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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 yet 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 expiessed and competent chromatin is

associated with rapidly acetylated histones while inactive chromatin is not. We also

observed that thecoding region of anactive and competentgene in a nuclearfraction

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 histo'e

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 ¡1ay function in

transcription by mediating the rapid and dynamic attachment of active and competent

XIX



ch¡omatin to nuclear regions en¡iched 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 ch¡omosomal domains which

may lead to alterations in gene expression.
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Introduction

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

is transcribed in a specific and regulated manner (Figure 1). At the first level of DNA
organization, DNA is packaged into ch¡omatin fibers through its association with various

proteins' These fibers associate with an insoluble, proteinaceous structure referred to as

the nuclear matrix (NlM) that organizes them into loop domains containing anywhere

from one to several genes t' The chromatin fibers also fold up upon themselves in a

specific maluler 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 ch¡omatin fiber becomes tightly foldeå into ch¡omosome structures. on a

larger scale, the nucleus organizes ch¡omosomes into territories with the transcriptionally

active genes located within regions of the territory that are easily accessible to

transcription factors (Figure 2) 2,3.

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 nuclea¡ matrix composition is one factor important in

DNA orgaruzation o-6. Furthermore, the post-translational modification of specific

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. nÍagrannnnatic R.epresentation 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 frber further condenses the fiber into a maximally folded 30 nm

f,rber 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 Gl. Figure

taken from 7.
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Diagrammatic R.epresentation of a chromosome 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 3.
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The Nucleosome

The basic structural repeating unit of chromatin is the nucleosome which is

composed of 146 bp of DNA wrapped 1.65 times arourd an octamer of two histone II2A-

H2B dimers bound to a histone H3-H4 tetramer t (Fig*. 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 \¡¡ith linker DNA, as

well as other nucleoprotein complexes e.

Dyad axis of
symmetry

I

H4

Figure 3. schematic Repn'esentation of the Histone octamer showing the

Positioning of the core [tristones Relative to the Dyad Axis of

symnnetry. Figure was originally created by Dr. Jacob waterborg.



The globular domain is organized into three o-helices connected by two loops.

This helix-loop-helix structure is refened to as the histone fold (Figure 4) 10. The long

central helix in the histone fold acts as an interface for dimerization to other histone fold

motifs, and for histone-DNA interactions e. As a result, the histone fold is important in

histone octamer and nucleosome formation 8. The interfaces within ff2A-H2B dimers and

H3-H4 tetramers are extremely stable 7. Howerrer, 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 lr,r2.

Figure 4. Diagram showÍng an rnteraction 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 flfth type of histone called linker histone Hl is not related 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 erythocytes, Hl is partially replaced by histone H5.

This histone is an Hl variant that accumulates during the maturation of avian

erythrocytes 13' According to Dr. Bates and Dr. Thomas, mature chicken erythrocyte

chromatin contains approximately 0.4 molecules of Hl and 0.9 molecules of H5 per

nucleosome to' In human ch¡omatin, the ratio of Hl linker histone to nucleosome in bulk

ch¡omatin is approximately 1:1 15. Histone HIÆI5 binds to linker DNA at or near the

entry/exit points of the nucleosome core particle '''u.'o, well these linker histones bind to

nucleosomal DNA near the dyad axis of symmetry 8,16.

The association of Hl with linker DNA appears to be a dynamic process rz,,B. In a

recent study, histone Hl was found to exchange rapidly in both condensed and

decondensed ch¡omatin regions 17. This exchange occurs through a pathway involving the

dissociation of Hl from chromatin, diffi;sion of Hl through the nucleoplasm, and then

H1 reassociation with ch¡omatin 17. In support of this, Dr. Misteli and colleagues also

identifred a large mobile pool of Hl histone in the nucleus that represented a

continuously exchanging Hl fraction 18.

Hl exchange does not require ch¡omatin fiber-fiber interactions 17. Furthermore,

treatment of cells with kinase inhibitors inhibited Hl phosphorylation and increased the

duration of Ht binding to chromatin. similarly, others have observed that Hl
phosphorylation diminishes the interaction of Hl with DNA t8-zr. Thus, Hl
phosphorylation plays an important rore in modurating Hr mobirity .



Histone Variants

To datg six histone H2A variants have been identified,including H2A. I, H2A.2,

macroH2ArH2A'z,H2A.x and H2A-Bbd22. 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 acidsz2. Little is known of the function of these variants.

one molecule of MacroH2A is present for every 30 nucleosomes in the rat liver 23. 
This

variant is involved in X ch¡omosome inactivation of female vertebrates possibly through

interactions with ilsT RIJA 23-25. Histone H2/-.2 is a mino r H2A, variant that is
ubiquitous to all eukaryotes and essential for cell viabili ty 'u-".The expression of this

variant changes during xenopus laevisdevelopment 30. It has been hypothesized that this

variant affects the conformatior/stability of nucleosomes, as well as higher levels of
chromatin folding, however, the exact function of this variant remains unknown ,r.

H2L'x is another minor FI2A variant involved in DNA repair 3t-33. 
The rI2A-Bbd variant

is deficient in the inactive X chromosome in female cells and colocalizes with acetylated

H4, suggesting that this histone may be en¡iched in nucleosomes from actively

transcribing regions within the nucleus'0. The function of H2A. r andH2A.2 is unknown.

The level of these two FI2A variants changes during postnatal development of cortical

neurons and their neuroblasts in rats, as well as during the development of Friend tumors

in mice 3s'36.

Histone H3 variants include H3.1, H3.2, H33 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 22' CENP-A however, has a unique N terminal domain and a C terminal histone

fold with 60Yoidentity to the H3 histone fold domain. Acetylated H3.l is a replication-

dependent variant that becomes assembled into newly replicated chromatin 37. Acetylated



H3'2 is assembled into nucleosomes within transcribing chromatin and is frequently lost

during subsequent transcription '8. CENP-A is a centromerjc H3 histone variant in

eukaryotes 3e' This variant is also found in yeast and Drosophila and is referred to as

Cse4p and Cid, respectively, in these organisms ao,ar.

Several H2B variants have also been identified including F{28.1 and H28.2. The

function of these variants remains unknown. Howeveq H28.2 along with H2A z has

been found to stabilize the association of the H2A-H2B dimer in nucleosomes or. 
The

levels of FDB'I and H28.2 also change with continuing changes in chromatin

composition that accompany the development of malignant Friend tumor cells 36.

Nucleosomes

transcribing a gene

act as barriers in vitro that prevent RNA porymerase II from

' Exactly how the transcriptionar process arters or affects

nucleosome structure and positioning is unknown. one theory suggests that RNA

polymerase II stimulates the release of one H2^-rtzB dimer from each nucleosome it
encounters (Figure 5) ++,+s 

.
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Ðr. sfuditsþ's [rypothetical Model fon TranscripfÍon by RNA

Polymerase trI Through a Nucleosome e. As RNA polymerase II

encounters a nucleosome in its path, elongation factors in the RNA

polymerase II complex facilitate the dissociation of an H2A-rf2B dimer

which may alter higher order chromatin structwe. Nucleosome

redistribution and partial nucleosome depletion may also result from the

transcription process. The temporal removal of an H}A-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 LÐA-H2B dimer reassociates with the hexasome,

forming a nucleosome.

Figure 5.



Ch¡omatin containing transcribed sequences is preferentially bound to RNA

polymerase II and depleted in histones H2A and H2B 46. Dr., Studitsky and colleagues

showed that the passage of RNA polymerase II along a mononucleosomal DNA template

in vitro results in the formation of a subnucleosomal complex containing only one H2^-

H2B dimer and a tetramer of H3 and H4 aa. Dr. Kimura and Dr. Cook have also

demonstrated that the majority (>so%) of H3 and H4 molecules do not exchange with

other H3 and H4 molecules 45. Furthermore, approximately 3yo of FI2B molecules

exchange rapidly (within minutes) in a transcription-dependent manner 05. Dr. Nacheva

and colleagues have also shown that the globular domains of FI2A andï2B are partially

depleted in vivo along the highly transcribed hsp 70 gene in Drosophila a7 
.

The release of an H2A-H2B dimer causes nucleosomes to form hexasomes, a

histone complex composed of one H3-H4 tetramer and one HzL-H2}dimer *. The loss

of II2Ã-H2B dimers from the nucleosom e may cause changes in higher order ch¡omatin

structure oo. The nucleosomes remain as hexasomes for a brief window of time before the

H2L-H2B dimer reassociates 4. It has been postulated that the time betwe enH2A-H2B

dimer dissociation and re-association may provide the opportunity for additional factors

to bind to the nucleosome and destabilize it further a.

Factors such as FACT that are associated with RNA polymerase II may disrupt

the structure of the octamer and cause transient dissociation of anIL2A-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 ll-mediated transcriptional elongation 48. The FACT elongation

complex specifically interacts with FI2A and H2B and the activity of this complex is
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hindered when the histones within a nucleosome are covalently cross-linked ae. 
The

paftially disassembled and unfolded structure of the hexasomp may then be maintained

by events such as histone acetylation that are mediated by histone acetyltransferases

associated with the elongation complex 5o-5'. 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. A]lfrey and

colleagues "'to. In these studies, mercury amnity chromatography showed that the

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
t''to' D'' Bazett-Jones and colleagues have analy zed thestructure 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 s5

(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 symmet ry 
s3's4 

. 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

ll



Figure 6. Three-Dimensional Reconstruction calculated fnom Nucleosomes

Associated with rranscriptionally Active Genes. Nucleosomes released

from human adenocarcinoma cells by a limited MNase digestion were

applied to a mercury affrnity column. Mercury-bound nucleosomes were

eluted with dithiothreitol and anaryzed by electron spectroscopic imaging.

Image taken from ss.

Another theory suggests that histone octamers are dissociated from DNA as they

encounter the RNA polymerase complex s6'57. 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 s6. 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

t2



genes when intensely transcribed o''tr- 
The moderate transcription of these genes resulted

inapartial removal of core histones from the coding region a7.,,

using the histidine cross-linking method, Dr. Nacheva et al. also observed an

absence of histones along the hsp70 promoter region in Drosophilq anda decrease in the

association of histones H2A andH2B, and to a lesser extent, H3 and H4 globular regions

along the coding region of this gene relative to transcriptionally inactive ch¡omatin a7.

However, when the lysine residues of histones were cross-linked to DNA by

formaldehyde, the level of core histones associated within 2 Lof thecoding region ofthe

hsp70 gene was quantitatively similar to levels along transcriptionally inactive chromatin
ot' Similarly, Dr. Varshavsky and colleagu., obrl*ed that the level of histone H4

formaldehyde-cross-linked to the transcribed domain and the promoter-proximal region

of the hsp70 gene remained similar in Drosophila regardless of heat shock ,r. The histone

N terminal tails can also be [rv cross-linked to nucleosomal DNA even when they are

modified by acetylation 60. 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 transcriptionaily 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)' rn this model, the approach of an RNA polymerase triggers the dissociation of
anH2A-H2B dimer from the proximal face of a nucleosome ut. The dissociation of the

dimer may result from positive superhelicity induced by the approaching RNA

polymerase complex or by competition between the RNA porymerase and the

nucleosome for DNA 6t. Loss of the FI2A-H2B dimer facilitates entry of RNA
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polymerase into the nucleosome 61. HZA, contacts nucleosomal DNA near the dyad 61.

Dissociation of the }{ZA-H2B dimer may also destabilize, 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 6t. 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 6r. As this

occurs, the proximal H3-H4 dimer binds once again to the nucleosomal DNA 6t. 
Some

time later, theH2A-H2B dimer reattaches to the proximal face of the nucleosome ut. This

event is then followed by reassociation of the distal H3-H4 dimer u'. At some point

during the movement of ch¡omatin through tne Vfr¿-associated RNA polymerase

complex, the distal H2A-H2B pair of each nucleosome along the ch¡omatin fiber will

become dissociated to facilitate transcription of the remaining nucleosomal DNA ut. 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-IIZB 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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The Chronmfin Fiber

The structure of rranscriptionally Active and rnactive chnÖmatin

At physiological ionic strengfh, chromatin assumes a 30 nm fiber and higher order

structures a. Actively transcribed chromatin is structurally different from bulk inactive

chromatin' Ch¡omatin fìbers containing active genes are less compact than regions

containing inactive genes, have a diameter between 100-200 nm and are referred to as

euchromatin62'63- Inactive genes are located in heterochromatin which is folded into a

compact structure similar to that of chromosomes in metaphase cells 6a{6. The level of
chromatin compaction of inactive and active chromatin regions is reflected in the

sensitivity of these regions to DNase I. The more open conformation of euch¡omatin

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 rails 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 oligometized conformationT'67. The proteolytic removal of the N terminal

domains does not significantly change nucleosome structural integrity, and instead

prevents the formation of the 30 nm fîber u*. 
Thus, the stability of this 30 run fiber is

maintained by the core histone N terminal tails 68.
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The core histone N terminal tails were originally thought to promote chromatin

fiber condensation by binding as unstructured coils to nucleosopal DNA and neutralizing

the negative charge of the DNA phosphate backbone ut. chro-atin fiber condensation is

a term that describes the ability of a ch¡omatin fiber to ford and oligomerize with itself

and other chromatin fibers ut. Howeuer, exposure of nucleosomal arrays ¡acking core

histone N terminal tails to a high concentration of Mg'* salt that will neutra lize the

negative charge of the nucleosomal DNA phosphate backbone does not promote fiber

condensation 70'71. 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 72. 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 72.73. 

The N

terminal tail of H3 is 44 amino acids long, whereas histones ]H4, H2B and H2/_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 73. 
The H3 N terminus is also positioned close to the

point where linker DNA enters and exits the nucleosome, and, therefore, it can undergo

extensive interactions with the linker DNA 74.

The 30 nm ch¡omatin fiber has

varying lengths of linker DN.\ and the

exits the nucleosomert'ru. The ch¡omatin

an irregular, zig-zagged structure due to the

varying angles at which this DNA enters and

fiber is stabilized, in part, by histone Hl 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 nucreos 
?ry"rr.

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 78. 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 tt. Thes. fibrous masses

are then further organized into compact chromosome territories within interphase nuclei

(Figure 1) 3.

The Interaction of the Core Histone N Terminal llistone Tails rvith 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-HàB dimer of neighboring nucleosomes, and is thought to assist in

ch¡omatin folding 7e. In yeast, the transcriptional repressors Sir3, Sir4 and ssn6/Tup1

interact with the H3 and H4 N terminal domains, causing the associated chromatin to

become transcriptionally repressed 80. Likewise, the Drosophila Groucho and its

mammalian homologues bind to the N terminal domain of H3 and repress transcription
8t'82'82' 

These domains also interact with non-histone proteins such as HMG-14 and

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

The ionic environment surrounding a chromatin fiber,t¡as a significant influence

on ch¡omatin structure, and, to datg the ionic milieu within the nucleus has not been

accurately determined 7. 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 266. Inorganic and organic cations are present within

the nucleus to neutralize the negative charge of the DNA molecule and promote

ch¡omatin condensation. In fact, condensation of ch¡omatin fibers can occur only in the

presence of cations regardless of the presence or absence of linker histones along the

chromatin fiber 7 - While chromatin condensation requires 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 t. However, complete folding and stabilization of

ch¡ornatin fibers requires the presence of linker histones t. Th" 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 7.

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 l2 times in tandem.

This array is referred to as a l}-mer.In low salt TE buffer, a l2-mer nucleosomal anay

will have a sedimentation coefficient of approximately 29S sa'85. Increasing the salt to

more physiological concentrations (150 mM NaCl or I mM MgCl2) increases the

sedirnentation coefficient almost to 40S 7'86. This indicates that the density and,

therefore, the folding of the nucleosomal array have increased 8a'8s. The 40S array is
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predicted to be folded to the same extent as an open helical structure 8a. The 30 nm

ch¡omatin fiber represents a chromatin fiber in its maximally þlded state and displays a

sedimentation coefficient of approximately 55S 84. In the presence of l00-250 mM NaCl,

structures with sedimentation coefücients between 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 lz-mer nucleosom al array fluctuates between a 295, fully extended

state and a 40S, moderately folded degree of compaction 7. Formation of the 40S

nucleosomal alTay requires interactions between neighboring nucleosomes. Thus,

nucleosomal arrays with a lower number of nucleosomes have less intranucleosomal

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

The Effect of Mgz* vs Na* on Chromatin Structure

As was stated previously, the chromatin fiber undergoes both foldin g and

oligomerization. The extent to which a nucleoso mal anay undergoes intranucleosomal

folding is greater in the presence of divalent salts such as l-2mM MgCl2 when compared

to monovalent salts such as NaCl 7. As the concentration of MgCl2 increases,

nucleosomal arrays start to oligomerize with one another regardless of the extent to

which they are folded tt'8t. However, exposure of nucleosomal arrays to monovalent salts

such as NaCl does not cause array oligomerization 15,78.

Although salt is important for chromatin condensation, this event also requires the

actions of the core histone N terminal tails 7. 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 stateT.Thus, the presence
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of linker histones, the local ionic environment and the

the core histone N terminal tails determine the extent

foldedT-

internucleosomal interactions

to wþich a ch¡omatin fiber

of

is

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,, t*,t9. This term

proposes that the different post-translational modifications occurring 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-B promoter

and this event mediated SWVSNF recruitment e0. However, acetylation of Lys-9 and Lys-

14 onH3 along the interferon-B promoter was critical for TFIID recruitment e0.

Evidence from s everal r ecent s tudies s uggests that h istone p hosphorylation and

acetylation mayfunction together to promotegene expression. Dynamicallyacetylated

histone H3 is preferentially phosphorylated er. H3 phosphorylation occurs along the

promoter and within the transcribed region of the c-fos and c-jun genes before induction

oftranscriptione2'This modificationisthoughttobeinvolvedintheestablishmentof

2l



transcriptional competence e'. The stimulation of mammalian cells by epidermal growth

factor causes the sequential phosphorylation of Ser-10 and acEtylation of Lys-i4 on H3

along the c-fos promoter in a MAP kinase-dependent -a.rne, 
e3. Moreover, the histone

acetyltransferase Gcn5 preferentially associates with a Ser-10 phosphorylated form of H3

over a non-phosphorylated form e3. Several other histone acetyltransferases including

CBP, PCAF and SAGA have also been shown to acetylate phosphorylated H3 e2,e3.

Recently, the phosphorylation of H3 Ser-10 by the snfl kinase was shown to lead to

Gcn5-mediated acetylation at the INol promoter eo. As well, phosphorylation of H3 Ser-

10 along the interferon-B promoter precedes Gcn5-dependent H3 acetylation at Lys-14 e0.

Thus, the recruitment of a kinase complex to specific promoters may cause ser-10

phosphorylation and either increase the affinity of histone acetyltransferase complexes

for nucleosomes or increase acetyrtransferase catarytic activity es.

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 e6'e7. The exact function of histone methylation in transcription is

unknown' Heterochromatic silencing requires the methylation of Lys-9 on H3 by the

lysine methylhansferase su(var) 39 e8. The methyration of Lys-9 inhibits

phosphorylation of H3 at Ser-10 possibly by hindering the access of kinases to this serine

residue n8' Thus, methylation of H3 Lys-9 may impair transcription by inhibiting

phosphorylation events required for hanscriptional stimulation ,n. 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 of di-acetylated H3 (Lys-9 and Lys-14). H owever, H3 acetylation cor¡elated
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with Lys-4 methylation, suggesting that transcriptional activation is associated with H3

methylated at Lys-4, as well as with acetylated H3 and H4 isoforms r00. Likewise, in

Tetrahymena, methylated Lys-4 of H3 is found only in transcriptionally active

macronuclei lol.

Di-methylation oflys-4 on histone H3 along codingregions is also associated

with transcriptional activity in yeast 'ot. Io 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 'o'. Whil" methylation does not aiter the overall charge

of the histone tails, it can increase histone basicity and hydrophobicity e6. Thus,

methylation of the histone tails may alter their interaction with DNA and/or chromatin-

associated proteins e6.

As was previously stated, Lys-9 methylation is associated with transcriptionally

inactive and hlpoacetylated genes to3. The recruifment of RNA polymerase II to the

promoter regions of inducible inflammatorygenes results in histone demethylationl03.

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 too. 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 methyltransfe¡ase was found to be associated with

both CBP and p300 acetyltransferases, as well as the p160 co-activator SRC-2 in cultured

mammalian cells t05-107. In transient transfection studies, the interaction of all three

23



factors with ERcr synergistically enhanced the fi¡nction of this hormone receptor r05.

Furthermore' this effect was highly dependent on cARMl, and pcAF while other

arginine methyltransferases with different substrate specificities could not substifute 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 t08 
lsee Figure 8). After 30 min exposure to estrogen,

CARMI was subsequently recruited to the promoter where it methylated Arg-17 of H3.

The acetylation of H3 by cBP stabilized theassociation of CARMI with ch¡omatin and

enhanced GARMI-mediated Arg-r7 methylation. These findings suggest that a crosstalk

occurs befween cARMl-mediated H3 methylation and cBp-mediated H3 acetylation.

The ordered recruitment of different chromatin-modifflng factors to the promoter region

of the pS2 gene may generate an environment that is recognized by specific proteins r08.
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FÍgure 8. Post-Translational Modifieations Along the Core FfÍstone 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

sequences are from 177. Me, Ac, p, and R represent methylation,

acetylation, phosphorylation and ADp-ribosylation, respectively.

H3)
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Histone Acetvløtion

To date, over twenty histone acetyltransferase and 10, deacetylase enzlirnes have

been identified and found to be important in normal cell development and proliferation,

as well as cancer development.

Histon e Acetyltransferases

The majority of histone acetyltransferases are categori zed into five families based

on their sequence similarity with each other l0e. The first histone acetyltransferase family

is the GNAT (Gcn5-related l/-acetyltransferase) superfamily. This famity includes

proteins involved in transcription initiation (Gcn5 un¿ pce¡), elongation (Elp3), histone

deposition and telomeric silencing (Hatl) "0. 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 I I 1.

Co-activators are factors that promote transcriptional activity, while co-repressors

prevent transcription from occurring ll2. Coactivators modify chromatin structure by

promoting either histone acetylation or chromatin remodeling evenfs 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 ERg to activate gene transcription in the presence of estrogen ligand is

dependent on the abilify of the estrogen-ERg complex to recruit coactivators either

directly or indirectly associated with histone acetyltransferase activity to the promoter

region of estrogen-responsive genes I l3,tt4.
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Members of the GNAT family of histone acetyltransferases contain a c-terminal

bromodomain that is involved in protein-protein interactions loe. This bromodomain

seryes as an acetyl-lysine targeting motif lrs'1r6. The N terminal domain of pCAF also

interacts with other co-activators containing intrinsic histone acetyltransferase activity

such as cBP/p300 and ACTR tt'. 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 q, (ERu), androgen receptor and

glucocorticoid receptor], and the ElA viral oncoprotein rr.

A second group of histone acetylhansferases is the cBp/p300 family. cBp and

p300 are highly related proteins' The membe., ortÀis family function as co-activators for

multiple transcription factors and are considered to be global regulators of transcription
r0e' cBPip300 proteins contain a bromodomain along with three cysteine-histidine rich

domains that mediate protein-protein interactions l0e. The histone acetyltransferase

activity of CBP/p300 family members is required for their role in transcription ,rr.'when

bound to the promoter or enhancer region of a gene, transcription factors such as

hormone receptors, þs-jun (AP-l) and GREB can bind to CBp/p300 either directly or

through another co-activator protein ltl. CBp/p300 is required for transcriptional

activation by these transcription factors and the levels of CBp are limited within a cell
10e'lll'l13' 

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 lll. Such is the case for ERo, whose estrogen-induced activation

leads to its association with several co-activators including sRC-l, ACTR, and pcAF.
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of these th¡ee co-activators, p300 interacts with PCAF while CBp interacts with all three
lll'117' cBP and p300 can also directly bind nuclear receptors,in the presence of ligand

independently of other co_activator, t,t.

In addition to interacting with nuclearreceptors such as the ER, CBp interacts

with RNA polymerase II holoenzyme s2,ilB,ue. 
The p300 coactivator also binds to ERs

and preferentially acetylates lysines 302 and303 within the hinge/ligand binding domain

of this receptorl20. 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 estradioll20. This suggests that
I

acetylation of these two lysine residues suppresses the sensitivity of ERs to estrogen

ligand 'to' cBP acetylates HMGI(Y) which decreases its DNA binding aff,rnity and

causes the disruption of the enhanceosome complex. Thus, coactivators such as CBp are

able to bridge the gap befween 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,IlBol, Esal, Ybf2lSas3, 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 t2t,rzz. Esal is found in yeast, is

homologous to Drosophila MoF and is the catalytic subunit of the NuA3 complex r23.

Esal along with Gcn5 induce the widespread acetylation of a 4.25 kb region around the

yeast Pho5 gene l'3. This event causes opening of ch¡omatin at the promoter and
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enhances the probability that the Pho5 gene will be transcribed r23. Lastly, HBO1

associates with a protein comprex that binds to the origin of repficatior, 'ro.

The TAF¡¡250 histone acetyltransferases comprise the fourth family. The proteins

in this family are subunits of the TFIID transcription factor complex. Members of the

TAF¡'250 family contain N and c terminal kinase domains, along with a c terminal

double bromodomain that binds di-acetyiated H4 with high affinity r0e.

The fifth and best charactenzed group of histone acetyltransferases is the pl60

family' Three distinct members of the p160 family have been identified as multiple

splice variants. These are SRC-1atrcoA-1, sRC-3, TIF2/GRIPIAICoA-2iSRC-2 and

p/CIP/ACTR/RAC3/AIBI/TRAM-l rr3,t2s-r3r. fhe members of this family function as

co-activators of nuclea¡ 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

motifìrr7'132' The interaction of cBP and sRC-1 with ligand-bound receptor

synergistically enhances transcriptional activation. Furthermore, the SRC-2 pl60 co-

activator was recently shown to interact with the CARMI histone methyltransferase, as

well as both p300 and CBP r0s-r07. The interaction of CARMl, SRC-2 and p300 with the

ERo synergistically enhanced the function of this hormone receptor r0s.

Histone acetyltransferases have different histone substrate specificities and

different target genes ll0' For example, the yeast Esa i histone acetyltransferase interacts

only with the promoter regions of ribosomal protein genes t'0. Lik"*ise, Gcn5 acetylates

only a small subset of lysine residues in H3 and H4 during activation of the IFN-B gene
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e0' Mutation of H3 or H4 also significantly decreases p30o-dependent transcriptional

activation of a Gal4-Vpl6 reporter construct r3s. 
,,

Histone acetyltransferases generally exist in large complexes and the proteins

within these complexes determine the acetylfransferase target substrate specificity 8,136.

For example, the free full-lengfh form of yeast Gcn5 preferentially acetylates H3 in vítro

and H3 and H4 invivo 68'110'137. 
However, the acetylating efficiencyof yeast Gcn5 for

nucleosomal histones increases when assembled into high molecular weight, multi-

protein complexes referred to as sAGA and Ada t36't37.In 
addition, the pattern of histone

acetylation for Gcn5 assembled into the SAGA complex is distinct from that exhibited by

Gcn5 when assembled into Ada 137. similarly, ,n" nrrron" substrate specificity of
individual human PCAF and yeast Esal acetyltransferases becomes altered when these

enzymes are assembled into multi-protein complex"s 6t. Th" phosphorylation of CBp by

ERK1 enhances the activity of this acetyitransferase, suggesting that the function of
histone acetyltransferases may be regurated by phosphorylation events r38.

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 induced 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.
;l

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 i,2,3 and g. 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 amino acids

with structural homology to yeast Hdal and inclqde HDACs 4,5,6,7,9 and l0 r3e,r40.

HDAC1 l has been recently cloned and characterized 'ot. Co.rs"*ed residues in the

catalyfic core region of HDACll share homology with both class I and class II
mammalian histone deacetylases 'ot. Class IrI histone deacetylases a¡e encoded by genes

similar to the yeast sir 2 gene 142,t43. 
These deacetylases are dependent on NAD+ ¿¡¿

have ADp-ribosylase activity t44,14s,146.

Class I deacetylases are ubiquitously expressed, while class II deacetylases are

tissue-' cell- and differentiation-specific t3e. Both classes of deacetylases can deacefylate

the four core histones; however, each deacetylase has a site preferenr. ut. 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 t47-ts0. The histone

deacetylase Rpd3 preferentially deacetylates lysine 5 of H4 on only a select number of

g"ner'".
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Like histone acetyltransferases, deacetylases are targeted to specific gene regions

through their interactions with other repressor proteins. To date, three complexes

containing class I histone deacetylases have been chara ctenzed,. These are the mSin3,

NURD and NCoR/SMRT deacetylase complexes. Both the NuRD and msin3 complexes

contain HDAC1, HDAC2, RbAp46 and RbAp4g rsr-r53. However, each comprex also

contains distinct factors. The msin3 complex contains mSin3A/B, sAp30 and SAplg

components l5l'ls2'154-ttt' I,, mammals, sin3 proteins mediate transcriptional repression

caused by transcriptional regulators such as the mammalian heterodimeric repressors

MadlMax lsa.

The NuRD complex contains the ch¡omatin remodeling factor Mi-2p, MBD3, a

methyl DNA binding protein, and MTA2 , a factor that modulates the activity of histone

deacetylase tsl'154'156'158-160. 
The N'RD complex is believed to be recruited to methyrated

DNA in xenopus for transcriptional silencing t6t. This complex also helps make up the

MecPl, a complex that contains MBD2, HDACI, HDAC2 and RbAp4 614g. rvtìDz

preferentially binds to methylated DNA and, therefore, recruits the Mecpl complex to

methylated DNA regions '6t. Furthe.more, the MeCpl complex binds to, remodels, and

deacetylates methylated nucleosomes, thereby causing transcriptional repression 162.

Thus, in some cases, the repression of gene expression involves the interplay between

histone deacetylation, chromatin remodeling and DNA methylation.

ln 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 ls3,l63-t66. 
These complexes

indirectlyrecruit RPD3/SIN3 complexes and the sin3 protein, in tum,recruits histone
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deacetylase 167-t6e' h the presence of receptor ligand, this repressor complex is replaced

by a histone acetyltransferase complex 167-16s. 
,,

The existence of histone deacetylases in unique multi-protein complexes suggests

that deacetylases have distinct biological functions. Furthermore, the components of these

complexes influence the substrate specificity of these enzymes t'e. Fo. example, the free

form of avian HDACI 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 r70.

Class I deacetylases reside in the nucleus r3e. However, the sub_cellular

distribution of class II deacetylases is not as straijt forward. HDACs 4 and 5 shuttle

befween the cytoplasm and the nucleus '7'. HDACT is predominantly nuclear but binds to

the membrane-associated endothelin receptor A and most likely functions in the

cytoplasm 172' HDAC6 is strictly cytoplasmic, and HDAC9 appears to be both nuclear

and cytoplasmic 173. HDACs 4,5, and 7 are transcriptional co-repressors that interact

with MEF2 transcription factors as well as the co-repressors N_coR, BcoR, and

ctBPrTl'r74' Similarly, HDACg interacts with MEF- 2 and represses MpF-2-mediated

transcription 173. 
HDAC1O resides in the nucleus and the cytoplasm 174. hthe nucleus,

this deacetylase functions as a transcriptional repressor when tethered to a promo ter tla.

Interestingly, HDAC6 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 r75.
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Histones can be modified by several post-translation{ modifications including

acetylation, p hosphorylation, u biquitination, m ethylation a nd ADp r ibosylation ( Figure

8) 4' As much as one third of the histone N terminal tails are made up of lysine and./or

arginine residuesrs. 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 gïoups 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 grorps 't6.

In 1964, Dr. Allfrey and colleagues published a study showing that addition of

acetylated histones to a calf thymus RNA polymerase preparation inhibited RNA

synthesis by as little as ZIYo, whlle addition of non-acetylated histones inhibited RNA

s1'nthesis by as much as 75%o 178. The results of this study provided a cor¡elative link

befween histone acetylation and transcriptional activation. Following these observations,

Dr' Nelson and colleagues l7e showed that chromatin regions containing rapidly and

highly acetylated histones are preferentially digested by DNase L As well, micrococcal

nuclease can attack the linker DNA region of hlperacetylated chromatin more readily

than the linker DNA of hypoacetylated chromatin '80. Other studies have also shown that

Mg2*-soluble chromatin fractions released from nuclei by nuclease treatment are en¡iched

in both hanscriptionally active genes and hyperacetylated histones 181,182. 
Furthermore,

treatment of chicken immature erythrocytes with sodium butyrate, an inhibitor of histone

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

sequences and hyperacetylated histones solubilized by Mgr* rt .
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To confirm that histone hyperacetylation was indeed responsible for the increased

solubilization of hyperacetylated histones and the transcriptionally active pA-globin gene

in the presence of sodium butyrate, soluble polynucleosomes enriched in BA-globin \¡/ere

isolated from chicken immature erythrocytes and used as a substrate for yeast histone

deacetylase 183. In the presence of sodium butyrate, the solubil ization of these

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 o¡ absence of sodium butyrate ¡83.

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 in different salt-

soluble ch¡omatin fractions isolated from chicken immature erythrocyt". ,ro. 
Thus,

histone acetylation increases both the sensitivity of transcriptionally active genes to

nucleases and chromatin fragment salt-solubility. This suggests that histone acetylation

facilitates kanscription 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. ln fact, as much as 76%of the

transcriptionally active histone H5 and BA-globin gene sequences and 74% of

hyperacetylated H4 are associated with the salt-insoluble nuclear material of chicken

immature erythrocytes l8o. 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 river and adult chicken immature

erythrocytes contain 60-76% of nuclear histone acetyltransferaqe activity ,to. A, well, 75

- 80% of histone deacetylase activity is located within the insoluble nuclear material of
chicken immafure erythrocytes and 40 - 50% of this activity is associated with the NM
r84.l8s lranscnptlon factors such as AML and YYl have NM-targeting sequences r86-188,

and the transcriptional machinery is associated with the NM 18e. The NM-binding

capability of certain transcription factors may allow these factors to recruit target genes to

transcription sites within the NM. 'while positioned at the NM, the histones along the

gene would become dynamically hyperacetylated by NM-associated histone

acetyltransferases and deacetylases.

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 reo.

However, recent evidence.shows that catalytically active histone acetyltransferases and

histone deacetylases are unable to acetylate or deacetylate chromatin in situ during

mitosis lel' 
Moreover, these enzymes becorne spatially reorganized and displaced from

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 re'.
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originally acetylation of histones was thought to alter nucleosome structure and

weaken the interaction of histone N terminar tairs with DNA tsz,ts3. Dr. Norton and

colleagues noted that histone acetylation decreases the extent of negative DNA

supercoiling around the nucleosome 1e3. Histone acetylation also maintains the open

conformation of the transcriptionally active nucleosome 50. Thus, histone acetylation may

neutralize the positive charges on the N terminal lysine residues and loosen the contacts

between histones and DNA' A disruption in the contacts between DNA and the

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

fum, affect the interaction of linker histones with nucleosomal and/orlinker DNA.

In addition to disrupting chromatin fiber-fibe¡ interactions, histone acetylation

disrupts interactions between histone N terminal tails and non-nucleosomal proteins. H3

and H4 display G-helical structures in their N terminal domains when assembled into a

nucleosome or when bound to DNA 6t'6e. This observation has lead to the belief that the

histone N terminal tails fold upon contact with proteins or DNA 6e. This s-helical

character increases upon acetylation lea. Histone acetyltransferases may positively

influence transcription by altering the structure of the N terminal tails and perturbing the

inte¡actions 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 IZ tes,ts6. As well,
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loss of the yeast RPD3 histone deacetylase results in an increase in the silencing of
telomeric DNA le7

,t

Histone acetyltransferases can also acetylate transcription factors (p53, ACTR,

EKIF, ERo, MyoD, GATA-I, EzFr), non-histone ch¡omosomal proteins (HMG),

components of the transcription machinery (TFrlE, TFIIF), the nuclear import protein

importin, tubulin, and flap endonuclease-l (Fen-l), an enzvrr¡e involved in DNA

metabolism 120'le8-208. 
Histone acetyltransferases capable of acetylating proteins other

than histones ate' in fact, protein acetyltransferases with putative histone

acetylkansferase activity. However, the content of this thesis focuses on histone

acetylation' Thus, proteins capable of acetylating histones will be referred to as histone

acetyltransferases regardless of their ability to acetylate substrates othe¡ than histones.

The acetylation of p53 and MyoD increases their binding affinity for DNA 203,20e. 
As

well, acetylation of E2F1 extends the half-life of this protein ,08. Thus, along with

modifying chromatin structure, acetyltransferases may function in transcription by

altering the DNA-binding properties of transcription factors or enhancing the stability of
transcription factors.

The acetylation of HMG(Y) plays an important role in viral-induced interferon-B

gene activation as well as the inactivation of this event 210. Upon infection, the

enhanceosome assembles at the interferon-B gene promoter with the help of HMGI(y).

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

they acetylate H3 and H4 and, in combination with the enhanceosome, activate
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transcription of the interferon-B gene. Following induction, cBp acetylates HMGI(y)

which decreases its DNA binding affinity and causes the disruBtion 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 120.

In a study of the effects of histone acetylation on transcriptional activity and

higher order chromatin folding , 72-mer nucleosomal arrays with zor 6 acetate groups per

nucleosome folded into similar structures in the pr"r"n"" of 5 mM NIg2* zr. up to 2g

lysine residues are capable of being acetylated in a nucleosome. The additio n of L2

acetate groups to each nucleosome within the array enhanced transcription 15 fold in
vitro and prevented folding of the array into a higher order structure, showing that a

critical level of histone acetylation must be achieved for disruption of a higher order

structure 2ll' 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

alrays composed of non-acetylated histones 212. As a 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

ch¡omatinso.
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The effect of histone acetylation on higher order ch¡omatin structure may be

mediated, in part, by Hi phosphorylation. As was previously mentioned, Hl association

with linker DNAappears to be a dynamic process tt't8. The dynamicexchange of Hl
molecules is not an event exclusive to transcriptionally active DNA regions. The

residence time between exchange events for a Hl-GFp fusion protein on ch¡omatin was

several minutes for both euchromatin and heterochromatin 18. However, heterochromatin

appeared to be associated with approximately 25% of the statically bound HI-GFP

protein molecules within the nucleus while euch¡omatin was only associated with

approximately rTYo ls. In addition, hyperacetylation of the core histones by Trichostatin

A (TSA) treatment increased the rate of exchange befween bound and mobile H1-GFp

molecules, suggesting that core histone hyperacetylation results in the looser binding of
HI-GFP to ch¡omatin 18' I¡r support of this, acefylation of histones was shown to alter the

ability of Hl linker histones to condense transcriptionally active ch¡omatin. Histone

acetylation also altered the ability of H1 to condense DNasel-sensitive but

transcriptionally inactive ch¡omatin This fype of ch¡omatin is referred to as

transcriptionally competent' Thus, core histone hyperacetylation may influence the

transcriptional activity of a gene by loosening Hl binding to transcriptionally active

ch¡omatin.

The results of a previous experiment also show that the ability of Hl to condense

a chromatin fiber containing transcriptionally active/competent genes is hindered 70.

However, the binding of linker histone to ch¡omatin was not affected by the acetylation

status of the core histon"s t''. Hl was able to associate with transcriptionally active,

hyperacetylated chromatin, but its ability to promote fiber condensation was altered 213.
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Histone Hl can be phosphorylated on specific serine and th¡eonine residues along

its N and c terminal tails. The phosphorylation of Hl weakens its interactions with

Iinker DNA and destabilizes ch¡omatin structu re r1,zo,zt.ttt Ht phosphorylation occurs

throughout the cell cycle and is thought to increase the accessibility of DNA to factors

involved in transcriptioq DNA replication and chromatin condensation during the Gl, s
and M phases of the cell cycle, respectively. Phosphorylation of the mouse Hi(S)-3

subtype depends on ongoing transcription and DNA replication ,1a 
and its ability to

decondense ch¡omatin is thought to facilitate subsequent rounds of transcription 2r5.

Mouse Hl and Hl(S)-3 are phosphorylated by the cdk-Z kinase zt6.2t't. 
Thus,

phosphorylation of Hl and Hr(s)-3 by factors in the MAp kinase pathway may be

responsible for the continuous exchange of Hl on active ch¡omatin and histone

acetylation may increase the rate of this exchange.

Histone acetylation typically occurs on up to five lysine residues along the H3 N

terminal tail, 4 lysines along the ÉI2B and H4 N terminal tails and 2 lysines along the

H2A N terminal tail (Figure s) 8 studies of histone acetylation dynamics indicate that

both acetylation and deacetylation occur at more than one rate zts,zts'rro. rn human

fibroblasts and mature avian erythrocytes, there are two populations of acetylated

histones' The first populatioq which accounts for approximately l5yo ofacetylated core

histones in hepatoma tissue culture cells, is rapidly hyperacetylated (tVz:7 to t5 min for

mono-acetylated H4) and rapidly deacetylate d (t1/z= 3 to I min). The second population,

which accounts for up to 50Yo of acetylated histones, is slowly acetylated (tVz: 140 to
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300 min for mono-acetylated H4) and then slowly deacetylated (t1/z:30 min) 218.21s.

Similarly, MCF-7 human breast cancer cells also display twç,populations of acetylated

H3, H4 andH2B histones: a rapidly acetylated one comprising loyo of the total nuclear

acetylated histones and a slowly acetylated one that includes approximately 50yo of
acetylated histones l7o.

In chicken immature erythrocytes, approximately 2yo of the genome is

dynamically acetylated, while the rest is either frozen in a state of mono- or di-acetylation

or unacetylatedzre - The acetylated histones in chicken immature erythrocytes are divided

into two populations. In contrast to chicken mature grythocytes, both populations within

the immature erythrocytes display the same rate of histone acetylation (t1/z:I2 min for

monoacetylated H4). However, in the case of H4, one population is hyperacetylated to

tri- ortetra-acetylated isoforms and then rapidly deacetylated (t1/z:5 min). This type of

histone hyperacetylation is referred to as c/øss I øcetylatíon. Another population of

acetylated histones, however, is only mono- or di-acetylated, and subsequently

deacetylated at a slower rate (tth:90 min).This type of histone hyperacetylation is

referred to as c/¿ss II ace$tlation.

Similarly, tri- and tetra-acetylated isoforms of HZB aredeacetylated in chicken

immature erythrocytes within 5 - 10 min after removal of the sodium butyrate

deacetylase inhibitor while mono- and di-acetylated isoforms become deacetylate d at a

significantly slower tate 21e. Acetylated H3 also appears to be rapidly and dynamically

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',e.

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

protein 62'221-223 
' The antibody-antigen complexes are then isolated with either protein A

or G sepharose and the DNA associated with the åntigen 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.

G lo b øl H isto ne Ac etvlatio n

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 224' Dr. workman and colleagues have shown that histone acetyltransferases

are capable of altering ch¡omatin structure ln vitro even in the presence of a

transcriptional inhibitor 224. In addition, Dr. Crane-Robinson and colleagues have

observed that acetylated lysines are distributed throughout the entire avian erythrocyte p-

globin domain which contains transcriptionally active genes, transcriptionally competent

genes and intergenic DNA regions 62.
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Histone acetylation can be a global phenomenon. Depletion of yeast Esai, an

acetyltransferase specifically recruited to ribosomal protein anp 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 t'0. Similarly, acetylation of

the yeast PHO5 promoter by Esal and Gcn5 and the subsequent deacetylation of this

region by HDA1 and Rpd3 results in the widespread histone acetylation and

deacetylation of three separate chromosomal regions that make up ZZ kb of DNA r23.

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 ch¡omatin for transcription 62. Instead, histone acetylation can cause the

chromatin structure of the chicken B-globin domain to assume an open conformation that

Ieaves the genes within this domain accessible to transcription factors u'. A.lternatively,

histone acetylation may promote the recruitment of genes to nuclear domains en¡iched in

hi stone 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 ch¡omosome territories during interphase 2zs-228. 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) 2te. IGCs are clusters of ribonucleoproteins that lie close to transcription sites,

contain RNA and are rich in splicing factors ?2e'230. These clusters do not contain nascent
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transcripts, engaged RNA polymerase II or acetylated histon., t". Acetylated histones

and the histone acetyltransferases TAFu250 and CBP are enriched in nuclear regions next

to IGCs and excluded from the nuclear periphery and perinucleolar regions z2s.

Dynamically acetylated ch¡omatin localized to the periphery of IGC-like chromatin-

depleted regions can contain transcriptionally active and competent DNA sequences ,te.

However, the localization of active and competent sequences to the periphery of IGCs

does not always occur "e. The histone acetyltransferase CBp is also a dynamic

component of promyelocytic leukemia protein (PI\fl-) bodies which are ring-shaped

nuclear structures composed of PML protein, retinoblastoma protein (Rb), Spl00 and

PICI/SIIMO-L 232's06' Lastly, histone deacetylases are localized into NM-associated

nuclear bodies containing the transcriptional co-repressors SMRT and N-CoR 233.

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 halÊlife (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 BA-globin and histone H5 genes tto. Th"
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majority of histone acetyltransferase and deacetylase activity, class I acetylated histones,

and transcriptionally active pA-globin and histone H5 DNA sïuences are located in the

insoluble nuclear material which contains the NM 4.ts4,tïs,zi4.

Similar to the histone acetyltransferases CBP and TAFrr250, the histone

deacetylase FIDACT is excluded from the immediate nuclear periphery, preferentially

localized along the periphery of condensed ch¡omatin regions and en¡iched in nuclear

regions containing IGCs that are depleted in ch¡om atin22s. 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 g"n., from becoming transiently or

permanently fu I ly acetylated.

Transcriptionally active genes are enriched in the NM rs4,235-rrr. 
However, the

association of these genes with the NM is dynamic "e. DNA sequences most frequently

attached to the NM are associated with the NM less fhan 50yo of the time 23e.

Transcription factors form foci throughout the nucleus and several transcription factors

have NM-targeting DNA sequences 6s'187'240. Foci containing transcription factors are

positionally stable over short intervals of time and are capable of moving to nearby foci

over longer time periods ut. In the absence of ligand, the CFp-ERa fusion protein is

highly mobile 'ar. Addition of estrogen slows down cFp-ERcr mobility for only a few

seconds and CFP-ERø mobility is quickly regained, suggesting that ERa dynamically

interacts with insoluble nuclear components in the presence of estrogen. In support of

this' ERcr can be cross-linked to DNA by cisplatin, an agent that preferentially cross-links

NM proteins to DNA and the treatment of MCF-7 breast cancer cells with estradiol
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causes ERcr and the histone acetyltransferase SRC-I to associate with the NM t70,242.

IGCs are also continually exchanging some of their compopents with the surrounding

nucleoplasm us. 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 en¡iched in transcription factors. The proximity of a

gene to regions of histone acetyltransferase and histone deacetylase activit y 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.

Pr o moter Lo c alized Histo ne A c etvl atí o n

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

target transactivators to'. However, transcription of this nucleosomal array was activated

when acetyltransferases were present2a3. H3 acetylation at Lys-14 of the interferon-B

promoter also correlates perfectly with TBP recruitment and transcription initiation no. 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 Gcn5 and Elp-

3 histone acetyltransferases 244. 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 stimulation 167.r68,rss.2t0,245-24s. 
In

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'o'. Similarly, transcriptional

activation of the human interferon-p 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 210. Furthermore, the yeast Gcn5 histone

acetyltransferase complex has been shown to acetylate histones H3 and H4 only within a

1 kb region in the HO gene promoter 2a8.

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 'oe. The acetylation of H3 and H4 along this

gene vias 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 250. High

levels of hyperacetylated histones were also mapped to the chicken GApDH promoter,

which is located within a CpG island 2ae. 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, ch¡omatin fragments containing CpG islands are enriched in highly

acetylated H3 and H4 isoforms 6'. These findings suggest that histone hyperacetylation is

a feature of CpG islands.
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The significance of histone acetylation along CpG islands is unknown. In one

study, TSA-induced histone acetylation facilitated DNA deme{hylation of an ectopically

methylated pMetCAT fusion construct transfected into FIEK 293 cells 25r. 
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

accessibility of demethylase to its target DNA sequence ,5t. contrary to these

observations, another study showed that DNA demethylation preceded both

transcriptional re-activation and histone acetylation of the endogenous hMLHI promoter

in human colorectal cancer cell lines 252. As well, the methyl DNA-binding protein

MeCP2 binds histone deacetylases and recruits these enzymes to methylated DNA where

they deacetylate associated histones and generate a repressive ch¡omatin structur e23s.253.

However, the promoter DNA sequences of many genes are not methylated ,to. 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 255.

Promoter-Targeted Histone

Transcriptional Activation

Acetylation Occurs in Estrogen-Mediated

In estrogen-mediated transcriptional activation, the binding of estrogen to ERcr

causes a conformational change in this receptor molecule that allows the estrogen-ERcr

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

estrogen-responsive genes ree'256'257. once bound to the ERE, the estrogen-ER complex
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recruits histone acetyltransferases that acetylate histones associated with the

promoterl6T'r68't99. 
, r

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 170. 
Instead,

estrogen alters the distribution of ERcr 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 l\M 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 histone 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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Histone Acetyltransferases and Histone Ðeacetylases in Human

tsreast cancer cetls. In the absence of estradiol (left), histone

acetyltransferases (HAT) such as CBP, SRC-I, SRC-3, and pCAF occupy

the same chromatin regions as histone deacetylases (ÍIDACs) such as

HDAC1 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, ERo 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 activation, 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 168'245. Within l5-zo min following

estradiol exposure, ERc¿ and the histone acetyltransferases AIBI 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 initial 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 AIBI and this event has been shown to cause the

dissociation of p160 coactivator complexes from the promoter-bound ERsree. Thus, the

binding of CBP to the cathepsin D promoter after 60 min of estrogen treatment may be

responsible for the dissociation of AIBI from ERc¿ 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 sharply drop.

Then 10 - 15 min later, ERcr, AIBI, 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 colleagres tot, the cyclical

association of ERo and its p160 coactivators with the pS2 promoter was not as evidentza5.

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

52



timing of cofactor association were observedzas. As well, cBp, AlBl and p300 did not

return to the promoter to any great extent after their initial ,rgmoval. In this study, the

treatment of MCF-7 cells with estrogen resulted in the recruitment of CBp, p300, ERu,

sRC-l and ArBl to the ps2 promoter after 30 min. The simultaneous recruitment of cBp

and ArB I argues against the theory that acetylation of ArB I by CBp causes its

dissociation from ERa. The level of ArBl 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 ERc¿ remained relatively constant over 150 min of
estrogen treatment although a slight decrease was evident between the 105 - t20 min time

points '4t ' of interest, however, was the observation that a second coactivator complex

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, transcriptio nal activatlon 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 ERcr,

CBP, p300, ACT& SRC-I and DRIP 205 are recruited to the pS2 promoter in MCF-7

cells within 2.5 min of estradiol treatment 2a5. This recruitment is accompanied by a

simultaneous increase in the level of acetylated H4 along the pS2 promoter ,ot. 
Thus,

estrogen-induced histone acetylation is a rapidly induced event.

These studies on estrogen-induced histone acetylation provide valuable

information aboui 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

53



of MCF-7 cells with 100 nM E2for 45 min caused adecrease in the levels of HDAC2

and HDAC4 associated with the c-myc and cathepsin D estrogon-responsive promoters in

MCF-7 cells, while ERcr, SRC-I, ArB-1, CBp and acetylated H4 levels were

increasedl6t. Howe,rer, the dissociation of HDAC2 and HDAC4 was not comple te 167.

This agrees with the findings of Dr. Sun et al. 170 
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 Chro matin Rem ocleling

Besides playing a role in transcription factor binding, promoter-directed histone

acetylation may also be fundamental for ATP-dependent ch¡omatin 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-

binding sites t'e. While chromatin remodeling complexes can alter the chromatin

structure of trans-activator binding sites, they are unable to activate transcription alone25e.

The recruitment of the SWVSNF ch¡omatin 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 tuo. Chp assays have

revealed that deletion of the SWVSNF ATPase subunit, SWIz, results in a decrease in the

level of Gcn5-dependent H3 acetylation along the HO TATA box in yeast 2a8. In HO

gene expression, ChIP assays have shown that binding of the far-upstream transactivator
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protein Swi5p to its cognate DNA recognition site is followed by SwvsNF and then

SAGA recruitment to the Ho gene promoter '6t. These two,factors then facilitate the

binding of a second activator called SBF, which is thought to recruit TBp and other

components of the pre-initiation complex z6o,z6t.

ATP-dependent ch¡omatin remodeling is also involved in transcription

repressiont3e. 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 262. If factors are present that stabilize chromatin structure and

promote transcriptional repression, then the remodeling complex will drive the ch¡omatin

into a repressed state by allowing the transcriptional 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 ch¡omatin structure to a

transcriptionally active state. The subsequent binding of histon e acetyltransferases and

activating complexes to this ch¡omatin structure will then "fix" the chromatin into an

active state262.

However, ChIP assays on the IFN-P promoter in HeLa cells transfected with the

Sendai virus show that ATP-dependent ch¡omatin remodeling complexes do not always

bind chromatin before histone acetyltransferases 263. The IFN-p enhanceosome

assembles at a nucleosome-free enhancer region of this gene and initially recruits Gcn5 to

acetylate the nucleosome positioned over the TATA box and transcription start site 263.

This event is followed by the recruitment of the CBP-Pol II holoenzyme complex which

is followed by SwVSNF recruitment 263. 
The BRGI subunit of the swysNF complex

contains a bromodomain that can interact with acetylated histon es264'266. The presence of
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acetylated histones along a promoter may increase the af1rnity of the Swr/SNF complex

to this gene region. The in vitro binding aflinity of SWI/SNF, to a nucleosome array was

greater when the array was reconstituted with hyperacetylated histones purified from

sodium butyrate-treated cells as opposed to histones from control untreated cells 267.

Furthermore' the acetylation of histones assembled onto nucleosom al arrays by the

SAGA and NuA4 histone acetyltransferase complexes increased the in vitro binding

affrnity of SWVSNF 267. Acetylation of Lys-8 histone H4 is a prerequisite for

enhanceosome-dependent SWVSNF and TFIID recruitment along the IFN-B promoter e0.

This suggests that site-specific acetylation, and, therefore, the generation of a histone

acetylation code along the IFN-p promoter plays an important role in transcriptional

initiation of the IFN-B promoter. Lastly, Gcn5-mediated histone acetylation along the

PHO5 promoter has also been shown to increase the rate of pHO5 gene induction by

accelerating ch¡omatin remodeling 268. The order of recruitment for ch¡omatin-

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 Acetyration

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 terrninal 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 proteins 88-e0.26e,270. 
¿ ,

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/ot the phosphorylation of serines residues "o. Many chromatin-associated proteins

contain a bromodomain that interacts with acetylated histone N termini,tt. Thus,

thousands of histone isoforms containing different combinations of tail modifications can

mark the nucleosome surface, creating recognition sites for transcription factors ,ro. For

example, Gcn5-induced acetylation of H4 at Lys-8 mediates the recruitment of SWVSNF

while acetylation at H3 Lys-9 and Lys-14 is critical for TFIID recruitment e0. 
The

acetylation of histone H4 Lys-8 is also a prerequisite for enhanceosome-dependent

swI/sNF and TFIID recruitment arong the IFN-Ê promoter e0.

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 acetylatLon at Lys-23
tot. The acetylation of Lys-23 by CBP tethers recombinant CARM to the N terminal tails

of H3 t08. Thus, CBP-mediated acetylation of H3 at Lys-tg and Lys-23leads to the

recruitment of CARM1 which, in turn, methylates H3 at Arg-17 tot. CBp also interacts

with many histone acetyltransferases, transcription factors and SWVS¡p 10s,113,1t8,12s,27t.

Thus, the histone code generated by the initial recruitment of histone acetyltransferases,

histone methyltransferases and histone phosphatases to the promoter region of specif,rc

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 eO'r13. The degree to which multiple histone acetyltransferases and
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histone deacetylases with different substrate specificities are recruited to

region will determine the extent of histone acetylation at specific lysine

the core histone N terminal tails. This will, in turn, determine whether the

a gene region are class I or class II acetylated.

a specific gene

residues along

histones along

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 compensati on 272'273. As well, the chicken pA-globin

gene displays high Ievels of widespread H3 and H4 acetylation 2as. Lcetylated lysine

residues are also located throughout the c-myc gene in Raji BL cells 2a6. Histones

associated with the promoter and coding regions of the c-.iun and cy'os genes are

hyperacetylated in quiescent fibroblasts treated with the histone deacetylase inhibitor

TSA e2' 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 estrog en'ot .

The Function of Histone Acetyration Arong the coding Region

The packaging of DNA into ch¡omatin 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 vitro oo. 
Studies have shown that the nucleosomes

of a transcribed DNA sequence have an altered shape and/or compositio n 4s,s3,ss.
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Moreover, the chromatin structure of transcriptionally active and competent genes is

different' Transcriptionally active and competent genes have qn increased sensitivity to

DNaseI 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 62.

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/RNApll holoenzyme has histone

acetyltransferase activity and is able to acetylate all four core histones ìn vitro tt. This

histone acetyltransferase activity is essential for the elongator function of Elp3 i, vivozTa.

Furthermore, the removal of Gcn5 and EIp3 acetyltransferase activity from yeast cells

causes widespread transcription defects "o. Gcns 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, Gcn5 Elp3 yeast mutants displayed signifìcantly reduced RNA

polymerase II levels that were refleeted by low STE6 RNA levels and critically low

levels of acetylated H3 arong the coding region of the sTE6 gene ,oo. onry sever e (4_5

fold) histone H3 hypoacetylation along the STE6 coding region, but not the promoter

region, correlated with inhibition of transcription'oa. 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

hypoacetylation zaa. Thus, acetylation of gene coding regions by Gcn5-containing

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

increases the transcriptional elongation efliciency of RNA polyrnerase II by making the
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ch¡omatin stnlcture of regions downstream from a

elongation machinery. Elp3 associates with RNA

widespread histone acetylation along the coding

accomplished through this association.

promoter more permissive to the

polymerpse II 5r. 
Elp3-induced

region of a gene is most likely

As a result, 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 targetregions, while acetyltransferases

required for elongation would maintain the open nucleosome structure and possibly

enhance elongation efficiency by increasing the accessibility 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 II, while pCAF

interacts with the elongation-competent form 52.

Transcriptional elongation is also influenced by ATp-remodeling complexes,

PCAF, Elongator and FACT 26e'27s. 
The Elongator complex contains the Elp3 histone

acetyltransferase 276. Both the Elongator complex and the pcAF histone acetyltransferase

are associated with the erongating, hyperphosphoryrated form of RNA porymerase II
t''"u. The FACT complex is also assoeiated \^/ith RNA polymerase II 48.276. 

This

elongation complex may facilitate transcriptional elongation by transiently binding to and

dissociating histones FI2A and H2B from nucreosom es 4s,z6s . A subpopuration of
swVsNF co-immunoprecipitates with RNA polymerase rr in vitro 52. ATp-dependent

ch¡omatin remodeling proteins most Iikely 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 structu¡e of
the octamer and cause transient dissociation of an H2A-H2B dimer from the nucleosome

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 s0' Nucleosomes with an exposed H3 cysteine thiol group are enriched in
dynamically acetylated histones and associated with transcriptionally active DNA

sequences s0's4'277'278' Dr. 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 erythrocytes treated with an inhibitor of
transcription elongation 50. Moreover, thiol-reactive H3 sulftrydryl groups could not be

detected in chicken immature erythrocytes unless they were treated with an inhibitor of
histone deacetylase activity t0. Th. 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 e2. 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 e'' This suggests that histon e acetyltransferases and histone deacetylases are

continually targeted to the promoter and coding regions of the c-jun genein 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

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

exceeds the level ofhistone deacetylases.

The &elobin loon domain

The B-globin loop domain has served as a usefi.ll 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 inade from definitive erythropoiesis in

the yolk sac and cells made from definitive erythropoiesis in the bone marrow zso. ln

chicken red blood cell nuclei, the B-globin domain contains four genes (p-, e_, BH- and

BA-globin) that are divided into embryonic and adult functional domains (Figure l0) ,r,.

The embryonic domains containing the p- and e-globin genes are separated by a shetch

of adult DNA containing the pH- and BA-globin genes 281. AII genes within the chicken

erythroid B-globin domain are independent transcription units 282.

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 ofembryo

development2s2'283 - As the embryo develops, a complete change-over occurs in erlhroid

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

BH- and BA-globin genes between days 6 and 1 | 2s2,284. By day 12 in embryonic
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development, a definitive erythroid cell lineage that expresses only adult globin genes

emerges and replaces all previous lineages 28a.

trFA

Dlrlasel - DHasel
lnsensitiu* hsensit¡r¡e

Figure 10. Diagram of the chicken Erythrocyte p-grobin Ðornain showing

Regions of tr)l{ase I SensitÍvity and Insensitivity. po, pt. p" and ÊA

represent the embryonic rho-, hatching-, epsilon- and the adult p-globin

genes, respectively.

During definitive erythropoiesis in the blood and bone m¿urow, the erythroid cells

differentiate into erythroblasts which differentiate into early-, mid- and late-

polychromatic reticulocytes 280. These reticulocytes are referred to as immature

erythrocytes "o. 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 280,28s. 
Thus,

mature erythrocytes are considerably less transcriptionally active than immature

erythrocytes. For this reasorq immature erythrocytes are often used instead of mature

erythrocytes to study transcription. However, definitive erythropoiesis is a continuous

and steady-state process "0. 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 phenylhydrazin¡, an agent that induces

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

formation of hydrogen peroxide 28t. Hydrogen peroxide oxidizes the sulftrydryl groups of
enzymes and peroxidizes membrane lipids 28i. compared to mature erythrocytes,

reticulocytes contain higher levels of erzymes such as glucose-6-phosphate

dehydrogenase and catalase that are required to detoxify hydrogen peroxide 28u. Thur,

reticulocytes are less susceptible to hydrogen peroxide and the majority of circulating red

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

.i

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) ttt. 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

HDACl 28e2n' 
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 acetylfransferases which in turn

recruit PCAF and promote transcriptional events leading to cell differentiat ionzst-zs3.

In acute promyelocytic leukemia (APL), the gene encoding RARü, is disrupted 288.

In most APL cases, ch¡omosomes 15 and 17 are translocated, forming a fusion protein
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containing RAR0 fused to the N-terminal portion of the promyeloclic leukemia

proteinzea' This fusion causes the RARo protein to become unresponsive to physiological

levels of RA 288'2es'2e6. APL can also develop when the RARo protein fuses to the

promyelocytic leukemia zinc f,rnger !LZF) protein 260. ?LZF is required for limb and

skeletal development and is a co-repressor protein that binds to histone

deacetylases260'2e7 ' The formation of this RARu-pLZF fusion protein causes the RAR' to

become resistant to RA 260. Both forms of APL are treated with RA and TSA 2es. 
Thus,

the development of APL shows that aberrations in histone acetyltransferase and

deacetylase recruitment to specifîc genes can cause abnormalities in cell growth

Histone deacetylases are also important for normal cell proliferation. The

retinoblastoma fumor suppressor gene produces Rb protein. 'When 
dephosphorylated, this

protein binds to EZF, a transcription factor involved in DNA replication during S

phase2e8. This interaction inhibits the function of E2F, thereby causing EÌF-targetgenes

to be repressed during Gl. Rb also associates with HDACI and both proteins have been

shown to cooperate with one another in the repression of an E2F-1-driven promoterze8,2ee.

Exposure to inhibitors of histone deacetylases leads to upregulation of E2F target

genes'e8. 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 isa.

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

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

nucleosome remodeling compre*", '*. Heregurin-Br is a protein invorved in the
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heregulinÆIER2 pathway. In ERo positive breast cancer cells, the activation of this

pathway suppresses ERE-driven transcription and causes the 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-I directly interacts with HDACI, HDAC 2 and.

ERs, and the overexpression of MTA-t in breast caner cells is correlated with an increase

in both invasive behavior and anchorage-independent growth 300. In addition, heatment

of breast cancer cells with the histone deacefylase inhibitor, TSA, blocks MTA-I-
mediated repression of ER responsive genes containing EREs. Thus, histone deacetylases

are also important in cancer development and the aòquisition 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 68'154. 
Somatic translocations involving the cBp

gene are found in various forms of leukemia 301. 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 302,303.

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 30a.

Considerable embryonic lethality can also be observed in single knock-out mice 30a.

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 30s. As well,
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the histone acetyltransferases TIF 2 and AIBI are amplified in human breast tumors ios-

307 ' Both histone acetyltransferases help mediate estrogen-induced transcriptional

activation' Furthermore, evidence exists to suggest that the nuclear receptor corepressor

N-coR is downregulated in invasive breast tumors 'ot. Io 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 307,308. 
Thus, breast cancer development may

result, in part, from the upregulation of ER coactivators and the downregulation of ER

corepressors.

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 ofvarious cancers and diseases. In support ofthis, 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 30e.

Normally, Htt protein with an unexpanded repeat does not localjzeto the nucleus, and,

therefore, is unable to inhibit histone acetyltransferase activity 30e.

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 hansformation, 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 acetyrtransferase activity.
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Histo ne D eøcetvløs e In hib íto rs

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

the actions of both histone acetyltransferases and Orur"tytur"r. 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 3 r 0.

To date, several structural classes of histone deacetylase activity inhibitors have

been identified including short chain fatty acids þutyrates), hydroxamic acids (TSA,

superoylanilide hydroxamic acid (SAHA)), benzamides (MS-27- 275) and cyclic peptides

(trapoxin A) (reviewed in 3ll). 
These inhibitors, however, are only effective on certain

classes of deacetylases. Class I and II histone deacetylases, except HDAC 6, aresensitive

to TSA while class III deacetylases are resist ant 174,3r2-3ta. Similarly, class I and class II
histone deacetylases, except HDAC 6 and 10, are sensitive to sodium bufyrate and class

III deacetylases are resistant 174'313'3t4. The sensitivity of HDAC1l 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 hanscription of the cell cycle regulator

pZLWaf/Cip1 3ls-:te. Histone deacetylase inhibitors, however, have differential effects on

different cell types, as well as different genes 320. 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 321. 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 irreversibiy

inhibit deacetylase activify 312.

ll

Some deacetylase inhibitors are also more potent in 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

concentrations 322'These 
differences in potency may be a consequence of differences in

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 323.

The most studied class o f histone deacetylale 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 ftber32a. The physiological concentration of sodium

butyrate within the colonic lumen of an individual who consumes a low to moderate fibe¡

diet is 10 rrM 32s' The effects of sodium butyrate are reversible due to its short halÊ

life326 ' Sodium butyrate inhibits deacetylase activity and arrests cells in the Gl and G2

phases of the cell cycle 3". when present at a concentration of l0 mM, this drug is

capable of promoting histone hyperacetylation, inducing cellular differentiation and/or

apoptosis in transformed cell lines 327-330.

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 322'331. TSA was initially isolated as an

antifungal antibiotic 322. Like sodium butyrate, TSA inhibits proliferation by arresting

cells in Gl and/or G2332. 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 32r. 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 rsA and sodium Butyrate on Gene TranscrÍption

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 3r5. Similarly, the expression of a

small fraction (2%) of genes was altered in Jurkat ind SupTl cells heated v/ith 400 nM

TSA for up to 8 h 331. 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 ofgenes

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 kanscription by inhibiting histone

deacetylase activity which, in furn, promotes histone hyperacetylation 33a,335. The

resulting h¡peracetylation would then relax ch¡omatin sfrucfure 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 p}rWaf/Cipl promot", ttu. TSA also induces transcription of the

human immunodeficiency virus-l (HIV-l) promoter and disrupts the association of a

specific nucleosome positioned along this promoter that normally inhibits transcription
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337 ' Lastly, TSA-resistant cell lines have an altered histone deacetylase protein,

suggesting that histone deacetylase is an important target of TSf 32r.

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 butyrate could influence

downstream events such as the post-translational modification of various proteins ,rr. Th"

effect of sodium butyrate on gene expression is oîien investigated in cells treated with

high (i'e' millimolar) concentrations of sodium butyrate for extensive periods of time (i.e.

24 h or greater) and no study has been performed to date showing the direct effect of
short-term (i'e' L-2 h) sodium butyrate exposure on the activity of various cellular

enzymes.

Evidence suggests that exposure to sodium butyrate induces the serine-th¡eonine

protein phosphatase type 1, PPl or another phosphatase belonging to the ppi family 33e.

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 338. 
Changes in phosphorylation state can control the

activity of regulatory proteins 33e. For example, HDACl is phosphorylated most likely by

casein kinase 2 (CK2) and cAMP-dependent kinase 340-342.In 
one study by Dr. Sch¡eiber

and colleagues, in vivo phosphorylation of mammalian HDAC1 fused to a FLAG epitope

tag and transfected into T-Ag Jurkat cells reduced both in vitro and in vivo eruymatic
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activity and disrupted HDAC1 complex formation with proteins such as RbAp4g and

mSin3A 342.

,l

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 343. This effect was accompanied by the disruption of HDACI-HDAC2

complexes and protein complexes containing HDACI, mSin3A and yyl 3a3. 
Complexes

containing HDACl, HDAC2 and RbAp46148 were not affected 3a3. Thus, in these two

sfudies, histone deacetylase phosphorylation disturbed rather than promoted the

formation of histone deacetylase complexes. Sodium bufyrate-induced ppl activit y may

promote HDACI and HDAC2 dephosphorylation 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

HDACI v/ith alkaline phosphatase did not significantly alter rhe ability of HDACl to

deacetylate an acetylated histone H4 N terminal peptide ín vitro,oo. Also, HDAC2 can be

phosphorylated by cK2 and this event is important for HDAC2 complex formation3al.

Hypophosphorylation of HDAC2 disrupts the interaction of HDAC2 with mSin3 andMi2

and phosphorylation of HDAC2 increases its enzymatic activity 34r. Thus, whether

sodium butyrate affects gene expression by increasing ppl 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.

PPi also dephosphorylates the

histonesrTT. Histone H3 phosphorlation

phosphorylated isoforms of the four core

is important in establishing the transcriptional
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competence of a gene177. 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 3oa. 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 hanscription 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 franscriptional 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 un¿ rsa increase the transcription of a

gene by promoting histone hyperacetylation that alters ch¡omatin strucfure 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

kanscriptio nally activ e 62'221 
.

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 3or. A

longer treatment of breast cancer cell lines with 5 mM sodium butyrate for 24h decreases

both unoccupied and total ERo Ievels in cytosolic and salt-soluble nuclear fractions

isolated from human breast cancer cells 3a6. 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 3a7. Similarly, exposure of human hepatocarcinoma cells to 4g0 nglml TSA

for 6-8 h increases IGFBP-3 mRNA levels 3as.

il
Sodium butyrate also affects the activity of enzymes other than ppl and histone

deacetylase' sodium butyrate rapidly induces the activity of tyrosine kinases that

phosphorylate and activate several proteins including MAp kinase (MApK) roe. sodium

butyrate also increases alkaline phosphatase activity in LM2l5 colon cancer cells and

this event i s believed to b e regulated b yprotein kinase C (pKC) 3 s0,3sr. Thus; s odium

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{ransfecred plrwaf/Cipl promoter reporter

construct and treatment with the PKC inhibitor, calphostin c, inhibited this induction ,rr.

Calphostin C-mediated franscriptional inhibition was dependent on the presence of a

sp1/3 site 352. Spl and sp3 interact with HDACI and HDACZ and apicidin inhibirs

histone deacetylase activity in vítro 3s3'3s4. 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-D2sk gene contains a

butyrate response element between -17 5 and-78 and its transcription is upregulated in the

presence of sodium butyrate 3s5. The HIV type I long terminal repeat (LTR) promoter

also contains fwo 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-D2s¡ gene promoter 3s6. 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 3a8- 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 Spl and

activatingprotein-2 (Ap -2) tt .

TSA and sodium Butyrate Mediate Transcription Through spl and sp3

The expression of IGFBP-3 is induced by treatment with sodium butyrate 3s7.

When studying the IGFBP-3 promoter in breast cancer cells, sodium butyrate-induced

transcriptional activation requires binding of Spl, to its target sequence within the

promoter and the association of Sp3 with AP-2 3s7. Treatment of breast cancer cells with

sodium butyrate did not alter Spl or Sp3 total protein levels 3tt. Co-immunoprecipitation

experiments on MCF-7 nuclear extracts revealed that HDAC1 associates with Spl and

Sp3 and that sodium butyrate heatment does not alter this association 357. Instead, these

experiments showed that sodium butyrate treatment decreases the association of p300

with Spl and Sp3 by 39% and99Yo, respectively 357. DNA affinity precipitation assays

showed that sodium bufyrate treatment increased the association of the p300 cofactor

\¡/ith the IGFBP-3 promoter by approximately 4}Yo,while the association of spl, sp3 and

HDACi with this gene region remained unaltered ,5t. Tht s, p300, HDACI, 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

acetyitransferas e3 
s7.

Similar to the IGFBP-3 promoter, sodium

promoter activity also requires a Spl binding site 358

butyrate-induced thlmidine kinase

This induction was believed to be a
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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 to 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

lines3aT' 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 spl binding site and instead contained p53 and GATA DNA binding sites.

of these fwo sites, the p53 response element was important for sodium butyrate-induced

transactivation 347. However, neither p53 nor GATA were required for butyrate

responsivents' 'ot. Thus, in addition to Spl binding sites, there are several other response

elements important for inducing a butyrate response.

Sodium butyrate has also been shown to induce hanscription of p2lW af/Cip1 by

a ps3-independent mechanism that requires p300 and Spl 35e. In the presence of sodium

butyrate, the zinc finger transcription factor, ZBP-B}, binds to both Spl and p300 and

mediates the interaction between these two factors 3se. zBp-Bg also recognizes the same

p2lWaf/Cipl regulatory sequences as Spl 3se. In this case, sodium butyrate is thought to

induce p2l Waf/Cipl transcription by promoting the direct association of ZBp-g9 with

p300 within a transcriptional complex that contains Spl 35e.

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

by Spl and sp3 3t8. TSA induces Spl phosphorylation, enhances Spl binding to its
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consensus DNA sequence, and releases HDACI and Sp3 from Spl transcription factor

complexes 308. TSA treatment also enhances the binding ot,tl, to its consensus DNA

sequence in Hep3B hepatocellular carcinoma cells, however, Sp3 is not able to activate

several Sp1-responsive promoters alone 308. Th" findings discussed in this section suggest

that histone deacetyiase inhibitors may perturb transcription by influencing the

association of transcription factors such as Sp1, 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 spl/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 30e,507-s0e. 
The treatment of transgenic

flies expressing a mutant form of the Htt protein which is involved in the development of

Huntington's disease with the deacetylase inhibito¡ SAHA increases cell viabilit yby 55%

and markedly represses early adult death in a concentration-dependent marurer 30e.

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 suwival modulators 508.

Histone deacetylase inhibitors inhibit the proliferation of squamous, breast,

ovarian, liver and prostate cancer cell lines in culture 3t7,320,360. 
Furthermore, the injection

of sodium butyrate into hepatocellular tumors of nude mice every second day causes an
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approximate 50yo decrease in tumor size and substantially increases the survival rate 3r7.

such findings have prompted researchers to investigate the u,s? of deacetylase inhibitors

in cancer patients' However, one significant problem with using sodium butyrate as a

treatment drug is its halÊlife of approxim ately 6 min. In a recent clinical trial, Tributyrin,

a friglyceride containing three sodium butyrate moieties esterifíed to glycerol, was used

to enhance sodium butyrate's short halÊlife. The oral administration of this drug to

patients with solid tumors gives sodium butyrate a halÊlife long enough to reach an

effective concentration of approximately 0.5 mM in I day without inducing severe

toxicity in the plasma 326.

Sodium butyrate treatment inhibits the growtir of breast cancer cells with either an

ERø-positive, hormone-dependent or an ERo-negative hormone-independent

phenotype3'6' sodi,.* butyrate treatment is also capable of arresting the ERcr-ne gative,

highly invasive and highly metastatic MDA-MB-231 breast cancer cell line in G2/M326.

A large percentage of breast tumors become resistant to anti-estrogen therapyl12. 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

mgkglday) of phenylbutyrate, a more stable form of butyrate, in BALB/c mice for 7 d,ays

has recently been shown to inhibit normal breast epithelial cell cycle progression 36r.

Such doses increase the levels of acetylated H3, prevent cyclin Dl expression ærd

signif,rcantly reduce the levels of ERo in mouse mammary epithelial cells 361. In a

previous study performed by the same research group, butyrate also increased

p2l(Waf1/Cipl) expression and hypophosphorylated pRB in normal mammary epithelial

cells 362' Since the presence of ERo is important for early breast cancerdevelopment and
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cyclin D1, pRb and p21(waf1/Cipl) are important for cell cycle progression,

phenylbutyratemay be a promising drug for breast cancer treatment.

Phenylbutyrate has been shown in a recent clinical trial to cause the complete

remission of APL in a 13 year old girl 36a. This treatment elevated the levels of acetylated

histones in the mononuclear blood cells of this grrl 'uo. This remission lasted for 7 months

before the gul experienced a relapse and became resistant to phenylbutyrate treatment 3ø.

However, several other patients with relapsed APL did not experience a remission after

this treatment 3tr.

The histone deacetylase inhibitor SAIIA may also be a promising drug for breast

cancer treatment. This drug inhibits the proliferation of MCF-7 human breast cancer cells

in culfure 363' Ar accumulation of MCF-7 cells in Gl was shown after exposed to 1.25

and2 '5 pM SAHA for 48 h. Concentrations of SAHA equal to or greaterthan 5 pM

caused cells to arrest inG.2/M 363. 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 363. Moreover,

SAHA induced the differentiation of other breast cancer cell lines including SKB'-3 (ER-

negative) and MDA-468 (retinoblastoma- and ERû,-negative) 363. The effect of SAHA on

the differentiation of these other two cell lines was comparable to that seen on MCF-7

cells 363.

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 developed this phenotlpe, 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 incruding hormone-independence.

Histone deacetylase inhibito¡s 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-R ARø fusion protein
365' Treatment of this cell line with phenylbutyrate, TSA or SAHA increased the fraction

of cells in G0/G1 and G2/M and induced apoptosis 365. Leukemic mice with the pLzF-

RARcrÆ'ARa-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 .urro*, spleen and peripheral blood
36s' Several histone deacetylase inhibitors in phase I or II clinical hials include

FR901228, SAHA and pyroxamide3lz.
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The Nucleør Matrix

The chromatin fiber is organized into loop domains thfough its association with

the NM a' These loop domains range in size from 5 kb to zoo kb, with the average size

being 70-100 kb 4. 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 366,367. 
This

structure is also referred to as the nucleoskeleton or the nuclear scaffold depending on the

method of isolation. The NM is composed oî a nuclear lamina, a fibrogranular

ribonucleoprotein network and an internal matrix 36s (Figure t t¡. The internal matrix

occupies the nuclear interior and is connected to the nuclear lamina 368. This matrix

appears as a network of intricately woven fibers built upon an underlying layer of l0 nm

fibers 36e'370. The composition ofthe r0 nm fibers remains unknown.
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Figure 11. Electnon Micrograph Showing the Ultrastructure of the Nr¡clear

Vlatrix from a CaSki Cell. (A) The nuclear matrix is composed of the

nuclea¡ 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 l0 nm filaments [bars : I uM (A) and 100 nM

(B)1. Image taken from 370.
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Nuclear Matrix Composition

The exact protein composition of the NM varies accor{ing 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 242'37r. 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 372. Some NM proteins

identified to date include lamins { B and C, nucleolar protein 823, nuclear matrins, the

nuclear-mitotic apparatus protein and various heterogeneous nuclear ribonucleoproteins

(hnRNPs) including hnRNPK 366'373'377. HnRNPs are believed to funcrion in RNA

metabolism and hnRNPK has been shown to possess all the properties of a transcription

factor, suggesting that at least some hnRNps function in transcrip tion366'37s'3s2 .

Although high salt extraction NM protocols are commonly used, the exposure of

nuclei to high salt may strip away some NMPs, Ieaving 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

DNA37e. As well, a recent study shows that actin is tightly associated with the NM and

located within close proximity of DNA 380. 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 381.
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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 cytoke¡atins Kg, Klg and K19

associated with nuclear DNA dramatically increase in response to estrogen treatment 37e.

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

SWVSNF-like Brg-associated factor complex383. Actin-related proteins, ArpT and Arp9,

are shared components of the SWVSNF and RSC chromatin remodeling complexes

within yeast Saccharomyces cerevisiae'*'. In a previous study, the Actl actin protein,

and the Ãct3l1ict4 actin-related proteins were identified as subunits of the H4/If2A

histone acetyltransferase, NuA4 38a. The integrity of the NuA4 complex relies on the

presence of Act3/Act4. Furthermore, Act3lLct4 could bind to nucleosome s in vitro

through the N terminal domains of histones FI3, H4 and H2A 38a. The role of actin in

ch¡omatin 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 ch¡omatin remodeling complexes to the NM380.

Nuclear Processes Associated with the Nucrear Matrix

The NM seryes as a platform that is associated with and organizes nuclear

processes such as transcription, DNA replication and RNA processing 368. The NM is

en¡iched in transcriptionally active genes t84'23s-238, 
and RNA polymerase II is fixed at

sites along the NM 236'38s. 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., franscription factors such

as AML and YYl have NM iargeting sequences 187. As well, RbAp48 associates with the

NM 386' Both YYl and RbAp48 associate with histon e acetyltransferases and histone

deacetylase s 187'387-3e2. 
The binding of estrogen to ERc¿ causes this receptor to bind to its

tatget DNA sequence and become tightly associated with the ¡1¡4 1zo. The NM is also

associated with histone acetyltransferases and histone deacetylases as well as ATp-

dependent chromatin remodeling factors l84't85'3e3. In fact, the majority of histone

acetyltransferase and deacetylase activity and most of dynamically hyperacetylated H4

are associated with the NM l*0. Thus, the recruitment of a gene to the NM positions this

gene close to factors that promote and initiate transcriptional activation.

The rnfluence 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 th¡ee-dimensional skeletal networks from the NM, cytoskeleton (CSK) and

extracellular matrix (ECM) "0. The NM is the skeletal framework of the nucleus

composed of the nuclear-pore lamina, residual nucleoli and a network of

ribonucleoproteins 3es. This structure binds to MAR DNA regions along the chromatin

fiber and organizes DNA into loop domains 3e5.

The tissue matrix system is believed to form a structural and functional

connection between the cell periphery and DN{ 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 c¡ochalasin D or acrylamide prevents a cell from interacting

with the surrounding ECM 3e6 and pulling a single chromosorpe out from an interphase

cell results in the removal of all subsequent chromosomes along with the CSK 3e7.

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 3ea.

Because the tissue matrix connects the cell periphery with nuclear DNd 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 p-casein 3e8. 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 3es.

Furthermore, the ECM down regurates the expression of TGF-9 3ee. 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 organizafion have

been observed in Kirsten kidney cells when transformed with the rãs oncogene o0o. As

well, exposure of a cell to the tumor promoter, phorbol L2-tetra-decanoate l3-acetate

(TPA) causes gross morphological changes in cell structure and the organization of NM-
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associated intermediate filaments aOl. The actin microfilament arrays of the CSK also

appear to play an important role in gene expression. Estradiql treatment of the MCF-7

human breast cancer cell line causes rearrangements in the F-actin cytoskeleton that lead

to the formation of lamellipodial structures *t.

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 Kg,

Kl8 and Kl9, as well as the levels of cytokeratins K8, Kl8 and Kl9 associated with the

NM and with nuclear DNA 3e5. Similarly, the treatment of rat vaginal epithelium with

estradiol results in an increase in the levels of total cellular cytokeratins a03. 
Thus,

estrogen appears to induce changes in cytoskeletal 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

and development 242,366,374,37s,378,404.40s. 
Several studies have also shown that the protein

composition of the NM varies between normal and cancer cells 242,4064tt. 
Breast

carcinomas but not normal or benign cells express a I 14l<Da matrix attachment region

binding protein and the expression of this protein is elevated in poorly differentiated

breast ductal carcinomas 0". 
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 Iines 242.408.In addition, the
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expression of three NM proteins has been found to correlate with the acquisition of
metastatic liver cancer all. 

, r

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 aoe. Cisplatin, otherwise

known as cis-diamminedichloroplatinum (II), is a particularly useful agentfor identifying

NM proteins bound to nuclear DNA in situ 4r3'4r4. 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 NMp 22 and

BCLA-4 as NM proteins expressed at high levels in bladder cancer cells that are excreted

in the urine of cancer patients a25. 
Such findings have lead to the development of kits for

the detection of these differentially expressed NM proteins from the urine of bladder

cancer patients 426. The development of this non-invasive approach for cancer detection

has instigated a widespread effort for identifying NM proteins that arespecific 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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Breost Cancer

Breast cancer is one of the most common diseases apong women in Western

countries. Several genetic and environmental factors most Iikely influence the

development of this diseasg 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 a2z.

The influence of estrogen on breast cancer development has been substantiated by

observations that this hormone promotes the development of mamma ry cancer in rodents

and induces the proliferation of human breast cancer cells. Furthermore, the relative risk

of awoman in developing breast cancer is dependent on factors influencingthe length of

exposure to estrogen such as early menarche, late menopause, postmenopausal obesity

and hormonal replacem ent therapy a27 
.

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 ERcr

is infrequently expressed in normal breast epithelial cells while at least 70yo of all

invasive breast cancers express the ERø and are termed ER-positiv e ,1r. Breast cancer

cells are thought to require estrogen in their initial stages of growh. 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 428. 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 a28.
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Another characteristic of late stage disease development is the acquisition of an

anti-estrogen resistant phenotype. Endocrine therapy is an ipportant 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 50Yo of ERo-positive breast cancers become resistant to the

tamoxifen 428. Thus, the mechanism of estrogen action and the steps leading to

acquisition of an estrogen-independent and anti-estrogen-resistant phenotype must be

determined to further understand breast cancer development and to improve disease

therapy.

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. Howeveq 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 MCF-7, MIII, LCCI and LCCZ 42s43r 
.

The MIII cell line was deveroped by inoculating the mammary fat pads of an
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ovarectomized athymic nude mouse with MCF-7 cells 0". This inoculation led to the

development of a tumor that was harvested and made into the MIII cell line. MIII cells

were then injected into each flank of an ovarectomized athymic nude mouse 030.

Proliferating tumors were excised, cultured together and the resulting cell population was

designated LCCI. The LCCI cells were then grown in the presence of increasing

concentrations of tamoxifen o'n. Cells able to grow in the presence of l0-6M tamoxifen

were designated LCCL. All four cell lines in this series express ERc¿ to the same extent

42e'430' The MCF-7 cell line is totally dependent on estrogen for growth and tumor

formation in nude mice 430. 
The MIII, LCCI andLCCI cell lines are estrogen-responsive

but they do not require estrogen for proliferation a30. The MIII, LCCI and LCC| cell

lines form proliferating tumors in untreated ovarectomized nude mice; however the time

required for LCCI cells to form a tumor in these mice is much shorter than that for MtrI

"t1¡t 
a2e'430. LCC2 cells also have a shorter lag time for tumor formation than MIII cells,

but their lag time is slightly longer than that of LCCI cells a'e'a30. All four cell lines are

sensitive to ICI (Imperial Chemical Industries) 782,780 42s, an anti-estrogen that

decreases cellular levels of ERø by promoting ERo ubiquitination and increasing

proteasome-dependent degradation of this receptor molecules0o. This anti-estrogen also

prevents the binding of ERq to DNA 50a.

The MCF-7, MII, and LCCI cell lines are sensitive to tamoxifen while theLCC2

cell line is tamoxifen-resistant oze. Thebinding of tamoxifen to ERq, inhibits transcription

by promoting the recruitment of transcriptional corepressors such as NCoR, SMRT,

HDAC2 and HDAC 4 to the promoter region of estrogen-responsive genes tut. 
The MCF-

7 cell line is non-metastatic and non-invasive while the MIII and LCCI cell lines are able
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to invade locally from solid mammary fat pad tumors and produce metastatic lesions a32.

In addition,theLCCZ cell line is invasive and metastaticott.o3,o,. The study of this breast

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

cardioprotective effects 256. There are three naturally occurring forms of estrogen : 17þ-

estradiol (82), estrone (El), and estriol (E3). 'Th"r" 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 a35. 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-

owlatory phase a3s. 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 435. Post-menopausal women display estradiol concentrations as low as 73 pmol

per liter of serum. The predominant form of estrogen in these \ryomen is estrone and most

of the estradiol is produced outside the ovaries a3s.

After l7B-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 p-

globulin and albumin a'5. When encountering its target cell, estradiol passively diffuses

into the cell and binds to ERcr.
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The ERc¿ 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

ERcr and several isoforms and splice variants of each subtype. The fìrst subtype, ERo,,

has 6 regions (A-F). The N terminal A/B domain contains a ligand-independent

activation function AF-l- Region C is located in the center of the ERcr 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

bindingtl2. At the C terminal end of the receptor molecule is region E. This region

contains a Iigand-binding domain, a transcriptional activation domain (AF-2), a

dimerization domain, a nuclear localization domain and a co-factor binding domain t12.

AF-2 undergoes conformational changes in the presence of different ligands and creates a

hydrophobic surface by co-activators in its agonist-bound conformation tt6. Lastly, region

F is a C terminal region ofunknown functiontla.

The second ER subtype is referred to as ERB. Compared to ERcr, 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%o.$gqu..çnç9_.id.çnlity to thar

of ERu o'6. 
As a result, the binding affinities of ERs and ERp vary with different ligands

43s' Despite this difference, both subtypes have the same afïinity for l7B-estradiol;

however, the manner with which each subtype influences transcription when bound to

estradiol differs. Estradiol activates transcription when bound to ERq, and represses

transcription when bound to ERp 0". ERP can be found in many different tissues
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including kidney, intestinal mucosa, bone marroq bone and endothelial cells, while ERq

is found in breast cells, ovarian stroma and endometrium a35. 
.

The unliganded form of ERø exists in a complex containing chaperone proteins

that either stabilize the ERcr in an unactivated state or mask the DNA binding domain of

the ERø 2s6'43s. whether unliganded ERø remains in the cytoplasm or the nucleus

remains to be determined. While one theory suggests that unliganded ERcr is located

predominantly in the nucleus 256, another suggests that unliganded ERcr is equally

distributed between the cytoplasm and nucleus 2s6'435. when free estrogen is present, it

binds to the ligand binding domain of the ERc¿ a35, causing helix l2 to alter its position

such that it encloses the estrogen morecule in a hydrophobic cavity 438. 
These

conformational changes in the ERc¿ molecule cause the chaperone proteins associated

with ERcr to dissociate. The estrogen-ER complex then either diffi.¡ses into or relocates

itself inside of the nucleus where it binds to an ERE DNA sequence as a homodimer or as

a heterodimer with ERB zs0'+:s'438's05. 
The binding of estrogen ligand to ER* and the

subsequent binding of this receptorJigand complex to DNA also enables the interaction

of ERø with the L]Ü-L motif of transcription co-activators a3e. These co-activators

contain histone acetyltransferase andlor recruit other co-activators with histone

acetyltransferase activityll0'111. 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 envirpnment for transcription.

In its unliganded state, the ERa 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

estroggnl6s'tot. ERc, CBP, SRC-I and AIBI are also associated with the pS2 and c-myc

promoters in the absence of estrogen'4'. Howeuer, the levels of histone acetyltransferases

along these different promoters are significantly lower compared to levels in estrogen-

treated cells. Furthermore, ERg, N-Co\ SMRT, IIDAC2 and HDAC4 are associated

with the c-myc promoter in the absence of estrogen 167. 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-iun genes in mouse fibroblasts grown in the absence of any transcriptional

stimulation or gene transcription e'. Interestingly, a low level of acetylated H4 is

associated with the pS2 and c-myc promoters in the absence of estrogen, suggesting that

the level of histone acetyltransferase activity recruited to these promoters in the absence

of transcriptional stimulation exceeds the level of histone deacetylase activity rct?as. In

the presence of estrogen, the Ievel 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 promorer

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.
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Several types of EREs exist within the genome. The consensus ERE consists of a

palindrome of PuGGTCA motifs separated by 3 bp 's6. Each,molecule of the ER dimer

binds to its own PuGGTCA motif "u. Th" ERo binds with strong aflinity to the

consensus ERE, hovrever, this sequence is present at a relatively low frequency of
approximately one in 4 million base pairs'56. Recently, it has been proposed that ERE

sequences regulate the activity of ERq, 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 ERs molecule that influence the association of co-

regulatory proteins with this receptor molecule 43e,440.

In addition to recognizing the consensus ERE palindrome, ERo binds to imperfect

palindromes where at least one of the bases has been mutated2s6.44r. In fact, the majority

of estrogen tatget genes contain imperfect palindrome EREs ao'. TheERq, dimer binds to

these sequences with a much weaker afïìnity than the consensus sequence; however, the

binding affrnity of ERû, for an ERE does not necessarily reflect the transcriptional

response*O. ERo also binds with weak affinity to sites containing only one puGGTCA

sequence 2s6'443 - Thus, the ERo has a large number of sites through which it can bind and

activate transcription in the presence ofestrogen.

The response of a gene to estrogen may also depend on the ability of ERs to

cooperate with other transcription factors such as API and Spl. Many regulatory regions

of estrogen responsive genes such as c-ntyc and cathepsin D contain either a half or full

ERE palindrome associated with GC boxes (GGGGCGGGG) or GT/CACCC boxes

(GGTGTGGGG) "u. The Spl transcription factor binds to these boxes and assists in

estrogen-induced transcriptional initiation aaa. In human breast cancer cells, the ER has
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even been shown to cooperate with Spl in the transcriptional activation of an estrogen-

responsive gene lacking an ERE 445-448. As well, ERu can also regulate estrogen-induced

transcription through its association with APl, a protein heterodimer composed of
transcription factors from the JunÆos family 444'44e 

. Such observations show that the ERs

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 ERo 256. The ability of ERo 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 ERcr can influence gene expression

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

by ERa is a very complex event 2s6.

Approximately 0-4Yo of the genes within the nucleus are transcriptionally

activated in the presence of 10-8 M estrogen for 3 h 2'e. The pS2 gene, otherwise known

as Trefoil factor-I, 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 characterizedby at least I trefoil domain composed of a

triple-looped, cysteine-rich region otO. The Trefoil domain is held together tightly by three

disulphide bonds. Because of this, the pS2 protein is resistant to enzymatic digestion a5r.

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

cell line during a search for estrogen-induced genes 452'4s3. 
When MCF-7 cells are treated
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with 10 nM estradiol, transcription of the pS2 gene begins as early as 15 min and

continually increases over a 24 h period o5o. while the ps2,gene is not expressed in

normal breast tissue, it is expressed in approximat ely 68%o of breast tumors a55, 
and its

expression correlates strongly with the presence of ERcr 4ss'4s6. 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 4ss'4s6. 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 457.

The pS2 gene is also expressed in other types of carcinomas including stomach,

pancreatic, lung, endometrium, prostate, bladder, cervical, ovarian and skin cancer

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

presence of ERct, indicating that the expression of this gene can occur by pathways

alternative to those mediated by ERcr 4s8460.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 estrogeq F:GF, c-jun, the c-Ha-ras oncoprotein and the tumor

promoter, TPA 46I. The ERE within this promoter is an imperfect palindromic sequence

consisting of 13 bp (GGTCACGGTGGCC). The efficiency of ERc¿ binding to the pS2

ERE is 5 times lower than that of a perfectly palindromic ERE 42.

AJthough pS2 is expressed in tumors, it is normally and predominantly expressed

in the stomach ott. 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 a5l

cell movement.

node metastasis

In

i55

Thus, ps2 is thought to function as a motogen, a factor that promotes

support of this, pS2 expression is positively correlated with lymph

4

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 a63.

Structure of the pS2 Gene

The pS2 gene consists of 3 exons separatedtby 2 introns (Figure l2). Response

elements to estrogen, EGF, TP{ c-HA-ras and c-.jun are located next to each other in the

5' flanking prornoter/enhancer region of the gene o6t. Two nucleosomes are positioned

along the pS2 promoter region, one over the TATA box (nucleosome T) and one over the

ERE (nucleosome E)ouo. NucleosomeE also coverstwo Spl binding sites and one Apl

binding site (Figure l2).
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Figure 12. Schematic lliagrarn of the pSZ Gene and Promoten (A) The pS2 gene

is organized into a promoter region and three exons. The bar above the

schematic of the pS2 gene represents I kb of DNA. (ts) The pS2 promoter

contains an imperfect estrogen response element (ERE), a TATA box, and

DNA-binding sites for SPI and APl. Nucleosomes E and T display the

positioning of nucleosomes over the ERE and TATA DNA sequences.

TATA
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The overall objective of my studies was to determinq the relationship between

chromatin structure and gene expression. Since ch¡omatin 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 ofthe 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 (pA-globin),

competent (e-globin) and inactive (vitellogenin) gene were studied in chicken immature

erythrocytes. While the relationship between histone acetylation and transcription has

been well studied, Iittle 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 identified2ls'z20. Davie and

colleagues have provided correlative evidence suggesting that the histones associated

with transcriptionally active genes are rapidly and dynamieally acetylatedwhile histones

along inactive genes are either slowly acetylated, unacetylated or in a static state of

acetylation depending on the transcriptional competence of the gene t*0.

The transcriptional machinery and the majority of transcriptionally active DNA

sequences are associated with the NM t84't8e'234'238. As well, the majority of histone

acetyltransferase and deacetylase activity is associated with the insoluble nuclear skeleton

which contains theNM rsa. 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,ef 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 activq 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. The 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 Iocated 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

in the presence of estrogen 168'lee, 
the nature of this acetylation and its exact function in

hormone-mediated transcription remains to be determined. To datg 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 acetyltranslerases 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 168. In the

presence of estradiol these acetyltransferases cycle on and off the promoter region in a

time-dependent manner '6t. Little investigation has been made to determine if dynamic

histone acetylation takes place downstream from the promoter regions of estrogen-

responsivegenes 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 HDACI 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 hypothesize that in the absence of estrogen, the p52 estrogen-responsive gene

gene is localized to nuclear regions enriched in histone acetyltransferases and histone

deacetylases in MCF-7 cells. Exposure to estrogen causes ERu, 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 indepenpently of transcriptional

initiation and is a cyclical event involving the rapid binding and dissociation of factors to

estrogen-responsive promoters. Exposure to estrogen also induces histone acetylation

along the pS2 coding regions in the presence or absence of transcription. This event

modifies ch¡omatin 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 a08 and some of these differences were observed in

patterns of NM proteins associated with DNA aOe. This observation was significant

because well-differentiated breast cancer cells generally have a more favorable outcome

after anti-estrogen treatmenf 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. Tåus, 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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Part I: Dynamically Acetylated Histones âre Associated

Active and Competent, but not Inactive, Genes.
I'

GIobin Gene Domain

with Transcriptionally

in the Avian Adult B-

Both class I and II acetylated histones are acetylated with a tvz of lz min;

however, class I acetylated histones are deacetylated with a ttn of 5 min, while class II

acetylated histones are deacetylated with a ttz of90 min 2re. Davie and colleagues have

presented data showing that class I dynamic histone acetylation correlates with

transcriptional activity, while class II acetylation correlates with transcriptional

competence tto. This suggests that transcriptiona[ly active DNA sequences may be

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 (BA-globin), competent (e-globin) and inactive (vitellogenin)

gene in chicken immature erythrocytes. We also determined if dynamicall y acetylated

histones are associated with the insoluble nuclear skeleton since this fraction of the

nucleus harbors the majority of transcriptionally active DNA, and histone

acetyltransferase and deacetylase activity tto. As well, no attempts have been made to

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 ch¡omatin is salt-solïOt. Therefore, the rate of

histone deacetylation along the BA-globin, e-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 BA-globin, e-globin and

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

l.l Treatment of Adult White Leghorn Chickens with Pþenylhydrazine

A solution conraining 55% ethanol (vlv) and 0.025 dml 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 95Yo reticulocytes and 3yo mature erythrocytes a65.

l-2 Harvesting of Immature Erythrocytes from Adult White Leghorn Chickens

On the seventh day of treatment, the chickens were anesthetized with a solution

containing 3 parts Ketalean, I part Rompun, and 2 parts collection buffer. Srnall 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

f¡om each chicken were collected into an approximate equal volume of ice-cold

collection buffer (pH7.Ð conraining 75 mM NaCI, 25 mM EDTA (pH 8.0), and 25 mM

Tris-HCl (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 l0 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 (pH7.2) (Sigma-AJdrich) The cells were

then centrifuged at 500 x g for l0 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 Im¡nature Erythrocytes with l0 mM Sodium tsutyrate

Once suspended in pre-warmed Swim's media, the itnlmature erythrocytes were

treated with or without 10 mM sodiurn 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-warme d 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 diffèrent preparations of, erythrocytes were prepared, treated

and analyzed.

t.4 FractionationofErythrocytechromatinFractionation

Chromatin fragments soluble in 150 mM NaCl were isolated frorn chicken

immature erythrocytes as previously described 70 (Figure l3). All buffers contained I

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, pH7.5, l0 mM Nacl,3 mM

MgCb) containing 0.25% Triton-X-100 (v/v) and homogenizing rhe mixrure. 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 ryo formaldehyde for 10 min to remove

ch¡omatin fragments associated with the insoluble nuclear material.
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Once the nuclei were isolated, they were resuspended to 50 A.26s units/ml in Wray

& stubblefield (w&S) buffer Il M hexylene glycol, 10 mM pipes (piperazine-N,N,-bis

(2-ethanesulfonic acid), pH 7.0, 1% thiodiglycol (v/v), 30 mM sodium butyrarel

containing 2 mM MgCl2 and I mM CaClz. The suspension of nuclei was incubated with

15 units of micrococcal nuclease (Worthington Biochemical Corporation, NÐ per mg of

total DNA for 5 min at37"C to partially digest the linker DNA region Iso. 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, l0 min, 4oC), resuspended in a l0

mM EDTA (pH 8.0) solution, and incubated on ice for 30 min. The suspension was

centrifuged at 9000 x g for l0 min at 4"C. The resulting 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, I0 min, 4"C) to remove salt-

insoluble ch¡omatin fragments. The supernafant containing NaCl-soluble ch¡omatin

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 MgCl2 wêre isolated from chicken

immature erythrocytes as previously described 466. All buffers contained I mM pMSF. In

brief nuclei from chicken immature erythrocytes were suspended to 70 Azsounits/ml in a

digestion buffer (0.25 M sucrose, 60 mM KCl, 15 mM NaCl, l0 mM sodium butyrate, 15

mM PIPES (pH 6.6)) containing 3 mM MgCl2 and I mM CaClz(Figure t4). The nuclei

were digested with I 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 nucleito a final

concentration of 20 mM to terminate the reaction, and the nuclei were centrifu.qed (9000
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x g, 10 min, 4oC). The supernatant fraction

fragments and the pellet fraction containing

collected and the DNA sequences within both

described in the following section.

Figure 14.

containing the MgCl2-soluble ch¡omatin

the insoluble cþromatin fragments were

fractions were isolated and analyzed as

Erythrocyte
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Centrifuge
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(5 %o of total nuclear DNA)
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Mgcl2 chromatin Fractionation protocor. Immature chicken

erythrocyte nuclei were isolated and treated with MNase in the presence of

3 mM Mgcl2. The nuclei were then centrifuged and the chromatin

fragments released into the supernatant (approximately 5yo of total nuclear

DNA) were isolated by centrifugation.
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1.5 DNA Preparation and Hybr.idizatio¡r

DNA from S150, MgClz-soluble and MgCl2_insolubld chromatin fractions was

extracted with an equal volume of phenol/chloroform/isoamyl alcohol (25:24:l). The

resulting DNA fragments were precipitated with sodium acetateand ethanol, resuspended

in Tris-EDTA buffer (pH 8), quantified by UV spectrophotometry, and then either slot

blotted using a Schleicher and Schuell slot blotting manifold or Southern blotted onto

Hybond Nr-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 çach slot was directly proportional to

the amount of hybridizable DNA sequence.

The slot or Southern blot was then hybridized overnight at 4Z"C with6 x 106 cpm

of 32P-labelled DNA with a specific acrivity of approxirnately 1 x 108 cpm/¡rg DNA

DNA probes recognizing the BA-globin, e-globin and vitellogenin genes were used 282'467.

The BA-globin and e-globin DNA probes recognize the second intron of the pA- and e-

globin genes, respectively. Both probes are 500 bp long. The BA- and e-globin introns

are approximately 800 and 600 bp, respectively, from the transcription start site of their

respective geneous. The vitellogenin DNA probe is 3.6 kbp in length and recognizes the

5'region of the vitellogenin gene uut. Following hybridization, the slot or Southem 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 @io-Rad,

CA)
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1.6 Isolation of Histones

To isolate histones from chicken immature erythrocyt"f; ,n. cells were suspended

in RSB buffer containing 0.25% Triton X-100 (v/v) and the nuclei isolared as described

in section 1.4- After the final centrifugation step, the nuclei were resuspended in I ml of

RSB containing I mM PMSF. HzSOq (250 ¡tl of aN) 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 I ml volume of the preparation in digestion buffer (0.25 M

sucrose, 60 mM KCl, 15 mM Nacl, l0 mM sodium butyrate, l5 mM pIpES (pH 6.6))

containing 3 mM MgCl2 and I mM CaClz was supplemented with HzSO qto 0.2N. Acid-

insoluble material was removed from the sarnple by centrifugation at 9000 x g for l0 min

at room temperature. The supernatant was then made to 20o/o trichloroacetic acid (v/v)

and centrifuged at 9000 xg for 10 min. The resulting pellet was washed in I ml of

acetone containing 50 mM HCI and then th¡ee times in I 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 @io-Rad, CA).

1.7 Acid-urea-Triton x-100 Polyacryramide Gel Electrophoresis

Twenty pg of acid-extractecl proteins were electrophoresed on to an acid-urea-

triton 15Yo polyacrylamide gel as previously described oue 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.zYo acrylamide/
0.8% bisacrylamide

Urea

0.02yo Riboflavin

l00yo Triton X-l00

Thiodiglycol

3M KAc, pH 4

Double distilled HzO

80.0 ml

20.0 ml

64.0 g

3.2 ml

0.6 ml

1.6 ml

To 160 ml
i

20.0 ml

0.8 ml

32.0 g

1.6 ml

0.3 ml

0.8 rnl

10 ml

To 80 ml

The gels were poured between 2 - LS 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 g.g, HzO, and B_mercaptoethanol

were added to every 3 pl of protein sample. The sample was then Ieft at room temperature

for 10 min. An equal volume of 2 X AUT loading buffer (0.75 M potassium acetate, pH

4.0, 30yo (w/v) sucrose, 0.05olo (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 0.4o/o (w/v) Serva Blue (Coomassie

Brilliant Blue G250 equivalent),45yo (v/v) methanol, gYo (v/v) acetic acid. To remove

excess stain, the gels were placed in a strong destaining solution lZ5% (vlv) methanol,
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l2.5yo (v/v) acetic acid] for t h. Gels were then transferred to a milder destaining

solution 15% (v/v) methanol, 7.5% (v/v) acetic acid] for several hours to overnight and

dried between sheets of gel drying film (prom ega corp.,wl) 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 containing287.5 prl glacial acetic acid, 5 ml 11yo SDS (w/v), and

94-7 ml of double-distilled þ0. 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 composed of 6.25 ml I M Tris-HCl, pH

6.8, 5 ml B-mercaptoethanol, 23 nl i0% SDS (w/v), and 65.75 ml of double-distilled

HzO The proteins in the equilibrated gel were transferred to nitrocellulose membrane as

described previously. The transfer took place overnight at 50 V and 4oC using transfer

buffer contai ning 25 mM CAP S [3 -(Cyclohexyl ami no)- I -Propanesul foni c Acid] and, 20yo

methanol (v/v) a1o 
.

Acetylated isoforms of H2B, H3 and H4 were detected by ìmmunostaining the

nitrocellulose membrane with polyclonal antibodies to di-acetylated H2B (Serotec, IJK),

di-acetylated H3 and penta-acetylated H4 (Upstate Biotech, NY), respectively. When

using the acetylated H2B antibody, the nitrocellulose membrane was blocked with 3o/o

(w/v) skimmed milk in lX TTBS (0.1 M Tris-HCl (pH 8), 0.3 M Nact, 0.a% (vlv)

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 FI2B primary antibody in lX

TTBS. The membrane was then rinsed for 5 min with lX TTBS and the wash repeated.
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The membrane was incubated for 20-30 min at room temperature in a l/5000 dilution of

goat-anti-rabbit horse radish peroxidase secondary antibody in,1X TTBS. The membrane

was then washed 2 X 15 min with lX TTBS and subjected to enhanced

chemi Iuminescence (ECL)

For the acetylated H3 antibody, the nitrocellulose membrane was blocked with

7-5%" (wlv) skimmed milk in lX TTBS for I h at room temperature on a shaker. The

membrane was incubated overnight at 4"C in a t/I000 dilution of the anti-acetylated H3

antibody in lX TTBS. The membrane was then rinsed for 5 min with lX 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 påroxidase secondary antibody in lX

TTBS. The membrane was washed 2X 15 min with 1X TTBS and subjected to ECL.

Immunoblotting with the penta-acetylated H4 antibody involved blocking the

nitrocellulose membrane with 3% (wlv) skimmed milk in lx 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 lX TTBS. The membrane was then

rinsed for 5 min with 1X TTBS and the wash repeated. The membrane lryas incubated

for 20 min at room temperature in a 1/5000 dilution of goat-anti-rabbit horse radish

peroxidase secondary antibody in lX TTBS. The membrane was washed 2X 15 min with

lX TTBS and subjected to ECL.
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I.10 Isolation and Fragmentation of pE-Associated chromatin

Insoluble nuclear material @E) was isolated from immature chicken erythrocytes

as described in sectio n 1.4 except that the nuclei *"r. i,r.rted with 15 units of
micrococcal nuclease per mg of total DNA for l0 min at 37"c to more extensively

fragment the chromatin (Figure 13). The PE fraction was resuspended in CSK buffer Ii0
mM Pipes, pH 6.8, 300 mM sucrose, r00 mM KCr, 3 mM Mgcr2, r mM EGTL 0.5%

thiodiglycol (v/v)l to approximarely i0 Azeo units/ml. Formaldehyde was added to the

suspension to a final concentration of lYo for 10 min on ice to release ch¡omatin

fragments from the PE fraction 370. The cross-linking reaction was quenched by the

addition of Tris-HCI (pH 8) to a frnal 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 approximat ely 4-5 ml using PEG 6000-8000 Carbowax (Fischer

scientific, ont). Added to the sample was Nacl, Tris-HCl, EDTA, Triton X_100, and

SDS to 250 mM, 25 mM (pH 7.5), 5 mr\4 r%o (v/v), and 0. ryo (wrv), respecrively

(58250) The DNA within the sample was reduced to 5oo bp fragments by sonication on

ice for a total time of 4 min at 30%o output (Sonifier Cell Disrupter 350, Branson

Ultrasonic Corporation, CT). The 4 min period of sonication was divided up into l6 - l5
sec. pulses with 15 sec. waiting intervals on ice in between each pulse. The sonicatedpE

suspension was then diluted to approximately 9 Azao units/ml and centrifuged for 10 min

at 9000 x g to remove insoluble material.
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1'11 Assessment of the Efäciency of Formatdehyde-Mediated Chromatin Release

from the pE 
, ,

To verify that the lYo formaldehyde treatment released the majority of pE-

associated ch¡omatin fragments, cross-linked PE was sonicated as described in section

l'10, dialyzed against TE buffer (pH 8) overnight at 4"C, supplemented with NaCI, Tris-

HCI, EDTA Triton x-l00, and sDS to 250 mM 25 mM (pH 7.5), 5 ffù/-, 7yo, and o.lyo,

respectively- The sample was then diluted to approximately 9 4.260 units/ml with 58250

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 A26s measurements a7t. For both assays, a l0 pLl 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 l0 ¡rl aliquot was removed from

the supernatant.

In the diphenylamine assay, both l0 pl aliquots were diluted to 500 pl with

double-distilled water. Perchloric acid [83.33 prl of 60% (v/v)] was rhen added to the

diluted sample to hydrolyze the DNA into nucleotides. Diphenylamine (5g3.33 ¡rl of a

a% (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 ¡tl

of 1.6%o (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 30oC. 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 measr¡red at

both 595 and 700 nm. The difference betrveen the two absorbance values rvas
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determined- A difference of 0. 15 is equal to 10 ¡rglml 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 A26e assa/, both 10 ¡rl aliquots were diluted with 900 pl double distilled

HzO' The Azeo of each diluted sample was measured by spectrophotometry. The Azeo

value for the supernatant was divided by the Azao value for the original pE sample to

determine the percentage of A25e units.

l'12 Immunoprecipitation of PE Chromatin Fragments Associated with

Acetylated H3 and H4

The suspension of PE-associated chromatin fragments was made up to I mM

PMSF and 50 Pg/ml leupeptin. A volume of 2.5 ¡r.l 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 ¡i of a 50:50 protein A sepharose slurry (Zymed Laboratories Inc., Ontario) that had

been pre-treated overnight at 4"C with O.I ¡tg/pl of sonicated salmon sperm DNA and I

mglml of bovine serum albumin (BSA) To control for non-specific binding of DNA to

protein A 500 ¡rl of the suspension was incubated for 3 h at 4"C with 20 prl of the 50:50

protein A slurry in the absence of primary antibody. The protein A sepharose of both

samples was then centrifuged at2200 x g for 30 sec. and washed sequentially with I ml

of lX RIPA (Radioimmunoprecipitation) buffer [150 mM NaCl, 50 mM Tris-HCI, pH

8-0, 0.1% sDS (w/v), 0.5% sodium deoxychorare (w/v) (sDC), 1.0% Np-40 (v/v)1, I ml
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of high salt buffer [500 mM Nacl, 1 0% Np-40 (v/v), 0. r% sDS (w/v), 50 mM Tris_HCl,

pH 8.0, 1 mM EDTA), I ml of Licl wash buffer [250 mM Liçl, 1.0% Np-40 (v/v),0.5y,

SDC (w/v), I mM EDTA, 50 mM Tris-HCl, pH g.0), and two times with I ml of rE

buffer (pH 8.0). A volume of 100 ¡rl of TE buffer (pH 8.0) was added ro the protein A

sepharose along with 0.5 mglml proteinase K, O.5yo 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 phenolchloroform/isoamyl alcohol (25.24:l). The DNA in the supernarant

was precipitated with 20 Vglml of glycogen carrier, one-tenth the volume of 3 M sodium

acetate (pH 5.3), and 3 volumes of absolute ethanol. The DNA was then resuspended in

double-distilled water, quantified by fluorornetry 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 BA-globin, e-globin, and vitellogenin gene probes previously described

in section 1.5.
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2.0 Results

2.1 Rate of Deacefylation of Hyperacetylated H2B, H3 îpd 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 rnin 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).

.i
Immunoblot analysis of the total nuclear histone extracts showed alarge drop in

the levels of penta-acetylated H3 within the fìrst 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 5 min. At 10 min the level of tetra-acetylated H3 declined further, plateauing

atavery low level. Levels of tri-acetylated H3 did not change initially but at l0 min a

decrease in the levels of this acetylated H3 isoform was observed. At 5, 10, and l5 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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t¡nmunoblot Analyses of H3, H4 and H2ts Ðeacetytration. Chicken

immature erythrocytes were incubated with sodium butyrate for I tL

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 þanel A).

The proteins were transferred to nitrocellulose and immunostained with

antibodies to hyperacetylated H3, H4 or F{28 þanel B). l, 2,3,4, and 5

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

respectively.
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Figure 15.
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Immunostaining the blots with anti-penta-acetylated H4 antibody revealed that the

Ievels of tetra-acetylated H4 rapidly declined at 10 rnin (Iigure 15) These levels

declined further over the next 20 min. Similarly, the levels of tri-acetylated H4 also

decreased at l0 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. Irr summary the immunoblot analyses

show that class I highly acetylated H3 and H4 isoforms decline to low levels by l0 min

following incubation of cells in media Iacking sodium butyrate.

Lastly, immunoblot analysis of the total nuclear histone extracts with an antibody

to di-acetylatedH2B showed that the level of penta-acetylated H2B drops drasrically to

undetectable levels when cells were incubated in the absence of sodium butyrate for l0

min. A slight decrease was also observed for di- and tri-acetylated H2B after I0 min.

However, the levels of these 1Fr2B acetylated isoforms appeared to stay the same when

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

Effect of Histone Deacetylation on 0.15 M NaCI Solubility of Globin

Chromatin Fragments

By chromatin fractionation experiments, our research group has determined that

ch¡omatin fragments soluble in the presence of 150 mM NaCl are enriched in acetylated

histones as well as the transcriptionally active Bo- and transcriptionally competent Ê-

globin DNA sequences tto. In addition, our group has also shown that the solubility of

active/competent gene chromatin fragments in 0.15 M NaCl is dependent on the level of

acetylated histone species within these fragme¡rts 70. Therefore, the rate of deacetylation

of histones associated with transcriptionally active and competent ch¡omatin fragments

.,J
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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. , I

Soluble chromatin fragments (fraction SE) were isolated from nuclei of cells

incubated for various times (0, 5, 10, l5 and 30 min) following the removal of sodium

butyrate' Typically 6OYo of the 4266 absorbing material was released into this fraction.

The SE ch¡omatin fraction was made 0 15 M in NaCl, and the salt-soluble ch¡omatin

fragments (fraction Sl50) isolated. The DNA sequences in these salt-soluble ch¡omatin

fragments were analyzed by slot blot hybridization with probes to the BA-globin, e-

globin' and vitellogenin DNA sequences. Figure 16 shows that incubation of cells in the

absence of sodium butyrate results in a decline in the content of BA-globin and e-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 BA-

globin and e-globin ch¡omatin fragrnents suggests that the deacetylation rates of the

histones associated with these chromatin fragments are similar.
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mM Nacl at sirnilar Rates Following Removal of sodium tsutyrate.

chicken immature erythrocytes were treated and Sl50 chromatin was

isolated as previously described in Figure 13. Three pg of DNA isolated

from Nacl-soluble chromatin fragments were slotted onto nylon

membrane and hybridized to DNA probes recognizing intronic regions of

the pA-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

ofbutyrate.
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2.3 Effect of Histone Deacetylation on MgCI2 Solutrility of Globin Chromatin

Fragments
I

I

Mononucleosomes released from micrococcal nuclease-digested erythrocyte

nuclei into buffers containing 3 mM MgCl2 are enriched in the transcriptionally active

BA-globin DNA sequences and largely depleted in inactive DNA sequences. Inhibiting

histone deacetylation increases the enrichment of active mononucleosomes released from

the nuclease digested nuclei a72. Thus, enhanced solubility of transcriptionally active

mononucleosomes from nuclease digested nuclei is a direct consequence of induced

histone acetylation 183. i

To test whether the status of dynarnically acetylated histones affected the release

of competent e-globin mononucleosomes froln 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 tom 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 to 5%). pA-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 identicalto the results of Dr. Nelson and colleague$ 2Ie. The content of

e-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 l7). The enrichment
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of e-globin DNA sequences in the 3 mM MgCl2-soluble mononucleosome fraction,

however. was less than that attained by the f3A-globin DNA spquences. In summary, the

results show that histone hyperacetylation increases the release of e-globin

mononucleosomes from nuclease digested nuclei.

Since hyperacetylation directly influences the MgCI2 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 tþe acetylation state of class I 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 MgCl2-soluble mononucleosomes was slotted onto nylon membrane and hybridized

to DNA probes recognizing BA-globin and e-globin intronic regions and the 5' region of

the vitellogenin gene. A plot of the hybridìzation signal intensity versus time following

removal of sodium butyrate showed that the release of BA-globin and e-globin

mononucleosomes was markedly reduced by 5 min followed by a more gradual decline

(Figure 18) In contrast to the BA-globin and e-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 BA-globin and e-globin mononucleosomes within the first 5 min of incubation in the

absence of sodium butyrate closely follows the tìming of class I hyperacetylated histone

deacetylation, particularly that of H3 (see Figure l5). In summary the rapid decline in
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the release of pA-globin and e-globin mononucleosomes from nuclease digested nuclei

parallels the rapid deacetylation ofthe hyperacetylated class t histones.

(A) (B)

+ But - But + But - Buf

l-l'ìOl'ìO -----¡

Figure 17. Histone Hyperacetytation Influences the MgCI2 Solubility of

Transcriptionatly Active pA-globin and competent e-globin

Mononucleosomes. Eight ¡rg of DNA from MgClz-soluble and insoluble

chromatin fractions of chicken immature erythrocytes treated with or

without sodium butyrate @ut) for 60 min at3T"Cwere electrophoresed on

to a0.8Yo agarose gel. The DNA was transferred to nylon membrane. (A)

Hybridization of DNA to a probe containing the intronic sequence from

the BA-globin gene. @) Hybridization of DNA to a probe containing the

intronic sequence from the e-globin gene. S and P designate lanes

containing Mgcl2-soluble and insoluble DN,\ respectively. "Mono"

designates mononucleo somal - sized DNA fragments.
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Chicken immature erythrocytes were treated and MgClz-soluble

chromatin was isolated as previously described in Figures 14. Three pg of

DNA isolated from MgClz-soluble chromatin fragments were slotted onto

nylon membrane and hybridized to DNA probes recognizing intronic

regions of the pA-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 BA-globin ancl Transcriptionally Competent e-

Globin Genes Associated with Fraction PE are Bgund to Hyperacetylated

Histones H3 and H4

Previous studies have demonstrated directly that acetylated histones are

associated with the transcriptionally active pA-globin and transcriptionally competent e-

globin genes in avian erythrocytes. However, these ChIP assays used soluble chromatin

fragments' Most highly acetylated histones and transcriptionally active BA-globin DNA

sequences are associated with fraction PE, the low salt insoluble residual nuclear material

harboring chromatin associated with the nuclear r¡atrix 184. 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-

Iinking histones to DNA' formaldehyde incubation releases chromatin fragments from the

nuclear matrix 370.

To verify that the formaldehyde treatment conditions could efficiently remove the

majority of chromatin fragments associatecl with the PE, the amount of DNA associated

with and released f¡om the PE fraction after formaldehyde treatment was determined

using A26s measurements and the diphenylamine assay (Tables I and 2, respectively).

Both assays showed that at least 93%o of DNA associated with the PE fraction is released

aft er formaldehyde treatment.
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Table 1.

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 A266 Measurements.

Assessment of the Efficiency of Formaldehyde-Mediated chromatin

Fragment Removal from the PE of sodium Butyrate-Treated chicken

lmmature Erythrocytes as Determined by the Diphenylamine Assay.

9.5 8.5 89 s
9 g 100.0
9.2 9.2 i00.0
9.2 8.9 96.5

Renlicate
OD.*

fUnits/ml)
ODtoo

(Units/ml)
OD5e5-OD76e

CUnits/ml)
Coucentration

hrslml)

PE

I
2

3

4

5

8.9

9.9

9.8

9.3

10.2

2.1

2.5

2.6

2.3

2.5

6.8

7.4

7.2

7

7.7

453

493

480

467

5t3
Average 9.62 2.4 7-22 481

Supematant

24.7 11.5 7.2 480
2 18.3 t2.5 5.8 387
3 16.3 rc'l 5.6 J t3
4 r7.9 I r.8 6.1 407
5 18.2 t2 6.2 413

Averagc 13.9 1'' 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 recogni ze highly acetylated isoforms of

H3 or H4 50. However, the anti-di-acetylated H3 antibod y (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 BA-globin and e-globin genes and to the 5, region of

the vitellogenin gene. A comparison of the hybridi zation signal intensities of the three

probes in the input and acetylated H3-immunoprecipitated DNA fractions showed that

hyperacetylated H3 was bound to BA-globin and e-globin, but not vitellogenin, DNA

(Figure 19). Figure 19 shows that acetylated H4 was bound to BA-globin and e-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-acetylation62.

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 pA-globin

and e-globin DNA sequences associated with the insoluble residual nuclear material.
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pA-gtobÍn and e-globin ChronnatÍn Fragrnents Associated with the

Low salt rnsoluble chrornatin Fraction are Bound to Hyperacetylated

H3 and H4. Input, anti-hyperacetylated H3 (AcH3)-immunoprecipitated,

and anti-hyperacetylated H4 (AcFl4)-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 pA-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 ChrP 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 d,etermined in pulse-chase

experiments in which protein synthesis is inhibited with cycloheximide zrs. It is possible

that some histone acetyltransferases, deacetylases or protein components of these large

multi-protein complexes are labile 13e. Thus, when protein synthesis is inhibited, the

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 acetylatedisoforms

of H3 were very rapid, in accordance with puls.-"tas" studies zle. 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 I histones, which are rapidly highly acetylated and

deacetylated, are bound to transcriptionally active BA-globin and transcriptionally

competent e-globin genes. In parallel BA-globin and e-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 MgCI2 of BA-globin and e-globin mononucleosomes from

nuclease digested nuclei. The loss of the hyperacetylated H3 histones may reverse the

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

mononucleosomes from the globin chromatin domain 211,213.473. However, the extent of
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MgCl2 solubility loss of the BA-globin mononucleosomes was more acute than that of the

e-globin chromatin fragments. These and other studies show that agreater percentage of

BA-globin compared to e-globin chromatin is soluble in 150 mM NaCl or 3 mM

MgCl223s. We interpretthese studies to demonstratethat active coding regions of the BA-

globin gene are extensively associated with class 1 acetylated histones, while the

competent e-globin gene is a mosaic of class i and class 2 acetylated histones. This

would explain why in our previous study the partitioning of BA-globin DNA sequences

precisely matched that of the hyperacetylated H4 isoforms, while competent e-globin

DNA sequences did not l8a.

Dr- Crane-Robinson and colleagues have shown that the entire B-globin loop

domain is associated with acetylated histones in soluble chromatin fragments 6'. The low

salt insoluble ch¡omatin 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 pA- 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 235. 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 olexpressed and competent genes.

136



Part II: Association of Dynamically Hyperacetylated Histones with the Estrogen-

Responsive pS2 Gene

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

estrogen-responsive genes in the presence of estrogen 168'lee, the nature of this acetylation

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 suffìcient 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

frorn 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: l) 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 HDAC1 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 eff,ects of estrogen, histone deacetylase inhibitors 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.
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1.0 Methods

1.1 Cell Maintenance 
, .

The T5 human breast carcinoma cell line was used. This T5 cell line is a sub-

clone of MCF-7 and is refemed to as MCF-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 Q\alge Nunc) at 37"c (humidified armosphere, 5yo coz / 95% Afl. The

cells were maintained in complete culture medium containing Dulbecco,s Modified Eagle

Medium (DI\ßM Invitrogen Life technologies, CA) supplemented with lyo (vlv) L-

glutamine, 1% (vlv) glucose, 1% (v/v) penicillin/streptomycin and 5% (vlv)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 \¡iere grow n for 4 - 5 days in 5Yo 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 I 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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Diagram of Estradiol (E2), HDAC I¡rhibitor and DRB Treatment

conditions for McF-7 cetls. cHCo signifres rreatmenr with lyo

forrnaldehyde for 10 min. D represents Days.

1.2.1 Formaldehyde Cross-linking of MCF-7 Cells

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 rnl of a solution containing 1% (vlv) formaldehyde in I X

PBS' The cells were then incubated at room temperature in the presence of formaldehyde

for 10 rnin. 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 I X PBS. The cross-linked cells were then collected with a rubber policeman and

stored at -8OoC.
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I.2.2 Estradiol Treatment of MCF_7 Cells

on the 3rd - 5ttr day of growth in estrogen-deplete conditions, E2 was added to the

media to a final concentration of 10-8 M from a 104 M stock. The cells were incub ated, at

37"C in the presence of 10-8 ME2 for 0, 0.5, 1, 2 or 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 -gO.C.

1.2.3 sodium Bufyrate or Trichostatin A Treatment of MCF_7 cells

on the 3'd - 5th day of growth in estrogen-deplete conditions, sodium b¡tyrate or

TSA (Sigma-Aldrich) was added to the media to a final concentration of l0 mM or 500

nglml, 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 EZ for the remaining 30 min. For cells treated with E2 for t h,

HDAC inhibitor was added to the media t h prior to the addition of E2. When cells were

to be treated with E2 for more than I h, HDAC inhibitor was added in the final2 h of E2

treatment' Following treatment, the cells were either immediately collected or cross-

linked with lYo (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 _gOoC.
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1.2.4 DRB Treatment of MCF_7 Cells

On the 3'd - 5th day of growth in estrogen-deplete conditions, DRB (5,6-

dichlorobenzimidazole i-b-D-ribofuranoside) was added to a final concentration of 150

¡rM and the cells were incubated for 4 h to inhibit transcription. DRB blocks

transcription by inhibiting CDKT and CDKg 4e4'4es. 
CDKT and CDKg phosphorylate the

large subunit of the RNA polymerase II C-terminal domain, an event required to conveÍ

RNA polymerase into an elongation mode oet. '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, holever, it can not initiate

transcriptional elongation. If the DRB-treated c ells were also to be treated with E2 to

study transcription-independent histone acetylation, E2 was added after the initial 4 h

DRB treatment as described in section L.2.2 and, the cells were subsequently incubated in

the presence of both DRB and E2 for 30 min, I h,2hor 3 h. In cases where cells were to

be treated \¡/ith DRB, sodium butyrate andE2 together to study transcription-independent

dynamic histone acetylation, 150 pM of DRB was added to the cells 4 h prior to the staf

of the 10 nM E2 treatment, while 10 mM sodium butyrate was added 2 h prior to the

completion of the E2 treatment. Following heatment, the cells were either immediately

collected or cross-linked with l% (v/v) formaldehyde (section 1.2.I).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 -gO"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 gene

responsive GAPDH and cycrophilin 33 genes were measured in

verify that the cells from each treated passagewereresponding

consistent and similar manner.

and the estrogen-non-

treated MCF-7 cells to

to each treatment in a

1.3.1 Isolation of Total RNA from MCF_7 Cells

Total RNA from MCF-7 cells treated with or without 10-8M E2 and/or

transcriptional or HDAC inhibitors was isolated using the eiagen RNeasy Kit (eiagen,

CA)' The concentration of each RNA sample was determined by diluting 3 pl of RNA

into a final volume of 50 pl with double-distilled water and reading the A266 unit value.

TheAzsounitswere alsodeterminedforeachsampletoassesstheratioofAzoo:Azso

values and determine the purity of each RNA sample. Finally, the Azoo unit value was

multipliedbya dilutionfactor of r6.7 and aconversionfactorof40todeterminethe

concentration of RNA (pdml) in each sample.

1.3.2 conversion of Total RNA into cDNA using Reverse Transcriptase (RT)

one ¡rg of total RNA from each batch of treated cells was converted into cDNA

by the following reaction. one ¡rg of total RNA was hansferred into a microcentrifuge

tube and diluted to a final volume of 12 ¡tl with double-distilled HzO. 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 ¡tI5 X first strand buffer (250 mM Tris, pH g.3,375 mM KCI), i5
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mM MgCt2, 0'1 pl 40rJ/¡tl RNase out, 1.5 pl of a solution containing 10 mM of each

dNTP solution, 3 ¡rl 0.1 M DTT, 1 pl of a 50 pM random hexamer solution , 4.9 ¡tl
double-distilled HzO, and 1.5 pl 200 u/pl Moloney MurineLeukemiavirus (MMLV).

The sample was incubated at 37"C for t h, boiled for 3 min and then stored at -.20oC.

1.3.3 Detection of pS2, GAPDH and cyclophilin 33 
'DNA 

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 pl

reverse transcriptase (RT) reaction we¡e added to 5 prl oflnvitrogen 10 X pCR buffer

(200 mM Tris, pH 8.4, 500 mM KCI), 0.4 ¡trof r0 mM dNTp (Invitrogen), r.5 ¡rr 50 mM

Mgcl2 (Invitrogen), 0-25 ¡-tl Platinum Taq (5ul¡il) (Invitrogen), 50 ¡Ìv7/z ng of forward

primer, 50 pltl 2 ng of teverse primer, and 38.85 ¡rl H20. 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 Tabre 3.

All PCR reactions were praced in a thermocycrer (perkin Ermer, MA) and

subjected to 1 cycle of 95"c for 5 min, and then 27 cyclesof the following: 95"c for 30

sec, 60oC for 30 sec, and 72'C for 30 sec. Five ¡rl of 10 X DNA loading buffer was then

added to the 50 pl PCR reaction and, L5-20 ¡rl of the pcR reaction \¡/as electrophoresed on

a |o/o (w/v) agarose gel. The gel was analyzed by scaruring densitometry on a Kodak

Image StationrM and the density of the ampliñed 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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unffeated 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 Cyctophilin RNA Levels as

well as the Levels of ps2 promoter and Exon 3 in chrp DNA.

Gene Gene Region Primer Sequences

ps2 promoter 5'CCACCCCGTGAGCCACTGTTG3'
GGCCCGGGGATCCTCTGAGAC 5'

D--^_ Ô 5' CTGGGGCACCTTGCATTTTCC 3'EXOn ¿
3' CGGGGGGCCACTGTACACGTC 5'

Exon 3 5' GCCACCTCCACCGGACACCTC 3,
3' CAGGGTGAAACGCTGCGCTTC 5,

GAPDH Exon 7 5' CCAGGATA,T{TGAGCTTGACtu¿\AGTG 3'
31 AAGGTCATCCCTGAGCTGAACGGG 5,

cyc,ophi,in 33 Exon 2 ;; 3iä3f3åå;åiäF3¿üi3 i,

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

cells were suspended in TNM buffer (10 mM Tris-HCl, pH g, 100 mM Nacl, 300

mM sucrose,2 mM Mgcl2, l% (v/v) thiodiglycol, 1 mM PMSF) containing 0.25% (v/v)

Triton X-i00. 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

145



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 KodakrM image station.

1.5 Assessment of ERø, HDAC r, spr and sp3 Levers in sodium Bufyrate and

TSA-Treated MCF-7 Celts

1.5.1 Preparation of rotar ceil Lysates from MCF-7 ceils

MCF-7 cells were lysed in 8 M urea and sonicated for L0 - zlsec. at 40o/o 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.

L'5'2 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) of Total Cell Lysates

from MCF-7 Celts

Proteins from total cell lysate were initially resolved by SDS-pAGE gel

electrophoresis' The resolving gel solution consisted of L0% (w/v) acrylamide, 0.1% SDS

(w/v), and 375 mM Tris-HCl, pH g.g. Ammonium persulfate (0. l5To, wlv) and TEMED

(0'03o/o, v/v) were added to the gel solution and the gel was allowed to polymeri ze for l-2

h' The stacking gel, which consisted of 3vo (w/v) acryramide, 0.r% (w/v) sDS and 125

mM Tris-HCl, pH 6.8, was supplemented with 0J5% (w/v) ammonium sulfate and

0'08% (v/v) TEMED, poured over the resolving gel and allowed to polyrnerize.
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Approximately 10 ml each of resolving and stacking gel solutions were prepared for each

gel' The gel thickness w¿ts typically 0.75 mm and the gel length was g 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-HCl, pH 6.g, 402 mM DTT, 40% (v/v) glyceror, o.a% @/v)

bromophenol blue] was added to 15 pg 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, ONI) 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 grycine, ro/o (w/v) SDS, 25 mM Tris-HCl, pH g.3.

1'5.3 Immunobrot Anarysis of ERa, HDACI, spl and sp3 Levers in ce¡ Lysates

from Treated MCF-7 Cells

The total cell Iysate 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 ERa protein, the nitrocellulose membrane was

incubated in 5o/o (w/v) skimmed milk dilured in 1 X TTBS [0.] M Tris-HCl, pH g, 0.3 M

NaCl, 0A% (v/v) Tween-201 for t h and then washed 2 times with t X TTBS, each time

for only 2 min' The membrane was incubated in a I X TTBS solution containing ERa

antibody fNova Castra, tIK) diluted to 1/800 for i.5 h at room temperature and then
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quickly washed twice. The membrane was incubated in a solution of I X TTBS

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' ECLwas performed to detect the interaction of the ERoantibodywith its target

protein in the MCF-7 cell lysate.

For immunoblot analysis of HDACi protein, the nitrocellulose membrane was

incubated in 7o/o (w/v) skimmed milk diluted in I X TTBS for t h. The membrane \Ã/as

washed 2 times with 1 x rTBS, each time for only 2 minand then placed in a 1 X TTBS

solution containing HDAC1 antibody (ABR, NJ) diluted to r/2000 for t h at room

temperature' The membrane was quickly washed fwice and incubated in a solution of I X
TTBS containing a i/10,000 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 HDACI antibody with

its target protein in the MCF-7 cell lysate.

For immunoblot analysis of Sp1 and sp3 protein, the nitrocellulose membrane was

incubated in 7 -5%o (wiv) skimmed milk diluted in 1 x rrBS for t h. The membrane was

washed 2 times with I x TTBS, each time for only 2 min,placed in I X TTBS solution

containing Spl (Jpstate Biotech) or Sp3 (Santa-Cruz Biotechnology, CA) antibody

diluted to 1/500, and incubatedfor I h at room temperature. The membranewas then

quickly washed twice and incubated in a solution of 1 X TTBS containing a y2500

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 sp I and Sp3 antibodies with their target
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proteins in the McF-7 cell lysate. The levels of spl, sp3, HDACI, HDAC2 and ERs

were determined for at least two, and, in most cases, three passages of treated MCF-7

cells.

l'6 Isolation of DNA Sequences Associated with Hyperacetylated H3 and H4

Histones and HDACI in McF-7 ceils by the chrp Assay

1'6'l Preparation of McF-7 ceil Lysate for ImmunoprecipitatÍon

The DNA associated with hyperacetylated H3 and H4 antibodies and HDACI

was isolated using a method based on two previously published protocols tss,474.

Approximately lx 107 formaldehyde-cross-linked cells were resuspended in 750 pl of

lysis buffer [1% sDS (w/v), 10 mM EDTA, 50 mM Tris-HCl, pH g.r] containing I mM

PMSF, 50 pM iodoacetamide, 10 vdml leupeptin and I ¡rglml aprotinin. The cell lysate

was placed on ice for 5 min and then sonicated at 40%o 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

rpm in a microcentrifuge at 4"C. The supernatant \ryas transferred to a fresh

microcentrifuge tube and diluted fo 2 A26s units/ml with I X RIPA buffer [0.r% (w/v)

sDS, 0.1% (wlv) sDC, 1% Triton x-r00 (v/v), 1 mM EDTA, 0.5 mM EGTA, 140 mM

NaCl, 10 mM Tris-HCl, 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 pl of input DNA was aliquoted into a clean microcentrifuge

tube.
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l'6'2 Immunoprecipitation of DNA sequences Associated with Hyperacetylated H3

and H4 Histones and HDACI

Either an anti-HDAC1, anti-acetylated H3, anti-acetylated H4 or anti-integrin cr1

(upstate Biotech) antibodywas added to I ml of cell lysate to a final dilution of l/250.

The anti-integrin c[l antibody was used as a control for proteins non-specifically

immunoprecipitated by non-antibody serum components. The sample was incuba ted 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 pglml and 5 þdmr, respectively, foilowed by 50 pl of a

50:50 slurry of protein A sepharose (Amersham-Pharmacia) in i 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

lX RIPA, 3 times in 1 ml of ice-cold I X RIPA supplemenred with 1 M NaCI,2 times

with 1 ml of ice-cold Licl buffer [0.25 M Licl, l% Np-40 (v/v), t%o sDC (w/v), I mM

EDTA, 10 mM Tris-HCl, pH 81, and then 2 times with 1 ml of ice-cold TE (20 mM Tris-

HCl, 1 mM EDTA, pH 8) buffer. Each wash was performed for 4 min on an orbit¡on.

After the final TE wash, the protein A sepharose was resuspended in 200 pl of

15% (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

05% (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-HCl, pH 6.5, and NaCI were added to the input and the eluted
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supematant to final concentrations of r0 mM, 40 mM, and 200 mM, respectively. The

samples were incubated at 68oC overnight to reverse formaldghyde cross-links between

the DNA and protein. The following moming, proteinase K was added to the samples to a

final concentration of 50 pglml 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:I).

Five to ten ¡rg of glycogen carrier (Invitrogen) and 2-3 volumes of absolute ethanol were

then added to the samples and the samples were incubated at -gg"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 washed once with 1 ml of ice-cold 70%o

(v/v) ethanol- The DNA pellet was then resuspende d in20 pl of double-distilled HzO and

stored at 4"C or -20oC.

L.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, ZZg 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 upsheam from the

, ERE (see Figure l2). Each PCR reaction was conducted in an iCyclerrM (Bio-Rad) in the

presence of I X Invitrogen PCR buffer, g0 ¡rM dNTp, 1.5 mM Mgcl2, r.25 rJ platinum

Taq (Invitrogen),2 ¡rl input or 4 pr immunoprecipitated DNA, and Sybr (sigma) green

diluted to l/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,60oC for 30 sec, and 72oC for30 sec.

Bio-Rad iCycler rM software was used to visualize the inter,calation of SyBr green dye

into double stranded DNA during the amplification reaction. Initially, pCR reactions

were run on input and immunoprecipitated DNA in an iCyclerrM for each primer set to

determine the number of cycles required for the desired pCR product to reach a linear

stage of amplification. Alr subsequent pcR experiments on input and

immunoprecipitated DNA were visualized using the Bio-Rad icyclerrM software to

monitor amplification. All PCR reactions were stopped when the pCR product reached a

linear stage of amplification.

PCR products were electrophoresed on fo a lYo(w/v) agarose gel, stained with

ethidium bromide and then quantified using a Kodak Image StationrM. The net intensity

of each ChIP DNA PCR product from each treatment was divided by the net intensity of

the same PCR product f¡om the respective starting input. The resulting normalized value

was then divided by the normalized value for unheated 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'l Sodium Bufyrate and TSA Induce Histone Hyperacefvlation 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 nyml TSA for 2 hto 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 byAUT gel electrophoresis. Figure 21 shows that the

treatment conditions for both histone deacetylase inhibitors were effective in significantly

increasing the levels of acetylated histones. In particular, an increase in the levels of

mollo-' di-, tri- and tetra-acetylated H2B, H3 and H4 could be easily discemed in lanes

containing histones from sodium butyrate- or TSA-treated cells.
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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 Celts

Next the effect of 10 nM E2 for i h, 500 ng ml TSA for 2 h and, l0 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 ERs and maximally stimulates pS2 gene expression a75. Analysis of the

RT-PCR products revealed that pS2 RNA levels increase 3.2 t 0.7 fold (n : 7) in MCF-7

cells treated with i0 nM E2 for 60 min when compared to untreated cells, while RNA

Ievels are only 0.6 + 0.2 (n:5) and 0.5 + 0.3 (n:4) fold in cells treared with l0 mM

sodium butyrate (But) for 2 h or 500 ng/ml TSA for 2 h, respectively (Figure ZZ).

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 i50 ¡rM DRB alone or in combination with i0 nM

E2 and/or 10 mM sodium butyrate on pS2 RNA levels was also determined. TIie results

of this analysis are displayed in Figure 23. Treatment with l0 nM E2 for t h induced pS2

RNA levels by 3.2 + 0.7 fold (n = 7) with respect to untreated cells. Treatment with l0

mM sodium butyrate for 2 h or 150 ¡rM DRB for 4 h decreased pS2 total RNA levels to

0'6 t 0.2 (n : 6) 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

signif,rcant change in pS2 RNA levers fiom that in untreated cells,
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Figure 22. Effect of Estradíotr,

Sodium Butyrate and TSÁ. on pS2

Total RNA Levels in MCF-7 Cells"

MCF-7 cells were treated with l0 rùÃ82

for 60 min, 10 mM sodium butyrate for 2

h and 500 nglml TSA for 2 h. (A)

Treatment with E2 increased pS2 total

RNA levels 3.2 + 0.7 (n: 7) fold, while

RNA levels were only 0.6 + 0.2 (n : 5)

and 0.5 + 0.3 (n:4) fold after treatment

with sodium butyrate (But) or TSA,

respectively. (B) Treatment with 82,

sodium butyrate or TSA resulted in

Cyclophilin 33 RNA levels that were 1.0

+ 0.1 (n:6),0.9 + 0.1 (n :4) and 0.9 +

0.1 (n :5) fold, respectively, of levels

found in untreated cells. (C) Treatment

withF;Z, sodium butyrate or TSA resulted in GAPDH RNA levels that were 1.0 + 0.1 (n

:3), 0.8 + 0.3 (n:3) and 1.0 + 0.1 (n:2) fold, respectivelS of levels found in untreated

cells. Error bars represent the standard error of the mean.
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Figure 23. The Effect of Estradiol, Sodium Butyrate and DRB on pS2 Totat RNA

Levels in MCF-7 Cells. MCF-7 cells were treated with 150 ¡rM DRB for

4h and/or l0 mM sodium butyrate @ut) for 2h and/or l0 nM E2 for I 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 EZ 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 ì¡iith DRB andE2 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 andB2 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, HDACI, HDAC2 or spl Levels

in l\{CF-7 Ceils

To further understand the mechanism through which sodium butyrate and TSA

affect pS2 gene expression in McF-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 ERo, HDAC1, HDAC2, Spi and sp3 protein. These results

showed that exposure to either 10 mM sodium butyrate or 500 ny'ml TSA for 2 h or 10

nM E2 for I h does not significantly alter the levels of ERu,, HDACI, HDAC2 and Spl in

MCF-7 cells' Treatment \¡/ith Ez for t h also did not significantly alter sp3 protein levels.

overall, sodium butyrate and TSA did not significantly 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. ln one experiment, sodium

butyrate and TSA treatment increased the levels of sp3 long form. In a second

experiment, TSA inc¡eased while sodium butyrate did not alter Sp3 long form levels. In a

third experiment, TSA decreased Sp3 long form levels while sodium buf¡nate increased

them.
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Figure 24. 82, Sodiurn tsufyrate and TSA do not Significantly Alter ERcr,

HDACI, HDÁ.CZ or Spt Frotein Levels in MCF-7 Cells. MCF-

7 cells were treated with l0 mM sodium butyrate @ut) or 500

nglml TSA for 2 h or l0 nM EZ for 60 min. Fifteen ¡rg of total cell

extracts from each treatment sample were electrophoresed on to a

l0% SDS-PAGE gel, transferred to nitrocellulose and

immunostained with antibodies to ERc¿, HDACI, 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 
t t

Sodium butyrate has previously been shown to remove HDACI from the

promoter region of the HER (Human Epidermal Growth Factor Receptor 2) gene and the

HIV-I long terminal repeat 476-478. Furthermore, the effect of HDAC inhibitors on the

association of ERo 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 HDACl were

analyzed by quantitative PCR using primers to the pS2 promoter, exon Z andexon 3 gene

regions. PCR analysis was performed on th¡ee 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 regions in response to TSA treatment, the trend of

sodium butyrate and TSA treatment on HDAC1 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 l0 mM

sodium butyrate or 500 nglml TSA for 2 h decreases HDAC1 levels along the pS2

promoter. Sodium butyrate treatment also decreased HDACI levels along exons Z and 3,

while TSA had no significant effect on HDACl association with these two regions. No

significant levels of ps2 promoter or coding region DNA sequences were

immunoprecipitated non-specifically by the integrin crl 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. TSAe on the other hand,

deacetylases only to the pS2 promoter.

HDACI

appears to inhibit the recruitment of histone

Input
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Figure 25. The Effect of TSA and Sodium Butyrate on the Association of HDACI

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 HDACI in MCF-7 cells treated with 500 nglml TSA for 2 h. (B) pCR

analysis of pS2 promoter, exon 2 and exon 3 DNA sequences associated

with HDACI in MCF-7 cells treated with l0 mM butyrate @ut) for 2 h.

Replicate data for each treatment set are displayed to the right. (C) PCR

analysis of pS2 promoteç exon 2 and exon 3 DNA sequences associated

with integrin c¿l in untreated MCF-7 cells.
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2-5 Estradiol, sodium Bufyrate and rsA 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 nM EZ for I

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 tó 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 EL-,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 th¡ee data sets, a

representative PCR data set along with a diagrammatic representation of the fold

enrichment 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 l0 nM

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, 
fodium butyrate treatment

also increased acetylated H3 levels along the pS2 promoter and exon Z by approximately

2'3 and2.4 f old, 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 en¡ichment was observed along this gene region. The levels of acetylated

H4 were also increased by approximately 3.8, 2.5 and3.6 fold along the promot er, exon2

and exon 3 regions, respectively. Lastly, TSA treatment increased acetylated H3 levels by

approximately L6, 1.5 and 2.5 fold and acetylated H4 levels by approximately z.z, l.g

and 3 fold along the pS2 promoter, exon2and exon i, 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 th¡ee pS2 gene regions suggests that both histone acetyltransferases

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

and exon 3 gene regions in the absence ofestrogen.
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Figure 26. The Effect of Sodir¡m Butyrate, TSA and Estradiol (82) 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 (BuÐ- (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 1g0 min.

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 - 1g0 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-fieated MCF-7 cells. The results of one data

set are displayed inFigare 27 .

All th¡ee passages showed that H3 becoÅes hyperacetylated along the pS2

promoter at 30 min exposure to F,2. 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

fwo 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 2hEZ heatment,

acetylated H3 levels were equal to levels in untreated cells in fwo 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¿st 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 L1|min and

then increased again at 180 min. However, in one other passage acetylated H4 levels

were still signiñcantly higher than in conhol 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. Hotvever, in both of these passages acetylated H4 levels at 120 min of E2

treatrnent were greater than levels observed beforè and after this treatment time point.

Once again, the variations observed between acetylated H4 levels on the pS2 promoter

and exon 3 regions befween passages are most likely due to variations in the

immunoprecipitation efficiency of the acetylated H4 antibodybefween samples. These

results show that E2 fteatment 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

Prornoter 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 l0 nM E2 for 0 - 180 min. The ps2 promoter
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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 befween 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

hlperacetylation along the pS2 gene, MCF-7 cells were treated with 150 pM DRB for 4 h

to inhibit transcription. E2 was then added to the DRB-containing media for 0 - 1g0 min

and the DNA sequences associated with hyperacetylated H3 and H4 wefe 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 3 0 min in the presence o f DRB. This increase was

greater than that observed in DRB-treated cells and cells treated only with EZ 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 lg0 min,

acetylated H3 levels were still greater than levels in untreated and DRB-t¡eated cells. In

one cell passage, acetylated H3 levels along exon 3 were higher than in unfreated 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 EZ 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)' Hotvever, in this passage, the level of acetylated H3 associated with pS2 exon 3

in response to allE2 treatments did not significantly differ from 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

unt¡eated cells. The level of H4 acetylation along thà 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 DRBtreated cells

(data not shown). Acetylated H4 levels along the pS2 promoter still remained high at 60

min E2 treatment when compared to unheated cells. These levels were greater than levels

observedinDRB-treatedcellsfromonepassage(showninFigure2g) butnotgreater

than levels observed in a second passage (data not shown). By I20 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). Acetyl ated. H4levels then either

slightly increased in one passage (Figure 28) or remained steady in a second passage

(data not shown) to levels observed in DRB{reated cells at 180 min E2 treatment. The

difference in H4 acetylation levels along the pS2 promoter befween 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 
fTB "o-pared to untreated

cells (Figure 28)' The addition of E2 to both passages of DRB{reated 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{reated cells when cells were treated with E2 for 60 - 1g0 min (Figure 2g). In a

second passage' acetylated H4 levels dropped to untreated levels along exon 3 át 60 min

E2 treatment, increased a little further to just below levels observed in DRB-treated cells

by 120 min E2 treatrnent and then increased to DRB-treated levels by l g0 min E2

treatment (data not shown). However, in a third purrug, 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 MCF-7 cells with 10 rNIEZ for 30 -
180 min induces H3 acetylation along the pS2 promoter and possibly increases H3

acetylation along exon 3 in the absence of hanscription. 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 Ez 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). Furthennore, a significant 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 unheated

or DRB plus E2-treated cells along the pS2 promoter and exon 3 at I20 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'pS2 promoter and exon 3 and the

transcriptional initiation and elongation machinery.
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Figure 28.

H4:

The Effects of Estradiol and IlRts on H3 and H4 Acefylation Atong

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 pM 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 
, ,

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 bufyrate 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.This analysis was performed on two

passages of treated cells. The results of this analysis are presented in Figure 29A.

Unfortunately, the PCR analysis for one of the fwo passages did not produce usefi.rl data.

Therefore, the results of this section are based on one passage of treated cells and should

only be considered preliminary.

The heatment 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

drasticallyincreased both acetylated H3 and H4 along thep52 promoter at60min to

levels far greater than that observed inB}-, E2 plus DRB- or E2 plus 10 mM sodium

butyrate-treated cells. H3 and H4 acetylation levels then started to decline at lZ0 and lg0

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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lnterestingly, both H3 and H4 acetylation levels did not begin to substantially increase

until after 30 min E2 exposure. Thus, the presence of sodium,butyrate appeared to delay

the onset o f H3 and H4 acetylation along the p 52 promoter in c ells treated with b oth

DRB and E2.

In the absence of F,2, sodium bufyrate and DRB induced H3 and H4 acetylation

along pS2 exon 3. Treatment of DRB- and sodium butyrate-treated cells with 10 rNÍ¡i2

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 thaì 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 inE2- or DRB plus E2-treated cells may

resultfromtheabilityof sodiumbutyratetoactadditively orsynergistically withE2.

MCF-7 cells were treated with i0 mM sodium butyrate for t h and then l0 mM sodium

butyrate plus 10 nM EZ 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 298. 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 withB2 in inducing H3 or H4 hyperacetylation.
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The Effect of Sodium Butyrate (But), Estradiol (82) and DR,B on H3

and H4 Acetylation Along the pS2 Fromoter and Exon 3. (A). PCR

analysis of pS2 promoter and exon 3 DNA associated with acetylated H3

FÍgure 29.
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and H4 in MCF-7 cells treated with 10 nM E2 for 0-ig0 min and l0 mM

sodium butyrate for 2 h in the presence of lf 0 mM DRB. positioned

below this display are plots of the rerative 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 EZ for 60 min

and l0 mM sodium butyrate for 2 h.Inp represents input.
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3.0 Discussion

The exact function of histone acetylation in transcription 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, exonzand exon

3' To date, estrogen-induced H3 and H4 acetylation has mainly been studied along the

promoter regions of the estrogen-responsive ps2, c-myc, cathepsin D and EB1

genesló7'168'lee. In a recent sfudy, Dr. Freedman and colleagues showed that exposure of

MCF-7 cells to E2 for 15 and 30 min increased acetylated H4 levels along a downsheam

open reading frame in the pS2 gene 2os. However, whether this acetylation was a dynamic

process was not deter¡nined. Learning the dyna#cs 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 eshogen 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 z. 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 E2-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 heated

with E2 for 60 min H4, in particular, displayed a larger fold en¡ichment 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 EZ treatment. Holvever, the representative data set shows that H4 was not

hyperacetylated to the same degree on exon 3 even after considering the weaker intensify

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. 
i

Our finding that estrogen treatment induces widespread H3 and H4 acetylation

along the pS2 gene suggests that exposure to E2 either stimulates the recruitment of

histone acetyltransferases and./or the removal of histone deacetylases fiom 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 MCF-7

cells with E2 initiates the recruifment of histone acetyltransferases and the subsequent

acetylation of histones along the promoter of several estrogen responsive genes including

the pS2 Eene 
I67'10s205. 

Howerrer, E2 freatment promotes the recruitment of the RNA

polymerase II complex to estrogen-responsive genes 168 and this complex is associated

with histone acetyltransferases such as CBP and ELP3 tt't'. Thus, the possibility still

exists that E2-induced widespread histone acetylation along the pS2 gene resulted from

contacts made befween 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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anE2-responsive geneinthepresence ofB2hasnotbeenshownbyanotherresearch

grouP. 
,r

Whether E2 treatment caused a decrease in the level of histone deacetylases

associated with these three pS2 gene regions v/as 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 TM E2 for 45 min 167. Thus,

histone deacetylase removal from both the promoter and coding regions of estrogen-

responsive genes is a likely consequence of eskogen treatment.

Our second goal was to determine if the pS2 promoter, exon} and exon 3 regions

are dynamically or statically acetylated. To accompiirt ttl, 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 disfurb the balance between the histone

acetylation and deacetylation reactions and prolong the histone acetylation reaction. The

consequence of this event would bean 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 in response to

histone deacetylases inhibitor treatment would suggest that histone acetylhansferases 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 fM CF-7 c ells with 10 mM s odium b utyrate o r 5 00 nglml

TSA for 2 h drastically reduced pS2 RNA levels and therefore inhibited pS2 gene
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expression. However, these inhibitors did not alte¡ the

cyciophilin 33.

expression of GApDH or

¿

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 31s,33r,47e 
and

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 315'331'480. Interestingly, pS2 RNA levels were shown to

increase upon exposure to 2.5 - l0 nglml TSA in the presence of l0-ll MEz after a24

hour incubation. This induction was further increased to 2 fold after 4g h a80. Although

this disagrees with our current findings, it is important 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 pS2 gene expression. As well, we exposed our cells to 50 X the concentration of

TSA for only 2 h and 1000 X the concenhation of E2 for I h. We chose such a high E2

concentration for only t h because E2 present at 10 nM will firlly occupy the ERa, and

maximally stimulate pS2 gene expression within an hour without causing significant

changes in cell cycle distribution ott. 'W" 
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 e2. Furthermore, the fact that exposure to a 10 mM

physiological concentration of sodium bufyrate for 2 h caused the same degree of

inhibition in pS2 gene expression as the TSA treatment suggests that the TSA

concentration \ryas not unnecessarily high.
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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 asl. 
Exactly

how sodium butyrate inhibits pS2 gene expression is unknown. The pS2 gene contains an

ERE as well as an APl-binding site tee'464'482. Preliminary data obtained byDr. Sun in

our laboratory also indicates that the Spl and Sp3 proteins bind to two sites located on

either side of the ERE in vitro 482484 
@igure 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 ERo, histone acetyltransferases and Ap-1 168'za5,as2. AIso, in

transient transfection experiments, Spl is required får estrogen-enhanced expression of a

reporter construct containing three consensus Spl sites a8s. Spl is capable of interacting

with various transcription factors including p300/CBP, HDACI and ERu 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

promoter3sS'486'487 .

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, ERc¿, HDACI and HDAC2 in butyrate- and TSA-treated MCF-7 cells. Both

inhibitors did not significantly affect the levels of Spl, ERc¿, HDACI and HDAC2.

These 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 357. As well, the DNA-binding ability of Spl and Sp3 to their targetgene was not
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affected 3s7- Similarly, Spl, Sp3 or HDACI levels we¡e not altered in TSA-treated

hepatoma cells 348. Thus, it seems likely that sodium butyrate and 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 exciude the possibility that sodium

butyrate and TSA alter the levels of other factors important for pS2 gene exp¡ession such

as AP-l, cBP, p300, AIB1, sRC-l or any one of components of the DRIp complex.

Exposure to sodium butyrate increases the levels of the pp1 phosphatase l3e. The

transcriptional properties of marìy of the factors influencing estrogen action are affected

by phosphorylation. For example, ERo is phosphorylated by MAPK and this event

increases its transcriptional efficiency 488. The transcription factor Sp1 is also

phosphorylated by a DNA-dependent kinase o8'. ln addition, the transcriptional activity of

AIB1, 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

MCF-7 cells an. Similarly, MAPK phosphorylates SRC-I, a histone acetyltransferase that

interacts with RNA polymerase fI, CBp and ERo tt3,49z,4et,4sz. 
This event enhances the

coactivation properties of SRC-1 ae2.

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 HDACI complex formation with

RbAp48 and mSin3A 3ot. 
S imilarly, phosphorylation of HDAC1 and HDAC2 disrurbs

their interactions with one another as well as the interactions befween HDACI and co-

repressors such as mSin3A and YYl 303. However, conhadictory evidence exists

suggesting that HDACi phosphorylation does not influence its deacetylase activity 340.
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As well, the phosphorylation of HDAC2 activityincreases itsactivity ro'. w, showed

that sodium butyrate and TSA-treatment increased H3 and,H4 acetylation levels and

dec¡eased HDAC1 levels along the pS2 promoter. This suggests that both histone

deacetylase inhibitors disturb the association of histone deacetylases such as HDAC1

viith 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 PPl 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 acetylation status of transcription factors.

The ubiquitously expressed transcription factor YYl interacts with the histone

acetyltransferases p300 and CBP, as well as the histone deacetylases HDACi, HDAC2,

HDAC3 3er' Acetylation of YYl stabilizes its association with histone deacetylases,

causing it to act as a transcriptional repressor t't. ln addition, Dr. pestell and colleagues

have repofed evidence suggesting that the abilify of ERo to induce the transactivation of

an ERE-luciferase reporter construct ís suppressed by acetylation of two specific lysine

residues within the hinge/ligand binding domain of ERg tto. 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, exon2 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 F;2, the pS2 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 dynamicall y acetylated along

the promoter and two downstream regions of the c-jun gene in quiescent mouse

fibroblasts n'. A, well, Dr. Freedman and colleagues showed that the pS2 gene promoter

is associated with a low level of acetylated H4 in untreated MCF-7 cells 2as. Dr. Brown

and colleagues have recently shown that HDAC 2 ind,HDAC4 are associated with the

estrogen-responsive c-myc promoter in untreated MCF-7 cells 167. Small levels of ERcr

and histone acetyltransferases such as SRC-I, AIB-1 and CBp are also associated with

the pS2 promoter region in the absence of estrogen 2as. Furthermore, the interaction of

ERo with SRC proteins and p300/CBP is sufficient to induce targeted histone acetylation

on estrogen-responsive promoters in the absence of transcription ae3.

When treated with sodium butyrate, the levels of HDAC1 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 theHER2 promoterinbreast cancer cells at6. Similarly, TSA treatment

removed HDACI from the methylated metallothionein gene promoter in mouse

lymphosarcoma cells 478. The differential effect of TSA and sodium butyrate on HDACl

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 321,322. 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 1g0

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 befween 0 and 60 min E2 treatment test Dr. Freedman and colleagues also

observed that acetylated H4 levels along the pS2 promoter were increased by 30 min and

weresustainedforatleastanotherl35mininthepresenceofE2to5. Thissomewhat

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 carries on for at least 6 h in the presence of estrog"n tu8'oto. Therefore,

while the level of histone acetylation along exon 3 decreases to control levels afrer I20

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

modiñcations of the core histone N terminal taiis may be important for transcription 24.
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Despite this, histone acetylation is still a necessary event for transcription since the

mutation of Gcn5 and Etp3 in yeast caused histone hypoacetylation along the coding

regions of several genes and this event correlated with the reduced transcription of these

genes to4' 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 CARM1 arginine methyltransferase to chromatin and the subsequent

methylation of H3 Rr7 at 30 min E2 treatment r08. The presence of cARMi

synergistically enhances the function of ERa 105. The levels of R17 methylation remain

high at 60 and 180 min E2 treatment. Although protein methylation does not alter the

overall charge of the histone tails, it does alter the hydrophobicity e6. The presence of

multiple histone modifications along exon 3 may create an environment favored by

specific proteins or enzvl¿¡ratic activities. In addition to protein modification, DRIp co-

activator proteins are recruited to the pS2 promoter between 105 and 165 min E2

treatment 245. 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 168'24s. This treatment also decreases the levels of histone deacetylases
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associated with the promoter regions of estrogen-responsive g".r"s tut. DRB treatment

stabiiizes the association of ERc, AIBI and RNA polymerase II on the promoter of the

cathepsin D gene t68. Different histone acetyltransferases have different target substrate

specificities. For example, NuA4 primarily acetylates histone H4 in vitro while it does

not significantly acetylate H3 110. 
Gcn5 strongly acetylates H3 and weakly acetylates H4

in vitro "0. PCAF also primarily acetylates H3 at Lys-14 and more weakly acetylates H4

at Lys-8 ll0. 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{argeting

histone deacetylase complexes from the psz promoter and exon 3. DRB inhibits cK2

activity onu. cK2phosphorylates HDAC2 and,this event is required fo¡ HDAC2 complex

formation with mSin3 and Mi2 3ar. 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 becáme 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{argeting histone

acetyltransferases either associated directly or indirectly with the promoter region

through RNA polymerase II 168. Therefore, freatment 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 treatef with E2 alone. However,

this event was prolonged for at least 180 min. H4 acetylatlon 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 kanscriptional inhibitor prevents RNA polymerase II 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 Ii remaining on downstream pS2 gene

regions r'vere minimal. Thus, EZ 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 I20 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

acetylhansferases 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 freatment 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

acetyltransferases 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 both sodium butyrate andEz does not further enhance sodium

butyrate-induced H3 and H4 hyperacetylation (Figure 2gF). 
,,

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 errrd,E2 also did not further induce

acetylated H4 levels along exon 3 when compared to cells treated with DRB plus E2.

Howevet, acetylated H4 levels along this gene region were significantly greater than in

cells treated with E2 plus DRB, DRB, sodium butyrate or F;2. The substantial increase of

acetylated H4 in DRB pius sodium butyrate-heaied cells suggests that H4-targeting

histone deacetylase complexes are predominantly situated close to exon 3 in the absence

of F,2.

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 F.2. This suggests that DRB does not interfere with histone

acetyltransferase recruitment. We aso showed that sodium butyrate and TSA heatment

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 ofhistone acefylhansferases.

However, the treatment of MCF-7 cells with sodium butyrate and EZ did not

increase H3 and H4 acetylation levels beyond those observed in cells treated only with

E2, sodium butyrate or TSA alone (Figure 298). 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 association of histone deacetylases

with estrogen-responsive genes 167. whether E2 completely removes all histone

deacetylase activity from an estrogen-responsive gene remains to be determined. with
this to consider, we cannot rule out the p ossibility that atl east some dynamic histone

acetylationtakes 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 E2 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 butyrate, 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 a¡rd 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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ln 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. This suggests that the pS2

gene is localized, to nuclear regions associated with histone 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 prometer, exon 2

a¡rd 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 eshogen-responsive genes and thlse enzymes may function to tighten

the association befween these genes and nuclear regions such as the NM. ln support of

this, the binding of ERcr 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 t7o'241,2s8.

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 EZ heatment 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 tfuough

NM-associated RNA polltnerase 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, recruifment of specific

transcription factors to the same nuclear region of this gene.
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Part III: 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 60Yo of these tumors respond to anti-estrogen or other endocrine therapies

sl0'511. In the malignant progression of breast cancer, breast tumo¡s progress from

hormone-dependent growth to a more aggressive phenotype charactenzed by hormone-

independent growth, resistance to endocrine therapy and widespread metastasis ,r2.5r3. As

well' over 30o/o of all breast tumors that express the ERø 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 sla. The NM organizes DNA into loop

domains and has a role in determining cell shape a'ttt. This nuclear structure serves as a

platform u pon w hich m any n uclear p rocesses i ncluding t ranscription, D NA r eplication

and RNA processing are associated 516'517. The organi zation and composition of the NM

change with nuclear activity 215'sl8'sle. 
Alterations 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 408. As well, informative NM proteins have been

identified for bladder, breast, colon, and cervical cancers 42s,s2o-s22. 
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 conelate with the acquisítion 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 a2ea3r. This series consists of four

cell lines including: MCF-7, MIII, LCCl and LCC2. Al:".ll lin", express ERs and are

stimulated to proliferate by estrogen42s'43o.However, the MIII, LCC1 andLCCZcell lines

a¡e able to grow in the absence of estrogen 030. In addition, all cell lines in this series are

sensitive to the anti-estrogen ICI, while only the LCCT cell line is resistant to the anti-

estrogen tamoxifen a2e. 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 ot'. Io addition, the LCC2 cell line is invasive and

metastatic 433'434 ' Thus, the MCF-7 cell line has 'a phenotype more representative of
early-stage breast cancer while the MIII and LCC1 cell lines have an intermediate

phenotype and the LCCT cell line displays a phenotype representative of advanced breast

cancer' NM and c isplatin DNA-c¡oss-linked proteins were isolated from each cell line

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

electrophoresis.

195



1.0 Methods

1.1 Cell Maintenance 
, ,

The human breast carcinoma cell lines MCF-7, MIII, LCC1 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% CO2/ 95% Air) on 150 x 20 mm tissue culture dishes (Nunc). The MCF-7@C) cell

line wascultured in Dulbecco's rvrodified EagieMedium (DMEM, Gibco-RRL, Grand

Island, New York) supplemented with I% (v/v) L-glutamin e, lyo (viv) gluco se,lo/o (v/v)

penicillin/streptomycin and 5o/o (v/v) fetal calf serum (FCS: Gibco, Grand Island, New

York)' MIII, LCC1 and LCCT were cultured in Ptienol Red Free Dulbecco,s Modified

Eagle Medium (Sigma), 5% (v/v) twice charcoal stripped fetal calf serum and

supplemented as mentioned above. At approximately 90Yo confluence, cells were

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

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 cell

lines as previously described (Figure 30)'o'. Cell pellets containing I x 107 cells were

resuspended in 10 ml of ice-cold TNM buffer (see recipe ín Methods section 1.4 of part

I[) containing 1 mM PMSF. The cell suspension was homog enized 5 times with a Teflon

pestle on ice. Following homogenization, cells were incubated on ice for 5 min. A final

concentrati on of 0.5o/o (v/v) Triton X- 1 00 was added to release lipids and soluble proteins

while nuclei remained intact. The suspension of nuclei was passed three times tluough an

18 gauge needle and collected by centrifugation at 1000 x g for l0 min at 4.C. The nuclei

1.2
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\Mereagainresuspendedin ice-cold TNM bufferwith I mM PMSF, homogenized,and

pelleted as before. 
, .

The nuclei were resuspended to a concentration of 20 A26s units/ml in cold DIG

buffer (50 mM Nacl, 300 mM sucrose, r0 mM Tris-HCl, pH7.4,3 mM Mgcr2, r% (v/v)

thiodiglycol,0.5yo (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 ch¡omatin removal, and the

pellet consisting of NM proteins bound to intermediate filament (IF) proteins (\r¡4-¡l)

was obtained by centrifugation at 9600 x g for 10 min at 4C. This pellet was

resuspended in ice-cold DIG buffer with t mn¿ pfr,fSp, 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 at9600 x g for i0 min at 4C. The NaCl-extracted pellet CI\IM2-IF) was again

resuspended in ice-cold DIG buffer, extracted withzM NaCl and centrifuged as before.
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l{uclei

¡\¡M-lF

N¡M2.

NM

Nuclear Matrix Extraction Method" Nuclei were isolated from breast

cancer cells and treated with DNase I to digest approximately 95Yo of total

nuclear DNA. The nuclei were then treated with NHzSO+ 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-F). The NM-IF fraction was

treated with NaCl to remove any residual non-nuclear matrix proteins

(Ì\IM2-IF) The NM2-IF was resuspended in disassembly buffer, dialyzed

against assembly buffer and centrifuged to dissociate the intermediate

filament proteins from the NM.

+ NHzso#' 
I 

uru"c

æ
+#

Figure 30.
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1.3

The NM2-IF was resuspended in Disassembly buffer (g M urea, 20 mM 2[N_

morpholinol ethane sulfonic acid, pH 6.6, r mM EGTA, t *y PMSF, 0.1 mM Mgcl2,

r% (v/v) B-mercaptoethanol) and dialysed ovemight at room l"*p"ruture against 2 liters

of Assembly buffer (0.15 M KCl, 25 mM imidazole, pH 7 .L, 5 mM Mgcl2, 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 \Ã/as removed carefully and lyophilized. Lyophilized samples were resuspended

in 8 M urea, aliquoted and frozen at -20"C. Protein concentrations \ryere determined using

the Bio-Rad assay with BSA as a standard.

Isolation and AnalysÍs of Nuclear Matrix Proteins and Proteins Cross-Linked

to DNA in situ.

DNA-protein cross-linking rvas performed as previously described 37e (Figure 3l).

Approximately 1 x 107 cells \¡/ere resuspended to a density of 1 x 106 cells/ml in Hanks

Buffer containing sodium acetate instead of NaCl at the same concentration. The cells

were incubated with I mM cisplatin at37oc 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 / z}Azso 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-linkirrg, 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 HzO,

Protein concentrations were determined

standard.

lyophilized and then resuspended in g M urea.

using the Bio-Rad protein Assay with BSA as a

Two-dimensional Gel Electrophoresis of Nuclear Matrix and Cross-linked

Proteins.

Two-dimension p olyacrylamide g el e lechophoresis w as p erformed as d escribed

previously ae8' 
Separation of proteins by their isoelectric point was performed by loading

80 pg of protein sample on to isoelectric focusing tube gels (1.5 mm x 1g cm) containing

2% pre-blended ampholines of isoelechi" poi.,i þD values of 3.5-9.5 and 5-g

(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% (ilv) DTT, 0.07yo (w/v) Tris-HCr, pH

6'7,0'01yo (w/v) bromophenol blue for 20 min at room temperature. Following the

incubation, the tube gels were layered onto gyosDS-pAGE resorving 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 befween sheets of gel dryrng film (promega

corp.) at room temperature. stained gels were scanned using a pDI 3zsoïdensitometer

(PDI, Huntington Station, N.Y.), and the data were analyzed with Image Master software

(Amersham Pharmacia Biotech). Molecular masses and isoelectric points v/ere

determined using fwo-dimension SDS-PAGE standards @io-Rad and Amersham

1.4
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Pharmacia BioTech) and ca¡bamylated carbonic anhydrase (ca) (Amersham Fharmacia

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

Cell

+ I mM cisplatin

Crosslinked Protein-
DNA Compiexes

I Lvse

.r1,* =--t^,- ti+t:
,' - 

-tut I'
ieú A-

J +HAp &

+
t

.éî=a6Ë\/'Ð ø
$ Wurf, * Reverse Cross-Link
t centrituge

t
\B

DNA Cross-Linked Protein

\3
Figure 31. Cisplatin Protein-IINA Cross-linking Protocol. Breast cancer cells were

treated \¡iith I mM cisplatin for 2 h and lysed in buffer containing 2 M NaCl,

5 M urea, 2 M GnIICI and 200 mM potassium phosphate. The cell lysate was

incubated with hydroxyapatite GIAP) 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, I M
thioure4 2 M GnIICl, 200 mM potassium phosphate) and proteins were

isolated from the DNA-IIAP complexes by centrifugation.
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2.0 Results

2'7 The Majority of NM and DNA-Cross-linked Proteins are Common Among

cell Lines in a Breast cancer cell Line progression series

Nuclear matrix proteins (NMPs) and proteins cross-linked to DNA in situ were

isolated from MCF-7, MIII, LCCI, and,LCCZ 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, pI a.s-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. 
I

Representative silver-stained two-dimension gel patterns of nuclear matrix

proteins (NMP) and proteins crosslinked to DNA in situ with cisplatin (XLp) isolated

from the various cell lines are shown in Figures 32 and,33, respectively (see Figure 34 for

a schematic representation of the two-dimension gel pattern data). Marry 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 pI coordinates, was found in all pattems.
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Nuclear Matrix Proteins of MCF-7, MIIr, LCcl, 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 t¡anscription factor hxRNP K. Rl designates a protein displaying similar levels among the
four ceil 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 Line 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 pattems; 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 I entry NMPI, which has a molecular mass of 79 lÐa

and pI of 4.85, was present in MCF-7 and MIII but not in LCC1 or LCC2 cells.

Among the group 2 proteins were those showing differences in both NMp and XLp

patterns, those displaylng differences in NMP but not XLP patterns and those showing

variations in the XLP but not NMP patterns. In the nuclear matrix protein fractions, NMpg

was at higher abundance in LCC1 than in MCF-7, MIII or LCCZ. However, the abundance

of NMPS did not vary significantly in the XLP pattems (Table 4). NMp5 showed a

progressive decrease in abundance in the NMP and XLP preparations from MtrI, LCCI

andLCC2, respectively (Table 4).

Among the XLP pattems, NMP10 was found to progressively decline in abundance

in the MIII, LCCI and LCC2 preparations (see Figure 33 and Table 4). NMps IZ,14 and

15 were at higher concenhations in the XLP preparations from MIII than in those of MCF-

7 ' LCCI and LCCZ. Further, NMP6 and NMPT displayed a decrease in abundance in the

LCCZ pattern when compared to MIII and LCCI preparations. The levels of NMps 2,3

and 4 were greatest in the XLP paftern of LCCZ compared to those of MIII andLCCI.

Furthermore, NMPl3 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 33 shows that XLpl was

prominent in the MIII and LCC2 XLP patterns but not in the patterns of the other cells.

Likewise, xLPz was abundant in the MIII pattern compared to the other cell lines. The

relative levels of XLP5 progressively decreased in the xlp patterns of MIII, LCC' and

LCCT cells, respectively. In contrast, the levels of XLp3 ærd XLp4 gradually increased in
the MIII, LCCl andLCCZXLp patterns, respectively.

'we 
have previously reported that cytokeratins K8, Kl8 and Kl9 were cross-linked to

nuclear DNA by cisplatin in breast cancer cells aee. 
The abundance of these proteins in the

NMP preparation is typically very low since the intermediate filament proteins are removed

(see Methods section 2-2). cylokeratins K8, Kl8 and Kl9 were among the more abundant

proteins cross-linked to DNA by cisplatin. Although these proteins were seen in the XLp
preparations of the four cell lines, their abundance was consistently lower in the MIII
preparations (Figure 33). The levels of these th¡ee intermediate filament proteins

progressively increased in the LCCI andLCC2xLp preparations.

when comparing the XLp pattems of MrII, 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 theLCC1 XLp patterns.
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Figure 33. Proteins Cross-linked to DNA by Cisplatin ìn sítu in MCF-7, Mlfr, LCCI, and LCC2 tsreast Cancer Celt Lines.

Eighty pg 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, Kl8 and K19 identify cytokeratins K8, Kl8 and Kl9, respectively.

hK designates the transcription factor hnRNP K. R2 designates a protein displaying similar levels among the cell lines

studied.
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Figure 34' A Schematic Representation of the Two Dimension Gel pattern Data of DNA Çross-linked and Non-DNA

cross-linked Broteins from MCF-7, MIII' LCCI, and LCC2 Sreast cancer cell Lines. The position of the

molecular mass standards (kDa) is shown to the left of the two dimension gel pattems. see legends to f,rgures 32 and.

33 for designation of ca, LA, LC, hK, Kg, K1g, K19, Rl and R2.
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Table 4. Relative L evels o f D NA C rosslinked N uclear M atrix Proteins i n 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 paftems was assessed based on its relative expression to hnRNp K and R1. ,,++++ ,,, ,,++,,, and
"+" designate NM proteins present at high, moderate and low levels, respectivel y. ,,+/-,, represents proteins present at very
low levels in one or more preparations, while "-" designates proteins not detected in all preparations.

Cell Line: MCF-7

Mass (KDa) pI
NM Proteins:

2 61 5.2-5.3 +r-++
3 60 5.35 ++
4 60 5.25 +++
552S+t-
6505.3++
7 50 5.25 ++
8465.2+
9455#
10 44 5.45-5.7 +/-
ll 44 5 +¡r+
12 42.5 4.85 +/-
13 42 4.85 +/-
L4 42 4.75-4.8 +/-
15 39 5.5-5.7 5 +/-

NMP 5 levels in NM:

5 52 S ++#+

Estrogen-dependent
Estrogen-responsive
Anti-estrogen-sensitive

MiII
Invasive

Metastatic
Estrogen-independent

Estrogen-respo nsive
Anti-estro gen-sensitive

LCCI
Invasive

Metastatic
Estrogen-independent

Estrogen-responsive

Anti-estro gen-sensitive

+

;
+#
++
+

ffi
+#+
+#++
+#-
+
+
+++

+++

LCC2

+

+

#
#
+
+-#
#+
+++

IJ

+

++

Invasive

Metastatic
Estrogen-independent

Estrogen-responsive

Tamoxifen-¡esistant
ICI-sensitive

++
++

+#
+/-

+

+

+/-

++

++++

+H

+
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Table 5. RelativeLevelsofDifferentiallyAbundantDNACross-linkedProteinsinTwo-DimensionpatternsofDNA-

Cross-linked Protein Preparations. Levels of DNA-cross-linked proteins were assessed based on their relative
expression to hnRNP K and R2. "t+++", "-t*,,, and .,+" 

designate DNA cross_linked 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:

XLPl
XLP2
XLP3

XLP4
XLP5

Mass (KDa)

37

37

60

60

50

pI
4.5

4.6

5.6

5.45

5.2

MCF.7

++

++
++

MIiI

++

+++

++

LCCl

+

+

++

+

+
+
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3.0 Discussion

In the progression of breast cancer, ER positive breast epithelial cells no longer

require estrogens for growth and gain resistance to anti-estrogens. The cell line series

MIII, LCCI and LCCT provide a model system to study breast cancer progression. In

comparing the MIII, LCC1 and'LCCZNMPs 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 ,4. frorn'rrurlear DNA aOe.

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 in NMP levels were not found. As examples, NMpl0

and NMP15 showed progressive declines in the XLP preparations in the MIII, LCCI 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 mafrix preparation. In the

preparation of nuclear matrix proteins, intermediate filament proteins and proteins that are

able to assemble into insoluble structu¡es are removed s00. 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 affached proteins that are removed from NMp

preparations' Thus, the cisplatin cross-linking procedure cgmplements conventional

methods fo analyze nuclear matrix proteins sol.

In contrast to decreased cisplatin cross-linking of NMPs to DNA in parallel with

progression, iamin A and C and cytokeratin cross-linking to nuclear DNA was enhanced.

These o bservations s uggest t hat r earrangements in c 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 ch¡omosomal 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 lamins and cytokeratins 50r. However,

transcriptionally active chromatin regions are sometimes located at or near the nuclear

periphery and may be in contact with these proteins 503.

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 2a2. The metastatic potential of MIII, LCCI andLCCZis greater than that

of MCF-7 parental cells; however, the metastatic potential of these cells has been described

as intermediatea32- 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 Ol+ sequence within the

transcriptionally active BA-globin gene is associated with a population of very rapidly

acetylated and deacetylated HzB, 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. h 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 distribuìio.r of very rapid ly acetylated and

deacetylated (class I) histones follows closely the distribution of transcriptionally active

and not inactive or competent DNA sequences 184. Fufhermore, 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 184'185. The transcriptional machinery and the

majority of transcriptionally active DNA sequences are associated with the NM4,1s4,235-

238,368,38s.

AII this evidence suppofs 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. Therefote, transcriptionally active and competent genes are

most likely located in nuclear regions enriched in histone acetyltransferase and histone
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deacetylase a ctivity a nd the c lose proximity of t hese g enes to these e nzymes causes the

histones associated with these genes to be dpamically acetylTted (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 dynamic ally acetylated in the absence of
hanscriptional 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 r67,t6824s. 
Therefore, the recruitment of

additional histone acetyltransferases to a target gene such 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 pollirnerase II molecules along

transcriptionally active genes. Thus, whether the pS2 gene becomes transcribed most likely

depends on the recruitment of specific franscription factors to the same nuclear region of

this gene.

Histone acetylation plays an important role in gene expression.

structure of DNA is also important in gene expression. DNA is

However, the overall

organized into loop

213



domains through its association with the NM o. Th" composition of the NM varies with cell

type and changes with cellular differentiation and transformltion 242,366,374,37s,378,404,40s.

Thus, it is possible that changes in NM composition within 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. Mo¡e specificall¡ 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 rearangement of the NM protein relative to DNA such

that the NM protein becomes positioned further than 4.4 (cisplatin cross-linking distance)

from nuclear DNA a0e' The cell line within this breast cancer progression model series

having a phenotype most representative of advanced breast tumorigenesis 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 befween lamins

and cytokeratins, as well as alterations inNM protein expression. These changes would

then cause rearrangements in chromosomal domains.
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T ran scriptimally a ctive gene

1rr,trt tæbo:ll

X'igure 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 (tIDACs)

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 facto¡s recruit additional histone acetyltransferases that induce

dynamic and rapid histone acetylation along the target gene. Cor.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 acetylkansferases, 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 rccognized by additional factors

important in the transcription process. Rapid and dynlmic 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 anHZA-P12B dimer and unfold. The histones within the unfolded nucleosome then

become acetylated by histone acetyltransferases associated with RNA polymerase II 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 befween 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 nuclea¡ matrix and regions of

transcriptional activity.
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Future Directions

The field of chromatin research has advanced considerably 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 167'168,1ee,210. As 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 364's0e. 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 largeJy 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 a0s,aoe,s20-522. As 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

perfiormed 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 chemic-¿l-mechanical model of signal transduction which

involves the extracellular matrix, cytoskeleton and NM is an aÍeathat 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 of acetylated. H4 correlated

with the distribution of transcriptionally active DNA in ¿ifr"r"nt nuclear fractions

and that the insoluble nuclear fraction containing the NM also contained the majorify

of acetylated H4 l8a' No direct evidence was provided by Davie and colleagues

showing a direct association between acetylated histones, transcriptionally active

and/ot competent DNA sequences and the insoluble nuclear material 'to. Ou. 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 tlpes 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 dynamicall y aeetylated 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 Z 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
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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

transcriptionally active genes 476'478. We are the first to demonstrate that sodium

butyrate removes HDACI from the promoter, exon 2 and exon 3 regions of an

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

Many studies have presented evidence showing 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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