, and LCC2 Breast Cancer Cell Lines. Nuclear matrix proteins
(90 pg) were electrophoretically resolved on two dimension gels. The gels were stained with silver. The position of the
carbamylated forms of carbonic anhydrase is indicated by ca. The position of the molecular mass standards (kDa) is
shown to the left of the two dimension gel patterns. LA and LC show the position of lamin A and C, respectively. hK
designates the position of transcription factor lnRNP K. R] designates a protein displaying similar levels among the

four cell lines studied.
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2.2 A Small Number of NM and DNA-Cross-Linked Proteins are Differentially
Expressed Among Cell Lines in a Breast Cancer Cell Llil'le Progression Series
Despite the large similarities observed in both NM and DNA-cross-linked protein

two-dimension patterns, differences were observed. Proteins displaying different levels in
the two-dimension gel patterns were catalogued into three groups: those found in NMP but
not in XLP patterns; those detected in NMP and XLP patterns; and those seen in XLP but
not NMP patterns. Few NMPs were placed into group 1 as most NMPs were also found in
the XLP patterns. The sole group 1 entry NMP1, which has a molecular mass of 79 kDa
and pl of 4.85, was present in MCF-7 and MIII but not in LCC1 or LCC2 cells.

Among the group 2 proteins were those showith differences in both NMP and XLP
patterns, those displaying differences in NMP but not XLP patterns and those showing
variations in the XLP but not NMP patterns. In the nuclear matrix protein fractions, NMP8
was at higher abundance in LCC1 than in MCF-7, MIII or LCC2. However, the abundance
of NMP8 did not vary significantly in the XLP patterns (Table 4). NMPS5 showed a
progressive decrease in abundance in the NMP and XLP preparations from MII, L CC1
and LCC2, respectively (Table 4).

Among the XLP patterns, NMP10 was found to progressively decline in abundance
in the MIII, LCC1 and LCC2 preparations (see Figure 33 and Table 4). NMPs 12, 14 and
15 were at higher concentrations in the XLP preparations from MIII than in those of MCF-
7, LCC1 and LCC2. Further, NMP6 and NMP7 displayed a decrease in abundance in the
LCC2 pattern when compared to MIII and LCC1 preparations. The levels of NMPs 2,3
and 4 were greatest in the XLP pattern of LCC2 compared to those of MIII and LCCL.

Furthermore, NMP 13 showed a progressive increase in abundance over the cell line panel.
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The third group of proteins, which were detected in the XLP patterns but not in the
NMP patterns, consisted of 5 proteins (Table 5). Figure 3? shows that XI.P1 was
prominent in the MIII and LCC2 XLP patterns but not in the ‘patterns of the other cells.
Likewise, XLP2 was abundant in the MIII pattern compared to the other cell lines. The
relative levels of XILP5 progressively decreased in the XLP patterns of MIII, LCC1 and
LCC2 cells, respectively. In contrast, the levels of XLP3 and XLP4 gradually increased in
the MIII, LCC1 and LCC2 XLP patterns, respectively.

We have previously reported that cytokeratins K8, K18 and K19 were cross-linked to
nuclear DNA by cisplatin in breast cancer cells 4%, The abundance of these proteins in the
NMP preparation is typically very low since the interrr;ediate filament proteins are removed
(see Methods section 2.2). Cytokeratins K8, K18 and K19 were among the more abundant
proteins cross-linked to DNA by cisplatin. Although these proteins were seén.in the XLP
preparations of the four cell lines, their abundance was consistently lower in the MIII
preparations (Figure 33). The levels of these three intermediate filament proteins
progressively increased in the LCC1 and LCC2 XLP preparations.

When comparing the XLP patterns of MIII, LCC1 and LCC2 preparations, a
progressive increase in the levels of lamins A and C was also observed (Figure 33). The

levels of lamins A and C were prominent in the XLP patterns of LCC2 cells, while lamin C

and to a lesser extent lamin A was observed at lower levels in the LCC1 XLP pattemns.
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Figure 33. Proteins Cross-linked to DNA by Cisplatin in sifu in MCF-7, MIII, LCC1, and LCC?2 Breast Cancer Cell Lines.
Eighty ug of DNA cross-linked proteins from cells treated with 1 mM cisplatin were electrophoretically resolved on two
dimension gels. The gels were stained with silver. The position of the carbamylated forms of carbonic anhydrase is
indicated by ca. The position of the molecular mass standards (kDa) is shown to the left of the two dimension gel patterns.
LA and LC represent lamins A and C, respectively. K8, K18 and K19 identify cytokeratins K8, K18 and K19, respectively.
hK designates the transcription factor hnRNP K. R2 designates a protein displaying similar levels among the cell lines
studied.
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" Figure34. A Schematic Representation of the Two Dimension Gel Pattern Data of DNA Cross-linked and Non-DNA
Cross-linked Rroteins from MCF-7, MIII, LCC1, and LCC2 Breast Cancer Cell Lines. The position of the
molecular mass standards (kDa) is shown to the left of the two dimension gel patterns. See legends to figures 32 and

33 for designation of ca, LA, LC, hK, K8, K18,K19,R1 and R2.
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Table 4. Relative L evels o f D NA C ross-linked N uclear M atrix Proteins in T wo-Dimension P atterns o f D NA C ross-linked
Protein Preparations. Levels of each protein were assessed based on their relative expression to hnRNP K and R2. The
level of NMP5 within NMP patterns was assessed based on its relative expression to hnRNP K and R1. “++++7, “++” and
“+” designate NM proteins present at high, moderate and low levels, respectively. “+/-” represents proteins present at very

low levels in one or more preparations, while “-” designates proteins not detected in all preparations.

Cell Line: MCE-7 MIII LCC1 LCC2
Estrogen-dependent Invasive Invasive Invasive
Estrogen-responsive Metastatic . Metastatic Metastatic
Anti-estrogen-sensitive Estrogen-independent Estrogen-independent Estrogen-independent
Estrogen-responsive Estrogen-responsive Estrogen-responsive
Anti-estrogen-sensitive Anti-estrogen-sensitive Tamoxifen-resistant
ICI-sensitive
Mass (KDa) pl
NM Proteins:

2 61 5.2-5.3 4t + + A+t

3 60 5.35 ++ - +- ++

4 60 5.25 + - . - +++

5 52 5 +- +++ + +/-

6 50 53 ++ A+ -+ +

7 50 5.25 ++ et Ay +

8 46 5.2 + + + +/-

9 45 5 -+ RN R ++ -

10 44 5.45-5.7 +- -+ A+t +/-

11 44 5 Eanay At FA +t+

12 42.5 4.85 +fa o+ +- +/-

13 42 4.85 +- + ++ +++

14 42 4.75-4.8 +-. ++ - +/-

15 39 5.5-5.75 +- +++ + +/-

NMP 5 levels in NM:
5 52 5 b et ++ +
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Table 5.

Relative L evels o f D ifferentially A bundant D NA C ross-

and low levels, respectively. “+/- represents proteins present at very low levels in one or more preparations, while “-”

designates proteins not detected in all preparations.

linked P roteins i n T wo-Dimension P atterns o f D NA-
Cross-linked Protein Preparations. Levels of DNA-cross-linked proteins were assessed based on their relative

expression to hnRNP K and R2. “4++++, “447 and “+” designate DNA cross-linked proteins present at high, moderate

Cell Line: MCE-7 MIIX LCC1 LCC2
Mass (KDa) pl

XLP1 37 4.5 +/- ++ - ++

XLP2 37 4.6 ++ +++ + +

XLP3 60 5.6 ++ - +/- +

XLP4 60 5.45 - - +/- +

XLP5 50 5.2 +/- ++ + +/-
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3.0 Discussion

In the progression of breast cancer, ER positive breasf epithelial cells no longer
require estrogens for growth and gain resistance to anti-estrogens. The cell line series
MIII, LCC1 and LCC2 provide a model system to study breast cancer progression. In
comparing the MIII, LCC1 and LCC2 NMPs that were cross-linked to nuclear DNA in situ,
we observed a selective and progressive change in the interaction of NMPs with nuclear
DNA. Among this group of NMPs, a loss in cisplatin cross-linking of the NMP to nuclear
DNA was found. The loss of cisplatin cross-linking may be a consequence of reduced
NMP levels, loss of contact with DNA and/or rearrangement of the NMP relative to DNA
such that the NMP is positioned further than 4 A frorhinuclear DNA .

A parallel change in the abundance of a NMP in the NMP and XLP preparations was
noted, but the incidence of this observation was infrequent. For example, NMP5 was less
abundant in the LCC1 and LCC2 NMP and XLP preparations compared to the respective
MIII preparations. For the remainder of the NMPs exhibiting a change in abundance in the
XLP preparations, parallel changes iﬁ NMP levels were not found. As examples, NMP10
and NMP15 showed progressive declines in the XLP preparations in the MIII, LCC1 and
LCC2 cells, but these changes in NMP10 and NMP15 levels were not observed in the NMP
preparations of these cells.

For five XLPs showing variations in abundance in the cell line preparations, the
corresponding protein could not be detected in the nuclear matrix preparation. In the
preparation of nuclear matrix proteins, intermediate filament proteins and proteins that are
able to assemble into insoluble structures are removed %, However, this procedure may

remove cytoskeletal and perhaps nuclear matrix proteins that are DNA binding proteins.
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The cytokeratins are examples of DNA attached proteins that are removed from NMP
preparations.  Thus, the cisplatin cross-linking procedure ?gmplements conventional
methods to analyze nuclear matrix proteins >,

In contrast to decreased cisplatin cross-linking of NMPs to DNA in parallel with
progression, lamin A and C and cytokeratin cross-linking to nuclear DNA was enhanced.
These o bservations suggest that r earrangements in ¢ hromosomal d omains h ave o ccurred
such that contacts between lamins and cytokeratins at the nuclear periphery and
chromosomal domains have been augmented. The chromosomal regions in contact with
lamins or cytokeratins are not known. Heterochromatin, which is located at the nuclear
periphery, would be expected to make contacts with 1alnins and cytokeratins °%. However,
transcriptionally active chromatin regions are sometimes located at or near the nuclear
periphery and may be in contact with these proteins °%.

In previous studies with oncogene-transformed mouse fibroblasts, we observed a
major increase in the abundance of NMPs in cells with high metastatic potential relative to
the parental cells **~. The metastatic potential of MIII, LCC1 and LCC2 is greater than that
. of MCF-7 parental cells; however, the metastatic potential of these cells has been described

as intermediate +*2.

In agreement with our previous studies, major changes in nuclear
matrix protein profiles are only observed in cells that have acquired high metastatic

potential.
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Summary

In summary, we have shown that an intron DNA sequence within the

f ¢

transcriptionally active B*-globin gene is associated with a population of very rapidly
acetylated and deacetylated H2B, H3 and H4 histones, while an intron within the
transcriptionally competent e-globin gene intron sequence is associated with a mosaic of
both rapidly and less rapidly acetylated histones. Moreover, histones associated with the
transcriptionally active vitellogenin DNA sequence are not rapidly acetylated or
deacetylated. In MCF-7 cells, we showed that the pS2 gene is dynamically acetylated along
its promoter, exon 2 and exon 3 regions when it is not exposed to estrogen.

Previous studies have shown that the distribﬁlion of very rapidly acetylated and
deacetylated (class I) histones follows closely the distribution of transcriptionally active
and not inactive or competent DNA sequences '*. Furthermore, the majority of
transcriptionally active DNA sequences and class I acetylated histones are found within the
fraction of the nucleus that harbors the NM. We showed that acetylated H3 and H4 are
directly associated with DNA in the fraction of the nucleus that harbors the NM. As well,
Dr. Davie and colleagues have shown that histone acetyltransferases and histone
deacetylases are enriched in this fraction '**'®°, The transcriptional machinery and the
majority of transcriptionally active DNA sequences are associated with the NM*!184235-
238,368,385

All this evidence supports our hypothesis that dynamic histone acetylation can
mediate the recruitment of genes to sites of transcription that are associated with nuclear
substructures such as the NM. Therefore, transcriptionally active and competent genes are

most likely located in nuclear regions enriched in histone acetyltransferase and histone
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deacetylase activity and the close proximity of these genes to these enzymes causes the
histones associated with these genes to be dynamically acety}gted (Figure 35). Inactive
genes, however, remain in a more condensed structure relative to active and competent
genes and are not as easily accessible to histone acetyltransferases.

We also observed that the pS2 gene is dynamically acetylated in the absence of
transcriptional stimulation and that exposure to E2 further increases the widespread
acetylation of histones along this gene. These results support the findings of other studies
which have shown an increase in histone acetyltransferase recruitment to estrogen-
responsive genes in response to estrogen treatment 67168245 Therefore, the recruitment of
additional histone acetyltransferases to a target gene. ;uch as pS2 would cause the histone
acetyltransferase activity surrounding this gene to overcome the activity of surrounding
deacetylases and this would increase the steady state levels of histone acetylation. The
function of these additional acetyltransferases could be to generate a histone code along the
core histone N terminal tails associated with the target gene promoter that can be
recognized by additional factors involved in the transcriptional process. As well, these
recruited acetyltransferases could function to maintain the altered conformation of
transcriptionally active open nucleosomes along the promoter and coding region of a gene,
thereby assisting the subsequent passage of RNA polymerase II molecules along
transcriptionally active genes. Thus, whether the pS2 gene becomes transcribed most likely
depends on the recruitment of specific transcription factors to the same nuclear region of
this gene.

Histone acetylation plays an important role in gene expression. However, the overall

structure of DNA is also important in gene expression. DNA is organized into loop
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domains through its association with the NM *. The composition of the NM varies with cell
type and changes with cellular differentiation and transfonna‘tion 242,366,374,575,378,404,405
Thus, it is possible that changes in NM composition Withi;l a cell could alter gene
expression and initiate the expression of genes that contribute towards cancer development.

In an analysis of the NM composition of cell lines that make up a breast cancer
progression series, we observed a selective and progressive change in the level of specific
NM proteins and the interaction of NM proteins with nuclear DNA. More specifically, we
observed changes in NM protein levels and a loss in the cisplatin cross-linking of NM
proteins to nuclear DNA. This loss may be a consequence of reduced NM protein levels,
loss of contact with DNA and/or rearrangement of ﬂ;e NM protein relative to DNA such
that the NM protein becomes positioned further than 4 A (cisplatin cross-linking distance)
from nuclear DNA . The cell line within this breast cancer progression model series
having a phenotype most representative of advanced breast tumori genesis also displayed an
increase in lamins A and C and cytokeratin cross-linking to nuclear DNA. Thus, the
development of cancer most likely involves augmentations in the contacts between lamins

and cytokeratihs, as well as alterations in NM protein expression. These changes would

then cause rearrangements in chromosomal domains.
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Figure 35. Summary Model Describing the Role of Histone Acetylation and Nuclear
Matrix Structure in Transcription as they Relate to the Results Presented in this
Thesis. DNA binds to the NM at its matrix attachment regions and becomes organized into
loop domains. Histone acetyltransferases (HATs) and histone deacetylases (HDACs)
concentrated in nuclear regions such as the NM dynamically acetylate histones associated
with the promoter and downstream regions of transcriptionally competent and active genes.
Transcriptionally inactive genes may also be associated with the NM; however, they exist
in a highly compact structure and are relatively inaccessible to histone acetyltransferases.
The dynamic histone acetylation of transcriptionally active and competent genes
continually mediates their dynamic attachment to the NM. Exposure to transcriptional

stimuli causes the recruitment of transcription factors to the promoter region of target
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genes. These transcription factors recruit additional histone acetyltransferases that induce
dynamic and rapid histone acetylation along the target gene. C?{npetent genes that are not
transcriptionally stimulated still remain associated with NM-associated histone
acetyltransferases and histone deacetylases. These genes are not targeted by additional
histone acetyltransferases, and, therefore, are not acetylated to the same rapid extent. Thus,
transcriptionally competent genes are most likely associated with both rapidly and slowly
acetylated histones. The rapid and dynamic histone acetylation of transcriptionally active
genes may serve to generate a histone code along the N terminal tails of core histones
associated with the promoter region. This code can then be recognized by additional factors
important in the transcription process. Rapid and dyn;lmic histone acetylation is also most
likely important for transcriptional elongation. The movement of a target gene over RNA
polymerase II disrupts the structure of nucleosomes along a gene, causing nucleosomes to
release an H2A-H2B dimer and unfold. The histones within the unfolded nucleosome then
become acetylated by histone acetyltransferases associated with RNA polymerase 1II to
maintain the unfolded structure of transcribed nucleosomes. This acetylation event,
however, is short lived and reversed by NM-associated histone deacetylases distributed
along the length of the target gene. Transcription factors and chromatin remodeling factors
recruited to the gene promoter by transcriptional stimuli eventually cycle off, causing the
transcription of the target gene to stop. Processes such as transformation can alter the
expression levels of nuclear matrix proteins and/or the contacts between these proteins and
DNA. This could alter the organization of DNA loop domains, causing genes that would

otherwise be hidden to become situated close to the nuclear matrix and regions of

transcriptional activity.
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Future Directions

The field of chromatin research has advanced considerat;ly in the past decade. In
particular, significant advances have been made in further elucidating the role of histone
acetylation in transcription. While much has been learned about histone acetylation as a
steady state process in transcription, little is known of the dynamics of this event.
Researchers have only confirmed the presence of histone acetyltransferases along the
promoter regions of transcriptionally active genes, while no attempts have been made to
identify the location of histone deacetylases along these regions 167168199210 A ¢ well, very
little effort has been made to study histone acetylation along regions downstream from
gene promoters. |

Our results show that histone acetylation is a dynamic event that takes place along
both the promoter and coding regions of a transcriptionally active or competent gene. Our
results also show that a histone deacetylase is associated with the promoter and coding
region of a transcriptionally competent gene in the absence of transcriptional stimulation.
Further efforts need to be made to determine how histone acetyltransferase and histone
deacetylase complexes are recruited to the promoter and coding regions of transcriptionally
competent genes. Do these enzymes have NM-targeting sequences that aid in their
recruitment to nuclear regions such as the NM that are associated with transcriptionally
active and competent genes as well as the transcriptional machinery, or are they recruited
indirectly to the NM and specific gene regions through multi-protein complexes?
Furthermore, are the multi-protein complexes containing histone acetyltransferases and

histone deacetylases along a gene promoter the same in composition as those along a gene

coding region? Perhaps the Sin3A histone deacetylase complex is recruited only to the
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promoter regions but not to the coding regions of a gene. Further understanding the nature
of these complexes along transcriptionally active and competent genes will increase our
understanding of the events involved in transcriptional initiation and elongation. As well, it
will further elucidate the manner with which these complexes are organized within the
nucleus.

Histone deacetylase inhibitors show considerable promise in the treatment of many
different types of cancer. However, these inhibitors are effective for only short periods of
time. As well, cancer patients that are effectively treated with histone deacetylase inhibitors
can eventually relapse and become resistant to these inhibitors 4% Increasing our
understanding of the nature of histone deacetylase action in gene expression within a
normal and cancer cell will allow researchers to develop more effective histone deacetylase
inhibitors. For example, our studies show further investigation needs to be made to
determine the effect of sodium butyrate and TSA on the association of histone deacetylases
with the promoter, exon 2 and exon 3 regions of the pS2 gene, a gene important in the
prognosis of breast cancer. Researchers are also currently developing inhibitors for histone
acetyltransferases. The production of these acetyltransferase inhibitors will significantly
increase our understanding of the role of dynamic histone acetylation in gene expression
and tumorigenesis. However, whether these inhibitors will also prove to be anti-
tumorigenic remains to be determined.

Studies show that histone methylation and phosphorylation are important events in
transcription. The role of these modifications in estrogen-mediated transcription needs to
be investigated to further strengthen or diminish the theory of histone code formation by

post-translational histone modifications in estrogen-stimulated transcription. This will
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allow us to gain a more complete understanding of the transcriptional events responsible
for normal and breast cancer cell growth.

Lastly, the role of the NM in gene expression has been largely ignored. Observations
that the NM is tightly associated with many nuclear processes and DNA show that this
structure most likely has an important structural influence in gene expression. We and
others have identified NM proteins that differ in expression levels between normal and
cancer cells 408409320522 Aq well we showed that the expression levels of NM proteins
associated with DNA change as breast cancer cells acquire more invasive and metastatic
phenotypes representative of late stage cancer development. Future work needs to be
performed to determine the identity of these differentially expressed NM proteins.
Furthermore, we observed an increase in DNA-associated lamin and cytokeratin protein
levels among cell lines with more aggressive breast cancer phenotypes. Additional studies
need to be conducted to understand the relevance of this increase in breast cancer
progression. The solid state chemical-mechanical model of signal transduction which
involves the extracellular matrix, cytoskeleton and NM is an area that has great promise for
understanding the behaviour and gene expression profile in normal and transformed cells.
Furthermore, understanding the changes that occur in the expression of NM proteins,
lamins and cytokeratins throughout breast cancer development may introduce new potential
diagnostic and prognostic markers of disease development, as well as new potential areas

of breast cancer treatment.
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Novel Findings

. Dr. Davie and colleagues showed that the distribution 01i acetylated H4 correlated
with the distribution of transcriptionally active DNA in‘ different nuclear fractions
and that the insoluble nuclear fraction containing the NM also contained the majority
of acetylated H4 '™, No direct evidence was provided by Davie and colleagues
showing a direct association between acetylated histones, transcriptionally active
and/or competent DNA sequences and the insoluble nuclear material '* Our results
showed that transcriptionally active and competent DNA sequences with highly

acetylated H3 and H4 are directly associated with the insoluble nuclear material that

contains the NM.

. We more conclusively determined that transcriptionally active and competent genes
are associated with class I acetylated H3, H4 and H2B, suggesting that both types of
genes are situated next to or within regions of histone acetyltransferase and histone
deacetylase activity. However, transcriptionally competent DNA sequences are
associated with a mosaic of class I and class II dynamically acetylated histones,
suggesting that competent genes are not associated with histone acetyltransferases

and deacetylases to the same extent as active genes.

. Our data showing that the pS2 gene is dynamically acetylated along its exon 2 and 3
regions in the absence of E2 is the first to demonstrate that histone acetyltransferases
and deacetylases are associated with the coding regions of an estrogen-responsive

gene in the absence of transcriptional stimulation. We are also the first to show that

220



this dynamic acetylation is a prolonged event that occurs in the absence of

transcriptional stimulation.

Several research groups have only determined the effect of histone deacetylase
inhibitors on the association of histone deacetylases with the promoter regions of

46478 g are the first to demonstrate that sodium

transcriptionally active genes
butyrate removes HDAC1 from the promoter, exon 2 and exon 3 regions of an

estrogen-responsive gene while TSA only removes HDAC! from the promoter.

Many studies have presented evidence showiné that the expression levels of NM
proteins vary between normal and cancer cells. However, our study is the first to
demonstrate that the acquisition of more aggressive phenotypes such as invasion and
metastasis in breast cancer cells is accompanied by changes in the subset of NM
proteins, nuclear cytokeratins and lamins associated with DNA. This suggests that the
development of more aggressive breast cancer phenotypes is accompanied by

changes in NM and DNA organization.
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