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Abstract

Approximately 30% of human cancers contain a mutation to one of the rds oncogenes.

Stimulation of the Ras-mitogen activated protein kinase (Ras-MAPK) pathway leads to

rapid phosphorylation of histone H3 at serines l0 and 28, phosphorylation of the

structural chromatin protein HMGNI at serines 6,20 and 24, and expression of

immediate-early genes. H3 phosphoacetylated at serine 10 lysine 14 has been found

associated with immediate-early genes following stimulation of the Ras-MAPK pathway.

Ras-transformed cells contain higher levels of H3 phosphorylated at serine 10 and

display a less condensed ch¡omatin structure. We hypothesize that phosphorylation of

H3 at serine 28 contributes to chromatin remodelling and immediate early gene activity.

Following mitogen stimulation, H3 phosphorylation at serine 28 follows the same

temporal induction pattern as that at serine 10. We illustrate that both modifications are

excluded flom regions of highly condensed chromatin, take place on the same H3

variants, occur in regions of chromatin undergoing dynamic acetylation, and are present

in increased amounts in ras-transformed cells. In addition, we found that levels of

phosphorylation on the structural chromatin protein HMGN1 are elevated in ras-

transformed cells. We also found that despite constitutive activation of the Ras-MAPK

pathway, many characteristics of mitogen-induced H3 phosphorylation are unchanged in

rzs-transformed cells.



We have also determined that these two mitogen-induced modifications, once thought to

act as a combination, occur for the most part on different pools of chromatin, Further,

although mitogen-induced H3 phosphorylated at serine 10 or at serine 28 is dynamically

acetylated, phosphorylation ofH3 at serine 28 tends to occur on tails with a higher steady

state level of acetylation. Stimulation of serum-starved mouse fibroblasts results in the

appearance of numerous small foci of H3 phosphorylated at serine 10 and H3

phosphorylated at serine 28. We determined that a number of foci containing mitogen-

induced serine 28-phosphorylated H3 colocalized with foci of RNA polymerase II

phosphorylated at serine 5, providing evidence that mitogen induced H3 phosphorylation

at serine 28 occurs at sites of transcriptional activity. These results suggest that

phosphorylation of H3 at serine 28 promotes transcription independently of

phosphorylation at serine i0. Further, foci of mitogen-induced serine 28-phosphorylated

H3 did not colocalize with foci of mitogen-induced serine 6-phosphorylated HMGNl, a

finding that adheres to a model in which HMGN1 phosphorylation results in its

dissociation fíom chromatin to facilitate H3 phosphorylation and encourage transcription.
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Cell Cvcle Regulation and Cancer

The conversion of a normal cell into a cancer cell is referred to as malignant

transformation. Once transformed, cells are immortal, growing and dividing indefinitely

and often excessively. This can lead to the invasion of surrounding tissues and

metastasis. Transformed cells do not exhibit the normal phenomenons of contact

inhibition or adherence, the latter meaning that they do not require attachment to solid

surfaces in order to grow and divide. These cells are charactenzed by genetic

abnormalities that prevent normal regulation of the cell cycle. Most malignant tumours

arise from a single cell of origin, having undergone multiple DNA-damaging,

transfonning events that led to the malignant phenotype.

The cell cycle is made up of four phases: gap 1 (G1), synthesis (S), gap 2 (G2), and

mitosis (M). Progression Íiom one phase to another is govemed by checkpoints. From

start to finish the length of the cell cycle varies among different cell types, the average

being approximately 20 hours. Two gap phases are interspersed between the phases of

synthesis and mitosis. Cells in G1 are metabolically active but do not replicate their

DNA. This phase lasts for a varying length of time before cells progress into S phase,

when DNA synthesis takes place such that 2N cells become 4N. Following DNA

synthesis is the second gap phase, G2, after which cells undergo mitosis and the cell

divides into two daughter cells.

Oncogenes and Tumour Suppressor Genes: Abnormalities affecting the genes

responsible for regulating cell growth and division often result in the deregulated cell

division that marks cancer cells. Some of these, termed oncogenes, code for protein

products that are excessively active and contribute to the transformation of a normal cell



into a cancer cell. Oncogenes have benign counterparts, termed proto-oncogenes that can

become oncogenes when mutated. Tumour suppressor genes also tend to be involved in

the regulation of cell growth and act to prevent cellular transformation. A mutation

resulting in the loss of function of a tumour suppressor protein may contribute to cellular

transformation and the formation ofcancer.

II. The Nucleus

The nucleus is a dynamic organelle surrounded by plasma membranes. Nuclear pores

connect the closol and nucleoplasm and allow for transport ofproteins and nucleic acids

into and out of the nucleus. Many pathways relay information from the cells exterior into

the nucleus leading to detailed responses. Various subnuclear structures exist including

chromatin, nucleoli, the nuclear matrix, and several types of nuclear bodies.

The Nuclear Matrix: The nuclear matrix is a dynamic, fibrous structure consisting of

protein and RNA present throughout the nucleoplasm [2]. Experiments indicate that the

nuclear matrix is involved in transcription, DNA replication and RNA processing [2-4].

Ch¡omatin is attached to the nuclear matrix via sequences of DNA termed matrix

attachment regions or MARs.

The nuclear matrix is the structure remaining after interphase nuclei are digested with

nucleases and treated under high salt conditions i5,6]. It is composed of residual

nucleoli, nuclear pore lamina and a network of ribonucleoproteins [7,8]. An intemal

network of interwoven fibers made up of smaller, i0 nm filaments is connected to the

nuclear lamina [9,10]. Transcriptionally active genes are enriched in the nuclear matrix

-J-



[11-15]. Various proteins involved in transcriptional regulation, such as hanscription

factors, co-activators and co-repressors associate with the nuclear matrix, providing

further evidence that this structure is of functional significance. These include ckomatin

modifuing enzyrnes such as histone deacetylases (HDACs), histone acetyltransferases

and chromatin remodellers Í11,16,171. In addition, RNA polymerase II is also associated

with the nuclear matrix [13,18].

It has been postulated that the loops created by MAR attachment serve not only to

spatially organize ckomatin but also to create functional domains in which genes are

regulated together. Loop domains created by association of DNA with the nuclear matrix

are between 5 and 200 kb long and have an average length of70 -100 kb [19]. A gene

positìoned close to a MAR will be in close proximity to factors involved in transcription.

Furthermore, some genes appear to be targeted to the nuclear matrix in response to

specific cellular signals. For exarnple, the estrogen receptor alpha (ERct) interacts with

target DNA sequences and tightly associates with the nuclear matrix once it is bound to

estrogen [20].

III Chromatin

Serving not only to compact DNA, this protein-nucleic acid complex is highly organized

such that the processes of transcription, replication, DNA repair and cell division take

place in a regulated fashion. Positioning of chromosomes in the nucleus is not random;

they are organized into discrete ch¡omosome territories [21]. At physiological ionic

strength chromatin exists as a 30 nm fiber and higher order structures [19] formed by

long range interactions [22]. Within this structure, an already compact 30 nm fiber
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consists of linker histones bound to a folded 10 nm fiber (Figure 1-1). Short range intra-

and intemucleosomal interactions condense the 10 nm fiber fíom its form as an unfolded,

extended chromatin fiber comprised ofDNA packaged into the nucleosomes.

The Nucleosom¿: The basic repeating unit of ch¡omatin is the nucleosome [23-25].

Nucleosomes, which measure 1 10 Å diameter and 57 Å high t231, are made up of

approximately 146 base pairs ofDNA wrapped around a histone octamer core (Figure l-

2). Within the core, two H2A-H2B dimers interact with a (H3-H4)2 tetramer to form a

disclike structure. Approximately two tums of the DNA double helix wraps around this

core in 1.8 negative superhelical tums [26]. The amino-terminal tails of the four core

histones protrude from the nucleosome such that they can interact with linker DNA and

nucleoproteins [27].

The Core Histones: All of the core histones are basic in charge, providing high affinity

for the negatively charged DNA. H2A, H2B, H3 and H4 have a similar structure with a

globular center surrounded by Cterminal and N{erminal regions [28]. Approximately

90 base pairs in the cente¡ of nucleosomal DNA interact with the H3-H4 tetramer; the

-30 base pairs of DNA flanking this region bind H2NH2B dimers [28]. A histone fold

domain found within the globular center of all core histones is crucial to histone octamer

formation and nucleosome folding [29]. This domain is organized into three c¿-helices

connected through two loops and is involved in histone-DNA interactions [27,30].

Furthermore, it serves as the binding site for other histone fold motifs [27]. The

H2NH2B interface in HZA-H2B dimers is very stable, as is the sum of interactions

holding the H3-H4 tetramer together [22]. Electrostatic bonds holding the H2A-H2B

dimers in contact with the H3-H4 tet¡amer create a much less stable interaction [31].
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Figure 1-1. Higher order chromatin structure. The folding of higher order
chromatin conformations involving long and short range interactions are

depicted. Reprinted, with permission, from the Annual Review of Biophysics
and Biomolecular Slructure, volume 3I @ 2002 by Annual Reviews.
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Figure 1-2. The nucleosome. A) The histone octamer. B) The nucleosome.
Ribbon traces portray the phosphodiester backbone of DNA; histones are as in
(A). Reprinted, with permission, from Nature volume 389:251-260 @ 1997 by
Nature Publishing Group .



Linker Histone i11: Nucleosomes are attached together through linker DNA. Linker

histone H1 plays a crucial ¡ole in ch¡omatin compaction, binding linker DNA as it enters

and exits nucleosomes and nucleosomal DNA near the dyad axis of syrnmetry shown in

Figure 1-2 B 129,321. Hl is comprised of a globular domain flanked by N- and C-

terminal tails. Binding of H1 to DNA is dynamic, it remains bound to one site for only a

sho¡t time before it dissociates [33,34], Phosphorylation of H1 diminishes its binding to

DNA [34-36], implying thât this modification is an important player in the regulation of

chromatin structure.

StabilizaÍion of Higher Order Chrontatin Structure: Higher order chromatin structures

are stabilized by the amino-terminal tails of the core histones and the linker histone Hl.

The amino-terminal regions of all four core histones protrude from the nucleosome such

that they are easily accessible to other molecules in the nucleoplasm. Higher order

chromatin structure can be stabilized or destabilized by specific modifications to the

amino-terminal tails and to histone Hl [37]. The amino-terminus of histone H3 is the

longest at 44 amino acids, and protrudes the farthest from the nucleosome.

Crystalographic evidence indicates that this region is in position to make several contacts

with linker DNA 124,38,391.
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M o dí lì ca t i o n o-f H ì s tones

The amino- and carboxylterminal tails of histones are subject to post-translational

modifications such as acetylation, phosphorylation, ubiquitination, sumoylation,

biotinylation, methylation, citrullination and ribosylation [40-42]. A diagrammatic

representation of the core histones and their modification sites is shown in Fìgure 1-3.

Many histone modifications are associated with specific chromatin states or functions

including transcription, silencing and DNA repair. Methylation, for example, can take

place on at least one residue of each of the four core histones and is associated with both

silencing and transcriptional activity. Hyperacetylation of histones H3 and H4 is also

associated with transcriptional activity while hypoacetylation of these histones is not.

Although it has historically been thought that post-translational modifications to histones

were restricted to the amino- and carboxyl-termini, it was recently discovered that several

residues within the histone fold are modified by acetylation and methylation [43,44].

Modifications are mediated by various enz).rnes and are dynamic.

The biological relevance of each modification is influenced by the chromatin structure

surrounding it. Overall level of compaction, non-histone ckomatin proteins and the

presence of other histone modifications can have significantly impact. Thus although the

functional relevance of certain modifications has been elucidated, the full extent and

purpose of most remains unknown.
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Figure 1-3. Post-translational modification of the four core histones. Sites of post-

translational modification by acetylation (A), phosphorylation (P), methylation (M),

ubiquitination (U), biotinylation (B) and citrullination (C) are shown.



Acetylation: The acetylation reaction on core histones is shown in Figure 1-4. All four

core histones can be acetylated at the a-amino group of specific lysine residues. Steady-

state levels of this charge-altering modification are balanced by the action of histone

acetyltransferases (HATs) and histone deacetylases (HDACs). Hyperacetylation of the

amino{ermini of histones H3 and H4 has long been associated with transcriptional

activity [11,45-47]. In addition, many activators of transcription associate with HATs,

and many repressors with HDACs. In this manner HATs and HDACs can be ¡ecruited to

specific loci to modulate chromatin strucrure.

CoA

I

LYS

I

CHs

o
il

-N-C-
I

H

Fìgure 1-4. Acetylation of histones. Histones can be acetylated by histone

acetyltransferases (HATs) on the epsilon amino group of lysine residues. The steady

state level of this modification is determined by the action of HATs and HDACs.

Histone Acetyltt'ansferases: HATs acetylate histones in a specific mamer, can be

iecruited to genomic loci and act as transcriptional co-activators [48]. These enzymes

tend to be found in large protein complexes whose components then determine the HAT

substrate specificity [29,49]. Five main families of HATs exist: the Gcn5-related N-
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acetyltransferase (GNAT), MYST (MOZ, Ybf2lSas3, Sas2 and Tip60), p300/CBP (CBP:

CREB binding protein), p160 and TAF¡¡250 families.

Members of the GNAT family are involved in transcriptional initiation (Gcn5 and PCAF:

p300/CBP associated factor) and elongation (Elp3), and can be recruited to DNA by

several transcription factors [48]. GNAT family members contain bromodomains that

recognize and bind acetyl-lysine [50,51]. CBP and p300 are highly related proteins that

function to regulate transcription in combination with many transcription factors

including Fos-Jun (AP-l) and CREB (cAMP-response element binding protein) [52].

Like members of the GNAT family, CBP and p300 each have a bromodomain in addition

to other motifs to modulate protein-protein interactions [52]. The MYST family of HATs

consists of MOZ (monocytic leukemia zinc fìnger), Ybf2/Sas3, Sas2, Tip60 (HIV Tat-

ìnteracting protein), Esal and HBOI (histone acetyltransferase bound to ORCI).

Members of this family appear to function in DNA replication as well as transcriptional

initiation and elongation [53,54]. Subunits of the TFIID transcription factor complex are

HATs belonging to the TAFrr250 family. As was described above for members of the

GNAT and p300/CBP families, TAFrr250 HATs have a bromodomain [52]. The pl60

family ofHATs act as co-activators ofnuclea¡ receptors and interact with CBP [55].

Phosphorylation Histones H1, H2A, H3 and H4 have serine and/or th¡eonine residues

subject to phosphorylation. This modification lowers the net positive charge of the

histone and is involved in several cellular functions such as transcription, mitosis, DNA

damage repair, and apoptosis [56]. Phosphorylation, represented in Figure 1-5, is

mediated by several diffe¡ent enzlqnes.
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Figure 1-5. Phosphorylation of serine. Histones are phosphorylated at serine

o¡ th¡eonine residues. Phosphorylation of serine results in the incorporation of

negative charge into the histone molecule.

Methylalion: Certain arginine and lysine residues can be mono-, di- or tri-methylated.

Arginine methylation can be s)¡mmetric or asymmetric; dimethylated arginine is

symmetric if it contains one methyl group on each terminal nitrogen and asymmetric if

both methyl groups are on the same terminal nitrogen. Methylation is catalyzed by

members of several different protein families including DOT1/DOT1L (disruptor of

telomeric silencing 1 and disruptor of telomeric silencing 1-like), the PRMTI þrotein

arginine N-methyltransferase) family, and the family of SET (suppressor of variegation,

enhancer ofzest and trithorax) domain containing proteins [57].

This modification, which unlike acetylation and phosphorylation is not charge-altering,

can act as a signal for activation or repression of transcription, depending on the

particular residue methylated and the number of methyl groups added. H3 tri-methylated

at lysine 9 tends to be within heterochromatin, while H3 mono- or di-methylated at lysine
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9 is more likely to be in euchromatic regions [58,59]. Methylation of H3 can also take

place on several other lysine and arginine residues including lysine 27 which has also

been linked to transcriptional silencing [60]. Sites of methylation associated with

transcriptional activity include lysines 4, 36 and 79 [57]. It appears as though histone

methylation acts to create binding sites for nuclear factors that upon binding contribute

specifically to active or inactive chromatin states. Protein domains that interact

specifically with methylated lysine residues include the chromodomain, the WD40-repeat

domain and the Tudor domain [6] -65].

Hish Mobilin GrouLryølelnr

Many proteins are bound to or become associated with chromatin. High mobility group

proteins (HMGs) are non-histone structural chromatin proteins that bind select

nucleosomes. Five HMG subtypes, HMGNI, HMGN2, HMGN3, HMGN4 and NBP-45

(nucleosome binding protein 45) exist [66-69]. Of these, the best studied are HMGNI

and HMGN2, which have similar structures and generate matching footprints on

nucleosomal DNA [70]. HMGN1 and HMGN2 interact with nucleosomal DNA near the

entry/exit points of the histone core and in the major grooves surrounding the dyad axis

(refer to Figure 1-6) [71]. Evidence suggests that HMGN1 and HMGN2 are involved in

transcription [72]. HMGN1 and HMGN2 compete for chromatin binding sites with

histone H1 [73]. In addition to interacting with nucleosomal DNA, the amino-terminus

of HMGN1 interacts with H2B, while the C-terminal region of HMGN1 interacts with

the amino-tail of histone H3 [1]. Binding of HMGN1 reduces chromatin compaction; the

loss of this protein at t¡anscribed genes decreases their accessibility to nucleases [74].
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It is thought that this protein modulates histone modifications as well as the accessibility

of DNA for protein interactions. Experiments have shown that a loss or decrease of

HMGN1 alters the expression of various genes, including N-cadherin [75], and Soxg

respectively [76]. HMGNl is also linked to DNA damage repair. HMGN1-/- cells are

more sensitive to ionizing radiation and do not require adherence to proliferate [77].

Moreover, mice of this nature develop more tumours 177) and exhibit a slower rate of

photoproduct removal [74]. It has been postulated that the decrease in ch¡omatin

compaction upon HMGN1 binding to nucleosomes facilitates access to sites of DNA

damage in order to speed up the repair process [74].

Figure 1-6. Model of HMGN binding to nucleosomes. Ribbon traces represent the core

histones and nucleosomal DNA. Solid white symbols are located in the major grooves

in areas protected from hydroxyl radical cleavage by HMGN1/2. Photocrosslinking

experiments indicate that the region surrounding amino acid 88 in the C-terminal

region of HMGN1 targets the amino-terminal tail of H3 (see open oval), and that the

region surrounding amino acid 8 in the amino-terminus of HMGN1 targets H2B (see

open oval). H3 is shown in blue; H2B is shown in red. Reprinted, with permission,

from Nature volume 389:25I -260 @ 1997 by Nature Publishing Group.
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Histone Variants

Histone variants are implicated in specialized roles such as transcription, DNA repair,

and nucleosome stability. Variants are encoded by separate genes and may or may not be

expressed in a manner dependent upon DNA replication. Those that are expressed

throughout the cell cycle and can be incorporated into chromatin in a manner that is

independent of DNA replication have the potential to mark specific domains of

chromatin, possibly for particular cellular activities, in between cycles of cell division.

Variants of Hl, H2A, H2B and H3 have been identified.

H2A and H2B: Several variants of H2A and H2B exist including H2A.X, macroH2A,

H2 A..2, H2 A-Bb d, H2 A.1, H2 
^.2, 

H28.1 and H28.2. Phosphorylated H2A.X (refened

to as y-H2A.X) is present at sites of double stranded DNA breaks [78-80] and appears to

facilitate the repair process [81]. This could occur through a mechanism in which y-

H2A.X serves as a signal to recruit DNA repair factors in conjunction with ckomatin

remodellers to assist repair [81]. Evidence indicates that macroH2A, occurring at a ratio

of 1 to 30 nucleosomes in rat liver, is involved in X-ch¡omosome inactivation through

interactions with XIST (X-inactive specific transcript) RNA [82-84]. The function of

HZA.Z is still being deciphered, This variant is proposed to stabilize ch¡omatin and has

been associated with both transcriptionally active and repressed regions [85]. Recent

reports concur that this variant is able to stabilize ckomatin and that acetylation

influences its ch¡omatin-st abilizing properties and separates H2A.Z in regions of active

transcription from H2A.Z that is outside these regions [86,87]. H2A-Bbd has been linked

to transcription and may be enriched in actively transcribing chromatin [88]. The

functions of the other H2A variants, H24.1 and H2A.2, remain a mystery. Variants of
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H2B have also been discovered. The function of H28.1 and H28.2 has yet to be

elucidated, but studies suggest a role in stabilizing the interaction of the H2A-H2B dimer

with the nucleosome [89]. Levels of these variants change with the development of

malignant Friend tumour cells [90].

Variants of H3: To date 5 variants of H3 have been discovered in mammals: H3.1, H3.2,

H3.3, testis-specific H3.1t and centromeric CENP-A. The N{erminal of CENP-A is

unique among H3 variants while its histone fold domain, 60% identical to other H3

variants, is positioned within its C-terminus [91]. H3.1, H3.2 and H3.3 are shown in

Table i; they differ only by a few amino acids [92] yet appear to fi¡nction in the cell in

very different ways. H3.2 differs lìom H3.1 at residue 96, where a serine is substituted

for a cysteine. H3.3 varies at 4 additional residues: alanine 31 ofH3.1 is replaced with a

serine in H3.3, serine 87 with alanine, valine 89 with isoleucine, and methionine 90 with

glycine. Of these, only H3.3 can undergo replication-independent incorporation into

ch¡omatin and is basally expressed [93]. This could result in an enrichment of H3.3 at

transcriptionally active genes. This variant appears to be involved in transcription; it is

present in transcriptionally active regions of chromatin [93-96] and is en¡iched in

modifications associated with transcriptional activity, such as hlperacetylation and di-

methylation at lysine 36 and lysine 79 [971. Expression ofH3.1 and H3.2 is restricted to

S-phase and their incorporation into ch¡omatin is in a DNA-replication-dependent basis.

While modifications associated with silencing such as di- and tri-methylation of lysine 27

are enriched on H3.2, H3.1 is en¡iched in K14 acetylation, which can be used as an

indicator of transcriptional activity, and silencing-associated lysine 9 di-methylation [97].

Further, modifications to variant-specific residues, as is seen during mitosis when H3.3



becomes phosphorylated at serine 31, also indicate unique functions for histone variants

te8l.

The mechanism by which histone variants are incorporated into ckomatin outside of

DNA replication is still being deciphered. In Drosophila, which has only two H3

variants, H3 and H3.3, replication-coupled incorporation appears to involve the histone

chaperone chromatin assembly factor 1 (Cafl) while replication-independent

incorporation of H3.3 may be associated with an altemate histone chaperone, HIRA

(histone regulatory homolog A) t991. H3 variants may be brought in through contacts

between Cafl and proteins present at replication forks, while HIRA may mediate H3.3

deposition by interacting with components of the RNA pol II complex [99,100].

Residue H3.l H3.2 H3.3

31 alanine alanine serine

87 serine serine alanine

89 valine valine isoleucine

90 methionine methionine glycine

96 cysteine serine serine

Table 1.1. Non-centromeric variants of mammanlian histone H3,

Differences in amino acid sequence between murine H3.1, H3.2 and H3.3

are shown.
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Euchromatin, Heterochromatin and Position E_f,fects

Euchromatin and heteroch¡omatin differ ftom each other structurally and biochemically.

Euchromatin, with its relatively decondensed structure, irregularly spaced nucleosomes,

sensitivity to nucleases, and en¡ichment in histone modifications such as trimethylation of

H3 at lysine 4, dimethylation of H3 at arginine 17, and acetylation of H4 at lysine 16, is

the place of transcriptionally active genes [1 0 i,1 02].

The term heterochromatin once referred only to the portion of ch¡omatin remaining

condensed following the completion of mitosis. Currently, the definition includes any

condensed chromatin in which transcription does not take place. Subtypes of

heterochromatin exist; facultative heterochromatin is that which can move between

euchromatic and heterochromatic states, whereas constifutive heterochromatin, including

pericentromeric heterochromatin, remains condensed and silent [03]. Heterochromatin

contains regularly spaced nucleosomes, has a high content of methylated DNA, is not

sensitive to nucleases, and is en¡iched in a specific set of modified histones such as H3

di- or tri-methylated at lysine 9 [104-107]. Proteins complexed with DNA in

heterochromatin confer its unique characteristics. This includes heterochromatin protein

1 (HPl), which contains a ch¡omodomain that allows it to recognize H3 methylated at

lysine 9 [61,108] . Although highly compacted, regions of condensed chromatin are

accessible to macromolecules [109,i 10]. Components undergo turnove¡ at a significant

rate, although much slower than what is seen in euchromatin, with that of HPl being 1

minute [1] 1,112]. Heterochromatin is self-propagating, spreading from oneormore sites

of nucleation at silencers as well as protosilencers, which enhance silencer activity

[113,1i4]. The self-propagating nature of heteroch¡omatin explains the phenomenon of
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position effect variegation wherein expression of a transgene is silenced due to its

incorporation into a region of heterochromatin [115].

Chromatin Remodellers

Nucleosomes are stable, restrict access to DNA, and have limited mobility. Chromatin

remodellers are protein complexes that use ATP to work in conjunction with ch¡omatin

modif,ing proteins to mediate nucleosome stability and mobility to facilitate access to

nucleosomal DNA during replication, transcription, and repair. Eukaryotes contain

several families of chromatin remodellers including SWVSNF (switch/sucrose

nonfermentable), NURD/Mi-2/CHD (NURD: nucleosome remodelling and deacetylase

repressor), ISWI (imitation switch), INO80 (inositol 8O-containing complex) and SWRI

(Swi2/Snf2-related adenosine triphosphate complex). ATPase subunits are conserved

within families, and there is considerable similarity between ATPase domains in the

ISWI and SWVSNF families, suggesting that ATP use by chromatin remodellers is

through a common mechanism [116].

ISWI complexes function in chromatin assembly following DNA replication, while

SWVSNF complexes do not [1 17]. ISWI remodellers also organize nucleosomes in such

a way as to promote repression [118,119], and at certain loci promote transcriptional

elongation, suggesting that the function of chromatìn remodellers varies with chromatin

context [ 16,120]. Like ISWI, various reports indicate that SWVSNF remodellers

contribute to or repress transcription; SWVSNF can reorganize nucleosome positioning to

facilitate the binding of transcription factors and transcription [121] or promote binding

of repressor proteins 11221.
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IV. Transcríption

Transcription of genes to messenger RNA (mRNA) is mediated by RNA polymerase II

(RNA pol II). This process requires the general transcription factors TFIIB, TFIID,

TFIIF, TFIIE, TFIIH, and TFIIA. First, TFIID, containing the TATA-binding protein,

binds to the TATA element. Transcription can be stimulated by interactions between

TFIID and activating proteins bound to promoters/enhancers.

The C{erminal domain (CTD) of the largest subunit of RNA pol II is made up of tandem

repeats of the highly conserved heptapeptide YSPTSPS and undergoes a series of

phosphorylation and dephosphorylation events throughout the process of transcription.

Following assembly of RNA pol II with the general transcription factors, Ser-5 in the

CTD of RNA pol II is phosphorylated. This phosphorylation is mediated by the general

transcription factor TFIIH.

Nucleosomes act as barriers to RNA-pol Il-mediated transcription [89] and thus must be

overcome. Electron spectroscopic imaging has revealed that these nucleosomes have

taken on an unfolded, extended "U" shape [123], suggesting that the basic repeating

structural unit of chromatin is disrupted by the passage of the RNA pol II complex.

Cysteine thiol groups in H3 buried near the dyad axis of symmetry in transcriptionally

silent chromatin are exposed during transcription [124], and a number of studies have

found decreased amounts of histones present at transcriptionally active loci [125].

Furthermore, transcription tkough an in vitro monontcleosomal template results in the

formation of a hexamer containing an H3-H4 tetramer and one H2A-H2B dimer [ 126].

The Progressive Displacement Model of Transcription: In this model of gene

transcription histone octamers are progressively displaced fiom the DNA as RNA pol II
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passes [127]; re-binding of the octamer takes place with low efficiency, making the

transcribed sequence deplete in nucleosomes and more easily transcribed.

An approaching RNA pol II complex prompts the release of the proximal }{2A-H2B

dimer, possibly through the induction ofpositive superhelicity |27) or factors associated

with the RNA pol II complex [126]. This dissociation facilitates the entry of RNA pol II

into the nucleosome, and may result in a competition between the hexamer and RNA pol

II for DNA binding. In addition, it could alter higher order chromatin structure and

provide an opportunity for other nuclear factors, such as ch¡omatin remodellers and

histone modifring enzymes, to bind the somewhat exposed chromatin [128,129]. Loss of

the proximal H2A-H2B dimer may also destabilize the central part of the nucleosome and

aid in dissociation of DNA fiom the proximal H3-H4 pair once it is approached by RNA

pol II. This, combined with the fact that DNA near the dyad axis of symmetry has

already been released, permits RNA pol II to transcribe past the dyad region. Procession

of RNA pol II displaces DNA fíom the distal H3-H4 pair of the (H3-H4)z tetramer. The

proximal H3-H4 dimer then ¡ebinds DNA, and at some point the released proximal H2A-

H2B dimer also re-associates. As RNA pol II progresses, the distal H2A-H2B dimer is

displaced such that all of the nucleosomal DNA is transcribed [127]. Re-association of

the distal H2A-H2B dimer takes place following the passage of RNA pol 11 11271.

V. Regulation qf Transcriplion

Levels of transcription ofany particular gene can be influenced by several factors. Cells

contain signalling pathways that influence and regulate gene expression. Stimulation

results in the activation/repression of specific sets of genes in a transcriptional program
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that leads to a particular cellular event, such as growth or apoptosis. Signalling pathways

can pick up intra- or extracellular signals that are then relayed to the nucleus. These

include the mitogen activated protein kinase pathway (MAPK) that will be described in

further detail in a later section. Many sìgnalling pathways alter the activity of

transcription factors, which are proteins that bind to specific sequences of DNA at what

are termed regulatory elements. These sites may be in promoters, enhancers, locus

control regions, silencers, or insulators. Transcription facto¡s tend to have inactive and

active states, often marked by post-translational modifications or conformational changes

brought on by protein-protein interactions.

Once bound, transcription factors play an important role in transcription. Activators may

enhance or initiate transcription by promoting the binding ofRNA pol II and the general

transcription factors. Those factors that, upon binding, function to silence or repress

transcription are termed repressors. Many transcription factors associate with chromatin

modif,ing enz)¡rnes such as histone acetyltransferases (co-activators) and histone

deacetylases (co-repressors), resulting in the alteration of chromatin structure.

Locus Control Regions, Enhancers and Silencers: Locus control regions (LCRs) were

functionally defined in transgenic mice to be sequences required and sufficient for

position-independent expression of a transgene [114]. As implicated by their name,

enhancers function to enhance transcription. Enhancers may be iocated up to 1 megabase

away from their target promoter, and studies have shown that most are not specific,

meaning they are capable ofenhancing transcription at many genes [130,131]. Enlancers

act through one of two mechanisms. The first involves direct contact between the

enhancer and promoter in which facto¡s bound to the enhance¡ are thought to allow for
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easìer formation of the RNA pol iI complex at the promoter of the target gene.

Intrachromosomal loops can juxtapose enhancers with upstream promoters to ìnc¡ease

transcription 1132-1341. The second does not involve di¡ect contact and instead relies

upon the propagation of a signal that travels down the strand of DNA fiom enlancer to

promoter.

Silencers and protosilencers are involved in the formation of transcriptionally repressed

states of chromatin. Protosilencers are defined functionally as elements able to enïance

the activity of a silencer without acting as a silencer independently. The assembly of

heterochromatin begins at one or more focal points (silencers or protosilencers) [ 35,136]

and propagates down the chromatin fiber [137]. This mechanism of spreading would

suggest that all chromatin from point A to point B is affected, and in effect, silenced.

However, several studies indicate that this is not the case, that in fact unaffected domains

of euchromatin undergo a "looping out" mechanism in which they are separated from the

heterochromatin a¡ound them [135,137].

Insulators: Insulators protect genes fiom activatìon by inappropriate enhancers or

silencing as the result of the spread of heteroch¡omatin. Promoter activity is not

compromised; transcription can be activated by suitable stimuli. I¡sulators are located on

DNA interspersed between the protected promoter and heterologous enhancer or

heterochromatin. Several insulators are associated with the nuclear matrix (MARs).
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u. Phosphot'vlation of Histone H3

H3 phosphorylation appears to have two very different functions in the cell. This

modification occurs during interphase and mitosis, and is best known to occur at serines

l0 and 28. During interphase H3 phosphorylation occurs on a small subset of genes as

the ¡esult of stimulation of the mitogen activated protein kinase pathways and is

associated with the resulting gene expression. Phosphorylation of H3 during mitosis is

widespread and thought to contribute to the proper condensation and segregation of

ch¡omosomes.

Chromosome Condensation-Related Phosphonlation of H3 dur

Phosphorylation of histone H3 at serine 10 was originally associated with mitosis

[138,139]. It is required for the initiation of chromosome condensation in mammalian

cells [140] and in Z thermophila cells [138]. This modification is not required for cell

cycle progression in yeast, although another modification, phosphorylation of H2B, may

take its place [141]. More recently, phosphorylation has also been shown to occur at

serine 28 [142] and at threonine 11 [143]. Appearing in G2 phase, phosphorylation

begins in the highly condensed pericentromeric heterochromatin and then spreads, along

with ch¡omosome condensation, to other regions of the genome [i44]. The exact timing

of the onset of H3 phosphoþlation during mitosis may be variable for different cell types

and lines. In one study of Chinese Hamster Ovary cells, phosphorylation was found to

start in prophase, reach a maximal amount in metaphase and begin to disappear in the

transition to telophase [139]. Similar timing was also observed during meiosis in
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Tetrahymena thermophíla [138,145]. ln any case, phosphorylation of H3 reaches a

maximum and dissipates before the end of mitosis.

Aurora B: The mitosis-specific H3 kinase was first identified in mammals as a novel

kinase causing arrest of growth in yeast upon overexpression [46]. Aurora B, called

AIM I in mouse, mediates phosphorylation of H3 at serine 10 and at serine 28 during

mitosis [147-149] . This kinase is part of the well-conserved IpIl kinase famil¡ showing

homology to Ipll, the only aurora kinase in yeast. Drosophil¿ contains two aurora

kinases, while mammals have three, now called Aurora A, B and C. Phosphorylation of

H3 by Aurora B during mitosis is counteracted by protein phosphatase 1 (PPl) [ 50,151].

It is believed that the balance bet\¡/een the activities ofAurora B and PP1 regulates levels

of H3 phosphorylation [152].

The amount of Aurora B present in cells varies through the cell cycle, reaching a

maximum in G2,M phase [153]. Levels drop significantly following telophase [154].

Aurora B is a ckomosomal passenger protein, meaning that it adheres to specific areas of

localization throughout mitosis [155]. Chromosomal passenger proteins are nuclear in

G2 phase and associate with the length of ch¡omosomes during prophase. During

prometaphase and metaphase these proteins localize to inner centromeres, and at the

beginning of anaphase localization shifts to the central spindle before dissociation from

the ch¡omosomes into the midbody for cytokinesis. The localization of Aurora B to

centromeres during prometaphase is dynamic and is not microtubule-dependent [155].

In mammalian cells, Aurora B functions in a complex with survivin and INCENP (inner

centromeric protein). Studies suggest that the enzymatic activity ofAurora B is regulated

by these proteins [153-156]. The H3-kinase activity of Aurora B is associated with
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condensin recruitment and proper assembly of the mitotic spindle [149]. Loss of Aurora

B function ¡esults in a loss of H3 phosphorylation, defects in ch¡omosome alignment on

the mitotic spindle, and failure in clokinesis [153]. Irr addition to histone H3, Aurora B

phosphorylates several othe¡ proteins including survivin, the myosin II regulatory light

chain, INCENP, topoisomerase II alpha, vimentin, desmin, MgcRaclGAP, and CENP-A

at serine 7 [ 155].

Changes to Chromatin during Mitosís: Chromatin becomes visibly altered by

condensation in prophase. Later, chromosomes align upon a bipolar spindle, separate,

and cytokinesis occurs. The events surrounding chromatin structural changes and spindle

activity during mitosis are coordinated by a select group of kinases in the Aurora,

cycling-dependent kinase, Polo and NIMA/Nek families including several that mediate

phosphorylation of chromatin proteins [157]. Histone H1, histone H3 and HMGNI are

altered by post-translational modifications in the course ofmitosis.

Phosphorylation of H3 at serine l0 and serine 28 mediated by Aurora B begins in late G2

phase before the onset of chromosome condensation. Phosphorylation ofH3 at threonine

3, mediated by haspin, occurs before any condensation is visible on regions of chromatin

that differ fiom those undergoing late G2 phase phosphorylation ofH3 at serine 10, and

appears to diminish substantially during anaphase 11571. These two modifications

display distinct distributions on ch¡omatin throughout mitosis. Though not a

chromosomal passenger protein haspin associates with ch¡omatin and components of the

spindle, and there is evidence to suggest that it also targets spindle proteins for mitotic



phosphorylation. Haspin is necessary for proper ch¡omosome alignment but is not

required for general chromosome condensation [157,158].

H3 bearing a phosphorylated th¡eonine 11 occurs during mitosis in a temporal pattem

similar to that ofH3 phosphorylation at serine 10, serine 28 and th¡eonine 3 [143]. This

modification is enriched in centromeres at a time when death-associated protein-like

(DIWZß) kinase, which phosphorylates H3, H4 and H2A in vítro [159], localizes to

centromeres 11431. DIWZIP is an important factor in cell death induced by interferon y

and TNFcr/fas [160-162] and is known to interact with transcription factors and a splicing

factor [163-165]. Coincidental association of DIWZP with centromeres en¡iched in

phospho-H3 (tkeonine 11) during mitosis indicates that it is likely the kinase responsible

for this phosphorylation and further implies its involvement in multiple cellular processes

[ 143].

Histones H4, Hl, H2A, the centromeric H3 variant CENP-A and structural ch¡omatin

protein HMGNl are also phosphorylated during rnitosis [166,167]. H3 variant CENP-A

is phosphorylated at serine 7 by Aurora A during prophase, followed by Aurora B-

medìated phosphorylation. Blocking CENP-A phosphorylation with RNA interference

leads to defects in kinetochore attachment and chromosome alignment [168]. Serine 1 of

both H3 and Hl is phosphorylated from prophase to anaphase [169].

Hyperphosphorylated histone H1 is present from late G2 phase until telophase; this may

serve to decrease its affinity for DNA as phosphorylated Hl binds DNA less tightly than

hlpophosphorylated Hl [170]. Phosphorylation in the nucleosomal binding domain of

the structural ch¡omatin protein HMGN1 during mitosis leads to its dissociation 1ìom
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chromosomes and prevents the re-entry of HMGN1 into the re-formed nucleus in

telophase 1166,1671.

Phosphorylation o-f Histone H3 Induced bv Stimulatíon of the MAPK Pathwav

Extracellular signals such as growth factors, stresses and cytokines are relayed into the

nuclear interior through the mitogen activated protein kinase (MAPK) pathways.

Stimulation of MAPK pathways results in the activation of distinct sets of kinases,

phosphorylation of transcription factors, modification of chromatin structure and the

activation of a programmed transcriptional response. Those genes whose transcription is

activated by the MAPK pathway within 15 minutes of stimulation and requires no new

protein synthesis are referred to as immediate-early genes. These genes tend to be

directly or indirectly involved in cell cycle progression. While genes such as c-þs, Jun

B, and MAP kínase phosphatase-1 become activated within 15 minutes of stimulation,

other targets are transcribed later [171]. Serum-stimulation of quiescent human

fibroblasts leads to the induction ofgenes whose products are involved in wound repair

hours after serum addition [171].

Mammalian cells contain at least four arms of this pathway, the extracellular signal-

regulated kinase/mitogen-activated protein kinase (ERK) pathway, the p38 pathway, the

c-Jun amino-terminal kinase/stress-activated protein kinase (JNIISAPK) pathway, and

the recently identified ERK5 pathway. Each leads to specific changes in cellular

processes such as transcripTiõn, metabolism, protein stability and enzyme activity and has

its own set of MAPK kinase kinases (MAPKKKs), MAPK kinases (MAPKKs), and

MAPKs. Many stimuli act through more than one arrn of the MAPK pathway. For

-29 -



example, growth factors such as epidermal growth factor primarily stimulate the Ras-

MAPK pathway, but also weakly activate the p38 arm. As well, some proteins are linked

to more than one arm of the pathway. As indicated by name, the mitogen and stress

activated protein kinases (MSKs) become phosphorylated following mitogen or stress

stimulation. They can be activated by kinases of the p38 MAPK or the Ras-ERK MAPK

pathways, however in each case the cellular response is unique and tailored to respond to

individual stimuli.

The p38 Pathway: The p38 MAPK pathway regulates immune and inflammatory

responses [1121. It is activated by inflammatory cytokines and environmental stresses;

most stimuli that activate this pathway also activate the JNIISAPK pathway. Some

mitogens, including epidermal growth factor, weakly stimulate the p38 parhway 11721.

The series of kinases activated following p38 pathway stimulation include the

MAPKKKs MEKKs 1 to 4 (mitogen-activated protein kinase/extracellular signal-

regulated kinase kinase kinase 1-4), DLK (dual leucine zipper-bearing kinase), ASKI

(apoptosis signal-regulating kinase 1), Tpl2, Takl and MLK2 and 3 (mixed lineage

kinase 2 and 3); the MAPKKs MEK3 and MEK6 (MAP kinase kinase 3 and 6) and the

MAPKs p38 o, p, ô, and y (refer to Figure 1-7). p38 activates MSK1 and MSK2, which

selectively phosphorylate histone H3, and several other kinases such as Mnkl/2 and

PRAK (p38 regulated/activated protein kinase) [73]. Several transcription factors

including Elk, SAP-1/2 (SRF accessory protein 1/2), and ATF-2 (activating transcription

factor 2) are regulated by the p3 8 pathway [ 173].
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The JNI(/SAPK Pathway: This pathway responds to cellular stresses such as inÏibition of

protein synthesis, heat shock, exposure to ultraviolet radiation, and inflammatory

cy'tokines [174]. MAPKKKs of the JNK./SAPK pathway are MEKK1-4, Tpl-2,ML1(213,

DLK (dual leucine zipper bearing kinase), Takl and ASK1/2 (Apoptosis signal-

regulating kinase 1/2); MAPKs MKK4 and 7, and MAPKs are JNKl,2 and 3, which are

also known as SAPKy, SAPKc¿ and SAPKB respectively 11721. Activated JNKs catalyze

phosphorylation oftranscription factors such as ATF-2, Elkl and STAT-3 [173].

The Ras-ERK MAPK Pathway: The Ras-MAPK pathway is activated by growth factors

and phorbol esters such as 12-0{etradecanoylphorbol- 13-acetate (TPA). To a lesser

extent, it is stimulated by cfokines, osmotic stress, and ligands that bind heterotrimeric

G-protein coupled receptors [172]. While growth factors act through receptor t¡nosine

kinases, TPA activates the Ras-MAPK pathway ttn'ough protein kinase C (PKC) and/or

RasGRP (guanyl nucleotide-releasing protein) [175-177]. Exposure to growth factors or

phorbol esters activates Ras at the plasma membrane, which leads to the activation of a

series ofkinases and transcription factors and a specific program of gene expression that

promotes cell division. Shown in Figure 1-7, the ERK pathway includes MAPKKKs A-

Raf, B-Raf and Raf-l, MAPKKs MEK1 and MEK2, and MAPKs ERK1 and ERK2. In

addition, MEKK1/2/3 and c-Mos_kinases also act as MAPKKKs of the ERK pathway.

ERK1 and ERK2 share a high degree of amino acid identity. Once activated ERKs

regulate several kinases and transcription factors including Elkl, SAP-I/2, ATF2,

ribosomal 56 kinase 2 (RSK2) [173] and MSKs [73,178,179]. In mouse fibroblasts
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MSKI and MSK2 phosphorylate histone H3 at serine 10 and at serine 28, HMGN1 at

serines 6, 20, and 24 [180] as well as several non-chromatin targets.

Interphase H3 Kínases

Several kinases are implicated in H3 phosphorylation following mitogen and/or stress

stimulation. Phosphorylation at serine 10 is associated with MSK1/2, PKC, PKA, p90

RSK2, kB kinase o (IKKcr), mixed-lineage triple kinase alpha (MLTK-rx), p21-activated

kinase-l (PAK-l) and Fyn [181]. Cunent evidence indicates that MSK1/2, JNK1, and

MLTKo are involved in mediating mitogen or stress-ìnduced phosphorylation of H3 at

serine 28 [181]. Kinase activity towards H3 at any particular loci is cell+ype and

stimulus-specific.

Protein Kinase C; The protein kinase C family is activated by many stimuli, including

TPA, and participates in a variety of cellular responses. Stimulation of human hepatoma

HepG2 cells with TPA induces H3 phosphorylation at serine l0 and transcription of the

low-density lipoprotein (LDL) receptor gene. In this case TPA-induced phosphorylation

of H3 at serine 10 is PKC-dependent and does not require the ERK MAPK, p38 MAPK,

RSK, or MSK-1 cascades [189]. Active PKCp and PKCe can phosphorylate H3 in vitro,

however an ín vívo association between PKC and H3 could not be detected, suggesting

that the effects of PKC on H3 phosphorylation are mediated through another kinase

[181,189].
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Figure i-7. The mammalian MAPK pathway. Three arms of the mammalian MAPK pathway,
the ERK, JNK, and p38 pathways are shown. The MAP kinases (ERK, p38, JNK) each
phosphorylate several substrates. MSKs are activated by the ERK pathway and the p38 stress
kinase pathway. Downstream kinases are shown in red. Targets for MSK1/2 mediated
phosphorylation are shown in purple.



MLTKa: This stress-activated MAP kinase kinase kinase has been implicated as the

mediator of EGF- and UVB-induced H3 phosphorylation at serine 28 in JB6 C141

epidermal keratinocyte cells [182,183]. EGF and UVB both activate the ERK and p38

MAPK pathways to differing extents. Upon EGF- or UVBtreatment MLTKc¿

accumulates in the nucleus. In vitro assays indicate that MLTKc¿ is capable of

phosphorylating H3 at serine 28, but not at serine 10. EGF- and UVB-induced H3

phosphorylation at serine 28 in JB6 C141 cells was not prevented by treatment with

pharmacological agents to inhibit MEK and p38 kinase, but was blocked by small

interfering RNA (siRNA) to MLTKc¿ [183]. While overexpression of MLTKa in JB6

cells enhances EGF- and UVB-induced phosphorylation of MSKl, siRNA to MLTKa

lowered the level of EGF- and UVB-induced MSK1 phosphorylation. Thus MLTKcT

appears to be an H3 kinase that acts upstream of ERK1/2 and p38 kinase that can also

phosphorylate H3 independently of the ERK and p38 MAPK pathways [183].

1K¡Kø: NF-I<B accumulates in the nucleus of cells treated with inflammatory cytokines

such as tumour necrosis factor (TNF). This is preceded by activation of the kB kinase

(lKK) complex, consisting of IKKc¿ and IKKB, which phosphorylates hB proteins and

prompts their degradation, freeing NF-rB to relocate to the nucleus. lKKc¿, which is able

to phosphorylate H3 in vitro, also accumulates in the nucleus following clokine

treatment, where it associates with NF-rB-responsive genes after TNF-c¿ stimulation

[l84-186]. Cfokine-induced expression of NF-rB-responsive genes is severely

impaired in MEFs lacking IKKcr (IKKcr J). Further, cytokine-induced H3
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phosphorylation (serine 10) is diminished at NF-rB-responsive genes in IKKc¿ -/- MEFs,

demonstrating that this enzyme may be responsible for cflokine-induced H3

phosphorylation at NF-rB-responsive genes [1 84,1 85].

IKKc¿ has also been implicated in EGF-induced H3 phosphorylation in mouse embryonic

fibroblasts. EGF did not activate the classical NFrB pathway, but resulted in recruitment

of IKKa to the c-fos gene promoter [184]. IKKcr -/- MEFs exhibit significantly reduced

c-fos gene expression following EGF-stimulation. In addition, EGF-induced H3

phosphorylation at serine 10 could not be detected at the c-fos gene in IKKcr -/- cells,

implying that lKKc¿-mediated H3 phosphorylation is a crucial factor in the expression of

this immediate-early gene f 1841.

Fyn: Fyn kinase is part of the Src family of non-receptor protein-tyrosine kinases. It is

activated after UVB exposure and is involved in UVB-induced H3 phosphorylation at

serine 10. Several Src family members are known to interact with components of the

MAPK pathway. Expression of a dominant negative Fyn in JB6 cells prevented UVB-

induced H3 phosphorylation at serine 10 and decreased UVB-induced activation ofERK

and Akt (protein kinase B), suggesting that Fyn plays a role in H3 phosphorylation by

regulating Akt and ERKs [187]. Fyn relocates to the nucleus of HaCaT cells once

activated following UVB exposure. Furthermore, in an ín vitro kinase assay activated

Fyn was able to phosphorylate H3 at serine 10, suggesting that this kinase not only acts to
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regulate H3 phosphorylation through ERKs and Akt but also phosphorylates H3 directly

Ìn vivo 11871.

Akt: Akt has in vitro H3 kinase activity and is implicated as an H3 kinase (serine 10)

following UVB and arsenite exposure [181]. Treatment of cells with the tumour

promoter arsenite induces H3 phosphorylation and increases activity of Akt [188].

Arsenite-induced H3 phosphorylation at serine 10 does not occur in RSK2 deficient cells,

and in JB6 Cl41 cells arsenite-induced phosphorylation of H3 at serine 10 was

preventable by expression of dominant negative Akt. In addition, most arsenite-induced

H3 phosphorylation could be blocked by expressìng dominant negative ERK2 or treating

cells with the MEK inhibitor PD 98059, but expression of C- o¡ N-terminal mutant

MSKI had little effect [188]. Thus Akt, along with ERK2 and RSI(2, is likely a mediator

of arsenite-induced H3 phosphorylation at serine 10 [188].

Protein Kinase A: Stimulation of rodent granulosa cells with follicle stimulating

hormone (FSH) induces H3 phosphorylation at serine 10 and activation of PKA, ERKs,

and RSK2 [190,19i]. PKA activity is required for this H3 phosphorylation;

pharmacological inhibitors ofPKA decreased H3 phosphorylation at serine 10 induced by

FSH. In-a separate study, it was found that the catalytic subunit ofPKA phosphorylates

H3 in vitro fl 92J , indicating that FSH-induced phosphorylation of H3 in granulosa cells

may be mediated by PI(A in a mechanism that does not involve ERKs or RSK2 [191].
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Tissue Transglutomínase 2: Most recently, tissue transglutaminase was identified as a

kinase capable of phosphorylatingH3 in vítro [1931. This ubiquitously expressed trans-

amidating acyltransferase has intrinsic kinase activity [194], interacts with histones, and

is proposed to phosphorylate H3 at serines 10 and 28 in vivo [1931. Association oftissue

transglutaminase 2 with ch¡omatin in MCFT breast cancer cells increased in response to

TPA-stimulation, but not estradiol-treatment [1 93].

MSKs and RSK2: Ribosomal 56 kinase 2 (RSK2), part of the p9ORSK family of

serine/tkeonine kinases, is activated by ERKs. MSK1 and MSK2 are activated by ERKs

as well as p38 kinase. Both MSK1and RSK2 can phosphorylate nucleosomal histone H3

[i95], however although MSKs and RSK2 are both activated by ERKs, these kinases

respond differently to cellular stimuli. For example, following exposure of JB6 C141

cells to arsenite, H3 is phosphorylated at serine 10 in a mechanism that includes RSK2

but not MSK1 [188].

Patients with Coffin Lowery Syndrome (CSL) have missense, nonsense and deletion

mutations to the rsk2 gene [196]. RSK2 phosphorylates histone H3 in vitro [195]. In

i999, it was reported that cells taken Íìom CSL patients did not exhibit mitogen (EGF)-

induced H3 phosphorylation, and that disrupting The rsk2 gene stops H3 phosphorylation

induced by EGF in mouse stem cells [97]. Mouse embryonic fibroblasts devoid of

MSK1 and or MSK2 (MSKI-/-, MSK2-/-, or MSKI/2-l) display a dramatic reduction in

TPA- (Ras-MAPK) and anisomycin- (p38-MAPK) induced H3 phosphorylation at

serines 10 and 28 [180]. Phosphorylation of HMGNI at serine 6 and histone H3 at

serines 10 and 28 is abolished in these cells. Interestingly, knocking out eithe¡ MSK1 or
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MSK2 affected the phosphorylation of both H3 residues, with the MSK2 knockout cells

displaying a more severe effect [180]. The activity of RSK2 is normal in these cells

[179], thus this study is in direct contrast with that finding RSK2 to be the mitogen-

induced H3 kinase. The results identifying RSK2 as the H3 kinase have also been

contradicted by a subsequent study of RSK2-deficient CLS cells that found no lack of

mitogen-induced H3 phosphorylation [180]. It is possible that this discrepancy is due to

the differing stimuli; later studies employed TPA and anisomycin, while those

experiments implicating RSK2 were performed with EGF. It may also be that different

cells types employ sigralling pathways differently.

Studies of TPA- and EGF{reated mouse 10T1/2 fibroblasts indicate that MSKs are

responsible for induced H3 phosphorylation in these cells and in røs-transformed Ciras-3

mouse fibroblasts [198]. Inclusion of RO 318220, an in]ribitor of both MSKs and RSK2

at a concentration of 5 nM did not prevent TPA- or EGF-induced H3 phosphorylation in

these cells. This result by itself would indicate that neither MSKs nor RSK2 act as the

H3 kinase, but mitogen-induced H3 phosphorylation was prevented by the MSK inhibito¡

H89. An in vítro kinase assay of RSK2 with co¡e histones was included in this study and

produced little, if any, phosphorylated H3 [198]. Furthermore, the median inhibitory

concentration of RO 318220 is 3 nM fo¡ RSK2 and 8 nM for MSK1, thus the above result

in consistent with MSK acting as the mitogen-induced H3 kinase [199].

There is also strong evidence indicating MSKI as the H3 kinase phosphorylating H3 at

serine 28 in response to UVB exposure. UVB stimulation results in activation of ERKs,

MSKs, RSK2, p38 and JNKs and results in phosphorylation of H3 at serines 10 and 28

[200]. The MSK inhibito¡ H89 prevents UVB-induced H3 phosphorylation at serine 28
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in JB6 C141 cells but does not stop activation of ERKs, RSIO, p38 or JNKs. Further,

expression of N- or C-terminal MSK1 mutants also inhibits UVB-induced H3

phosphorylation at serine 28 12001.

The MAPK Pathwa! is Linked to Chromatín Structure and TranscriBllipn elLlnuetljallc:

Earl:¡ Genes

Levels ofH3 phosphorylated at serines 10 and 28 increase dramatically upon stimulation

of the Ras- or p38-MAPK pathway [180,200-203]. Likewise, HMGN1 becomes

phosphorylated at serines 6,20 and 24 |95,2041. Once activated, chromatin associated

with specific genes is selectively modified. The mechanism by which this occurs is

unclear. Phosphorylation of H3 at serine 10 following stimulation of the Ras-MAPK or

p38-MAPK pathway is targeted to immediate early genes. As demonstrated by

chromatin immunoprecipitation assays, regions within the promoter and coding regions

of c-myc, c-fos, c-jun and the heat shock genes become phosphorylated on H3 at serine

10 following stimulation of the MAPK pathway in mouse fibroblasts 1205-2091.

Stimulation of the Ras-MAPK pathway in serum-starved mouse fibroblasts results in the

appearance of numerous small foci ofH3 phosphorylated at serine i0 [209]. These foci

are excluded from regions ofcondensed ch¡omatin and may mark sites for transcriptional

activity [210]. Phosphorylation of H3 at immediate early genes is a crucial step in their

activation. Impeding mitogen-induced phosphorylation of H3 in mouse fibroblasts with

MSK inhibitors impairs the expression of immediate-early genes [198]. Furthermore,

MSKJ- MEFs, in which mitogen-induced H3 phosphorylation is all but abolished,
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display dramatically reduced levels of immediate-early gene expression following

appropriate stimulation [ 1 80].

Levels of histone acetylation also increase at immediate-early genes following

stimulation of the MAPK pathway. Histone modifications in combination with

ch¡omatin remodeling complexes likely facilitate their expression (Figure 1-8 and 1-9).

Ch¡omatin immunoprecipitation studies have detected increases in the steady-state level

of acetylation of histone H3 in the transcribed regions of c-jun and c-fos following

stimulation of the MAPK pathway [205,208]. Early sludies of this relationship suggested

that acetylated H3 became phosphorylated but also indicated that acetylation did not

predispose H3 to further modification by phosphorylation [211]. Later analysis with

antibodies recognizing di-modified H3 suggested the two modification were coupled; H3

phosphoacetylated at serine l0lysine 9 and serine i0 lysine 14 was present at immediate

early genes post-stimulation of the MAPK pathway 1205,208]. However, an increase in

H3 acetylation at immediate-early genes after mitogen stimulation is also detectable in

MSK1/2 knockout cells [180], indicating that phosphorylation and acetylation occur

independently. Furthermore, treating cells with inhibitors that prevent H3

phosphorylation does not prevent the increase in the steady-state level of acetylation at

immediate-early genes [205].

Modifications to chromatin following stimulation of the MAPK pathway are gene

specific. Although both acetylation and phosphorylation of histone H3 has been detected

at several immediate-early genes, this combination is not present at the heat shock Hsp70

gene. Following appropriate stimulation, chromatin associated with the Hsp70 gene
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becomes phosphorylated on histone H3 at serine 10, however there is no increase in the

steady-state level of acetylation [206].
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Figure 1-8. Phosphoacetylation of histone H3. Mitogen-induced phosphorylation of

histone H3 is mediated by MSK1/2 on serine 10 and serine 28. Dynamic acetylation of

the amino{erminal tail of H3 mediated by HATs takes place on lysines 9, 14, 18,23,

and 27. Acetylation is removed by the action of HDAC-containing complexes.
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Figure 1-9. The Ras-mitogen activated protein kinase pathway. The Ras-MAPK pathway
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immediate-early genes. This chromatin is undergoing dynamic acetylation by HATs and
HDACs. The SWVSNF ch¡omatin remodelling complex works in conjunction with histone
modifications to facilitate transcription.
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MSKI and MSK2

MSKs are well conserved, primarily nuclear proteins. Human MSK1 and MSK2 are 802

and 705 amino acids, respectively. Mouse MSK1 and MSK2 are 863 and 773 amino

acids long, respectively. Human and mouse MSK2 are 90%o identical in amino acid

sequence. Furthermore, human MSK1 and MSK2 areTíVo identical.

The MSKs are widely expressed proteins present in the liver, kidney, heart, brain,

pancreas, lung and placenta [212]. MSKI and MSK2 are part of the AGC (protein kinase

A, protein kinase G, and protein kinase C) kinase family along with the p70 and p90

ribosomal 56 kinases, protein kinase B, protein kinase C-related protein and serum and

glucocorticoid-inducible kinase. Two kinase domains are found within one polypeptide

in members of this family (Figure 1-10). A C-terminal kinase domain functions to

initiate the activation of the N-terminal kinase domain 1213,2141.

p38/ERK
docking

Y A"tiu" toopw ! i'¡t1*Pi",[:j'

Figure 1-10. Schematic diagram of murine MSK1. MSK1 contains two kinase

domains, each with an active loop, and a linker region containing a hydrophobic

motif. Phosphorylation sites shown are at Th¡ 645, Ser 375, Ser 359 and Ser 212.

Active ERK or p38 phosphorylates MSK1 atThr 654 and Ser 359.

N{erminal kinase domain
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Active p38 or ERK phosphorylates MSK1 at Thr 645 in the activation loop of the C-

terminal kinase domain and at serine 359 in the linker region. Autophosphorylation,

mediated by the C{erminal kinase domain, then takes place at serine 375 in the

hydrophobic motif. This promotes phosphorylation of a serine in the N-terminal kinase

domain, leading to full activation of MSK1 [179]. Although the exact steps leading to the

activation of MSK2 are not clear, one would predict that it is a sequence of events very

similar to what occurs for MSK1. Several other phosphorylation sites have been

identiñed on MSK1 and appear to contribute to its activity [215]. This study, done on

human embryonic kidney 293 cells, found that MSK1 autophosphorylates serine residues

212,376,381, 750, 752 and 758. Phosphorylation of serine 212 in the N{erminal

portion, mediated by the C{erminal kinase domain, is essential for catalytic activity of

the N{erminal kinase domain of MSK1 [215]. As well, mutation of serine 381 decreases

MSK1 activity, indicating that it too is an important MSK1 regulator [215].

MSK Substrates: ln addition to histone H3 and HMGNI, transcription factors are also

MSK substrates. This modification may alter the ability of these factors to interact with

other proteins and DNA. Mitogen or stress induction leads to the MSK-mediated

phosphorylation of cyclic AMP-responsive element binding protein (CREB) at serine 133

and activating transcription factor 1 (ATF1) at serine 63. Stress-induced phosphorylation

of CREB and ATF1 is abolished in MSK knockouts [180]. Although mitogen-induced

phosphorylation of these factors is also reduced in the knockout cells, a significant

amount of CREB and ATF1 phosphorylation at serine 133 and serine 63 respectively
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takes place following exposure to mitogens. This phosphorylation can be prevented by

the MEK inhibitor PD-184352, which suggests that another ERK-activated kinase is

involved 1179,2161.

MSK1 has also been shown to be involved in the phosphorylation of Akt (PKB), signal

transducer and activator of transcription (STAT3), Bad, ets-related protein (ER81) and

the p65 subunit of nuclear factor kappa B (NFrB). TNF activation results in MSK-

mediated phosphorylation of serine 276 in the p65 subunit of NFr<B [217]. MSK1 also

phosphorylates the tumorigenesis-associated transcription factor ER8l at serines 191 and

216 l2l7l. UV-irradiation induces MSK1 activation and phosphorylation of Akt at

th¡eonine 308 and serine 473, STAT3 at serine'127 and Bad at serine 112 [218-220].

MSK1 is also involved in erfhropoietin-induced phosphorylation of STAT3 through the

Ras-MAPK pathway [221]. Cells containing N- or C-terminal kinase dead mutants of

MSK1 exhibit reduced levels of stress-induced Akt, STAT3 and Bad phosphorylation. In

addition, the kinase inhibitor H89, used under conditions to specifically inhibit MSK

activity, prevents STAT3 phosphorylation [220].

In the cfloplasm, MSK1 phosphorylates serine 64 of elF-4E-binding protein 1 (4E-BPl)

in response to stimulants that activate the p38 MAPK pathway 12221. 4E-BP 1 impedes

the initiation of translation by binding to elF-48 on the mRNA cap. Phosphorylation by

MSK causes 4E-BP1 to release elF-4F, releasing the block in translation. It has also been

suggested that interplay between 4E-BP1 and MSKs contributes to UV-induced

tumorigenesis [222].
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The Nucleosomal Resoonse

The term nucleosomal response refers to the rapid phosphorylation of histone H3 at

serine l0 and of HMGN1 at serine 6 following stimulation of the MAPK pathway [223].

This process is thought to lead to the activation of immediate early gene transcription. As

an architectural chromatin protein, HMGN1 bínds nucleosomes to decrease the

compaction of chromatin and influences transcription by several means. It is thought to

regulate transcription factor binding to specific DNA sequences by altering accessibility,

and regulates the post-translational modification ofhistone H3.

Phosphorylation of HMGN1 weakens its interaction with the nucleosome. This makes

the tails of histone H3 more accessible for phosphorylation [195]. I¡ accordance with

this, phosphorylation of histone H3 at serine 10 is more rapid in HMGN1 -/- cells, and

the presence of HMGN1 decreases MSK-mediated phosphorylation of H3 in nucleosome

core particles at serines l0 and 28 [195,2241. These findings have led to a model of the

nucleosomal Íesponse wherein mitogen-induced phosphorylation of HMGN1 causes its

dissociation ÍÌom chromatin, facilitating H3 phosphorylation by giving kinases better

access to the amino-terminal tails of H3. In addition, acetylation of histone H3 at lysine

14, a modification known to be present in chromatin associated with immediate-early

genes during mitogen and stress-induced transcription, is increased in HMGN1+/+ cells

as compared to HMGN1 knockout cells [225]. HMGN1 and HMGN2 regulate H3

modifications differently. HMGN2 enhances acetylation of H3 at lysine 14 more

robustly than HMGN1, and unlike HMGN1, HMCN2 does not impede MSK-mediated

H3 phosphorylaTion 12241.
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Modifìcation of proteins within or closely associated with nucleosomes may impact the

stability of nucleosomal contacts and function. Nucleosome stability, placement and

function is the basis for the "regulated nucleosome mobility model" of transcription

[2261. ln this model the stability of nucleosome placement is altered by histone

modifications, particularly in those regions making contacts with DNA. The histone fold

is the most important of those regions, providing the contact interphase with DNA within

the nucleosome.

H3 PhosBhølslgé

The steady state level of H3 phosphorylation at any genomic loci is govemed by the

balance ofH3 kinases and H3 phosphatases. Two protein phosphatases, namely protein

phosphatase 1 (PP 1) and protein phosphatase 2A (PP2A) are implicated in the removal of

phosphate groups ÍÌom histone H3. PPI and PP2A can be distinguished by their

sensitivities to okadaic acid; l0 - 15 nM okadaic acid produces 50% inhibition ofPP1,

while PP2A is completely inhibited by 1 nM. PP 1 was identified as the major H3

phosphatase in mouse 10T1/2 fibroblasts by using cellular extracts to dephosphorylate

histones in vitro wilh various concentrations ofokadaic acid. Dephosphorylation was not

observed with a high concentration of okadaic acid (100 nM), while 2 nM okadaic acid

only partially inhibited dephosphorylation [209].

More recent experiments link PP2A to the dephosphorylation of H3. For example,

treatments of human hepatoma (HepG2) cells leading to increases in the concentration of

intracellular calcium led to dephosphorylation of histone H3; this dephosphorylation

could be prevented by inhibiling PP2A [227]. PP2A has also been associated with
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widespread dephosphorylation ofH3 during heat shock in drosophila [228]. Heat shock

dramatically shifts the transcriptional program, and in drosophila this shift correlates with

a shift in the location of phosphorylated H3. Heat shock induces a small percentage of

genes in drosophila; these genes undergo increased H3 phosphorylation, while

widespread dephosphorylation takes place at those genes that are no longer

transcriptionally active. Inhibition of PP2A prevents the widespread dephosphorylation

of formerly active genes, and PP2A mutants also display reduced heat-shock related

dephosphorylati on 12281.

The Hístone Code

It has been proposed that the numerous and highly variable pattems of histone

modifìcations present at various nuclear loci form a system, a 'histone code', that is

interpreted by the cell to specify future events [229]. Modifications may create or

remove binding sites, for example bromodomains interact with acetylated histones while

chromodomains interact with H3 methylated at lysine 9 12301. Domains such as these

may serve to target chromatin remodellers, histone modifuing enzymes, and transcription

factors to particular sites. For example, the heteroch¡omatin component HP1, which aids

in the spread of condensed chromatin structure, contains a chromodomain. Further, the

ATPase subunit of ch¡omatin ¡emodeller SWVSNF contains a bromodomain, and various

ch¡omodomains are found within other subunits of this complex 1231,2321. Modification

of a residue may also act simply to prevent future modification of that residue. For

example, methylation of histone H3 at lysine 9 is thought to contribute to transcriptional

repression by preventing the acetylation of that same residue [230].
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H3 Phosphorvlation ín Contrasting Roles: Transcriptíon and Chromosome Condensation

The association of H3 phosphorylation at serines 10 and 28 with condensed

chromosomes during mitosis is an apparent contradiction to its proposed role following

MAPK pathway stimulation. If the phosphorylation of H3 following MAPK pathway

activation results in a chromatin structure that is less condensed and more compatible

with transcription, how can it also be an important event correlating with mitotic

chromosome condensation? There are two possible answers. First, the combination of

modifications present on H3 during mitosis differ Íìom those present following MAPK

pathway activalion 12291. For example, phosphorylation of H3 at serine 10 in

combination with threonine 11, which is also phosphorylated during mitosis, could bind

proteins unlike those that bind if phosphorylation is not present at threonine 11. In the

second possibility, there is no apparent contradiction in the immediate function of H3

phosphorylation. In this scenario, mitotic H3 phosphorylation also results in a more open

chromatin conformation, which in tum allows the factors associated with mitosis and

condensed chromosomes to bind 12291.

VII. The MAPK Pathwa:t is Involved in Cancer

A mutation to one of the ras oncogenes causing the resultant protein to be constitutively

active is found in approximately 30% of all human cancers [233]. Defects to all three

Ras molecules have been detected, with Kirsten ras being mutated the most frequently

1233-2351. Abnormalities are also present in other members of the MAPK pathway.

Members of the epidermal growth factor family are upregulated in several cancers [236].

EGF is a tumour promoter; EGF-treatment of JB6 Cl41 epidermal cells can induce
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transformation. Mutatating serine 10 of H3 to alanine suppresses EGF-induced

neoplastic transformation, suggesting that the phosphorylation of H3 at serine 10 plays a

crucial role in EGF-induced neoplastic transformation [237]. EGF can also induce

HaCaT cell transformation to anchorage independent growth. This transformation was

¡educed by inhibitors of MEK and JNK, but increased upon inhibition of p38, implying

that ERKs, JNKs and p38 have varying roles in EGF-induced transformation [238]. High

levels of activated ERKs have been detected in tumor cell lines 12391. The BRAF gene,

coding for a MAP kinase kinase kinase, is Íìequently mutated in cutaneous melanoma

12401. Constitutive activation of the MEK./ERK pathway is observed in cell lines

containing a V5998 mutation in BRAF inespective of ras. The rate of proliferation of

these cells, as well as their ability to gro',v in an anchorage-independent manner,

decreases with reduced B-RAF activity [240]. Furthermore, in a study of low grade

dysplastic adenomas of the colon, the rho GDP dissociation factor, which is involved in

Ras activity, was upregulated along with proliferation-associated genes such as p21 and

p38a 12411. Judged according to the "adenoma-carcinoma sequence" of carcinogenesis

[242), deregiation of the MAPK pathway occurs near the beginning of colonic

carcinogenesis [241].

The Ras Oncogene

Ras is part of a protein superfamily that takes part in a variety of cellular processes.

Proteins in this family bind GTP and are charactenzed by low molecular weight.

Functions include the generation of oxidases (Rac, Rap), roles in the closkeleton (Rho,

Rac), inhacellular vesicular trafficking (Rab, Arl) and proliferation (Ras, Rap).
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Ras is a 21 kDa protein that associates with the plasma membrane through a l5-carbon

isoprenyl goup. This posltranslational modification of Ras, mediated by

farnesyltransferase, is required to maintain the transformational capabilities of oncogenic

Ras 1243-2461. The famesyltransferase responsible for modifuing Ras has thus been a

target for cancer therapies. Unfortunately, to date the expected potential of these drugs

appears to have been overestimated.

The Ras protein exists in inactive and active states. While inactive, Ras is bound to

guanine nucleotide di-phosphate (GDP). Activation occurs as GDP is exchanged for

guanine nucleotide tri-phosphate (GTP). This process is promoted by guanine nucleotide

releasing factors (GRFs) that associate with Ras. Son of sevenless (Sos) also acts to

promote formation of the active complex by inducing loading of GTP. Intrinsic Ras

GTPase activity hydrolyzes GTP to GDP, resulting in the formation of an inactive

complex. This activity is enhanced by GTPase activating proteins (GAPs).

Th¡ee ¡zs oncogenes, Hawey-ras (Ha-ras), Neuroblastoma- ras (N-t'as), and Kirsten-røs

(K-rrzs) have been identified in human maligrrancies. These genes code for proteins that

are constitutively active and may result in constitutive activation of the RaS-MAPK

pathway. Missense mutations in codons 12,13,59 and 61 result in a constitutively active

protein by abrogating the intrinsic GTPase activity of Ras. Residues 12 and 13, both

glycines in the wild type protein, are most frequently mutated in human malignancies

12471. Each ras genehas been connected to specific forms ofcancer [247]. K-ras is often

affected in lung, colorectal, and pancreatic cancers while N-ras is commonly mutated in

hepatocellular carcinoma, melanoma and hematological cancers. Point mutations

resulting in constitutively active Ha-¡as are associated with malignant tumours of the
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bladder, thyroid, and kidneys [247]. The Canadian Cancer Society estimates that 2006

will see approximately 14 400 Canadians diagnosed with malignancies of the thyroid,

bladder or kidney and 3400 Canadians die ofone ofthese types ofcancer.

Structural Changes |n the Nucleus of R

Abnormal nuclear morphology can be used to diagnose cancer [248]. Studies have found

that cellular transformation mediated by oncogenes leads to structural changes in the

nucleus. v-fes, v-mos, v-src, v-raf and 11-ras transformed cells contain nuclei that are

misshapen, having a more spherical, rigid shape [249]. Further, the extent of changes to

nuclear morphology correlates with the metastatic potential of transformed cells [249].

Components of the nuclear matrix are also altered in oncogene-transformed cells [250].

A study of ras- and kinase-transformed cells found similar nuclear matrix profiles for

highly metastatic lines, suggesting that nuclear matrix proteins change with each stage of

malignancy [7,250].

The mechanism of Ras-induced malignant progression in not fully understood.

Resistance to this phenomenon has been described ìn several cell lines [251-256]. This

may be due in part to variations in gene expression, as a single study comparing a

resistant line with a susceptible line found significant differences in the expression of

several genes including major excreted protein, jun and tissue inhibitor

metalloproteinas es [257 I.

Chromatin structure is also altered in oncogene-transformed cells. Oncogene-

transformed cells display an increase in the nucleosome repeat length and altered levels
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of histone variant H10 [258]. Micrococcal nuclease (MNase), which preferentially

digests DNA outside of nucleosomes, can be used as a probe to measure chromatin

compaction. Studies of bulk chromatin digested with this enz).rne established that

chromatin in ras-transformed cells is more susceptible to digestion than that in parental

cells, indicating that the conformation of ckomatin in ras{ransformed cells is somewhat

relaxed [258]. Furthermore, the DNA at the immediate-early genes omithine

decarboxylase and c-myc were also more susceptible to nuclease activity [258]. A later

study determined that levels of DNA methylation were similar in parental and ras-

transformed cells, excluding hypomethylation of DNA as the cause of this relaxation

l2sel.

Other abnormalities of chromatin structure in ras-transf'ormed cells include modifìcations

to histones. Increased levels of phosphorylated Hl and H3 phosphorylated at serine 10

have been detected in mouse fibroblasts transformed with constitutively active

components of the MAPK pathway, including MEK and Ras [260,261]. Levels of

activated ERKs and H3 kinase activity are elevated in ras-transformed cells, indicating

that these defects may be a direct result of a constitutively active Ras-MAPK pathway

[262]. In addition, amounts of phosphorylated Hls-3, a variant of Hl, are elevated in

cells transformed with oncogenes such as ras, raf, fes, mos and myc 1260]. Similarly

greater amounts of H1s-3 phosphorylation are seen in MEK{ransformed cells containing

elevated levels of activated ERK1 and ERK2 [260]. This modification is unique; it

requires ongoing transcription o¡ DNA replication [263]. The accessibility of H1s-3 to

cyclin E-Cdk2 may be limited in the absence of these processes, resulting in lowe¡ levels

of phosphorylation [263].
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Human fibroblasts lacking the tumour suppressor .Rå also display a "relaxed" chromatin

structure and greater quantities of phosphorylated H1 [264]. Cyclin E-Cdk2 kinase

activity is directly involved in elevating levels of phosphorylated HI in these cells. High

cyclin E-Cdk2 activity due to persistent activation of the Ras-MAPK pathway is also

responsible for increased quantities of phosphorylated H1 in oncogene{ransformed

fibroblasts [265]. Detection of similar aberrations to chromatin structure in oncogene-

transformed and tumour suppressor-deficient cells suggests that these proteins act to

regulate transformation through a common mechanism [264].

Modification of Hl by phosphorylation results in a weaker interaction with ch¡omatin

and increased mobility of the histone [33,266]. Dephosphorylated, but not phosphorylated

Hl inhibits ckomatin remodeling by the SWVSNF complex [267], suggesting that the

lessened affìnity phosphorylated H1 has for chromatin may also make ch¡omatin more

easily remodeled. These studies strongly suggest that phosphorylation of histone H1

destabilizes chromatin structure [268-2'1 0).

Immediate-early genes are known to be the targets for histone H3 phosphorylation at

serine 10 following stimulation of the MAPK pathway Í205,207,2081. Knockouts of the

H3 kinases MSK1 and MSK2 are deficient in mitogen-induced H3 phosphorylation and

immediate-early gene transcription [180]. This direct link between gene transcription,

chromatin structure and the MAPK paihway suggests that deregulation of the RaS-MAPK

pathway leads to abnormal chromatin structure and aberrant gene expression in

transformed cells [271 ].



Rational and Hypothesis

Stìmulation of the Ras-mitogen activated protein kinase pathway activates a series of

kinases, leading to a programmed transcriptional response. At the end of this pathway,

histone H3 is rapidly and transiently phosphorylated at serines 10 and 28 in a pattem that

parallels that of immediate-early gene expression. lmmediate-early genes are the known

targets for phosphorylation at serine 10. Knocking out the MAPK pathway induced H3

kinases, MSK1 and MKS2, in mouse fibroblasts causes a dramatic reduction in mitogen-

induced H3 phosphorylation and severely impairs mitogen-induced expression of

immediate-early genes. Serine 10 and serine 28 of H3 are phosphorylated by the same

enz),mes, MSK1 and MKS2, in response to stimuli such as growth factors and phorbol

esters. Further, the temporal induction pattem of phosphorylation at these two residues is

very similar, thus it appears that phosphorylation at serine 28 works in conjunction with

phosphorylation at serine 10 to promote the mitogen-induced expression of immediate-

early genes.

Approximately 30/o of all human cancers contain an activating mutation to one of the ¡.¿s

oncogenes. Ras-transformation is also associated with abnormal nuclear morphology,

alte¡ed nuclear matrix proflles, aberrant gene expression, and a relatively relaxed

chromatin structure. Cells containing a constitutively active Ras have also been found to

have increased levels of phosphorylated histone H1 and histone H3 phosphorylated at

serine i0. The direct link between gene transcription, chromatin structure and the MAPK

pathway suggests that deregulation of the Ras-MAPK pathway leads to the abnormal

chromatin structure and aberrant gene expression in t¡ansformed cells [271].
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l/'e hypothesized that:

Phosphorylation of histone H3 at serine 28 following stimulation of the Ras-MAPK

pathway contributes to immediate early gene activation by occurring concomitantly with

phosphorylation at serine 10. Aspects of this phosphorylation are altered in ras-

transformed cells and contribute to their abnormal ckomatin structure and aberrant gene

expression.

The objectíves of this study were to:

1 . Characterize H3 phosphorylation at serine 28 with respect to that at serine 10.

2. Determine if mitogen stimulation induces the phosphorylation of serine i0 and

serine 28 on the same molecules of H3, and if these two modifications work in

conjunction with each other.

3. Contribute to our understanding of the mechanism by which the transcription of

immediate-early genes is activated following mitogen stimulation.

Compare the timing, location and level of H3 phosphorylation in parental and røs-

transformed cells, and to identiff any abnormalities occurring in ras-transformed

cells.

Identifu the H3 variants targeted for mitogen-induced and mitosis-specific H3

phosphorylation and determine if any variant is preferentially phosphorylated.

5.

4.
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Chapter Ttpo: Møteriøls and Methodology



Cell lines and Tissue Culture

Parental 10T1/2 mouse fìbroblasts were originally obtained from the American Type

Culture Collection (ATCC) (Rockville, MD). Ciras-3 (C3) mouse fibroblasts ìüere

derived from 10T1/2 cells by transfection with the T24 H-ras oncogene [272], in which

glycine 12 is replaced with valine, and constitutively overexpress the T24 Ha-ras

oncogene 12721. Cells were cultured in a humidified environment, at 37"C with 5%o COz

in plastic tissue culture flasks or plates (Nunc, VtrVR Intemational, Mississauga, ON).

10T112 and C3 mouse fibroblasts were cultured in cr-MEM (Invitrogen Corporation)

containing 10% (vlv) fetal bovine serum (FBS) (CanSera,Ontario,Canada), 100 U/ml

penicillin G sodium, 100 ¡rglml streptomycin sulfate and 0.25 pglml amphoteracin B

(lnvitrogen Corporation).

Medium was prepared as per manufacturers instructions. Powdered medium was added

to a volume of ddHzO measuring 5% less than the required final volume of media with

gentle stirring. To fhis, 2.2g of sodium bicarbonate (NaHCO¡) was added per liter of

media. The media was then diluted to its final volume and stined gently until all

particulates were fully dissolved. The pH was adjusted to 7.3 with lN HCI or lN NaOH

and the media sterilized by filtration (Coming bottle top fl/'ter,0.22 ¡rm, Coming, NY).

Media was stored at 4"C fo¡ no longer than two weeks before use. Supplements ofFBS,

penicillin, streptomycin, and amphoteracin B we¡e added immediately before use.
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Seedins Cells

Cells were allowed to reach approximately 10% confluence before re-seeding. Medium

was aspirated and the cells washed with PBS, pH 7.5, before the addition of a small

amount (1-2 ml) of 0.25X trypsin. Following a 3 - 5 min incubation at3'l"C 5 - 10 ml

complete medium was added to stop the reaction and the cells were distributed to new

plates/flasks at a ratio of approximately 1 trypsinized plate to 5 new plates.

Harvestinp Cells

10T1/2 and C3 cells were harvested fiom 140 mm plates in the following manner. Media

was aspirated and 10 ml of cold PBS added to each plate. The plate was then tilted in

several directions so that cells were washed with PBS, the PBS aspirated and replaced

with another 10 ml PBS, and the cells washed a second time. After washing 2 ml PBS

was added to each plate and the cells scraped. Cell suspensions, kept on ice, were then

spun in 15 ml Falcon tubes at 1000 rpm for 2 minutes to pellet cells. Cell pellets were

washed with 10 ml PBS, and cells spun down again. After aspirating the final wash, cell

pellets were stored at -80oC.

P

The medium on logarithmically growing cells was aspirated and the cells washed once

with PBS, pH 7.5. Cells were trypsinized as described above, after which the resulting

cell suspension was centrifuged to pellet cells. Cells were then washed with PBS, pH

7.5, and spun down again. The pellet was resuspended in a solution containing 900 pl
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FBS (CanSera, Ontario, Canada) and 100 pl dimethylsulfoxide (DMSO) (Fisher

Biotech). The cell suspension was placed in a Cryotube (Corning) and kept on ice for

transport to liquid nitrogen tank.

Cells frozen in the liquid nitrogen tank.,vere periodically started up. Before removing a

vial of cells from the liquid nitrogen tank, complete media was warmed to 37'C and

placed in small flasks prepared to receive the cells. A cryovial was then removed from

the tank and rapidly warmed up to 37"C in the water bath, with agitation. Warm cells

were added to the prepared flasks and placed in the incubator (37"C,5% CO2) ovemight.

The next day cells were observed with a light microscope and the media replaced.

Antibodies

Various antibodies to H3, modified H3, HMGNI, RNA pol II, MSK1 and MSK2 were

obtained ffom commercially available sources including Sigma Chemical Company

(Saint Louis, MO, USA), Cell Signaling Technology (New England Biolabs Ltd.)

(Pickering, Ontario, Canada), Santa Cruz Biotechnology (Santa Cruz, CA, USA), Upstate

Biotechnology (Lake Placid, NY, USA), Abcam (Cambridge, MA, USA) and Zymed

(San Francisco, CA, USA) (Table 2.1). Secondary antibodies, conjugated to horse ¡adish

peroxidase (HRP) or fluorescein isothiocyanate (FITC), Cy3, or Texas Red were

purchased fiom Sigma Chemical Company (Saint Louis, MO, USA), Jackson

ImmunoResearch Laboratories (Homby, ON, Canada) and BIO-RAD (Hercules, CA,

USA). Primary antibodies used for Western blotting (WB) and ìndirect

immunofluorescence (lF) are listed in Table 2. l Secondary antibodies are listed in Table

2.2.



Type
Epitope

Recognition
Application Company

Rat monoclonal pS28 H3 WB, IF Sigma Chemical Company

Rabbit polyclonal pS28 H3 WB Upstate Biotechnology

Rabbit polyclonal pS10 H3 WB Cell Signaling Technology

Rabbit polyclonal pS10 H3 IF Santa Cruz Biotechnology

Rabbit polyclonal pS10AcKl4 H3 WB, IF Upstate Biotechnology

Rabbit polyclonal AcK9 H3 WB, IF Upstate Biotechlology

Rabbit polyclonal AcK9,14 H3 WB, IF Upstate Biotechnology

Rabbit polyclonal A.cK27 H3 WB, IF Upstate Biotechrology

Rabbit polyclonal Trimethyl K9 H3 WB, IF

Rabbit polyclonal Total H3 Cell Signaling Technology

Rabbit polyclonal PS6 HMGNl 56 WB, IF Upstate Biotechnology

Rabbit polyclonal Total HMGN1

Mouse monoclonal pS5 RNA pol II IF Upstate Biotechnology

Rabbit polyclonal MSKl IF Sigrna Chemical Company

Rabbit polyclonal MSK2 IF Zymed

Rabbit polyclonal MSK2 RandD

Table 2.1. Primary antibodies. Primary antibodies used in Westem blot (WB) or indirect

immunofluorescence (IF) experiments are shown with their commercial sourðe and

application. The type of antibody (monoclonal or polyclonal), species of origin, and

epitope are listed.

IF
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Conjugate Type Company

Texas red Donkey anti-rat Jackson lmmunoResearch

FITC Donkeyanti-mouse JacksonlmmunoResearch

cv3 Sheep anti-rabbit Sigma Chemicai Company

FITC Rabbit anti-rat Sigrna Chemical Company

HRP Goat anti-rabbit BIO-RAD

HRP Rabbit anti-rat Sigrna Chemical Company

Table 2.2. Secondary Antibodies. Horse radish peroxidase (HRP)-

conjugated antibodies used in Westem blot experiments and FITC-,

Cy3-, and texas red-conjugated antibodies used in indirect fluorescence

experiments are listed with their commercial source and species of

origin are listed.

Several factors must be taken into account when working with antibodies specific to

modi{ied histones. Lack of specificity to the desired epitope is common, as is epitope

occlusion, which can occur if multiple residues have been modified in close range. For

example, an antibody recognizing an epitope of H3 including phosphorylated serine 28

may not be able to bind H3 that has also been acetylated at lysine 27. Since multiple

hisone modifications are known to take place on the same molecule, this can significantly

complicate analysis. In recent years antisera recognizing different combinations of

modifications on one histone have been produced, however antisera recogni zing H3

phosphorylated at serìne 28 in combination with other modifications are not yet available.
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Manioulation o-f Cells with TPA. EGF. TSA. H89 and Colcemid

Phosphorylation of histone H3 occurs during mitosis and following stimulation of the

MAPK pathway. ln order to examine H3 phosphorylation in a group of cells undergoing

mitosis, cells grown to approximately 650á confluence were treated with colcemid

(Sigma, St. Louis, MO) at a concentration of0.06 pglml for l6 hours before harvesting or

fixation. Colcemid interferes with mitosis by inhibiting the formation of spindle

microtubules; treatment with this agent increases the proportion of cells in mitosis. To

confirm an increase in the numbe¡ of cells undergoing mitosis, fluorescence activated cell

sorting (FACS) was performed.

Epidermal growth factor (EGF) and 12-0{etradeconylphorbol- 13-acetate (TPA) were

used to stimulate the MAPK pathway. In order to remove background H3

phosphorylation from cells undergoing mitosis, 10T1/2 and C3 cells were first gtown to

100% and 807o confluence, respectively, and serum starved for periods of24 hours or 48

hours, respectively. Cells were then left untreated, treated with 100 nM TPA (Sigma, St.

Louis, MO) or treated with 50 nglml EGF (Sigma, St. Louis, MO) for periods of 7 to 90

minutes. ln experiments using trichostatin A (TSA), cells were first treated with 100 nM

TPA for 15 min, and then treated with a combination of 100 nM TPA and 500 nglml TSA

for 15 min (Sigma, St. Louis, MO).

The kinase inhibitor H89 was used to inhibit specific elements of the MAPK pathway.

H89 (Calbiochem) used at a concentration of l0 ¡rM, inhibits MSK1 and MSK2. When

required, cells were treated with 10 pM H89 for 30 min prior to TPA stimulation.
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100% Confluent I0T1/2 þarental) or C3 Cells (ras-transformed)

I
Serum Starve (0.1% FBS)

(H8e) I
TPA- or EGF-Treatment

(0.1% FBS)

Figure 2-1. Flow diagram representing cell treatments. Parental 10T1/2 or ras-

transformed C3 cells were grown to 100% confluence prior to serum starvation

for 24 or 48 hours respectively. The MSK1/2 inhibitor H89 was added to media

30 min before the start of TPA,/EGF treatment when required.

Flow Cltometric Anal:tsis of Cell Cvcle Distribution

To determine the cellular distribution in different phases of the cell cycle, flow

cltometric analysis was performed on various treated and untreated cells. Cells harvested

by trypsinizatìon were washed twice with PBS (pH 7.5) before being spun down and

resuspended in 2 ml PBS (pH 7.5). This suspension of cells was added to 4 ml ice-cold

95To elhanol in a drop-wise manner while mixing. The resulting suspension was

incubated in the cold room (approxim ately 4"C) for a minìmum of 20 min, maximum of

l6 hours, after which 1 pl of a l0 ¡rglpl ethidium bromide stock was added to stain DNA.

Tubes containing cell suspensions were then wrapped in aluminum foil and taken to Dr.

Ed Rector for analysis.

Analysis was performed on a Beckman Coulter EPICS Altra Fluorescence Activated Cell

Sorter (Missisauga, Ont) with EXPO32 MultiCOMP software version i.2. Samples were
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gated to avoid counting debris or cells that were stuck together. Excitation offluorescent

signal, via laser, took place at 488 nm, and the intensity of emitted fluorescence was then

measured at 610nm.

Extractìon o-f Histones and HMG Proteíns

Total histone preparation was done as described previously [209]. To prepare samples of

total histones, Íiozen pellets of cells were thawed on ice prior to resuspension in 1-5 ml

NP-40 buffer (10mM Tris pH 7.6, 150 mM NaCl, 1.5 mM MgClz, 0.1% NP-40, 1mM

PMSF, 1mM sodium orthovanadate, lmM NaF, 25mM p-glycerophosphate, and 5mM

sodium butyrate). For cells that were 100% confluent, approximately 0.5 ml NP-40

buffer was used per 140 mm (diameter) plate of confluent cells. When extracting

histones from cycling cells, volumes were adjusted accordingly. After resuspension cells

were homogenized 10 times and run through a 3 ml syringe with a 22-gauge needle three

times. These steps were performed on ice.

At this point samples were placed in Sarstedt 15 ml tubes and centrifuged at 4000 rpm for

five minutes at 4oC. The resulting supematant was discarded and the pellet resuspended

in RSB buffer (1OmM Tris pH 7.6, 1OmM NaCl, 3mM MgCl2, lmM PMSF, imM sodium

orthovanadate, lmM NaF, 25mM p glycerophosphate, and 5mM sodium butyrate).

Approximately 0.25 m'l RSB buffer was used per 140 mm plate of 100o/o confluent cells.

Samples we¡e then transferred to Eppendorf tubes and 4N HzSO+ was added to a final

concent¡ation of 0.4 N. After mixing by inverting the samples several times, they were

incubated on ice for approximately t hour.
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After this acid extraction, samples were centrifuged at 14 000 rpm in a microcentrifuge

for 10 minutes in the cold room (approximately 4'C). Supematants were transferred to

new eppendorf tubes, to which 100% TCA (trichloroacetic acid) was added to a final

concentration of 18% (v/v). Samples were then incubated on ice for approximately 45

minutes to allow proteins to precipitate. The samples were then centrifuged in the cold

room for 10 minutes at 14 000 rpm in a benchtop microcentrifuge. The resulting

supematant was discarded, and the pellet washed as follows. First pellets were washed

once with 1 ml of a solution containing 5 pl 12.1 M HCI for every 1 ml acetone. Upon

addition of wash solution, eppendorf tubes were inverted several times before

centrifugation at 13 000 rpm on a benchtop microcentrifuge at room temperature for 2 to

3 minutes. Pellets were then washed with I ml of acetone twice, centrifuging for 2 to 3

minutes in between washes. Following the {inal wash as much liquid as possible was

removed from the tubes and the pellets were left to air dry at room temperature ovemight.

The next day dried pellets were resuspended in 50 to 1 50 pl of ddHzO. This was done on

ice, after which the samples were stored at -20'C.

O uant ifì c at i o n o f H i s tone s

Prepared histones were quantified using the TCA precipitation assay performed as

follows. Ten ¡rl of each sample was placed in separate glass tubes. To each tube, 790 pl

ddHz0 and 400 pl of 50% TCA (1:1 v/v TCA/ddHzO) was added. A blank was prepared

by mixing 400 pl of 50% TCA (i:1 v/v TCA./ddHz0) and 800 ¡tl ddH20. Absorbance at

400 nm was then measured using a spectrophotometer (Ultraspec 3000 Pharmacia
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Biotech) and the concentration of each sample calculated according to the following

formula: Concentration (pdpl) = A¿oo X 120/0.093 / 1000.

Two Dímensional Gel Electropþplgs it

Acid-extracted histones were separated by two dimensional gel electrophoresis in which

histones separated in acid-urea{riton polyacrylamide gels were run into SDS-PAGE gels.

Acid-urea{riton polyacrylamide gels separate positively charged proteins based on size

and hydrophobicity. Minor residue changes in H3.1, H3.2, and H3.3 cause these proteins

to separate into distinct bands. Bands of separated histone variants are then compacted as

they pass through the stacking portion of the second dimension SDS polyacrylamide gel.

This allows for easier detection with stains such as 8-Anilino- 1-naphthalene-sulfonic acid

(ANS) and HRP-conjugated antibodies.

First dimensíon acíd-urea-Triton (AUT) polyacrylamide gel: The following stock

solutions were prepared for use in acid-urea-triton gels. TEMED/acetic acid stock (4%

TEMED, 43.1Yo acetic acid), 30% acrylamide stock (29.2%;o acrylamide, 0.8% bis-

acrylamide), 0.004% riboflavin stock, and 3M potassium acetate pH 4.0. Running buffer

for acid-urea-triton gels was made by combining 948 ml of double distilled water with

562 ml glacial acetic acid.

To pour the separating portion ofan acid-urea-triton gel, 4 g urea, 5 ml30% acrylamide

stock, 1.25 ml TEMED/acetic acid stock, 1 ml 0.004% riboflavin, 200 pl Triton X-100,

100 pl thiodiglcycol, and 2.45 ml double distilled water were combined in a beaker and

mixed until the urea completely dissolved. An approximately 12 cm separating gel was



then poured in between thin glass plates with 0.75 mm spacers. Prior to polymerization,

the gel solution was overlayed with 70%o ethanol, after which the gel was placed in

between two light boxes for t hour to polymerize.

A stacking gel, made by combining 3.2 gurea,2 ml 30% acrylamide stock, 1 ml 3M

potassium acetate, 800 ¡tl0.004% riboflavin, 160 pl Triton-X-100, 80 pl thiodiglycol, 80

pl TEMED and 680 pl double distilled water, was poured and a lO-well comb inserted

before polymerizing the stacking gel in the same way as the separating gel. After

polymerization the gel was wrapped in damp paper towels, covered with plastic wrap and

placed in the cold room (approximately 4"C) ovemight.

Sample preparation. Samples to be run were first combined with reducing mix, then

double distilled water and AUT sample buffer just before loading. Samples were

prepared on the day the gel was to be run as follows: I 5 pg of each sample was placed in

a clean eppendorf tube. For each 5pl of sample,4¡rl of reducing mix(1ll/1/1by volume:

2-mercaptoethan o1, 20% (w/v) cysteamine, ddHzO, 1 M Tris-HCl pH 8.8) was added,

after which samples mixed with reducing mix were incubated at room temperature for 20

minutes. For every 5 ¡rl of sample, 4.3 ¡rl of double-distilled water and 6.7 pl of sample

buffer (6 M urea, 5%o acetic acid, 12.5 mg/ml protamine sulfate, 0.2% pyronin Y, 30%o

sucrose) was added just before loading gel. Protamine sulfate binds to free carboxyl

groups in the gel matrix; this decreases the binding of histones and results in less

smearing [273].

Runníng of AUT gel: Gels were run in the cold room at approximately 4oC. One half

hour before the staÍ of sample loading, the gel apparatus, complete with ruru:ring buffer,

was set up such that it was cold prior to the application of voltage. Samples prepared as
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described above with 10 pg of each sample were run toward the cathode. Gels were run

until the pyronin Y in the sample buffer ran off the bottom of the gel, which took

approximately 4 hours at 250 V at 4oC.

AUT gel treatment: After sufficient separation of H3 variants was achieved, the AUT

polyacrylamide gel was removed fiom the glass plates and rinsed once in double distilled

water. Gels were then stained with 8-Anilino- 1-naphthalene-sulfonic acid (ANS). To

this end, gels were placed on a rocking platform in a container of freshly prepared

staining solution of 90 pglml ANS (Eastman KODAK Company, Rochester, New York).

Gels were stained for 30 minutes at room temperature, after which staining solution was

removed and replaced with ddHz0. Gels were destained in double distilled H2O over a

period of t hour with several changes of wash solution.

Stained gels were then placed on a UV transilluminator to view the histone variant bands.

After locating H3.1, H3.2, and H3.3, lanes were cut to encompass these bands for each

sample. Sample lanes were then placed in small plastic dishes, to which 50 ml of 2D gel

solution (5% B-mercaptoethanol, 2.3Yo SDS, 62.5 mM Tris pH 6.8) was added. The

dishes were then covered and placed on a rocking platform for 30 minutes to prepare

proteins to run into an SDS-gel.

Second dimension SDS-polyacrylamide gel: Slices of AUT polyacrylamide gels treated

as described above were applied to the top ofthe stacking portion of SDS-polyacrylamide

gels. For this type of analysis SDS gels were 15olo polyacrylamide, poured as described

previously with the use of 1.0 mm spacers. After application of the AUT gel slice, SDS-

PAGE running buffer was added and the gels run for approximately 1.25 hours at200Y.
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Transfer of Proteins lo Nitrocellulose

Proteins, including histones, were transferred to nihocellulose for immunoblot analysis.

After running SDS-PAGE gel, the gel was carefully removed Íiom between the glass

plates and set up in a sandwich such that proteins could be transferred to a pre-soaked (in

transfer buffer) piece of nitrocellulose. Transfer buffer contained 400 mM 3-

(cyclohexylamino)- 1-propanesulfonic acid (CAPS) and 20%o methanol in ddHzO. Histone

transfer was carried out ovemight at 50 volts (V) or for t h at 100 V, always in the cold

room. Transfer of other proteins was done ovemight (approximately I 6 h) at 50 V in the

cold room.

Acid-Urea Polvacrylamide Gel Separatíon qf Acìd-Extracted Histones

Acid-urea polyacrylamide gels separate histones based on size and charge, such that one

charge-altering modification results in a shiÍÌ upward ofone band. This type ofgel was

used to analyse the phosphorylation and acetylation of H3. The following stock

solutions were made up and stored in brown bottles at 4oC for not longer than 2 months.

TEMED/acetic acid stock (4% TEMED, 43.1%o acetic acid), 30Vo acrylamide stock

(29.2Yo acrylamide, 0.8% bis-acrylamide), 0.004% riboflavin stock, and 3M potassium

acetate pH 4.0. Running buffer, consisting of 52 glacial acetic acid in lL \'r'ater, was

made up just before use.

The separating gel was made by combining the following in a glass beaker: 7.20 g urea,

10.0 ml 30% acrylamide stock, 2.50 ml 4% TEMED/Acetic acid stock, 2 ml 0.004%

riboflavin, 200 pl thiodiglycol, ddH2O to 19.4 ml. The solution was mixed until all urea
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dissolved, after which it was poured between glass plates (approximately 6 inches

(height) by 8 inches), 70% ethanol placed on top, and the plates placed in berween two

light boxes for 3 to 4 hours. At this point the ethanol was poured off and the gel rinsed

twice with water.

The stacking gel was made by combining 2.88 g urea, 1.6 ml30% acrylamide stock, 2.33

ml 3M potassium acetate pH 4.0, 800 ¡tl 0.004% riboflavin, 80 pl thiodiglycol, 80 pl

TEMED with enough double-distilled water to make 8 ml. Stacking gel was then poured

on top of the separating gel, a comb with 25 wells ìnserted, and the apparatus was again

placed in between two light boxes for 3-4 hours. After polyrnerizing the gel was wrapped

and stored at 4"C ovemight before use.

The following day samples were prepared as follows: 15 pg of each sample was placed

in a clean eppendorf tube. For each 5¡rl of sample, 4pl of reducing mix (1/Ul/1 by

volume: 2-mercaptoethanol, 207;o (w/v) cysteamine, ddH2O, 1 M Tris-HCl pH 8.8) was

added, after which samples mixed with reducing mix were incubated at room temperature

for 20 minutes. For every 5 ¡rl of pure sample, 4.3 pl of double-distilled water and 6.7 ¡tl

of sample buffer (6 M urea, 5%o acetic acid, 12.5 mglml protamine sulfate, 0.2% pyronin

Y, 300/o sucrose) was added just before loading gel. Protamine sulphate was added to

sample buffer to reduce smearing of the histones.

Gels were run on the large BIORAD setup, with a cooling core, at 250 V for 25 hours, in

running buffer (3L: 156 ml glacial acetic acid plus 2844 ml double distilled water). Gels

were then removed from the apparatus and histones transferred to polyvinylidene fluoride

(PVDF) membrane as positive proteins.
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Trans-fer o-f Histones to PVDF Membrane as Posítíve Proteins

Histones in acid-urea gels were transferred to PVDF membrane as described previously

by Dimitrov and Wolffe [274]. This was accomplished by setting up the transfer

apparatus as usual (see section on Westem blots), then inversing the orientation of the

sandwich with respect to the positive and negative electrodes. Transfe¡ took place

ovemight at 50V in the cold room (approximately 4oC) in transfer buffer containing 0.7%

acetic acid, 10% methanol.

Coommassie Bhte Staining o.f Histones ín SDS-Polvacrylamide, AU and AUT sels

Acid-extracted histone samples separated by SDS-PAGE or acid-urea-Triton gel or acid-

urea gel were stained with Coommassie Blue. After running, gels were carefully

¡emoved from glass plates and placed in Coommassie Blue solution (45% (v/v) methanol,

9% (v/v) glacial acetic acid, 0.04%o (w/v) Coommassie Brilliant Blue) and incubated at

room temperature ovemight.

Gels we¡e destained the following day. Staining solution was removed and destaining

solution (7% (v/v) glacial acetic acid, 5%o (v/v) methanol) added, after which gels were

placed on â rocking platform. Destaining solution was changed 4-5 times over a period

of several hours.

t

Histones separated by acid-urea and acid-urea-triton were stained with ANS (Kodak).

After running, gels approximately 7 inches long containing histones were removed from



between glass plates and rinsed in ddH20. Gels were then placed in a container with

freshly prepared staining solution (90 pglml ANS in ddHzO). The dish containing gel

and staining solution was incubated on a rocking platform for 30 minutes at room

temperature to stain proteins, after which the staining solution was discarded and replaced

with ddHzO. Gel was washed with multiple changes of ddHzO on the rocking platform

for I hour, changing the water approximately every 10 minutes. Following washing the

gel was illuminated on a UV (ultraviolet) light box and photographed.

Drying Gels

Stained gels were scanned with the Kodak Imager before drying. Gels were dried when

necessary with the following procedure. Film (Hyperfilm, Amersham Biosciences) and

gel were pre-soaked in soaking solution (i0% glycerol, 20Yo ethanol) for approximately

30 minutes. Gel was then put in between 2 pieces of film such that no air bubbles were

present and the setup secured with metal clips. Gels were allowed to dry at room

temperature for 2 days.

Immunos taining Proteins on Membranes

Immunostaining of proteins on nitrocellulose membranes was carried out as per standard

protocols. Dry membranes were baked at 65"C and blocked with solutions of PBS

(phosphate buffered saline, pH7.5), PBST (PBS with 0.5% tween 20), TBS (tris buffered

saline, pH 7.5), or TBST (TBS with 0.5% tween 20) containing 2-8%o skim milk powder

or 50ó bovine serum albumin (BSA) for periods of 20 minutes to t hour. Membranes



were then incubated in primary antibody solution (1:200 to 1:3000 dilution of primary

antibody in PBS, PBST, TBS or TBST containing 0 - 4% skim milk powder or BSA) for

periods of 2 to 16 h. After this incubation membranes were removed Íìom primary

antibody solution and washed with washing solution (PBS, PBST, TBS or TBST) several

times, 5 min each, before incubation in secondary antibody solution (secondary antibody

I :5000 to 1 : 10000 in PBS, PBST, TBS or TBST) for 20 minutes to I hour. Membranes

were then washed several times before development with enhanced chemiluminescence

(ECL) plus Vy'estem Blotting Detection Reagents (Amersham Biosciences) and exposure

to film.

staining Proteíns with IndiL Ink

Acid-extracted proteins present on dried nitrocellulose and PVDF membranes were

stained with a solution of India Ink (diluted 1 to 300) in PBS for a period ofno more than

3 minutes on a rocking platform. Staining solution was then discarded and membranes

were rinsed with ddH2O before beginning a procedure to immunostain proteins.

Str ipping Immunos tained Membrane s

Membranes were stripped of commercial antibodies following exposure to film in the

following manner. Membranes (nìtrocellulose or PVDF) were washed four times for 5

minutes each in PBS, pH 7 .5, a¡d then incubated with stripping solution (62.5 mM Tris-

Cl pH 6.8,2% SDS, 100 mM p-mercaptoethanol) for 30 minutes at 50'C. Membranes

were then washed in PBS three times, 5 minutes each, before they were developed with
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ECL and re-exposed to film. An absence of signal on the film indicated that stripping

was successful.

Ind ire c I I mmuno-ll uores cence.

10T1/2 cells we¡e gro\rn on glass coverslips (Fisher Scientific) placed inside the wells of

24-well plates (Coming Incorporated, Coming, NY, USA) and grown to 100%

confluence. Cells were then washed twice with PBS and placed in media supplemented

with 0.7%o FBS fo¡ 24 h. Half of the wells were then treated with i00 nM TPA for 15

min. Cells were then fixed in a 4%o paraformaldehyde solution for 30 min on ice and

immersed in 500 pl of quenching solution (75 mM NH¿CI, 20 mM glycine in PBS) for l0

min. Cells were then incubated in permeabilizing solution (0.5% Triton X-l00 in PBS)

for 30 min on ice, after which the permeabilizing solution was removed by two washes

with PBS and the cells incubated in blocking solution (0.02% saponin, 0.05% sodium

azide,I%o bovine serum albumin, 0.1% fish skin gelatin and 4%o normal goat serum) for 1

h in a moist chamber at room temperature. Cells were then incubated with dilutions of

primary antibody in antibody dilution buffer (0.02% saponin, 0.05% sodium azide, 1%o

bovine serum albumin,0.05% fish skin gelatin and 1olo normal goat serum) ovemight at

4oC in a moist chamber. Cells were then washed with PBS for 15 min, changing the PBS

twice. After aspirating the PBS, secondary antibody diluted in antibody dilution buffer

was added and allowed to sit for t h at room temperature in a moist chamber. Cells were

then washed for i5 min with PBS and mounted onto slides with Vectashield mounting

medium with DAPI (Vector Laboratories Inc., Burlingame,CA,USA). Pictures were

taken at 0.25 ¡rm increments with a Zeiss Axioplan 2 microscope and AxioCam HR CCD
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(Zeiss). Images of nuclei or whole cells were deconvolved with Axiovision 3.1 software

(constrained iterative).

Sqft Asar Assa!-for Colony Formation

The soft agar assay for colony formation measures a cell's ability to grow in an

anchorage independent fashion. Most normal cells require adherence to a solid surface to

grow and divide. In this assay, cells are seeded in medium made semi-solid by the

addition of agarose. Only cells able to grow without adhering onto a solid surface can

grow and divide in semi-solid medium. Due to the semi-solid state of the media, cells do

not move aparl after cell division, creating colonies.

Base Agar Preparation: Cells are seeded into semi-solid media that is placed directly on

top of a solid base containing media solidified by the addition of agarose. Plates can be

prepared with base agar and kept at 4"C up to three days before cells are seeded. To

prepare base agar, melted, sterile 1% agarose and 2X o-MEM þrepared by making o-

MEM as per manufacturers instructions with the exception of halving the final volume,

and adding twice the usual amount þer ml) of FBS and antibiotics) warmed in a 40'C

waterbath were mixed 1 :1 and poured into plates. Media was allowed to set fo¡

approximately 5 minutes.

Seeding cells in semi-solid medía: Semi-solid media is made by mixing (l : l, v/v) sterile

0.7%o agarose and 2X c¿MEM (including FBS and antimicrobials, antifungals). While

sterile 0.7% agarose and 2X c¿MEM warmed in a waterbath at 40"C logarithmically

growing 10T1/2 and C3 cells were hawested by trypsinization and counted using a
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Coulter Counter. Semi-solid media was then mixed and approximately 5000 cells seeded

per plate. Plates were left to set for 5 minutes so that the top layer became semi-solid and

then placed in the tissue culture incubator (37"C, 5% COù.

Counting Coloníes: After colonies gre',v, they were counted and photographed on a

dissecting light microscope.

Spectral Karyotvping (SKY)

SKY analysis was performed on 10T1/2 cells with the SkyPaint Probe kit for mouse

samples from Applied Spectral Imaging (Viste, CA) according to manufacturer's

instructions.



Chapter Three: Results



L The Induction Pattern of H3 Phosphorylation at Serine 28 is Parallel to that at

Serine l0

Exposing 100% confluent, serum-starved fibroblasts to agents that stimulate the MAPK-

pathway such as growth factors, phorbol esters and inadiation activates a series of

kinases, including ERKs [275]. This treatment also results in the phosphorylation of

histone H3 at serine 10 and HMGN1 at serines 6,20 and 24 [180]. We extracted histones

from sets of cells that were a) grown to 100% confluence, b) grown to 100% confluence

and serum-starved lor 24 hours, and c) grown to 100% confluence, serum-starved, and

treated with 100 nM TPA for 15 minutes. Histones were separated by SDS-PAGE,

transfer¡ed to nitrocellulose, and immunostained with antisera against H3 phosphorylated

at serine 28 (pS28 H3). As expected, we were unable to detect pS28 H3 in cells that had

been serum-starved for 24 hours, nor could we detect pS28 H3 in 100% confluent cells

(Figure 3-1 A).

To determine if the temporal induction pattem of H3 phosphorylation at serine 28 is

similar to that at serine 10, 100% confluent, serum-starved 10T1/2 mouse fibroblasts

were treated with the phorbol ester TPA ( 100 nM) for varying lengths of time (Figure 3-1

B). Histones extracted from treated and untreated cells were separated by SDS-PAGE,

transferred to nitrocellulose and phosphorylated H3 was detected with antisera specific to

H3 phosphorylated at serine 10 (pS10 H3) or serine 28 (pS28 H3). Following detection

blots were stripped and re-probed with antisera against total H3, which served as a

loading control.

As shown in Figure 3-1 B, the induction pattem of H3 phosphorylation at serine 28 is

very similar to that at serine 10. Phosphorylation ofH3 atserine23 is rapid and transient.

-79 -



On both residues phosphorylation is induced such that levels are dramatically increased

15 minutes after the beginning of treatment, remain high 30 minutes into treatment, are

decreased 60 minutes after treatment began, and are close to levels seen in untreated cells

90 minutes after the onset ofexposure to TPA. Phosphoacetylated serine 10lysine 14 H3

þS10AcK14 H3) was also detected with specific antisera, revealing that the number of

molecules of H3 with this combination of modifications also increases dramatically upon

mitogen stimulation. The induction pattem of pSl0AcK14 H3 was similar to that of

pS10 H3 and pS28 H3, with levels of pS1OAcKl4 H3 rising rapidly at the start of

stimulation and beginning to decrease more than 30 minutes later. This pattem is

comparable to the transient activation of ERK following stimulation of the mitogen

activated protein kinase pathway. Active ERKs can be detected in mouse 10T1/2

fibroblasts following a i5 min TPA treatment and reach a maximum at 30 minutes, after

which they subside 12751.

To determine the enzyme most likely responsible for the phosphorylation of H3 at serine

28, 100% confluent, serum-starved 10T 1/2 mouse fibroblasts were treated with 100 nM

TPA for 15 minutes in the presence and absence of the kinase inhibitor H89 (Figure 3-1

C). At a concentration of 10 ¡rM, H89 has been shown to significantly decrease the

activity of several protein kinases including MSKl, MAPK-activated protein kinase lb

(MAPKAP-K1b), PKA, PKBct, p70 ribosomal protein 36 kinase (S6K1), Rho-dependent

protein kinase II (ROCK-II) and AMP-activated protein kinase (AMPK) [27 6]. H89 was

added to culture medium 30 minutes prior to the start of stimulation. Histones extracted

fiom treated and untreated ceìls we¡e separated by SDS-PAGE. Levels of H3

phosphorylated at serine 10 or at serìne 28 were then detected with specific antisera. To
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control for loading, nitrocellulose membranes containing histones were stained with India

Ink (Figure 3-1 C, lowest panel). A thirty minute pre-treatment with H89 effectively

prevented TPA-induced phosphorylation ofH3 at serine 10 and at serine 28 (Figure 3-1

C). In a paper published in 2003, Soloaga et al [180] demonstrated that mitogen-induced

phosphorylation is abrogated in knockouts of MSKI/2 (mouse embryonic fibroblasts),

confirming our suspicion that MSKs mediate mitogen-induced H3 phosphorylation.

Following stimulation of the Ras-MAPK pathwa¡ many small foci of H3 phosphorylated

at serine 10 appear in the nucleus. These foci are excluded fiom pericentromeric

heterochromatin [209]. Indirect immunofluorescence was performed to determine the

subcellular localization ofH3 modified by mitogen-induced phosphorylation at serine 28.

H3 phosphorylated at serine 10 and at serine 28 was visualized in 100% confluent,

serum-starved 10T1/2 mouse fibroblasts treated with 100 nM TPA for i5 minutes.

Antisera specific to H3 phosphorylated at serine l0 or serine 28 stained numerous small

foci ofpH3 throughout the nucleus after 15 min TPA (Figure 3-2). Arrows point out

regions of intense DAPI staining that correspond to AT-rich pericentromeric

heterochromatin [209]. Like H3 phosphorylated at serine 10, H3 phosphorylated at

serine 28 is excluded fiom regions of highly condensed pericentromeric heterochromatin

in interphase cells. Thus this modification is occurring on potentially transcriptionally

competent ch¡omatin. We also observed mitotic chromosomes intensly stained with

antisera against both pSl0 H3 and pS28 H3 on slides of serum-starved cells, excluding

differential antibody access to highly condensed ch¡omatin as an explanation for our

observed pattem ofpS10 H3 and pS28 H3 in interphase cells (data not shown).
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Figure 3-1. Phosphorylation of H3 at serine 28 is induced by stimulation of the Ras-MAPK
pathway. A, B and C) Hìstones extracted from 100% confluent, 1000/o confluent and serum
starved (SS or S. Starved) and TPA-treated 10T1/2 mouse fibroblasts were separated by
SDS polyacrylamide gel electrophoresis prior to immunoblotting with antibodies specific
for H3 phosphorylated on serine 10 (pS10 H3) or 28 (pS28 H3), total H3 and H3
phosphoacetylated at serine 10 lysine 14 (pS10AcK14 H3). A) H3 phosphorylated at
serine 28 could not be detected in 100% confluent cells or cells that were serum-starved,
but was found in TPA treated cells. India ink stain was used to confirm equal loading of
samples. B) Timeline of H3 phosphorylation exhibits the temporal pattem of induction
following stimulation of 100% confluent, serum-starved 10T1/2 fibroblasts with 100 nM
TPA. C) The addition of the MSKI/2 inhibitor H89 to culture medium 30 min prior to a

15 min TPA treatment prevents H3 phosphorylation; India ink stain shows equal loading.



ps10 H3

Figure 3-2. H3 phosphorylated at serine 10 or 28 is excluded from
pericentromeric heteroch¡omatin. Indirect immunofluorescence with antisera
against phosphorylated H3 serine 28 (pS28 H3) or serine 10 (pS10 H3) was
performed on interphase 10T1/2 cells. Cells were co-stained with DAPI. Digital
optical sections of 0.25 pm were obtained and false-coloured green (pS28 H3),
red þS10 H3) or blue (DAPI). Images were deconvolved with Axiovision 3.1

software. Yellow arrows point at regions of pericentromeric heteroch¡omatin.
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IL Steadv State Levels of Mítogen-Induced H3 Phosphorvlation

Histone modifications are thought to act in combination with each other as part of a

histone code that is interpreted by the cell and converted into specific biological

outcomes 12291. Ãcetìc acid-urea polyacrylamide gels (AU gels) resolve histones based

on size and charge and were used lo analyze the extent of charge-altering modifications

present on the population ofhistone H3 participating in mitogen-induced phosphorylation

at serine 10 and 28. Phosphorylation and acetylation reduce the net positive charge on

H3, resulting in slower migration of the isoform according to the number of charge-

altering modifications [208]. Thus a molecule of H3 having been modified by acetylation

twice (di-acetylated) will nrn more slowly than a molecule of H3 having been modified

by phosphorylation once (mono-phosphorylated). Modifications that do not alter the net

charge of H3, such as methylation, do not alter migration in acid-urea polyacrylamide

gels.

Histones extracted from serum-starved 10T1/2 cells that were either treated with 100 nM

TPA for 15 min or left untreated were resolved in the AU gel shown in Figure 3-3 and

stained with Coommassie Blue. Note that in both lanes of this gel the majority of H3 lies

in the non-modified band, indicating that most of the H3 in the nucleus of these cells is

unmodified, even after mitogen-stimulation. TPA{reatment results in the modification of

only a small fiaction of histones associated with the genome.

To determine the distribution of H3 modified isoforms participating in TPA-induced H3

phosphorylation histones extracted {ìom the nuclei of untreated and TPA-treated (100

nM; 15 min) cells were separated in AU gels, transferred to PVDF membrane and

immunostained with antisera specific for H3 phosphorylated at serine l0 (pSl0 H3), H3
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phosphorylated at serine 28 (pS28 H3), H3 phosphoacetylated serine 10 lysine 14 H3

(pS l0AcK14 H3), and total H3.

As shown in Figure 3-4 A, H3 phosphorylated at serine 10 was present in mono-, di-, tri-

modified forms of H3, with a small amount in tetra-modified forms. Density scans of the

results in Figure 3-4 A indicate that fifteen minutes into TPA treatment H3

phosphorylated at serine 10 is present in the mono- and di-modified fractions ofH3, and

less so in the tri-modified fiaction (Figure 3-4 B). Thirty and sixty minutes into TPA-

treatment the majority of H3 modifìed by phosphorylation at serine 10 is present as a

mono-modified isoform of H3 (Figure 3-4 A and B). A¡tisera specific to H3 modified by

phosphorylation at serine 10 and acetylation at lysine 14 detected the presence of this

combination of modifications mainly in di-modified isoforms of H3 (Figure 3-4 A).

The distribution of H3 phosphorylated at serine 28 among modified isoforms differed

from that of H3 phosphorylated at serine 10. Antisera specific to H3 phosphorylated at

serine 28 detected the presence of this modification in mono-, di-, and tri-modified

isoforms (Figure 3-4 A). A small amount of H3 phosphorylated at serine 28 was detected

in tetra-modified isoforms of H3 (Figure 3-4 A). In contrast to the results for H3

phosphorylation at serine 10, at fifteen and thirty minutes into TPA-treatment H3

phosphorylated at serine 28 is primarily present in a tri-modified isoform (Figure 3-4 A

and B). Sixty minutes after the start of TPA stimulation of the Ras-MAPK pathway, H3

phosphorylated at serine 28 is most prominent in tri-modified isoforms of H3, followed

by mono- and di-modified isoforms (Figure 3-4 B).
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Histone hyperacetylation, mediated by the opposing activities of histone

acetyltransferases and histone deacetylases, has iong been associated with transcriptional

activity. Levels of acetylated histone H3 present at immediate-early genes increase

following mitogen or stress stimulation of the MAPK pathway [180,205]. Thus we

sought to determine if the phosphorylation of H3 at serine 28 also occurs in regions

where dynamic acetylation is taking place. To this end, 100o/o confluent, serum-starved

cells were treated with a combination of the HDAC inhibitor trichostatin A (TSA) and

TPA. TPA was added first for a period of fifteen minutes before TSA was added for an

additional 15 minutes.

Histones extracted from treated and untreated cells were separated by SDS-PAGE,

transferred to nitrocellulose and immunostained with antisera against H3 acetylated at

lysines 9 and 14 (AcK9, 14 H3) (Figure 3-5 A). Loads were controlled for by staining

membranes with India ink. The lanes containing TPA{reated and TPA, TSA-treated

samples show increased loading compared to the serum-starved (SS) lane (lowest panel).

The increased load in the TPA-treated lane accounts for the increased amount of AcK9,

14 H3 in this lane compared to the SS lane. The load in the TPAlreated lane is also up

compared to that in the TPA, TSA-treated lane. However, the TPA, TSA-treated lane

contains more AcK9, 14 H3 than both the SS lane and the TPA{reated lane. Thus the

increased amount of AcK9, 14 H3 present in the TPA, TSA-treated lane can only be

partially accounted for by the increased load (compared to SS), and must represent an

increase in the amount of this histone modification in TPA,TSA-treated cells compared to

serum-starved cells. Thus as expected treatment with TSA led to an increase in the
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steady-state level of H3 acetylated at lysines 9 and 14 within 15 min of the start of

treatment,

H3 phosphorylated at serine 10 was immunostained (Figure 3-5 B) on another blot and

was elevated in both the TPA{reated and TPA, TSA{reated samples. Extracted histones

were also separated on acid-urea gels, transferred to PVDF membrane, and

immunostained for modified forms of H3 (pS10 H3, pS28 H3, pS10AcK14 H3). Total

H3 was also stained as a loading control. As shown in Figure 3-5 C, following addition of

TSA pS10 H3 and pS28 H3 modified forms of H3 are found in tri- and tetra-modified

states. This result indicates that H3 phosphorylated at either serine 10 or serine 28 is in a

region of chromatin undergoing dynamic acetylation.

Epitope occlusion has been noted for antibodies specific for modified histones. This

phenomenon, in which the presence of additional modifications at sites within the

antibody's epitope prevent antibody-antigen binding, limits the use of modification-

specific antibodies. For example, an antibody to H3 phosphorylated at serine 10

described by Clalon et al 12071, cannot recognize H3 phosphorylated at serine 10 if the

molecule has also been acetylated at lysine 9. Other antibodies to H3 phosphorylated at

serine 10 are able to recognize this modification even if acetylation at lysine 14 is present

[208]. TSA{reatment leads to the formation of highly acetylated isoforms of H3.

Possible sites of acetylation are lysines 4,9, 14, 18, 23-, and 27, all of which are in

relatively close proximity to serine i0 and serine 28. Our antibodies for both H3

phosphorylated at serine 10 and H3 phosphorylated at serine 28 were able to detect

highly acetylated isoforms ofH3 (Figure 3-5 C), indicating that epitope occlusion due to

acetylation was likely not a factor in our results. Other modifications, such as
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methylation which can occur on H3 adjacent to serine 10 at lysine 9 and adjacent to

serine 28 at lysine 27 could still be a factor in epitope recognìtion.

ilI. Cells Containing a Constitutivel! Active Ras Displav Anchorage-Independent

Growth and Contain Increased Levels qf Phosphorvlated Chromatín Proteíns

Ch¡omatin structure is often altered in transformed cells. Previous studies have shown

that ras-transformed cells contain increased amounts of H3 phosphorylated at serine 10

[209]. We hypothesized that levels of H3 phosphorylated at serine 28 would also be

increased in t¡ansformed cells. To compare histone modification levels, histones were

extracted from sets of cell cycle matched parental 10T1/2 and ras-transformed C3 cells.

Keeping the proportion of cells in each phase of the cell cycle approximately the same in

each sample controlled for the extensive phosphorylation of H3 occurring in mitosis.

Histones extracted fiom a set of cell cycle matched l0T1l2 and C3 cells were separated

by SDS-PAGE, transfer¡ed to nitrocellulose, and immunostained with antisera specific to

H3 phosphorylated at serine 28 or serine 10 and for total H3 to compare loading (Figure

3-6 A). Fluorescence activated cell sorting determined that the proportion of cells in the

G2 and mitosis phases combined was 20Yo in 10T1/2 cells compared to 160/o in C3 cells

(refer to table in Figure 3-6 B). As expected, our ras-transformed C3 cells contained

inc¡eased amounts ofH3 phosphorylated at serine 10 (Figure 3-6 A). The level ofH3

phosphorylated at serine 28 was more abundant in C3 cells even though the parental

10T1/2 cells had a slightly higher proportion ofcells in the G2lM phase of the cell cycle.

Immunoblots were stripped following detection of pSi0 H3 and pS28 H3 and re-probed

with antisera against total H3 to show equal loading ofeach sample.
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Figure 3-6. Ras-transformed cells contain increased levels of H3
phosphorylated at serine 28. A) Histones extracted fiom a set of cell-cycle
matched 10T1/2 and C3 cells were resolvèd in SDS-polyacrylamide gels,

transferred to nitrocellulose and immunostained with antisera against H3
phosphorylated at serine 10 (pS10 H3), H3 phosphorylated at serine 28 (pS28
H3) and total H3. B) The percentage of cells determined by fluorescence
activated cell sofing to be in Gl phase, S phase and G2llr4 phases combined
are given for the samples in (A).
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The structural ch¡omatin protein HMGN1 is also targeted for MAPK pathway induced

phosphorylation at serine residues 6,20 and 24 [i80]. Given that our røs-transformed

cells display an altered ch¡omatin structure [209] and increased levels of H3

phosphorylated at serines 10 and 28 (Figure 3-6), we hypothesized that these cells also

contained increased amounts of phosphorylation on HMGN1 at serine 6, 20 and 24, and

that this may contribute to their abnormal chromatin structure.

Like histone H3, HMGNl becomes phosphorylated during mitosis. Recognizing this, we

collected a set of parental 10T112 and transformed C3 cells with equal proportions of

cells in G2À4 phases. Acid-extracted material ÍÌom one plate of 10T1/2 cells and 2

diffe¡ent plates of C3 cells were separated by SDS-PAGE and transferred to

nitrocellulose. An antibody is commercially available against HMGNl phosphorylated at

serine 6, but not serine 20 or 24. Thus, blots were immunostained with antisera against

HMGN1 phosphorylated at serine 6 (pS6 HMGNI), then stripped and re-probed with

antisera against total HMGN1 as a control for loading (Figure 3-7 A).

The ¡esults of fluorescence activated cell sorting are shown in Figure 3-7 B. ln all th¡ee

samples 22%o of cells were in mitosis or G2 phase, providing an approximately equal

background of HMGN1 phosphorylation occurring during mitosis. Similar levels of pS6

HMGN1 were detected in both samples from C3 cells (C3 a and C3 b, Figure 3-7 A

lanes 1 and 3). Approximately equal levels of total HMGNI were detected in all th¡ee

lanes. The level of pS6 HMGNI in C3 cells was higher than in the parental i0T1/2 cells.

Abnormal nuclear morphology is a hallmark used to diagnose cancer. C3 cells, produced

by transfecting parental i0T1/2 mouse fibroblasts with a constitutively active Ha-ras

oncogene, also have this feature pa9l. In addition, most normal cells require adherence
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to a solid support in order to grow and divide. The loss of this phenomenon is a

characteristic of transformed cells. In a paper published in i987, C3 cells were shown to

grow in an anchorage-independent manner 1212]. As cells lines have a tendency towards

genomic instability and change over time, we performed the colony formation assay to

ascertain that our C3 cells were still able to grow in an anchorage-independent mamer.

Equal numbers of 10T1/2 and C3 cells were seeded in semi-solid media and incubated at

37'C (5% CO2) for periods of two to four weeks. As pictured in Figure 3-8, the parental

l0Ti/2 cells were not able to proliferate, while the ras-transformed C3 cells formed

many colonies. The lower panel of pictures, taken at a relatively high magnification,

provide a close-up view of the colonies. In a representative experiment, an average of

1265 colonies of C3 cells and 25 colonies of 10TI/2 cells were counted (refer to table in

Figure 3-8 B). Thus the C3 cells used in these studies exhibit the hallmark ability of

transformed cells to grow in an anchorage-independent mamer.
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Figure 3-7. lncreased amounts of HMGN1 phosphorylated at serine 6 are
present in ras-transformed cells. A) Acid-extracted proteins from a set of cell-
cycle matched 10T1/2 and C3 cells were resolved in SDS-polyacrylamide gels,
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Figure 3-8. Aas-transformed cells grow in an anchorage-independent manner.
Equal numbers of parental 10Tl/2 mouse fibroblasts and ras-transformed C3
cells were seeded in semi-solid media in a soft agar assay for colony formation.
A) Pictures taken after 14 days incubation at 37oC. The top panel shows cells at
12X magnification, the bottom at 19X magnification. B) The average number of
colonies of 5 cells or more as counted under a light microscope.

96



If. Characteristics of Mitosen-Induced H3 Phosohornlatíon in Ras-Trans-formed

Cells

The pattem of mitogen-induced expression of the immediate-early c-fos gene in C3 cells

differs from what is seen in the parental cells. When measured by Northem blot at 0, 15,

30, 60 and 90 minutes into TPA-stimulation, c-fos message levels were highest at 15

minutes in parental cells but at 30 minutes in the ras-t¡ansformed C3 cells [198]. To

determine if the timing of the induction of H3 phosphorylation matches the temporal

pattem of message induction, modified histones extracted from C3 cells treated with TPA

for periods of 0, 15, 30, 60 and 90 minutes were separated by SDS-PAGE, transferred to

nitrocellulose, and detected with the antisera against H3 phosphorylated at serine 10 and

serine 28 (Figure 3-9). As seen in parental 10T1/2 cells, phosphorylation ofH3 at serine

10 and at serine 28 is induced within fifteen minutes of the beginning of TPA-

stimulation. In samples taken at 0, 15, 30, 60 and 90 minutes TPAtreatment, the highest

levels of H3 phosphorylation at serine I 0 or 28 was detected at thirty and sixty minutes in

ras-transformed cells (Figure 3-9 lanes 3,4). As in parental 10T1/2 cells, phosphorylation

at serines 10 and 28 was transient, decreasing substantially within 90 minutes of the start

of stimulation. Overall, the temporal pattem of H3 phosphorylation in C3 cells is similar

to that seen in the parental cells (Figure 3-i); however we detected the peak to be later in

C3 cells. The maximal levels of H3 phosphorylation at serine 10 and serine 28 in

mitogen-induced rzs-transformed cells (Figure 3-9) matches the peak level of mitogen-

induced cy'os message in these cells [198].

To determine if rus-transformation had an effect on the spatial localization of H3

phosphorylated at serines 10 or 28, we fixed cycling, untreated C3 cells and performed
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indirect immunofluorescence with the antisera described above. The results, shown in

Figure 3-10, indicate that like in parental 10T1/2 cells many foci of phosphorylated H3

are present in the interphase nucleus of C3 cells localized to regions of relatively relaxed

ch¡omatin.

In mouse fibroblasts, HMGNl is rapidly phosphorylated by MSK1 and 2 aI serines 6, 20

and 24 by MSK1/2 following stimulation of the Ras-MAPK pathway [180]. As HMGN1

-/- cells display increased levels of steady-state H3 phosphorylation at serine 10, it has

been postulated that phosphorylation events on HMGN1 facilitate its dissociation Íìom

nucleosomes to allow increased phosphorylation of H3 [195]. We sought to determine

if, like phosphorylation of H3, the temporal induction pattem of HMGNl

phosphorylation at serine 6 in response to Ras-MAPK pathway stimulation is altered in

røs{ransformed cells. To this end, acid-extracted proteins from 100% confluent, serum-

starved 10T1/2 and C3 cells treated with 100 nM TPA for periods lasting between 0 and

90 min were resolved in SDS-polyacrylamide gels and analyzed by immunoblot with

antisera against total HMGNl and HMGN1 phosphorylated at serine 6 (pS6 HMGN1)

(Figure 3-11). In parental 10T1/2 cells, a dramatic increase in the level of pS6 HMGNl

was observed 15 minutes afte¡ the staf of TPA{reatment (Figure 3-l 1). Levels of pS6

HMGN1 remained high for the length of the study, dropping only slightly at 90 min TPA.

In ras-transformed cells a similar pattem was observed (Figure 3-i1). A substantial

increase in the amount of pS6 HMGNI was already present 7 minutes after the start of

TPA-stimulation. A further increase was detected at 15 min, after which levels remained

high until decreasing slightly in the 90 min sample. Total HMGN1 stained to act as a

loading control detected similar amounts of total HMGNI in all lanes of C3 samples.
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Ras-MAPK pathway in ras-transformed cells. Histones extracted from TPA-
stimulated, serum-starved (SS) C3 cells were resolved on SDS-I 5%
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Figure 3-10. Phosphorylated H3 localizes to regions of relatively relaxed
ch¡omatin in interphase C3 cells. Indirect immunofluorescence to detect
phosphorylated H3 serine 28 (pS28 H3) or serine 10 (pS10 H3) was performed
on interphase, untreated C3 cells grown to approximately 70% confluence.
Cells were co-stained with DAPI. Digital optical sections of 0.25 pm were
obtained and false-coloured green (pS28 H3), red (pS10 H3) or blue (DAPI).
Images of nuclei were deconvolved with Axiovision 3.1 software.
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Figure 3-1 1. Phosphorylation of HMGN1 following
stimulation of the Ras-MAPK pathway. Acid extracted proteins
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C3 cells were resolved on SDS-polyacrylamide gels, transferred
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The chromatin of ras-t¡ansformed fibroblasts is less condensed than that of parental cells

[209] and contains increased levels of modifìcations to chromatin proteins (Figures 3-6,

3-7) relative to parental cells. C3 cells, transformed wifh Ha-rqs, contain increased

amounts of activated ERKs and higher levels of H3 kinase activity relative to parental

cells, indicating that the Ras-MAPK pathway is constitutively active in these cells [262].

To determine if constitutive activation of the Ras-MAPK pathway results in a shift in the

steady-state level of charge-altering modifications present on H3 phosphorylated at serine

10 o¡ 28, we analysed histone samples extracted from C3 cells on acid-urea

polyacrylamide gels. Included were regularly cycling cells, cells treated with the

microtubule-interfering agent colcemid, and cells that ì¡/ere 100% confluent, serum-

starved and TPA-treated for various lengths of time.

Despite constitutive activation of the Ras-MAPK pathway, the steady-state distribution of

H3 modified forms participating in TPA-induced H3 phosphorylation is similar to what is

seen in parental cells (Figure 3-12 A). At 30 min TPA treatment, pS10 H3 and pS28 H3

were detected in mono-, di-, tri-, and tetra-modified isoforms. As was found in parental

10T1/2 cells, H3 phosphorylated at serine 10 was most likely to be present in a

population of H3 having only one or two residues whose charge had been altered by

acetylation or phosphorylation (mono- or di-modified). In addition, H3 phosphorylated at

serine 28 tended to be in higher modified isoforms than those seen for pSl0 H3 (Figure

3-12 A).

C3 cells were also treated with a combination of TPA and the HDAC-inhibitor TSA.

Histones extracted fiom cells which were t¡eated with TPA/TSA for a period of 15 min

following a 15 minute incubation with TPA were separated by SDS-PAGE, transferred to
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nitrocellulose, and immunostained with antibodies to acetyl lysine 9, 14 H3 and H3

phosphorylated at serine 10. Results are shown in Figure 3-12 B, which indicate that

TSA treatment led to an increase in the steady-state level of H3 acetylated at lysines 9

and i4. The sample, which had only been t¡eated with TPA, did not show elevation of

AcK9,14 H3, while the sample treated only with TSA had levels approximately equal to

that of samples t¡eated with a combination of TPA/TSA. Staining with antisera to H3

phosphorylated at serine I 0 demonstrated the expected induction in TPA-treated samples.

Samples were also separated in acid-urea polyacrylamide gels. In this case, treatment

with TSA (Figure 3-12 C) resulted in a shift of pS10 H3 and pS28 H3 into higher

modified states. As in the parental cells, pS10 H3 and pS28 H3 extracted fíom C3 cells

t¡eated with a combination of TPA and TSA were present in tri- and tetra-modified

isoforms, indicating that these populations had two or three other charge-altering

modifications. Antisera against H3 phosphoacetylated at serine l0lysine 14 detected an

increase in this combination of modifications in cells treated with a combination of TPA

and TSA, with most species of pS10AcKl4 H3 being in di- and tri-modified states. In

parental 10T1/2 cells, H3 phosphoacetylated at serine 10 lysine 14 was predominantly in

a di-modified state (Figure 3-12 C). Given that the acid-urea gel staining pattem of both

H3 phosphorylated at serine 10 and H3 phosphorylated at serine 28 bears great similarity

to that seen in samples fiom parental 10Tl/2 cells, this result likely represents a shift of

pS10AcK14 H3 into higher modified states.
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Figure 3-12. Steady-state levels of H3 modified forms participating in TPA-induced
H3 phosphorylation in ras-transformed cells. A and C) Histones extracted from TPA-
stimulated, serum-starved C3 cells were resolved on acid urea gels, transferred to PVDF
membrane, and immunostained with antisera against H3 phosphorylated at serine 10
(pS10 H3), H3 phosphorylated at serine 28 (pS28 H3), H3 phosphoacetylated at serine
l0lysine 14 (P-Ac) and total H3. B and C) Histones were extracted from cells treated
with a combination of 100 nM TPA for l5 min followed by 100 nM TPA and 500 nglml
TSA for an additional 15 min. B) Samples were separated by SDS-PAGE, transferred
to nitrocellulose and immunostained with antisera against H3 acetylated at lysine 9 and
14 (AcK9, 14) and H3 phospholylated at serine 10 (pS10 H3). India ink was used to
stain membranes as a loading control.
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Unlike H3 phosphorylation following stimulation of the Ras-MAPK pathway, Aurora B-

mediated phosphorylation ofhistone H3 at serine 10 and 28 during mitosis is widespread.

The Aurora B-mediated H3 phosphorylation of ckomatin in 10T1/2 cells during G2 and

M phases is shown in Figure 3- 13; cells were grown to approximately 60% confluence in

complete medium, fixed and stained with the antisera described above. Phosphorylation

ofH3 begins in late G2 in regions of pericentromeric heterochromatin (Figure 3-13 B, top

panel) and spreads in the pattem of ch¡omosome condensation. In i0T1/2 cells,

phosphorylation of H3 at serine 10 precedes that at serine 28 (Figure 3-13 A). By

prophase, condensed ckomosomes are highly phosphorylated at serine i0 and 28, and

remaín that way until late telophase (Figure 3-13 B).

To determine the number of charge-altering modihcations present on H3 tails that are

phosphorylated at serines 10 or 28 during mitosis, we extracted histones fiom cycling

70T1/2 and C3 cells and those treated with colcemid. FACS was performed to determine

the percentage of cells in each phase of the cell cycle. Colcemid effectively prevented

cells fiom completing mitosis, raising the proportion of cells in G2A4 Íiom 20 to 80% in

treated cells (Figure 3-14 B). The expected increase in the level of phosphorylated H3

present in colcemid-treated cells was confirmed by separating extracted histone samples

by SDS-PAGE, transferring to nitrocellulose and immunostaining with antibodies

recognizing H3 phosphorylated at serine 10 and serine 28. The results of this Westem

blot are shown in Figure 3-14 A. When we compared the distribution of phosphorylated

H3 isoforms taking part in TPA-induced phosphorylation to that in cycling and colcemid-

treated cells, a striking difference was found. In the serum-starved, TPA-treated cells,

H3 phosphorylated at serine 10 and 28 was present in mono-, di- and tri-modified
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isoforms with minor amounts existing in tetra-modified states (Figures 3-4 and 3-12). H3

phosphorylated during mitosis in 10Tll2 cells was most prevalent in di-modified

isoforms, with very little in mono- or tri-modified states (Figure 3-14 C). This was true

for isoforms of H3 phosphorylated at serine i 0 and at serine 28. In ras-transformed C3

cells, H3 phosphorylated during mitosis also tended to be in di-modified isoforms,

however an increased proportion of isoforms phosphorylated at serine 28 were in a tri-

modified state (Figure 3- 14 C).

-106-



A

DAPI ps10

Figure 3-13. Phosphorylation of H3 at serine 10 and at serine 28 occurs on
condensed ch¡omosomes during mitosis. l0Tl/2 cells were fixed and stained with
antibodies recognizing H3 phosphorylated at serine 10 (pS10) and serine 28 (pS28).
Cells were co-stained with DAPL Digital optical sections of 0.25 or 0.3 ¡rm were
obtained and false-coloured green (pS28), red (pS10) or blue (DAPI). A)
Phosphorylation ofserine 10 in late G2 precedes that of serine 28. B) The cell cycle
phase (M stands for Mitosis) is indicated on the left side ofthe panel.
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Figure 3-14. Steady-state distribution of H3 modified forms participating in mitotic H3
phosphorylation. A and C) Histones were extracted from 10T1/2 and C3 cells that were
untreated or treated with 0.06 pglml colcemid for 16 hours. A) lncreased H3
phosphorylation in samples from colcemid-treated cells. Modified histones resolved in
SDS-polyacrylamide gels, transferred to nitrocellulose and detected with antisera against
phosphorylated H3 serine 10 (pS10 H3) and phosphorylated H3 serine 28 (pS28 H3).
India ink stain (lowest panel) was used to check loading. B) The percentage of cells from
in each phase of the cell cycle as determined by fluorescence activated cell sorting (Gl
phase, S phase, and G2lM phases combined). C) Immunostaining of modified forms of
H3 separated on an acetic acid-urea (AU) polyacrylamide gel with antisera against totâl
H3 in addition to the antisera described above.
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V. Analvsis o-f H3 Variant Modilìcation

The process of transcription disrupts nucleosomes. As H3.3 is the only H3 variant to

accumulate outside of S-phase [277], it will be incorporated into the disrupted

nucleosomes associated with transcriptionally active genes as they are reconstituted in

G0, G1 and G2 phases of the cell cycle. Enrichment of H3.3 at transcriptionally active

loci is likely a consequence of this event [93,278-281). Thus we surmised that G1-phase

transcription of immediate-early genes would lead to the incorporation of H3.3 and an

en¡ichment of this variant in immediate-early gene ch¡omatin. Vy'e hypothesized that

H3.3 is the major target of Ras-MAPK-pathway induced H3 phosphorylation.

To this end, we separated H3 variants extracted from 100% confluent serum-starved and

TPA-stimulated (15 minutes) mouse 10T1/2 mouse fibroblasts by two dimensional

electrophoresis. Histones were resolved electrophoretically in a fìrst dimension acid-

urea-triton (AUT) gel by size and hydrophobicity (Figure 3-15 A) followed by

electrophoresis through a SDS-15% polyacrylamide gel. Separation of histones in an

SDS I 5%-polyacrylamide gel, shown in Figure 3-15 B, is generally by size. The

resolution of mouse fibroblast histones after two dimensional gel electrophoresis in this

manne¡ is shown by the Coommassie Blue-stained two dimensional gel pattem in Figure

3-15 C. Histone H4 migrates the fastest tkough AUT and SDS-15% polyacrylamide

gels. Differences in the hydrophobicity of H3.1, H3.2 and H3.3 separate bands of these

variants in AUT gels. The bands become compacted during electrophoresis through the

second dimension SDS polyacrylamìde gel. Following two dimensional gel

electrophoresis, histones were transferred to nitrocellulose and immunostained with

-109-



antisera against phosphorylated H3. India ink or staining with antisera against total H3

was used to visualize the location ofhistone variants on nit¡ocellulose blots.

The distribution of H3 variants phosphorylated at serine 10 or at serine 28 following

TPA-stimulation of serum-starved cells is shown in Figure 3-16. No phosphorylation of

H3 on serine 10 or 28 was found in serum-starved cells that had not been stimulated with

TPA (Figure 3-i6 A and data not shown). Following TPA-stìmulation, phosphorylation

of serine 10 and of serine 28 was detected on H3.2 and H3.3, and to a lesser extent H3.1

(Figure 3-16 B and C left panel). The low levels of phosphorylation on H3.1 appear to

correlate with a lower abundance of this variant (Figure 3-16 B and C, lower left panel),

however we detected greater levels of H3.1 phosphorylated on serine 10 than H3.1

phosphorylated on serine 28. Thus, contrary to our hypothesis H3.t, H3.2, and H3.3 are

all targets for TPA-induced phosphorylation. The distribution of H3 variants

phosphorylated at serine 10 and at serine 28 was also determined for samples taken fiom

serum-stawed, TPA-treated ras-transformed C3 cells. No phosphorylation was detected

in serum-starved cells (data not shown). Similar to the parental fibroblasts,

phosphorylation of serine 10 and serine 28 was observed on H3.1, H3.2, and H3.3

(Figure 3- l6 B and C).
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Figure 3-15. Resolution of mouse fibroblast histones by two-dimensional
electrophoresis. A) Resolution of murine histones in AUT polyacrylamide gels. B)
Resolution of histones in SDS 15%-polyacrylamide gels. C) Histones extracted fiom
mouse fibroblasts were first electrophoretically resolved in an AUT polyacrylamide
gel in the direction shown at the top of the panel, followed by electrophoresis through
a second dimension SDS-15% polyacrylamide gel. A, B and C) The pattem of
histones was ¡evealed with Commassie Blue staining.
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Figure 3-i6. Identification of H3 variants participating in TPA-induced phosphorylation.
A) Histones extracted from 100% confluent, serum-starved 10Tl/2 cells separated by two-
dimensional electrophoresis and immunostained for H3 phosphorylated on serine 28 (pS28
H3). The India Ink stained blot shown on the right indicates the loading ofhistone samples.
B and C) Histones extracted from 10T1/2 or C3 cells treated with TPA for 15 min were
separated by two-dimensional electrophoresis and immunostained for phosphorylated H3
serine 28 (pS28 H3) or phosphorylated H3 Ser-10 (pS10 H3) as indicated on the left hand
side of panel. Corresponding India Ink-stained blots or blots immunostained fo¡ total H3
are shown in the lower panels.
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The H3 variants phosphorylated by Aurora B during mitosis were also determined.

Histones extracted from cycling and colcemid-treated cells were resolved in two-

dimensional AUT-SDS polyacrylamide gels, transferred to nitrocellulose and modified

histones detected with antisera against H3 phosphorylated at serine 10 (psl0 H3) or at

serine 28 (pS28 H3). Due to the fact that H3 phosphorylation during interphase occurs

only on a very small subset of genes, the overwhelming majority of H3 molecules

phosphorylated at serine 10 or 28 in these samples will have come f¡om a cell undergoing

mitosis. The results of this experiment, shown in Figure 3-17, do not indicate a

preference for any one of H3.1, H3.2 or H3.3. Phosphorylation of H3 on serine 10 and

on serine 28 took place on all three non-centromeric variants of H3 in both parental

(Figure 3-17, left panel) and C3 fibroblasts (right panel).
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Figure 3-17. H3 variant phosphorylation during mitosis. A and B) Histone
variants isolated from cycling and colcemid{reated 10T1/2 and C3 cells were
resolved by two-dimensional electrophoresis and transferred onto nitrocellulose
membranes. Blots were immunostained with antibodies recognizing H3
phosphorylated on serine 10 (pS10 H3) or serine 28 (pS28 H3). Loading of
histone samples was determined by staining with India ink (lower part of panels).
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W. Distinct Pools of Chromatin Become Phosphorvlated at Serin

28 Following Stimulation of the MAPK Pathwa:t

We have found that H3 phosphorylation in response to stimulation of the Ras-MAPK

pathway at serine 28 tends to take place on H3 tails that are modified by

acetylatior/phosphorylation to a greater extent than those tails on which H3 is

phosphorylated at serine 10. The presence of significant amounts ofH3 phosphorylated

at serine 28 or serine 10 in the mono-modified isoform of H3 indicates that this

phosphorylation event is not dependent on phosphorylation at serine l0 and více versa.

To establish if these modifications were occurring in the same areas of ch¡omatin in

100% confluent, serum-starved, EGF- or TPA{reated frbroblasts the location of H3

phosphorylated at serine 28 was visualized by indirect immunofluorescence in

combination with H3 phosphorylated at serine 10 and H3 phosphoacetylated at serine 10

lysine 14.

EGF predominantly stimulates the Ras-MAPK but also weakly stimulates the p38 MAPK

pathway. Antisera against H3 phosphorylated at serine 10 and H3 phosphorylated at

serine 28 recognized many foci in serum-starved cells treated with EGF for periods of 10,

i5 and 30 minutes (Figure 3-18). All foci were excluded from pericentromeric

heteroch¡omatin, and most foci ofH3 phosphorylated at serine 28 did not overlap foci of

H3 phosphorylated at serine 10. TPA does not stimulate the p38 MAPK pathway. We

compared the phosphorylation pattem induced by EGF to that induced by TPA.

Following stimulation of the Ras-MAPK pathway with EGF or TPA, maximal levels of

phosphorylation are observed approximately l5 minutes after the start of treatment. At

this timepoint, antisera against H3 phosphorylated at serine 10 and H3 phosphorylated at
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serine 28 recognized many foci in each TPA-stimulated cell (Figure 3-19). As was seen

in EGF-treated cells, foci were located in regions of relatively relaxed chromatin, and

most of the numerous foci ofH3 phosphorylated at serine 10 present in each cell did not

colocalize with foci of H3 phosphorylated at serine 28 (Figure 3-19 A). We estimate that

approximately 83% of foci of H3 phosphorylated at serine 28 do not overlap foci of H3

phosphorylated at serine 10, in serum-starved cells treated with TPA for a period of 15

min. A linescan through an imaged nucleus using metamorph software to measure the

intensity of each signal (Figure 3-19 B) indicated that most peaks of pS28 H3 do not

correspond to peaks ofpS10 H3. Some peaks, however, do overlap (see arrow, Figure 3-

19 B), perhaps indicating that some foci are targeted for H3 phosphorylation at both

residues following MAPK-pathway stimulation.

Furthermore, most foci of phosphoacetylated (serine 10 lysine 14) H3, a combination of

modifications found at immediate-early genes following stimulation of the MAPK

pathway 1207), did not colocalize with H3 phosphorylated at serine 28 (Figure 3-20 A).

In a linescan of these data several peaks of pS28 H3 overlap peaks of pS10AcK14 H3,

however almost none line up exactly (Figure 3-20 B). Thus these results indicate that for

the most part phosphorylation ofH3 at serine 28 occurs independently of phosphorylation

at serine 10 on distinct regions of chromatin.
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Figure 3-18. Independent pools of chromatin are phosphorylated on H3 at serine 10

and at serine 28 following EGF stimulation. l00yo confluent, serum-starved 10T1/2
cells were treated with 50 nglml EGF for 10, 15 or 30 minutes before cells were fixed
and immunostained with antisera recognizing H3 phosphorylated at serine l0 or serine
28. Digital optical sections were obtained and false coloured red (pS28 H3), green
(rS10 H3) or blue (DAPI). Images were deconvolved using Axiovision 3.I software.
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Figure 3-19. Foci of H3 phosphorylated at serine 10 or serine 28 are distinct at the
time of maximal phosphorylation following Ras-MAPK pathway stimulation. 100%

confluent, serum-starved 10Tl/2 cells were treated with 100 nM TPA or 50 nglml
EGF for 15 minutes before cells were frxed and immunostained with antisera
recognizing H3 phosphorylated at serine 10 (pS10 H3) or serine 28 (pS28 H3) A)
Digital optical sections were obtained and false coloured red (pS10 H3), green (pS28
H3) or blue (DAPÐ. B) Metamorph software was used on a deconvolved image of a
TPA-treated cell to obtain a linescan along the blue line shown in the upper panel.

Intensity values for pS10 H3 and pS28 H3 can be seen in the linescan in the lower
panel. The black anow indicates two overlapping peaks.
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Figure 3-20. Regions of chromatin phosphorylated at serine 28 following TPA
stimulation are distinct f¡om those phosphoacetylated at serine 10 lysine 14. A) 100%
confluent, serum-starved 10T1/2 cells were treated with 100 nM TPA for 15 minutes
before cells were fixed and immunostained with antisera recognizing H3
phosphorylated at serine 28 or phosphoacetylated at serine 10 lysine 14 Digital
optical sections were obtained and false coloured red (pS10AcK14 H3), green (pS28
H3) or blue (DAPÐ. B) Metamorph software was used on a deconvolved image of a
TPA-treated cell to obtain a linescan along the blue line shown in the upper panel.
Intensity values for pS10AcK14 H3 and pS28 H3 can be seen in the linescan in the
lower panel.
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Phosphorylation of HMGN1 following mitogen-stimulation is postulated to cause its

release fiom nucleosomes and allow for increased H3 phosphorylation at serines 10 and

28. We visualized pS6 HMGN1 in 100% confluent, serum-starved, TPA{reated 10T1/2

cells by indirect immunofluorescence and found that following MAPK pathway

stimulation numerous foci of pS6 HMGN1 are present that do not colocalize with foci of

H3 phosphorylated at serine 28 (Figure 3-21 A). A linescan of this data revealed little

overlap between peaks of pS6 HMGN1 and pS28 H3 (Figure 3-218).

Constitutive activation of the Ras-MAPK pathway in C3 cells leads to elevated levels of

pS10 H3 and pS28 H3. This could be achieved in one of two ways; (1) an increased

number of residues are being phosphorylated at the normal targets of mitogen-induced

H3 phosphorylation or (2) there is aberrant targeting of the H3 kinases leading to H3

phosphorylation at inappropriate foci. Aber¡ant ta¡geting could cause foci that should

only be phosphorylated at one residue, perhaps serine 28, to become phosphorylated at

both. To determine if pools of chromatin targeted for phosphorylation at serine 10 or

serine 28 remain separate in cells containing a constitutively active Ras-MAPK pathway,

we performed indirect immunofluorescence of cycling C3 cells.

Figore 3-22 shows the presence of numerous foci of H3 phosphorylated at serine 10 and

serine 28 in the interphase nucleus of ras-transformed cells. Detection ofpS10 H3 and

pS28 H3 in the same nucleus determined that even in ras-transformed cells, when the

Ras-MAPK pathway is constitutively active, foci of pS10 H3 remain separate from foci

ofpS28 H3.
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Figure 3-21. Following TPA stimulation foci of phosphorylated HMGN1 do not

colocalize with regions of H3 phosphorylated at serine 28. A) 100% confluent,

serum-starved l0T1/2 cells \ryere treated with 100 nM TPA for 15 minutes before cells

were fixed and immunostained with antisera recognizing H3 phosphorylated at serine

28 (pS28 H3) and HMGN1 phosphorylated at serine 6 (pS6 HMGNI) Digital optical
sections were obtained and false coloured red (pS6 HMGNI), green þS28 H3) or blue
(DAPI). Images were deconvolved with Axiovision 4.4 software. B) Metamorph

software was used on a deconvolved image ofa TPA-treated cell to obtain a linescan

along the blue line shown in the upper panel. The intensity of pS28 H3 and pS6

HMGNI are shown in the lower panel.
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Fìgure 3-22. Phosphorylation of H3 at serine 28 remains distinct fíom that at
serine 10 in ras-transformed cells. Indirect immunofluorescence was performed
on interphase C3 cells. H3 phosphorylated at serine 28 (pS28) and H3
phosphorylated at serine 10 (pS10) were detected in a single cell with specific
antisera. Cells were co-stained with DAPI. Digital optical sections of 0.25 pm
were obtained and false-coloured green þS28), red (pS10) or blue (DAPI).
Images were deconvolved with Axiovision 3.1 software.
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WI. Foci o-f RNA Pol:tmerase II. MSKI and MSK2 Assocíqte with Rezions o.f H3

Phosohorvlated at Serine I0 and Serine 28 in Mitosen-Induced Fibroblasts

Phosphorylation ofH3 at serine 10 is known to occur at immediate-early genes such as c-

jun, c-myc, and c-fos following stimulation of the Ras-MAPK pathway [180,209]. H3

phosphorylation is thought to facilitate activation of these genes. The targets for H3

phosphorylation at serine 28 have not yet been identified. We hypothesize that targets for

mitogen-induced H3 phosphorylation at serine 28 are also immediate early genes.

Before progression to transcriptional elongation, RNA poll,rnerase II is phosphorylated at

serine 5. We used indirect immunofluorescence to visualize the subcellular location of

RNA poll'rnerase II phosphorylated at serine 5 (pS5 RNA pol II) and pS10 H3 or pS28

H3 in serum-starved, TPA{reated (100 nM) 10T1/2 cells. Many foci of pS5 RNA pol II

were present in the TPA-treated nuclei, each potentially representing a site of

transcription. In a timeline monitoring the induction of H3 phosphorylation, many foci of

H3 phosphorylated at serine 10 (Figure 3-23) or serine 28 (Figure 3-24) overlap foci of

pS5 RNA pol II. The greatest amount of colocalization is seen at the timepoints showing

the highest levels of H3 phosphorylation, those being 10, 15 and 30 min TPA. These

data are consistent with the presence of pS10 H3 and pS28 H3 at sites of mitogen-

induced transcription.
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Figure 3-23. Temporal localization of mìtogen-induced H3 phosphorylation at

serine 10 and pS5 RNA pol II. 100% confluent, serum-starved l0T1/2 cells
were treated with 100 nM TPA before cells were fìxed and immunostained
with antisera recognizing H3 phosphorylated at serine 10 and RNA pol II
phosphorylated at serine 5. Digital optical sections were obtained and false
coloured green (pS5 RNA pol II), red (pS10 H3) or blue (DAPI). Images were
deconvolved with Axiovision 4.4 software.
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Figure 3-24. Temporal localization of mitogen-induced H3 phosphorylation at serine
28 and pS5 RNA pol II. 100% confluent, serum-starved 10T1/2 cells were treated
with 100 nM TPA before cells were fixed and immunostained with antisera
recognizing H3 phosphorylated at serine 28 and RNA pol II phosphorylated at serine
5. Digital optical sections.r'vere obtained and false coloured green þS5 RNA poi II),
red þS28 H3) or blue (DAPI). Images were deconvolved with Axiovision 4.4
software.
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To further analTze the relationship between mitogen-induced foci of phosphorylated H3

and pS5 RNA pol II, the images were analyzed with Metamorph software. Linescans

were performed on images of serum-starved and TPA{reated (10 minutes) fibroblasts. ln

untreated cells (Figures 3-25 and 3-26 A, upper panels) signal fiom pS10 H3 and pS28

H3 is low, and very few peaks of pSl0H3 and pS28 H3 are at the same position, oi very

near to the same position, as peaks ofpS5 RNA pol II. The number of peaks ofpS5

RNA pol II that coincide with peaks of pS10 H3 and pS28 H3 is significantly increased

in TPA{reated cells (Figures 3-25 and 3-26, lower panels), although many foci of pS 10

H3 and pS28 H3 do not overlap foci ofpS5 RNA pol II. This is likely due to the fact that

not all genes induced by TPA and EGF follow the same temporal pattem of induction; at

this timepoint some genes will be transcribing, some will not yet be initiated, and some

will have frnished transcribing. We used indirect immunofluorescence to visualise the

location of H3 phosphorylated at serine 10, H3 phosphorylated at serine 28, and pS5

RNA pol II in confluent, serum-starved C3 cells that had been exposed to TPA for 30

minutes. Antisera to pS10 H3 and pS28 H3 recognized numerous foci of modified H3

throughout regions of relatively relaxed ch¡omatin (Figure 3-27) including many that

overlapped foci ofpS5 RNA pol II.
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Figure 3-25. Image analysis offoci ofpS5 RNA pol II and mitogen-induced foci
of H3 phosphorylated at serine 10. Metamorph software was used on deconvolved
images of control (upper panel) and TPA-treated (100 nM for 10 min; lower panel)

cells to produce linescans. The intensity of H3 phosphorylated at serine 10 (pS10

H3) and RNA pol II phosphorylated at serine 5 (pS5 RNA pol II) are shown.
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Figure 3-26. Image analysis of foci of pS5 RNA pol II and mitogen-induced foci of H3
phosphorylated at serine 28. Metamorph software was used on deconvolved images of
control (upper panel) and TPA-treated (100 nM for 10 min; lower panel) cells to produce
linescans. The intensity of H3 phosphorylated at serine 28 (pS28 H3) and RNA pol II
phosphorylated at serine 5 (pS5 RNA pol II) are shown.
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Figure 3-27. Foci of phosphorylated H3 colocalize with foci of pS5 RNA pol II in
røs-transformed cells. Røs-transformed, serum-starved C3 cells were TPA-treated
for 30 min before fixation and indirect immunofluorescence with antisera specific
for phosphorylated H3 serine 28 (pS28 H3) or serine 10 û)S10 H3) and RNA
polymerase II phosphorylated at serine 5 (pS5 RNA pol II). Cells were co-stained
with DAPI. Digital optical sections of 0.25 pm were obtained and false-coloured
green (pS5 RNA pol II), red þSiO H3 or pS28 H3) or blue (DAPI). Images of
nuclei were deconvolved with Axiovision 4.4 software.



The way in which MSK1 and MSK2 are targeted to regions of chromatin following

stimulation of the MAPK pathway has not been elucidated, but these enzymes are most

likely recruited by a transcription factor or associate r.vith the RNA pol II complex. The

majority of foci of pS10 H3 do not overlap with foci of pS28 H3 in serum-starved, TPA-

treated cells. Thus these two modifications are targeted separately and may be

phosphorylated by different enz)¡rnes. Although in vitro MSKI and MSK2 phosphorylate

serine 10 and serine 28 of H3, it is possible that ín vívo MSK1 phosphorylates one

residue of H3 and MSK2 phosphorylates the other. If MSK1/2 are tethered to specifìc

genes by transcription factors or are associated with the pol II complex, they may remain

at the site of H3 phosphorylation during transcription. We thus visualized MSK1 and

MSK2 along with pS28 in serum-starved, TPA{reated 10T1/2 cells. We observed a

portion of MSK1 and MSK2 present in the cytoplasm of both serum-starved and TPA-

treated cells. 15 min into TPA stimulation, foci of pS28 H3 colocalize with a significant

number of foci of MSK1 and a significant number of foci of MSK2 (Figure 3-28). We

cannot make definite conclusions, but ÍÌom these results it appears that both MSK1 and

MSK2 target serine 28 for phosphorylation.
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Figure 3-28. Localization of MSK1 and MSK2 with mitogen-induced foci of H3
phosphorylated at serine 28. 100% confluent, serum-starved 10T1/2 cells were treated with 100

nM TPA for 15 minutes before cells were fixed and immunostained with antisera recognizing
H3 phosphorylated at serine 28 (pS28 H3), MSKI (A) and MSK2 (B). Digital optical sections
were obtained and false coloured red (MSK1/2), green þS28 H3) or blue (DAPI). Images of
nuclei were deconvolved with Axiovision 4.4 software.



WII. Mítogen-Stimulation o-f Serum-Starved Cells Produces I/arious Amounts o.f

Phosphorylated H3

Phosphorylation of H3 following TPA or EGF stimulation of the Ras-MAPK pathway

was visualized by indirect immunofluorescence as described previously. Pictures taken

with a Zeiss Axioplan 2 microscope reveal that stimulation produces cells with varying

amounts of pS10 H3 and pS28 H3. While some cells contain very high levels of pS10

H3 and pS28 H3 (Figure 3-29 A, see white arrows), the level of pS10 H3 or pS28 H3 is

very low in others (see yellow arrows). Additionally, even some unstimulated cells

contain relatively high levels ofH3 phosphorylated at serine 10 or at serine 28 (see white

arow in upper panel). Cells containing high levels of H3 phosphorylated at serine 10

also contained high levels ofH3 phosphorylated at serine 28. Cells were also stained for

pS28 H3 in combination with phosphoacetylated (S10K14) H3 (pS10AcK14 H3). A

wide variety in levels of pSi0AcK14 H3 was observed in the stimulated cells (Figure 3-

29 B), and like pS10 H3, cells with high levels of pS10AcK14 H3 also contained high

levels ofpS28 H3.

Like histone H3, HMGN1 is also a target for MSK1/2 mediated phosphorylation after

stimulation of the MAPK pathway. We determined that similar to pS10 H3 and pS28

H3, the level of pS6 HMGN I in any given cell was highiy variable post mitogen

stimulation (Figure 3-30). To determine if the variety in levels of pSl0 H3 and pS28 H3

could be due to differences in the amount of the H3 kinases present in each cell, we co-

stained pS28 H3 with MSK1 or MSK2 (Figure 3-31). The detected amount of MSK1 or

MSK2 present in each cell also varied though not as widely as pS10 H3 and pS28 H3.

Levels of pS28 H3 did not correspond to levels of MSK1 or MSK2. Cells with relatìvely
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high amounts of pS28 H3 did not have relatìvely high amounts of MSK1 and MSK2

(refer to white arrows Figure 3-31). These two kinases show complete activation,

meaning that all MSK1/2 in the cell is activated upon stimulation of the MAPK pathway

[282], therefore all of the MSKI/2 detected by our antibodies should be active MSK1/2.

Thus one would predict that differences in the level ofTPA- or EGF-induced pS10 H3

and pS28 H3 are due to an increased or decreased number oftargets in any given cell.

To explore this possibility, SKY analysis was perlormed by Dr. Sabine Mai and Susan

Pritchard. The results showed that the mouse 10T1/2 fibroblast cell line contains

numerous cells with abnormal genomes (data not shown). Many chromosomal

abnormalities were detected including losses and extra chromosomes, which could

account for an increased/decreased number of targets for H3 phosphorylation following

stimulation of the MAPK pathway.
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Figure 3-29. Levels of phosphorylated H3 vary in T?A-stimulated cells. Serum-
starved 10T1/2 cells were treated with TPA for 15 min or untreated before fixation.
Indirect immunofluorescence was performed with antisera against H3 phosphorylated
at serine 10 (pS10 H3), at serine 28 (PS28 H3) and phosphoacetylated at serine 10

lysine 14 (pS10AcK14 H3). Cells were co-stained with DAPI. Digital optical sections
of 0.3 pm were obtained and false-coloured blue (DAPI), red (pSl0 H3 and
pS10AcK14 H3) and green (pS28 H3). Yellow arrows indicate cells with low levels
of pS28 H3, pS10 H3 and pS10AcK14 H3. White anows indicate cells with high
levels of pS10 H3, pS28 H3 and pSlOAcKl4 H3.



ps6 HMGN1

DAPI

Figure 3-30. TPA-stimulation results in cells with variable amounts of
phosphorylated HMGNi. Indirect immunofluorescence with antisera
against HMGN1 phosphorylated at serine 6 (pS6 HMGNI) was performed
on serum-starved, TPA-treated 10T1/2 cells. Cells were co-stained with
DAPI. Digital optical sections of 0.3 ¡rm were obtained and false-coloured
blue (DAPI) and red þ56 HMGNI). A yellow anow points out a cell with
very low levels of pS6 HMGN1. A white arrow indicates a cell with
relatìvely high levels of pS6 HMGN1.
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MSKIffffr
Figure 3-31. Levels of the H3 kinases MSKI and MSK2 do not correlate with the level of H3
phosphorylation at serine 28.10T1/2 cells serum-starved and treated with TPA for 15 minutes
were fixed and stained with antisera against Fß phosphorylated at serine 28 (pS28 H3),
MSKl, and MSK2. Cells were co-stained with DAPI before digital optical sectíons of 0.3 pm
were captured and false-coloured green (pS28 H3), red (MSKI and MSK2) or blue (DAPI).
White arrows point out cells with relatively high amounts of pS28 H3.
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CItøpter Four: Conclttsions and Discassion



MAJOR FINDINGS

The pattem of mitogen-induced H3 phosphorylation at serine 28 is similar to that at

serine 1 0 in several ways. Mitogen-induced H3 phosphorylation may take place in

regions of chromatin ma¡ked for transcription.

1) The timing of induction and loss of TPA- or EGF-induced phosphorylation at

serine 28 following the start of mitogen stimulation is similar to that at serine 10.

2) As is seen for H3 phosphorylated at serine i0, mitogen-induction leads to the

appearance of numerous foci of H3 phosphorylated at serine 28 in regions of

relatively relaxed chromatin that are undergoing dynamic acetylation.

3) All non-centromeric variants of H3 (H3.1, H3.2, and H3.3) become

phosphorylated at serine 10 and serine 28.

4) A flaction ofthe mitogen-induced foci of serinel0-phosphorylated H3, as well as

a Íiaction of the rnitogen-induced foci of serine 28-phosphorylated H3, colocalize

with serine 5-phosphorylated RNA polymerase II.

Many of the above mentioned characteristics of mitogen-induced H3 phosphorylation

remain unchanged in ras-transformed cells despite continual stimulation of the pathway

and increased amounts of phosphorylation on ch¡omatin proteins:

1) Levels of H3 phosphorylated at serine 10, H3 phosphorylated at serine 28, and

HMGN1 phosphorylated at serine 6 are elevated in ras-t¡ansformed cells.
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2) As demonstrated in parental cells, mitogen induction of r¿s-transformed cells

leads to the appearance of numerous foci ofH3 phosphorylated at serines 10 or

28 that are excluded from pericentromeric heterochromatin. H3 phosphorylation

takes place on dynamically acetylated ckomatin, and H3.1, H3.2, and H3.3

participate in TPA-induced H3 phosphorylation at serine 10 and 28.

3) The distribution of modifìed forms of H3 participating in TPA-induced H3

phosphorylation at serines 10 and 28 is similar to that in parental cells.

In response to a stimulated Ras-MAPK pathway, phosphorylation of H3 at serine 28

occurs independently of phosphorylation at serine 10, and important aspects of H3

phosphorylation at serine 28 differ from that at serine 10:

1) Acid-urea gel analysis indicates that a portion ofpS10 H3 and pS28 H3 have only

been modifred by one charge-altering event. Thus phosphorylation of serine 28 does

not require prior phosphorylation ofserine 10 (and vice versa), and phosphorylation at

one residue does not necessarily lead to the phosphorylation of the other.

2) Following mitogen stimulation, H3 tails that become phosphorylated at serine 28 tend

to be acetylated to a greater extent than those tails that are phosphorylated at serine

10.

3) Analyses by indirect immunofluorescence indicate that upon mitogen stimulation,

phosphorylation of H3 at serine 28 is targeted to a different pool of chromatin than

phosphorylation of H3 at serine 10. This remains true ìn r4s-transformed cells despite
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elevated levels of interphase H3 phosphorylation and continual activation of the Ras-

MAPK pathway.

Much of this work was published in Dunn KL and Davie JR. Stimulqtion of the Ras-

MAPK pathway leads to índependent phosphorylation of histone H3 on serines l0 and

28. Oncogene 2005. 24 (2I):3492-502.

A second manuscript will be submitted lo Cancer Research: Dunn KL and Davie JR.

CharacteristÌcs of Ras-MAPK pathway índuced H3 phosphorylation at serine 28 in ras-

transformed cells.



Di.scussion

Stimulation of the Ras-MAPK pathway in mouse fibroblasts by growth factors or phorbol

esters (TPA) resuits in the transient increase in phosphorylated active ERKs [275]. The

TPA induced phosphorylation of H3 parallels the temporal stimulation of the ERKs, with

phosphorylated ERK and phosphorylated H3 levels being maximal at 30 min [27 5,283].

P¡evious studies demonstrated that inhibition of the Ras-MAPK with the MEK inhibitors

PD98059 or UO126 prevented the TPA-induced phosphorylation of H3 at serine 10 o¡

serine 28, demonstrating that TPA-induced H3 phosphorylation was a consequence of

stimulation of the Ras-MAPK pathway [180,198]. Constitutive stimulation of the Ras-

MAPK pathway in oncogene (ras)-transformed cells results in an increased steady state

of phosphorylated active ERKs 12621 and of serine 10- and serine 28-phosphorylated H3

(this study). In mouse fibroblasts, the major H3 kinase responsive to a TPA or oncogene

activated Ras-MAPK pathway is the mitogen and stress activated protein kinase

(MSK1/2) [262]. Inïibition of MSK1/2 activity with H89 prevents H3 phosphorylation

in TPA induced serum-starved 10T1/2 and C3 cells.

We observed many similarities in the phosphorylation of H3 at serine 10 and serine 28.

Both modifications are induced by the same stimuli, disappear within the same time

frame, and are located within relatively relaxed ch¡omatin conformations. Further, the

ras-transformed cells contain increased amounts of H3 phosphorylated_ at serine 10 and

serine 28. These observations suggest that these two modifications work together.

However, AU gel analyses determined that a significant portion of H3 phosphorylated at

serine 28 and H3 phosphorylated at serine 10 exist on an H3 that has not been otherwise

phosphorylated (the mono-modified form), suggesting that the two modifications do not
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function in a cooperative manner. Furthermore, this mono-modified form was present in

significant amounts 15 and 30 min after stimulation of the pathway began, the time when

we observe phosphorylation to be at a maximum. Thus, phosphorylation of serine 28 is

not dependent upon the phosphorylation of serine 10 o¡ vice versa. Further, although

MSK1/2, the kinase mediating mitogen induced phosphorylation of H3, is capable of

phosphorylating H3 on either residue [178,195], our results suggest that the enz]'rne

selects either serine 10 or serine 28 but not both sites for phosphorylation.

Following TPA stimulation of 10T112 mouse fibroblasts, the distribution of pSl0 H3

among the modified H3 isoforms is quite distinct fiom that of pS28 H3. H3 molecules

phosphorylated at serine 10 tend to reside in poorly modified isoforms (primarily mono-

modified at 30 and 60 min post-TPA addition), while H3 phosphorylated at serine 28 is

present in highly modified isoforms (primarily tri-modified). A combination of H3

(serine 10) phosphorylation and acetylation has been detected on immediate-early genes

with the ch¡omatin immunoprecipitation assay 1207,2081, providing evidence that a sub-

population ofH3 phosphorylated at serine 10 in the di-modified band is also modified by

acetylation on Lys-14. Our results with an antibody against H3 phosphoacetylated at

serine 10 lysine 14 detected the vast majority of H3 tails modified by this combination of

acetylation and phosphorylation in the di-modified band, in agreement with a previous

report [208]. It is thus possible that the di-modified form containing H3 phosphorylated

at serine 10 is phosphoacetylated rather than being di-phosphorylated at serines l0 and

28. Conversely, the di- and tri-modified isoforms containing H3 phosphorylated at serine

28 may represent mono-phosphorylated and mono-acetylated or di-acetylated forms,

respectively.
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This striking difference suggests that TPA-induced H3 phosphorylation at serine 28

occurs in chromatin domains that have a higher steady-state level of acetylation than

those regions undergoing phosphorylation of H3 at serine 10. This result also implies

that the balance of HAT and HDAC activity present at loci targeted for H3

phosphorylation at serine l0 differs fiom that at those loci containing pS28 H3.

However, H3 phosphorylated at either serine 10 or serine 28 is localized in dlmamically

acetylated chromatin regions, which can be driven into highly acetylated states when the

histone deacetylase activity is inhibited with trichostatin A. It has been demonstrated

directly that TPA-induced pS l0 H3 is associated with immediate early genes c-fos, c-myc

and c-jun 1207,2091. The observations that mitogen-induced serine 28-phosphorylated

H3 is engaged in dynamic acetylation typically linked to transcribed ch¡omatin 12841 and

that a portion of pS28 H3 colocalizes with pS5 RNA pol II suggests that this

phosphorylated form ofH3 is also associated with genes responding to a stimulated Ras-

MAPK pathway. However, our results suggest that the genes associated with H3

phosphorylated at serine 10 will differ from those bound to H3 phosphorylated at serine

28.

Serine 28 is targetetl for phospltorylation separøtely from serine 10 øfter stimulatíon of

the Røs-MÀPK patltway: Indirect immunofluorescence allowed us to observe the

location of various modified forms of H3 after stimulation of the Ras-MAPK pathway.

The numerous foci that appeared upon TPA treatment were excluded from

pericentromeric heterochromatin and were present in regions of more relaxed chromatin,

a finding that supports the involvement of H3 phosphorylated at serine 28 in the
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transcriptional process. In agreement with previous findings that H3 phosphorylated at

serine 10 and H3 phosphoacetylated at serine 10 lysine 14 are involved in gene

expression, foci of these modified forms of H3 were also found in regions of relatively

decondensed ch¡omatin after TPA stimulation. Surprisingly, many foci of H3

phosphorylated at serine 28 were found in areas where H3 phosphorylated at serine 10

was absent, indicating that some form of regulation exists that allows these two

modifications to be targeted separately. Since we published these data Dyson et al have

published results similar to ours [282]. They demonstrated that treatment of serum-

starved mouse fibroblasts with anisomycin, which stimulates the p38 stress pathway,

results in distinct foci ofpS10 H3 and pS28 H3 12821. Also consistent with our results,

immunodepletion of cross-linked chromatin preparations with antisera against pS10 H3

did not result in co-depletion of pS28 H3 [282]. We estimate that 83% of H3

phosphorylated at serine 10 or serine 28 did not co-localize in our images of serum-

starved cells treated with TPA. Areas of pS28 H3 were also located outside of regions

whe¡e H3 was modified by a combination of phosphorylation at serine 10 and acetylation

at lysine 14. Thus, the modification events associated with H3 phosphorylation at serine

10 are distinct from those of H3 phosphorylation at serine 28, a large percentage of the

time. Therefore the di- and tri-modified bands of H3 modified by phosphorylation at

serine 28 are unlikely to be di-phosphorylated, but rather mono- or di-acetylated and

mono-phosphorylated (refer to Figure 4-1).

We should note that the resolution of this type of imaging will not allow us to decipher if

each foci contains only one gene target, o¡ if several genes targeted for phosphorylation

are located in close proximity to each other. Furthe¡more, it is also possible that either
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serine 10 or serine 28 is preferentially rather than exclusively targeted. This would result

in dramatically higher levels of phosphorylation on one residue, and minimal levels on

the other. This would concur with what we visualized through indirect

immunofluorescence. Acid urea polyacrylamide gel analysis determined that many

molecules of H3 participating in TPA-induced phosphorylation at serine 10 and at serine

28 have only one charge-altering modification, which would be consistent with

preferential phosphorylation at one residue.
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pS10 H3 (red)

pS28 H3 (green)

Figure 4-1. Predicted modification status of H3 phosphorylated in response to
mitogen stimulation. Left panel: TPA{reated parental mouse fibroblast fixed and
immunostained with antisera against pS10 H3 and pS28 H3. Right panel: Histones
extracted fiom TPA-treated fibroblasts separated on an acid-urea polyacrylamide gel
and immunostained with antisera against pS10 H3 and pS28 H3. The predicted
modification status of each immunostained band is given on the right.
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Targeting of MSKL/2 for speciJic phosphorylatiott of serine 10 or serine 28: T\e

mechanism by which this occurs is unclear and there are several possible explanations; 1)

MSK1 and MSK2 each target only one residue, and are recruited to different genes.

Substrate specificity of MSK1/2 could be influenced by interacting proteins. 2) The

promoter architecture surrounding genes targeted for mitogen-induced H3

phosphorylation favours the phosphorylation ofone residue over the other. This could

be influenced by bound transcription factors. 3) A histone code present at genes prior to

induction dictates phosphorylation at serine 10 or 28.

It is possible that MSKs are pre-positioned within reach of the nucleosomes to be altered;

we have found that MSK1 can be cross-linked to DNA with formaldehyde before and

after TPA stimulation [210]. MSK1 bound to the trefoil factor 1 gene in MCF-7 breast

cancer cells is increased by treatment with estradiol or TPA [285]. In a differing

scenario, chromatin immunoprecipitation assays indicate that MSK1 only becomes

associated with the IL-6 promoter following TNF stimulation [286]. Furthermore,

inhibitors of the MAPK pathway including PD 98059, SB 203580 and H89 prevent TNF-

induced MSK1 recruitment to the IL-6 promoter [286]. Formaldehyde used in these

studies cross-links proteins to each other as ',vell as to DNA, thus it is not apparent if

MSK1 is bound directly to DNA. MSKs may be recruited to DNA through interactions

with transcription factors or in complex with other ch¡omatin modifìers or chromatin

remodelling complexes. These interactions may influence target genes and determine

which residue of H3 becomes phosphorylated.

All evidence to date, including knockouts and in vitro assays, indicates that MSK1 and

MSK2 phosphorylate histone H3 at both serine residues [ 80,282]. We have determined
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through indirect immunofluorescence that following TPA-stimulation a Íiaction of H3

phosphorylated at serine 28 colocalizes with foci of MSKl, and that a fraction of pS28

H3 foci colocalizes with MSK2. This would support the notion that both MSK1 and

MSK2 phosphorylate histone H3 at serine 10 and at serine 28, and that other factors, most

likely transcription facto¡s or the promoter architecture, define substrate specificity.

Stimulation of the Ras-MAPK pathway increases the steady-state level of histone

acetylation at immediate-early genes [205,208]. Treatment with TSA, which does not

induce the expression of immediate-early genes, results in enhanced acetylation in

specific regions of c-fos and c-jun [287]. Levels of acetylation post-TSA treatment were

related to levels pre-treatment; acetylation was not enhanced in regions where acetylation

was not detected pre-treatment, and was higher in regions having relatively high levels of

acetylation before treatment. These results strongly suggest that specific regions ofthese

two immediate-early genes are targeted for acetylation and that the enzymes responsible

for this are located near these regions prior to the start of treatment 12871. In support of

this, ChIP analysis of quiescent cells with antisera against HDACs 1, 3, 4 and 6 found

these proteins to be associated with chromatin along various parts of the c-fos and c-jun

coding region [287]. Constitutive targeting of HATs and HDACs to immediate-early

genes likely results in the formation of a distinct pattem, consisting of histones modified

at particular lysine residues, across these genes that could influence future modification

events through the histone code. Further, a similar situation may exist at genes targeted

for mitogen-induced phosphorylation ofH3 at serine 28. In this possibility, differences in

the pattem of histone modifications present at genes targeted for pS10 H3 and pS28 H3
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would result in a preference for MSK1/2 to phosphorylate serine 10 or serine 28

respectively.

A recent study has determined that in mouse fibroblasts, all H3 tri-methylated at lysine 4

is hypersensitive to TSA, indicating that most or all molecules of tri-methyl lysine 4 H3

are undergoing dynamic acetylation [287]. H3 methylated at lysine 9, which is often

associated with heterochromatin [288,289], did not exhibit this sensitivity. Methylation of

H3 at lysine 4 is now known to be present at the immediate-early genes c-jun and c-fos,

both of which are targets for mitogen-induced H3 phosphorylation at serine 10

1207,208,28'71. ChIP analysis detected tri-methyl lysine 4 H3 at c-jun and c-þs before

and after MAPK pathway stimulation [287]. Further, ChlP analysis of c-fos and c-jun

with antisera against H3 methylated at lysine 4 and acetylated H3 revealed that regions

hypersensitive to TSA contain H3 trimethylated at lysine 4 [287]. Thus it is possible that

lysine 4 methylation when in combination with the acetylation of H3 lysine residues acts

as the mark that separates sites of mitogen-induced H3 phosphorylation at serine 10 from

sites of mitogen induced H3 phosphorylation at serine 28. A constitutive mark of

acetylated, lysine 4-trimethylated H3 could potentially sterically hinder phosphorylation

at serine 28, or could orient the MSK1/2 enzyme in such a way that phosphorylation at

serine 10 occurs preferentially. Alternatively, the presence of this mark at loci targeted

for serine I 0 phosphorylation following MAPK pathway stimulation may alter the

binding site of any number of nuclear factors, which could then result in diffe¡ences in

transcription factor/complex binding at these loci. Any factor bound to chromatin can

influence the availability of histone tails, and could therefo¡e promote the

phosphorylation ofone residue instead of the othe¡.
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Mitotic H3 phosphorylation: During G2-M phase of the cell cycle, H3 is extensively

phosphorylated by the kinase Aurora B at serine l0 and serine 28. Mass spectrometric

analysis has revealed a very complex pattem of post-translational modification of H3

variants during mitosis in mammalian cells [290]. The maximal phosphorylation of H3

and the participation of all H3 variants during this period in the cell cycle provided a

reference for H3 phosphorylation events occurring during TPA-induced H3

phosphorylation of serum-starved Gl phase 10Ti/2 mouse fibroblasts and C3 cells. In

analyses of the distribution of the modified H3 isoforms having been modified by

phosphorylation at serine 10 or serine 28, we observed that mitotic H3 phosphorylated on

serine 10 or serine 28 was found mainly on an H3 tail that is modified by one other

charge-altering event (the di-modifìed form). During mitosis the amount of

hyperacetylated H3 diminishes although lower levels of acetylation persist [291]. Given

the widespread nature of mitotic H3 phosphorylation, we suggest that a portion of the di-

modified forms of phosphorylated H3 are most likely di-phosphorylated. A di-

phosphorylated (Thr-3, Ser-10) peptide corresponding to a region within the amino-

terminal portion of H3 has been detected by mass spectrometry, thus this combination of

modifications is one possible identity for di-modified molecules we detected with antisera

to pS10 H3.

By immunoblot, we detected mitotic phosphorylatìon of serine 10 and of serine 28 on

H3.1, H3.2 and H3.3 in parental and ras{¡ansformed cells. This result has been

confirmed in human cells arrested in mitosis by Garcia et al, who used mass spectrometry

to detect serine 10 and serine 28 phosphorylation on all three non-centromeric H3

variants [290]. ln this study several discrepancies between the combinations of
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modifications present on different variants were found, suggesting that variants have

specialized functions during mitosis. For example, H3.1 and H3.2 showed higher

amounts of methylation at lysine 27 in combination with phosphorylation at serine 28

than H3.3 [290].

H3 variant phosphoryløtíort: Recent reports in the literature have linked histone variant

H3.3 with transcriptional activity 193,94,2811. Chromatin immunoprecipitation assays

have found H3 phosphorylated on serine 10 in the chromatin associated with immediate-

early genes during transcription [205,207,209]. Therefore, if the ch¡omatin associated

with immediate-early genes is enriched in H3.3, we would expect induction of the Ras-

MAPK pathway to result in a disproportionate increase in the amount of H3.3

phosphorylated on serine 10 as compared to the other H3 variants. The same would be

expected of phosphorylation on serine 28 if this modification is occurring at genes

expressed following stimulation of the Ras-MAPK pathway. In contrast to our

expectations, we observed that H3.2, H3.3 and to a lesser extent H3.1 was

phosphorylated at serine 28 and that all thee H3 variants participated in TPA-induced

phosphorylation at serine i0 in TPA-stimulated, serum-starved 10Ti/2 mouse fibroblasts

and C3 cells. Differing levels of phosphorylation of H3.1 at serine 10 versus serine 28

further supports our _result that H3 phosphorylated at serine 10 is located in different

chromatin regions from that of H3 phosphorylated at serine 28.

H3.3 is thought to be incorporated into regions of transcriptional activity after

nucleosomes are disrupted by the passage of transcriptíon machinery. This would lead to

an accumulation of H3.3 within the coding regions of active genes. However, a recent
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study has found that H3.3 tends to be present mainly in the promoters ofthese genes, and

that it persists tfuough mitosis to "mark" transcriptionally active genes [96]. Other

studies imply that incorporation of H3.3 is not restricted to transcribed regions and varies

from one gene to anothe¡ in its inclusion in upstream regulatory regions and coding

regions [292]. Following stimulation of the Ras-MAPK pathway, pS l0 H3 can be

detected in the promoters and coding regions of several immediate-early genes. Thus our

observation that H3.3 was not selectively phosphorylated at serine 10 or serine 28

following induction of the Ras-MAPK pathway is consistent wìth the results of Chow e¡

øl [96]; if nucleosomes throughout the coding region have an H3 variant composition

similar to that of bulk cfuomatin they will outnumber the nucleosomes modified within

the promoter. Further, H3 phosphorylation may exceed the confines of the transcription

unit and occur throughout a chromatin domain in a manner similar to that observed for

acetylated H3 and H3 methylated at lysine 4 [2931.

H3 phosphorylaliott ìn ras-trønsforn¿ed cel/s,' Mitogen-induced H3 phosphorylation at

serines 10 and 28 was slightly delayed in C3 cells; we detected maximum levels of pSl0

H3 and pS28 H3 at 30 minutes in C3 cells versus 15 minutes in parentai fibroblasts. This

correlates with the delayed induction of certain immediate early genes [198], and may be

due to changes in the parameters of the Ras-MAPK pathway brought on by oncogenic

Ras. Cells may respond to a continuously active pathway by altering levels of mediators

such that the pathway responds differently. In addition, oncogenic Ras may cause

increased genomic instability which in tum leads to chromatin that is more or less

sensitive to mitogenic stimuli.

t52 -



In addition to the increase in H3 phosphorylated at serine 10, oncogene-hansformed cells

often display defects in nuclear architecture including irregular nuclear matrix profiles

[250] and abnormal nuclear morphologies [294]. We have determined thal ras-

transformed cells also contain elevated levels of H3 phosphorylated at serine 28.

Increased levels of H3 phosphorylated at serine 28 in røs-transformed cells may

contribute, along with these defects, to the relaxed chromatin structure and aberrant gene

expression observed in these cells. Elucidation of the mechanism by which

phosphorylation at serine 10 is distinct from phosphorylation on serine 28 and

determination of the specific subsets of genes affected by these modifìcations may

provide new targets for therapeutic agents in cancer therapy.

C3 cells also contain increased amounts of phosphorylation on the structural chromatin

protein HMGNl. This protein regulates the accessibility of DNA for factor binding and

modulates modification of histone H3. Phosphorylation of HMGN I at serine 6, as seen

following mitogen-stimulation, causes its release from nucleosomes potentially resulting

in an opportunity for nuclear factors to bind. Thus increased phosphorylation of this

protein could result in significant changes to the structure of chromatin, altered

modification profiles for the histones, and abenant gene expression.

MSKs phosphorylated chromatin in a selective manner. Despite constitutive activation of

the Ras-MAPK pathway in C3 cells, the distribution of H3 modified forms participating

in TPA-induced phosphorylation is remarkably similar to that in the parental cells. In

addition, sites of H3 phosphorylation at serine 10 are kept separate from sites of H3

phosphorylation at serine 28. Stimulation of the MAPK pathway with TPA or EGF in

C3H 10T1/2 mouse fibroblasts results in stoichiometric (complete) activation of MSKl,
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meaning that all molecules of MSKI become phosphorylated and activated [282].

Although røs-transformed C3 cells do not have elevated levels of MSKs, H3 kinase

activity in stimulated C3 cells is increased relative to stimulated parental 10T1/2 cells

[262]. This increased H3 kinase activity is likely responsible for the increased amounts

of H3 phosphorylated at serine 10 and at serine 28. Increased phosphorylation levels of

histone H3 mean one of two things: either there is an increase in the number of residues

undergoing steady-state phosphorylation at each targeted foci, or there is an increase in

the number of foci. Given the exquisite targeting exhibited by the Ras-MAPK pathway,

evidenced by the separation of most foci ofpS10 H3 from foci ofpS28 H3, it seems more

likely that there are an increased number ofphosphorylated residues at each targeted foci.

The rheostat model, in which differing levels of stimulation produce different biological

outcomes, may be of relevance here. Cells containing constitutively active Ras also

contain elevated levels of pS10 H3 and pS28 H3, but not nearly as much as stimulated

cells, suggesting that stimulation by activated Ras is notjust an on/off switch. The high

level of stimulation provided by 100 nM TPA results in similar phosphorylation of H3 in

both parental and ras-transformed cell, as evidenced by similar locations and pattems on

acid-urea polyacrylamide gels. It may be that TPA stimulation results in H3

phosphorylation at a different set of genes than those targeted constitutively in H-ras

transformed cells.

pS10 H3 and pS28 H3 are ínvolved in trønscríptíon' In addition to demonstrating that

mitogen-induced phosphorylation of H3 at serines 10 and 28 occurs on dynamically

acetylated chromatin, we have shown that following stimulation of the Ras-MAPK
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pathway, a portion of the many foci of pS10 H3 colocalize with RNA pol II that has been

phosphorylated at serine 5. This would be the expected result if those foci associated

with pS5 RNA pol II were undergoing transcription; only a fraction would be colocalized

and undergoing transcription in accordance with the transcriptional program initiated by

Ras-MAPK pathway stimulation [171]. We found a very similar result for pS28 H3,

adding to the evidence that phosphorylation of this residue also plays a role in gene

expression.

The mechanism by which mitogen-induced H3 phosphorylation, at serine 10 or 28,

contributes to gene expression is not well understood. When we visualized the nuclear

location of pS28 H3 and pS6 HMGN1 in TPA- and EGF-stimulated cells, they did not

colocalize. This result is in agreement with the current model of mitogen-induced

phosphorylation of cfuomatin proteins, which states that phosphorylation of HMGN1

causes its dissociation from ch¡omatin and gives kinases better access to phosphorylate

serine 10 and 28 ofH3 [195].

Higher order chromatin structure is an impediment to transcription. Phosphorylation of

histone H3 at serine 10 does not disrupt chromatin folding, nor does triacetylation of the

H3 amino-terminal tail 1295,2961. However, acetylation of histone H4 at lysine 4

interferes with the formation ofcross-fibe¡ interactions within chromatin and prevents the

formation of 30 nm-type fibers [295]; therefore cefain modifications, and combinations

thereof, can dramatically affect the compaction state of chromatin. H3 phosphoacetylated

at serine l0 lysine 14 and serine 10 lysine 9 is associated with immediate-early genes

during mitogen-induced transcription, and mitogen-induced phosphorylation of H3 at

serine 28 tends to occur on H3 tails that undergo a higher steady-state level ofacetylation
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than those undergoing phosphorylation at serine 10. The effect of a combination of

modifications on the amino-terminus of H3, namely acetylation and phosphorylation, has

not been determined and may be of significant consequence in the formation of higher

orde¡ ch¡omatin structures.

It is likely that H3 phosphorylation contributes to gene expression through mediating

proteins. 14-3-3 isoforms have been identified as proteins that specifically bind H3

phosphorylated at serine 10 in a manner that is not disrupted by acetylation of H3 at

lysine 9 or 14 1297). Isoforms of 14-3-3 bind c-jun and c-fos, making them potential

mediators of the effects ofhistone H3 phosphorylation at immediate-early genes [297].

Future Directions and a Current Model o-f Mitogen-Induced H3 Phospþelylqtlp4

A cunent model of H3 phosphorylation following stimulation of the Ras-MAPK pathway

is shown in Figure 4-2. In this model, stimulation of the Ras-MAPK pathway by growth

factors such as EGF or phorbol esters like TPA results in phosphorylation ofH3 at serine

10 on a specific set of immediate-early genes. Chromatin at these genes is also

undergoing dynamic acetylation to a limited extent, including at lysines 9 and 14. At

another set of genes, H3 is being rapidly phosphorylated at serine 28 on ch¡omatin

containing a higher steady-state level of H3 acetylation. Ch¡omatin remodellers

(SWI/SNF), HATs þ300), and HDACs work in conjunction with MSKs near the site of

the pre-initiation complex (PIC) to facilitate transcription. These factors, and additional

proteins necessary for their proper functioning, may or may not associate in a complex

withMSK1 orMSK2.
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Our model does not address the mechanìsm by which MSK1/2 phosphorylates only one

residue, either serine 10 or serine 28, at each loci. This is likely to vary, and may rely

upon components of the MSK1/2 complex. Some genes targeted for phosphorylation at

serine 10 are likely marked with trimethyl lysine 4, acetylated H3. Determining the

components found in MSKi/2 complexes, including transcription factors, chromatin

modifiers and remodellers, will be an important step to understanding the pathway that

generates rapid transcription of immediate-early genes following mitogen stimulation.
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Figare 4-2. Model of mitogen-induced H3 phosphorylation. Stimulation of the Ras_-

MAPK pathway by growth factors such as EGF or phorbol esters such as TPA results in
the activation of a series of kinases including the chromatin modifuing enzymes MSK1
and MSK2. At specific immediate-early genes, histone H3 is rapidly phosphorylated at
serine 10. In the same timeframe, other unidentified loci having higher steady state levels
of acetylation on H3 are phosphorylated at serine 28. MSK1/2 work in conjunction with
HATs (e.g. p300) and chromatin remodellers to facilitate transcription.
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Although we can stipulate that mitogen-induced pS 10 H3 is present at certain immediate-

early genes, TPA-stimulation of serum-starved fibroblasts leads to the appearance of

numerous foci of phosphorylated H3. Thus many targets of mitogen-induced

phosphorylation of H3 at serine 10 remain to be identified. Each of the foci appearing

following the start of mitogen stimulation is predicted to be a site ofgene transcription, a

portion of which are immediate-early genes that transcribe at induced levels within 15

minutes of the start of stimulation. Following serum-stirnulation of human fibroblasts the

transcription of various others genes is induced 30 minutes to several hours afte¡

stimulation began; this includes many involved in inflammation, tissue remodeling,

coagulation and hemostasis [171]. Targets of mitogen-induced H3 phosphorylation at

serine 28 are unknown. Like foci ofpS10 H3, foci ofpS28 H3 are numerous following

TPA- or EGF-stimulation of serum-starved fibroblasts. Ch¡omatin immunoprecipitation

experiments with an antibody that specifically recognizes H3 phosphorylated at serine 28

will provide valuable information on the placement, extent and purpose of mitogen-

induced phosphorylation of H3 at serine 28. Using this method, DNA could be isolated

from immunoprecipitated ch¡omatin and hybridized to a CpG island microarray

containing the promoters and/or coding regions of many immediate-early genes. The

inclusion of non-immediate-early genes on the anay could also identifu other targets.

Parallel experiments done with antibodies recognizing H3 phosphorylated at serine 10

could also be done for the same purpose, as to date only a fiaction of the genes associated

with pS 1 0 H3 have been discovered.

The increased H3 phosphorylation at serines 10 and 28 present in ras-transformed cells is

either the result ofan increase in the average number of residues phosphorylated at each
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target gene or ân inc¡ease in the number of target genes. A ChlP (chromatin

immunoprecipitation) on chip (CpG island anay) may be used to identifu targets of

mitogen-induced H3 phosphorylation in røs-transformed cells. A comparison of the gene

targets in parental and r¿s-transfo¡med cells may yield new targets for the production of

anti-cancer drugs.

Part of thís discussion was originally publíshed in Dunn KL and Davie JR. Stimulation

of the ras-MAPK pathway leads to independent phosphorylation of histone Hj on serines

I0 and 28. Oncogene 2005. 24(2I ):3492-502.
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Appendìx A:

The Nucleør Matríx, tlte Insuløtor-Bindíng Protein CTCF, and Functiottøl

Domøins of CIU'onøtirt



Background

Enlancers are sequences of DNA that bind transcription factors and enhance the

transcription ofparticular genes. Enhancers may be located up to 1 megabase away from

their target gene, and studies have shown that most are not specific, meaning that they are

capable of enhancing transcription at many genes [30,i31]. Enhancers act through one

of two mechanisms. The first involves direct contact between the enhancer and target

gene in which factors bound to the enlancer allow for easier formation of the RNA pol Il

complex at the target gene promoter. The second does not involve direct contact and

instead relies upon the procession of a signal down the strand ofDNA fiom enhancer to

promotgr.

Insulators act as another level of gene regulation; they are DNA elements teamed with

associated proteins that block inappropriate activation by enhancers and/or silencing by

the spread of heterochromatin (refer to Figure A-1). The latter function is referred to as

boundary formation or barrier activity. Not all insulators are capable ofboth barrier and

enhancer-blocking activity. Even at insulators capable of both boundary formation and

enhancer-blocking, the two activities can be separated, Insulators can be tumed on or off,

and must be placed along the strand of DNA intervening the enhancer and heterologous

promoter or heterochromatin. Combinations of several insulators in close proximity to

each other have been observed at several loci.

Two assays have been developed to functionally define ìnsulators. In the enhancer

blocking assay, a construct is created that contains a strong enhancer, a neomycin

resistance gene and the proposed insulator. A second insulator, known to prevent the
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spread of heterochromatin, is placed upstream of all other elements to protect against

position effect variegation [298]. The proposed insulator is interspersed between the

promoter and enhancer. After stable transfection into an erythroleukemia cell line,

constructs containing insulators will produce significantly fewer G4i8-resistant colonies

than those without insulators. To test for the ability to block heterochromatin formation

and the effects on position effect variegation another assay has been developed. In this

case, the proposed insulator is not placed in between enhancer and promoter, but instead

lies upstream of both. If the proposed insulator is capable of protecting genes from

position effects it will result in an increased number of G4l8-resistant colonies as

compared to a control containing no insulator [298].

Figure A-1. Insulators prevent the activation of promoters by heterologous enhancers.

The enhancer in the above figure could activate transcription from promoters 1 (P1)

and 2 (P2) if not for the presence of the intervening insulator. Transcription is

enhanced at P1, but not P2.

The Insulaîor-Binding Proteín CTCF

CCCTC-binding factor (CTCF) is a vertebrate insulator binding protein that mediates

enhancer blocking 12991. It is a highly conserved, ubiquitously expressed nuclear

protein that interacts with target sequences approximately 50 bp in lengJh 13001. At 727
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amino acids, the full length, major form of CTCF has a molecular mass of 82 kDa [301],

but due to sequences in its amino- and carboxyl-termini it runs at approximately 130 kDa

in SDS-PAGE polyacrylamide gels [302]. Several studies have detected the major form

of CTCF migrating at 140 kDa [299,302,3031. A mino¡ isoform of CTCF, in which the

carboxyl-terminus has been lost, migrates at approximately 70 kDa [302]. The central

domain in CTCF, 100% identical in chicken and human, makes use of different

combinations of the 11 zinc fingers to bind extremely divergent sites, including

promoters, silencers, and enhancers (refer to Figure A-2). In addition to its role in

mediating insulator activity, CTCF participates in transcriptional activation, silencing,

imprinting genetic information and X-chromosome inactivation.

Sìn3 Binding

PolyADP-tubosylation Phosphorylation

Figure A-2. Diagrammatic representation of vertebrate CTCF. The DNA-

binding zinc finger cluster of the 728 amino acid CCCTC-binding factor is

shown along with regions for Sin3 binding and post-translational modification

by phosphorylation and polyADP-ribosylation.

-164-



The DNA Bindins Capacin qf CTCF

CTCF binds to a wide variety of DNA sequences and has many target sites throughout

the genome including promoters, silencers and insulators. Although CTCF appears to

prefer CG-rich sequences, no single consensus sequence can encompass all binding sites.

Several are relatively high in CG content, including sites within the coding regions of

human and moùse c-myc genes and in between the Igf2 and H19 genes [304-307], A

sequence of three direct repeats of CCCTC upstream of the chicken c-myc pÍomoter

interacts with CTCF [300]. In contrast, the second module of the chicken lysozyme

silencer is AT rich, does not contain a CCCTC motif, and interacts with CTCF [30ó].

Diffe¡ent combinations of the 11 zinc fingers are used to bind DNA

1299,301,306,308,3091. For example, binding to the human c-myc P2 promoter utilizes

zinc fingers 4 through 1 1, while either 1 to 8 or 5 to 11 are used to bind at the Fl element

of the chicken lysozyrne silencer [306].

CTCF Con-fers Enhancer-B locking Activitv

Lower eukaryotes may employ several different mechanisms to impart insulator activity.

Five proteins are known to mediate insulator function in Drosophíla: suppressor ofhairy

wing (Su(Hw)), boundary element associated factor 32 (BEAF32), Zw5, GAGA factor,

and Drosophila CTCF (dCTCF) [310-314]. Recently discovered, dCTCF has a similar

domain structure and displays comparable DNA binding capacity to vertebrate CTCF.

Also like vertebrate CTCF, dCTCF can specifically repress transcription and mediates

enhancer blocking at the Fab-8 insulator [315]. Enhancer blocking activity of the

Drosophila gypsy insulator, mediated by Su(Hw) and a cofactor Mod(mdg4) [314],
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appears to involve attachment to the nuclear envelope [316]. In yeast, the formation of

heterochromatin at active genes can be prevented by tethering insulator elements to

components of the nuclear pore complex (NPC) [317]. This evidence strongly suggests

that insulator activity in lower eukaryotes involves attachment to nuclear substructures, a

property which has not yet been observed in vertebrates.

Verteb¡ate CTCF binds insulators including Fab-8, sites within the human and mouse

beta-globin locus, the chicken HS4 element, the imprinting control region of the Igf2lHl9

locus, and near the promoter of the fs,r gene at the mouse X-inactivation center

[304,305,315,318-320] . Several CTCF-binding insulators that block enhancer activity

do not act as barriers to the spread of heterochromatin [321]. A CTCF binding site in the

chicken HS4 element located at the 5' end of the chicken B-globin locus is required to

produce enhancer-blocking activity in this element [321]. In fact, until recently it was

thought that CTCF conferred enhancer-blocking activity to all known vertebrate

insulators 1299,305,322-3261. The mechanism by which CTCF imparts enhancer-

blocking activity is unclear; evidence to date suggests that it involves the creation of

distinct, functional domains of ch¡omatin regulated by covalent modification of CTCF

binding sites. For example, different methylation pattems are present on patemal and

matemal alleles at seve¡al loci containing CTCF binding sites [319,327-330] including

the imprinting control region between the lgf2 and H19 genes [331]. DNA methylation

at this loci prevents CTCF binding and insulator activity [304,305,332], creating a

functional domain of chromatin at the patemal allele that is diffe¡ent f¡om that at the

matemal allele [3 33].
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Models o-f Insulator Activít:t

1) Tethering: Insulato¡s may tether DNA to fixed nuclear structures to create loops of

chromatin in which genes are regulated together. This could involve one or more

substructures such as nuclear pores or the nuclear envelope. Since heterochromatin is

self-propagating from a focal point, attachment to a subnuclear structure will result in

steric hindrance to the spread of condensed chromatin structure. ln a similar mechanism

tethering could block the procession of a signal travelling from an enhancer to a

promoter, or prevent chromatin ûom taking on a conformation that would allow direct

(protein-mediated) contact between enhance¡s and heterologous promoters.

The mechanism by which insulators impart their enhancer-blocking and barrier activities

may be specific to each insulator. For example, although silencing of the yeast HML

locus can be controlled by tethering it to the NPC, this is not so for the yeast HMR locus

[334]. Control of insulator function at the yeast HMR locus must be by altemate means,

which is also likely the case for vertebrate insulators as none have been identihed to

associate with the NPC or nuclear envelope. Chromatin domains could also result from

interactions with the nuclear matrix [335]. In this scenario, the nuclear matrix would act

as an anchor point to define domains for structural and functional regulation [335]. In

support of this hypothesis, several insulators are found beside matrix attachment regions

(MARs) [336] and it has been determined that a region mediating insulator activity 5' of

the chicken lysozyme promoter is also a matrix attachment region (MAR) [337].

2) The Barrier Model: Similar to the tethering model, a large DNA-bound complex at the

insulator could physically block the propagation of chromatin structure or a signal on

route to a promoter.
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3) Nucleosome Positioning and Availability: Insulators in conjunction with the proteins

that bind them can alter the regular spacing of nucleosomes to create a nucleosome gap,

which could disrupt the self-propagation of condensed chromatin [338]. Additionally,

insulator-binding proteins may interact with histones to mask nucleosomes [114],

creating a situation in which proteins needed to propagate heterochromatin compete for

binding with those proteins bound to the insulator.

4) Histone Code Manipulation: The Drosophila gypsy insulator localizes to regions

interspersed between condensed and decondensed chromatin structure [339,340] and

CTCF has been shown to bind insulators that separate regions with low levels ofhistone

acetylation from regions enriched in acetylated H3 [341]. Localization of insulators to

regions of transition in chromatin structure raises the possibility that these elements

modulate ch¡omatin to achieve enhancer-blocking or barrier activity. In yeast, tethering a

histone acetyltransferase to regions of chromatin creates a substantial domain of

acetylated histones tkough which condensed chromatin cannot pass [342]. Manipulation

of the histone code by insulators or insulator-associated factors could create or destroy

binding sites for various proteins, including those necessary for the propagation of

heterochromatin or maintenance of euch¡omatin.

Regulatíon qf DNA Bindins Capacìty and Enhancer-BIockins ActiviN ofCTCF

The functional roles of CTCF associated with its DNA binding ability are regulated by

several means. Differential methylation of DNA at CTCF binding sites was the first of

these mechanisms toîê ãiscovered. DNA is methylated at the H19 imprinting control

region in only one allele; CTCF will not bind to methylated sites, leading to the inactivity
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of this insulator on one allele only [304,305,3 3 2,333]. In addition, two post{ranslational

modifications to CTCF have been identified: phosphorylation by CI(2 (casein kinase II)

and polyADP-ribosylation by PARP-1 (poly(ADP-ribose) polymerase) (refer to Figure

A-2) Í343,3441. Both modifications play important functional roles. While

phosphorylation takes place on several residues in the Cterminus, of which serine 612

appears to be particularly important, polyADP-ribosylation occurs in the N{erminal

portion of CTCF. Phosphorylation may affect its DNA binding capacity and alter its role

in hanscriptional activation and or repression on a gene-by-gene basis [343,344]. Unlike

other transcription factors including YYI [345], the DNA binding capacity of CTCF does

not seem to be altered by polyADP-ribosylation [344]. Ckomatin immunoprecipitation

analysis found CTCF bound to more than 140 target sites, many of which were also

bound by a polyADP-ribosylated protein. Furthermore, inhibition of PARP activity

prevents activity of the insulator located within the imprinting control region ofHl9 and

may prevent the function of CTCF-bound insulators on a much wider scale [344].

Other transcription factors also influence the enhancer-blocking activity of CTCF. A

recent sfudy found an interaction between CTCF and lhe POZ- (pox virus and zinc

finger) zinc finger transcription factor Kaiso, which has a consensus binding site near to

the site of CTCF binding at the 5' B-globin insulator. When intact, this site inhibits

enhancer-blocking by CTCF [346].

CTCF is involved in Transcriptional Activation and Repressíon

CTCF can act as a transcriptional activator or ¡epressor. For example, studies indicate

that CTCF is involved in transcriptional activation of the amyloid B-protein precursor
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(APP), which is cleaved to produce amyloid B-protein l30l,34'71. Characteristics of

Alzheimer's disease and Down's syndrome include extracellular deposition of this

protein [348-350]. The first 100 bp upstream of the APP transcription start site are

adequate to achieve high levels ofAPP transcription [351,352]. This region contains the

sequence GCCGCTAGGGGT located 82 to 93 bp upstream of the transcription start site.

APBp, a nuclear factor binding site, is the major activation site within this region [353]

and binds CTCF [309]. Experiments indicate CTCF binding to the APBp domain is

needed to reach optimal transcriptional activity [309] and that CTCF may be involved in

upregulating transcription at the APP gene in response to TGFB [354]. Deletion of a248

amino acid region in the amino-te¡minus of CTCF destroys its ability to activate

transcription [301,309].

CTCF is involved in transcriptional repression aI the c-myc gene, when bound to the

second module (F1) of the chicken lysozyme silencer [300,306,308,3 55,3 56], and at the

hTERT (human telomerase reverse transcriptase) gene [357]. The location of CTCF

binding at the chicken c-myc gene is different fiom that at the human c-ntyc gene. As

well, the target sequences are quite dìvergent. In both cases CTCF acts as a

transcriptional repressor, indicating that this function for CTCF has been conserved

throughout vertebrate evolution [308]. Repression can be regulated by post-translational

phosphorylation of four serine residues within the carboxyl-terminus of CTCF, which

results in an increased expression of the human and chicken c-myc genes [358]. The

presence of thyroid hormone can also abrogate repression through CTCF binding sites

and nearby thyroid hormone response elements tkough a mechanism that does not

remove bound CTCF [325]. This result suggests that CTCF is not recruited during
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reprossion but bound to this site constitutively. Steady-state levels of acetylation on

histone H4 near CTCF binding sites increases in the presence of thyroid hormone,

suggesting that targeted modulation of ch¡omatin structure is involved [359]. Analysis of

the CTCF-binding site in the proximal exonic region of hTERT revealed that the

effectiveness of this element in repressing transcription can be modulated by the distance

between it and the hTERT promoter, indicating that nucleosome positioning is a factor in

this case of CTCF-mediated transcriptional repression [357].

In vitro studies indicate the presence of tissue-specific repressive domains in CTCF.

Regions within the zinc finger domain, N-terminal region and C-terminal regions were

able to repress transcription of a reporter gene in chicken erflhroblasts, while only

portions of the zinc fìnger domain and C-terminal region functioned as repressors in

Aflìcan Green Monkey kidney cells (COS-1 and CV-1 cells) [360]. Other in vftro studies

found that GST-CTCF co-immunoprecipitates with Sin3A. This protein is part of the

Sin3A co-repressor complex that contains HDACI and HDAC2, and additional studies

indicated the presence of HDAC activity in material immunoprecipitated with antisera

against GST-CTCF [360]. Association of CTCF with ch¡omatin modifuing enz]¡rnes

further suggests that CTCF mediates its various effects through a mechanism including

the modulation of ch¡omatin structure [360].

CTCF is Involved in Imprinlins Genetic l4formalion

A small number of mammalian genes, generally found in clusters, undergo genomic

imprinting [361]. During this process matemal and patemal alleles inherit epigenetic

marks, resulting in the expression of one allele as detennined by its parent of origin.
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Although the mechanism is not well understood, it is associated with the differential

methylation of DNA and various histone modifications.

Paternal

Figure A-3. Genom¡c imprinting controls expression of the lgf2 and H19 genes. The

imprint¡ng control region (green box) interspersed between lgf2 (blue box) and H19 (red

box) is methylated on the paternal allele (black diamonds). On the paternal allele,

upstream enhancers (grey circles) are able to communicate with the lgf2 gene;

transcription, represented by a red arrow, takes place. On the maternal allele transcript¡on

of H19 occurs, but CTCF binding to the imprinting control region prevents enhancer-

mediated activation of the lgf2 gene.

CTCF binds several loci, which exhibit different methylation pattems on patemal and

matemal alleles 1319,327-3301, the best characterized being the imprinting control region

(lCR) between the Igf2 and Hl9 genes [331]. These genes located approximately 80 kb

apart are reciprocally imprinted and share a set of enhancers downstream of H19 (refer to

Figure A-3) 1362-3651. The imprinting control region interspersed between the two

contains four CTCF binding sites 1304,305,322,323l. DNA methylation on the patemal

allele prevents CTCF binding and insulator activity [304,305,332], such that transcription

Maternal

(ffèÞ r* f--__l
Enhancers

Enhancers
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of the Igf2 gene is enhanced while Hl9 is repressed [366]. On the matemal allele CTCF

binds the ICR, preventing contact between lgf2 and its upstream enïancers but allowing

activation of the H 19 gene [367].

The CTCF Protein Familv

CTCF is part of the BORIS-CTCF protein family of proteins that share their 11 zinc-

fìnger DNA binding domain [368]. BORIS, the brother of the regulator of imprinted

sites, contains distinct N- and C-termini. Expression pattems of CTCF and BORIS are

mutually exclusive during male germline development [368,369]. Genome-wide

demethylation takes place during BORIS expression and later reappears concomitantly

with the onset of CTCF expression in postmeiotic spermatocfes, leading to suggestions

that BORIS associates with demethylases as a way to regulate CTCF bìnding at insulators

including that between the IgÐ and Hl9 genes [368].

CTCF is a Putative Tuntour Suppressor

Mutation or deletion of tumour suppressor genes is a key factor in the formation of

human malignancies [370,371]. Tumour suppressor genes are dehned as those whose

function actively prevents the one or more of the series of events leading to tumour

formation. These genes tend to code for proteins playing roles in cell division, regulation

of transcription, and DNA repair. Mutations to tumour suppressor genes cause

deregulation of important cellular processes.

Several findings led to the proposal that CTCF is a tumour suppressor gene.
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Rearrangements of the CTCF gene have been observed in breast carcinoma cell lines, and

rearangements of the exons encoding the zinc finger DNA-binding domain of CTCF

we¡e detected in a fresh breast tumour sample [372]. Moreover, four common missense

mutations in the exons coding for the zinc finger DNA-binding domain of CTCF are

found in breast, prostate and Wilm's tumours [373]. Selective loss of DNA binding was

observed in the resulting mutant CTCF, which decreased binding to the proliferation-

related genes myc and Igf2 but not to other loci including the APP promoter, lysozyme

silencer, or p-globin insulator [373]. These findings led researchers to hypothesize that

change-of-function mutations to CTCF contribute to the development of human

malignancies [373], which is supported by a study of invasive breast carcinoma samples,

cytoplasmic expression of CTCF associated with increased tumour size and vascular

invasion [374].

Several studies indicate that alterations to chromatin structure by chromatin modiffing

enz)mles have a role in the genesis of cancer 1375-3711. Evidence suggests that CTCF

associates with complexes able to modulate chromatin structure [360], and thus may be

involved in maintaining appropriate chromatin conformations. Changes in the ability of

CTCF to bind specific sequences of DNA could lead to altered recruitment of chromatin

modifiers and abnormal chromatin structure, thereby producing aberrant gene expression

leading to malignancy [378].
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Rational and Hypothesis

CTCF has been shown to bind insulato¡s that separate regions with low levels ofhistone

acetylation from regions enriched in acetylated H3 [341]. Other studies have found

evidence that CTCF associates with ckomatin-modi$ing histone deacetylases. Co-

immunoprecipitation studies of a GST-CTCF construct indicate that the zinc finger

domain of CTCF associates wíth the Sin3A co-repressor complex [360]. This study also

determined that material immunoprecipitating with CST-CTCF contained histone

deacetylase activity, but did not identifu specific HDACs [360]. Several insulators are

found beside matrix attachment regions (MARs) [336] and it has been determined that a

region mediating insulator activity 5' of the chicken lysozyme promoter is also a matrix

attachment region (MAR) [337]. HDAC1 and HDAC2 associate with the nuclear matrix

and are part of the Sin3A co-repressor complex. Binding of CTCF to the base of

chromatin loops could create a situation where the enhancer-blocking activity ofCTCF is

regulated by a functional association with the HDACs found on the nuclear matrix. We

therefore hypothesize that CTCF associates with the nuclear matrìx and histone

deacetylases to impart its enhancer-blockìng activity
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Hypothesis:

CTCF confers enhancer-blocking activity to insulators through an association with the

nuclear matrix and nuclear matrix associated proteins HDAC1 and HDAC2.

Our objectives were to answer thefollowing questions:

1. Does CTCF associate with the nuclear matrix?

2. Does CTCF bind MARs? ln other words, is CTCF at the base of chromatin

loops?

3. Does CTCF function in association with the nuclear-matrix bound chromatin

modifiers HDACI and HDAC2? If so, does this association occur on the nuclear

matrix?
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MATER]ALS AND METHODOLOGY

Cell Línes and Tissue Culture

MCF-7(T5) breast cancer cells were cultured in Dulbecco's Modified Eagle Medium

(DMEM) (Gibco, NY, USA), prepared as per manufacturers instructions. Powdered

medium was added to a volume of ddH2O measuring 5% less than the required final

volume of media with gentle stirring. To this, 3.7g of sodium bicarbonate (NaHCO) was

added per liter of media. The media was then diluted to its final volume and stirred

gently until all particulates were fully dissolved. The pH was adjusted to 7.5 with 1N

HCI or lN NaOH and the media sterilized by filtration (Coming bottle top frlter,0.22

pm, Coming, NY). Media was stored in this condition at 4"C for no longer than two

weeks before use.

Supplements were added to DMEM just before use to such that it contained 100 units/ml

penicillin, 100 pglml streptomycin sulfate, 6.3% FBS, 0.3% glucose and 2 mM L-

glutamine. Cells were cultured in plastic tissue culture flasks or plates (Nunc, WVR

Intemational, Mississauga, ON) in a humidified environment, at 37"C with 5%COz.

Cells were grown to 60 - 80% confluence, at which point they were temoved from dishes

by trypsinization and one fifth of the cells added to a new tissue culture dish. Procedures

for trypsinization, preparation for storage in a liquid nitrogen tank, and starting up frozen

cells were as descrìbed for 10T1/2 and C3 cells.
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Preparatíon o.f Cell Llsates

Cell lysates were prepared as previously described [379]. Briefly, media covering cells

grown on 140 mm plates was aspirated and the cells washed with PBS, pH 7.5.

Approximately 1 X 106 MCF-7 (T5) cells were then collected in 500 ¡rl of IGEPAL

buffer [1% (v/v) IGEPAL, 150 mM NaCl, 50 mM Tris-Cl, pH 8.0, 1 mM PMSF, and 1 X

protease inhibitor cocktail fiom Roche]. While on ice, the cell suspension was passed

through a 25-gatge syringe four times and sonicated at 40% output for 15 seconds twice.

After centrifugation the supematant (cell lysate) was collected and stored at -20oC,

Protein concentration was determined using the Bio-Rad Protein Assay (Bio-Rad

Laboratories).

Cellular Fractionation with Triton X-l00

Cellular f¡actìonation with Triton X-I00 was performed as described previously [20].

MCFT (T5) cells were grown to 80o% confluence in a 140 mm plate. Media was aspirated

and the cells were washed twice with PBS, pH 7.5. Cells were then scraped into 1.5 ml

PBS and pelleted by centrifugation at 1000 rpm for 3 min at 4"C. The PBS was then

aspirated and the cells resuspended ìn TNM buffer (300 mM sucrose, 100 mM NaCl, 10

mM Tris-Cl, pH 8.0, 2 mM MgCl2, 1% thiodiglycol, 1 mM PMSF, 1 X protease inhibitor

cocktail fiom Roche). One drop of this fiaction was placed on a slide, and i00 tll of this

cellular fiaction was saved. The suspension was then passed through a 22-gatge needle

five times, afte¡ which one drop was placed on the slide and compared to the cellular
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fraction. The suspension was centrifuged and the cytosol and nuclei separated. Nuclei

were checked under a light microscope before resuspension in TNM buffer containing 0.5

o/o'liton X-l00. The sample was then placed on ice for 5 min before centrifugation at

maximum speed in a microfuge at 4'C for 10 minutes. The resulting Triton-soluble

ffaction (supematant) and Triton-insoluble fraction þellet) were stored at -20"C for

futu¡e use.

Cells

cytosor 4
Nuclei

Triton-lnsoluble

Figure A-4. Cellular Fractionation by Triton Extraction. Nuclei

are isolated and extracted with a solution containing 0.5%

Triton X-100. This results in the formation of a Triton-Soluble

fraction (supernatant) and a Triton-lnsoluble fraction (pellet).

Isolation o-f Proteins Cross-Linked to DNA by Cisplatin in Situ.

Proteins were cross-linked to DNA with cisplatin in MCF-7 breast cancer cells as

described previously [18]. Cell pellets (1 x l0 6 cells/ml) were incubated with 1 mM
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cisplatin for 2 h at 37oC. Lysis buffer (5 M urea, 2 M guanidine hydrochloride, 2 M

NaCl,0.2 M potassium phosphate, pH 7.5) was then added to the cells followed by

hydroxylapatite (Bio-Rad Laboratories, Hercules, CA). RNA and proteins not cross-

linked to DNA were removed from the resin by three washes with lysis buffer. The

protein-DNA crossJinks were ¡eversed by adding 1 M thiourea.

Isolation of Nuclear Matrix Proteins

Nuclear matrices were isolated as described previously [380]. MCFT (T5) cells gro'wn to

80% confluence were washed with PBS, pH 7.5. Approximately 1 X 107 cells were

resuspended in 5 ml cold TNM buffer (300 mM sucrose, 100 mM NaCl, 10 mM Tris-Cl,

pH 8.0, 2 mM MgClz, 1% (v/v) thiodiglycol, 1 mM PMSF, lOpg/ml aprotinin and 1

pglml leupeptin) to which Triton X-100 was added to a final concentration of 0.25%o

(v/v). Suspended cells were passed through a 2Z-gauge syringe five times. Nuclei (20

Azoolml) isolated through centrifugation were digested with 100 pglml DNAse I (Sigma,

St. Louis, MO) for two hou¡s at room temperature in DIG buffer [50 mM NaCl, 300 mM

sucrose, l0 mM Tris{I, pH 7 .4, 3 mM MgCl2, 1% (v/v) thiodiglycol, and 05% (v/v)

Triton X-1001 with I mM PMSF, 10 ¡rg/rnl aprotinin, and I pglml leupeptin. The

removal of chromatin was then facilitated by the addition of ammonium sulfate (lCN

Biomedicals, Aurora, OH) slowly, while mixing, to a final concentration of 0.25 M.

Samples were then centrifuged at 96009 for 10 min at 4'C after which the supernatant,

termed the 53 fraction, was saved. The pellet, termed the NMIlF fraction, contained the
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nuclear matrix and associated intermediate filaments. It was resuspended in 8 M urea and

stored at -20"C.

Cells

I
II

Nuclei with attached Intermediate
Filaments

DNAse I, ammoniumsurfate I

/\

Nuclear Matrix with attached Chromatin Fragments
Intermediate Filaments

(NM1-rF)

Figure A-5. Flow diagram of nuclear matrix preparation. To prepare nuclear

matrices, nuclei are first isolated with intermediate filaments still attached.

Nuclei are then treated with DNAse 1 and ammonium sulfate to remove

ch¡omatin frasments.

Immunonrecinitation o-f HDACI and HDAC2

Antibodies specific to human HDÀCl and human HDAC2 were used to

immunoprecipitate these proteins from MCF-7 (T5) cell lysates. MCF-7 (T5 ) cell lysate
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(500 pg of total protein) prepared as described above was added to immunoprecipitation

(IP) buffer (50 mM Tris-Cl pH 8.0, 150 mM NaCl, 0.5% IGEPAL, 50 mM NaF, 1mM

EDTA, 1X proteinase inhibitor cocktail Íiom Roche) to give a final volume of 1 ml. Cell

lysate was pre-cleared with 50 pl ofa 1:1 slurry of Protein A Sepharose (Pierce) (in IP

buffÐ for 30 min at 4 'C. Five pg of polyclonai antibody specific for HDAC1 (ABR:

Affinity Bioreagents Inc.) or HDAC2 (ABR) was incubated with the pre-cleared sample

ovemight at 4oC with rotation. A negative control was done in which no antibody was

added. A polyclonal antibody specific for ubiquitinated proteins was used as a non-

speciflc control. After incubation with polyclonal antibody, 50 pl ofProtein A Sepharose

(Pierce) was added and the samples were incubated for 2h at 4'C with rotation. Beads

were washed 3 times with 1 ml of IP buffer and resuspended in SDS PAGE loading

buffer.

Sepøration of Protein Samples bv SDS-PAGE

At times protein samples, including cell lysates, immunoprecipitated material and

samples resulting f¡om various types of extractions (Triton, NMl-IF, etc) were separated

by SDS-PAGE. The procedure for this separation was as described above for histone

separation with the following modifications. Ten percent polyacrylamide gels were used.

The separating portion of these gels was prepared by combining 4.2 ml ddH20, 2.5 ml 4X

Tris-Cl/SDS pH 8.8, 3.3 ml 30Yo acrylamide stock, 33.3 ¡rl 10% APS, and 6.7 pl

TEMED. The stacking portion was prepared as described above. Ten percent

polyacrylamide gels were poured between glass plates with spacers of 1.0 or 1.5 mm.

These gels were nrn a|175 Y for 1.5 h to 2 h.
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Transfer of Proteins to Nítrocellulose

Proteins, including histones, were transferred to nitrocellulose for immunoblot analysis.

After running SDS-PAGE gel, the gel was carefully removed fiom between the glass

plates and set up in a sandwich such that protein will be transfe¡red to a pre-soaked (in

transfer buffer) piece of nitrocellulose. Transfer buffer contained 400 mM 3-

(Cyclohexylamino)- l-propanesulfonic acid (CAPS) and 20%o methanol in ddHz0.

Transfer was done ovemight (approximately 16 h) at 50 V in the cold room.

Intmunoblot Analvses

Proteins from the various fractions were separated by SDS 10% PAGE and analysed by

immunoblotting with antibodies specific for the C{erminal 570-72'/ residues of CTCF in

a protocol similar to that described above (Upstate Biotechnology, Inc.; Lake Placid, NY,

USA), HDAC1 (Affinity Bioreagents; Golden, CO, USA) and HDAC2 (Affinity

Bioreagents).
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RESULTS

CTCF is a Nuclear Matrix Proteín

The subcellular distribution of CTCF was determined in MCF-7 (T5) breast cancer cells.

MCF-7 (T5) breast cancer cells were fractionated in TNM buffer and the nuclei extracted

with 0.5% Triton X-100. The resulting fractions were a Triton-soluble fraction

containing components loosely bound ín the nucleus, and a Triton-insoluble fraction

containing components tightly bound to sh'ìrctures in the nucleus.

Immunoblot analysis was used to detect CTCF in these fractions as well as cellular,

cytosolic and nuclear fractions. This analysis detected isoforms of CTCF migrating at

155 kDa and 90 kDa (Figure A-6). The major 150 kDa isoform was detected in the

nuclear and Triton-insoluble fraction, indicating that CTCF is tightly bound to a nuclear

strucfure (Figure A-6). The nuclear matrix and DNA are both possible structures that

could be retaining CTCF in the nucleus through Triton extraction.

Nuclear matrices were isolated from MCF-7 (T5) breast cancer cells to determine if the

CTCF present in the Triton-insoluble fiaction was associated with the nuclear matrix. In

this procedure, isolated nuclei are treated with DNAse to remove chromatin. The

resulting fractions, including nuclei before and after DNAse treatment, were separated on

SDS-polyacrylamide gels, transfened to nitrocellulose, and analysed by immunoblot.

CTCF was detected in all fíactions except the cytoplasm: cellular, nuclei before and after

DNAse treatment, nucleoplasm and the nuclear matrix (NMl-lF) (Figure A-7 A). A

significant amount of the 155 kDa major isoform of CTCF was present in the nuclear

matrix fiaction.

- 184-



çh 6)

c)>,=()UZ

-160 kDa CTCF

Figure A-6. CTCF is tightly bound in the nucleus. Nuclei isolated from
MCF-7 (T5) breast cancer cells were extracted with 0.5% Triton X-100.
Equal volumes of cell fiactions, cell lysate (lane 1), cytoplasm (lane 2),
nuclei (lane 3), Triton-soluble (lane 4), and Triton-insoluble (lane 5),
were n¡n on SDS 10%o polyacrylamide gels and transferred to
nitrocellulose membrane. An anti-CTCF antibody immunochemically
stained membrane is shown. CTCF was detected in the cell lysate,
nuclear, and Triton-insoluble fractions (lanes 1, 3, and 5).

185



A standard curye was generated by running increasing volumes ofa known concent¡ation

of NM1-IF on an SDS-PAGE gel, immunoblotting, and scaruring the blot into the Image

Station 440CF (Kodak Digital Science). The net intensity of the CTCF band, as

determined using lD Image Analysis Software (Kodak Digital Science), was plotted

against the volume loaded to obtain the best t¡endline (Microsoft Excel). The intensity of

the CTCF band in cellular and NM1-IF fractions was then used with the equation for the

trendline to determine the relative amounts of CTCF in cellular and NMl-IF fractions.

This analysis indicated that at least 21To of the major CTCF isoform was associated with

the nuclear matrix. The minor isoform of CTCF detected in these experiments, migrating

at 90 kDa, was found in the chromatin-released fraction, but not in the nuclear matrix

fíaction (NMl-lF) (Figure A-7 A). Fractions were also analysed by immunoblot with an

antibody specific for human HDACI, which is known to associate with the nuclear

matrix [20]. This test gave the expected results, with HDAC excluded Íiom the cltosol

but present in all other fractions, including the NMI -lF, demonstrating that our

fiactionation was performed correctly. As can be seen in Figure A-7, DNAse I digestion

done at room temperature subjected the 155 kDa isoform ofCTCF to proteolysis, but did

not have a similar effect on HDACl. The 90 kDa isoform of CTCF vr'as not detected in

fractions before DNAse digestion, suggesting that it is, in fact, a product of proteolysis

occurring during the DNAse digestion. This band also appears in other fractions that

were not digested with DNAse. thus the proteolysis in not likely due to a protease present

in the DNAse I preparation.

The above mentioned nuclear matrix preparation was done in the presence of protease

inhibitors, and precautions were taken to keep samples on ice at all times. Figure A-7 B
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shows a nuclear matrix preparation that was performed without protease inhibitors at a

higher average temperature. Under these conditions, extensive proteolysis of CTCF is

evident in the nuclea¡ fraction collected after DNAse 1 digestion, the nucleoplasm and

the nuclear matrix (NM1-IF).

Cisplatin is a cross-linking agent that preferentially crosslinks nuclear matrix proteins to

MAR DNA [381-383]. We used this technique to determine if the nuclear matrix

associated isoform of CTCF was bound to DNA ín situ. MCF -7 (T5) breast cancer cells

were incubated with cisplatin to crosslink proteins to DNA, after which the c¡osslinked

proteins were separated by SDS-PAGE and analysed by immunoblot along with cell

lysate (Figure A-8). Both the major (155 kDa) and minor(90kDa) isoforms were present

in the cell lysate. The major isoform was also detected in both cisplatin cross-linked

protein samples, indicating that CTCF is potentially a MAR binding protein. Also

detected in the crosslinked samples were isoforms migrating at 135, 120 and 75 kDa.

These were reproducibly detected in cisplatin crosslinked samples; however the 90 kDa

isoform was not present.

-187-



(ú

O. lr-ôü0)r

=Azz

o

z
A
C)!
(.)

-Ô

o
()

z

o

z
IJ
o)

qi
(É

C)

oJz

A

-66 kDa HDACl

-97 kDa

Figure A-7. CTCF associates with the nuclear matrix. The nuclear matrix was
isolated from MCF-7 (T5) breast cancer cells. A) Aliquots of whole cells (lane 1),
nuclei before and after DNAse 1 digestion (lane 3 and 2), cytosol (lane 4), and
nucleoplasm (lane 5) we¡e saved. Samples including the nuclear matrix Íìaction
(NMl-IF) (lane 6) were analyzed by SDS 10% PAGE. Immunoblot analyses were
performed with antibodies specific for CTCF and HDACI. B) Degradation of
CTCF is more extensive in samples isolated at higher temperatures without
protease inhibitors.
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Fig. A-8. Cisplatin crosslinks CTCF to DNA in situ.
MCF-7 breast cancer cells were incubated with I mM
cisplatin and the proteins cross-linked to DNA isolated.
Samples of cisplatin crossJinked proteins (20 pg) and 40
pg of MCF-7 cell lysate (lane i) were separated by SDS
10% PAGE and transferred to nit¡ocellulose membrane.
The memb¡ane was immunochemically stained with
antibodies specific for CTCF.
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CTCF does not Assocìate with HDACI or HDAC2

P¡evious in vitro studies had implied that CTCF may associate with histone deacetylases

to mediate its many activities in the nucleus. In these studies, a pull-down assay was

employed to determine that a GST-CTCF construct co-immunoprecipitated with Sin3A,

part of the Sin3A HDAC complex [360]. The immunoprecipitated material also

contained HDAC activity, further suggesting that CTCF interacts with the Sin3A HDAC

complex [3ó0].

The Sin3A HDAC complex contains HDACs 1 and 2. We therefore attempted to more

directly show an interaction between CTCF and HDACI and HDAC2 through co-

immunoprecipitation experiments. These experiments were done under low stringency

conditions, such that protein-protein interactions were not destroyed. To control for

specificity of the antibody-antigen interaction, we included an isotype-matched antibody

against ubiquitin-conjugated proteins. As an additional control we left primary antibody

out of one sample.

Fractions of bound and unbound material were saved for each immunoprecipitation

condition, as well as a fiaction of the material used for immunoprecipitation (input).

These samples were separated on SDS-polyacrylamide gels, transferred to nitrocellulose,

and immunostained with antibodies specific for CTCF, HDACl, and HDAC2 (Figure A-

9). We did not detect CTCF in fractions immunoprecipitated with antibodies recognizing

HDACl or antibodies recognizing HDAC2. CTCF was present in the unbound fractions,

indicating that the majority of CTCF does not interact with HDACI o¡ HDAC2. The

conditions used during immunoprecipitation experiments have the potential to disrupt

inte¡actions between proteins. To determine if protein-protein interactions were disrupted
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under our immunoprecipitation conditions, we also stained material immunoprecipitated

with antibodies recognizing HDAC2 for HDACI. As shown in Figure A-10, HDAC1

was found in f¡actions immunoprecipitated with antibodies for HDAC2 (lane 4). A larger

amount of HDACl was in the unbound fraction (lane7), indicating that a proportion, but

not all, of cellular HDAC1 is in complex with HDAC2. Therefore our

immunoprecipitation protocol did not destroy protein complexes.
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Figure A-9. CTCF does not associate with HDAC1 or HDAC2. Five hundred
micrograms of MCF-7 (T5) breast cancer cell lysate was incubated with 5 pg anti-
HDAC1 polyclonal antibody or 5 ¡rg anti-HDAC2 polyclonal antibody. The
immunoprecipitated (bound) and immunodepleted (unbound) fractions were
collected. A negative control to which no antibody was added was also included. Five
hundred micrograms of MCF-7 (T5) breast cancer cell lysate was also incubated with
a polyclonal antìbody specific for ubiquitinated proteins to check the specificity of
binding (nonspecific). (A) Samples of the HDAC1 immunoprecipitation were
separated by SDS 10% PAGE and analyzed by immunoblot analyses. The efficiency
of immunoprecipitation was confirmed by immunoblot analyses with an HDACI-
specific antibody (see lanes 4 and 7). The presence of CTCF in unbound fractions
(lanes 5-7) was determined by immunoblot analyses with an antibody specific for
CTCF. (B) HDAC2 was immunoprecipitated from MCF-7 (T5) breast cancer cell
lysate. Samples were separated by SDS 10% PAGE. The efficiency of
immunoprecipitation was confirmed by immunoblot analyses with an HDAC2-
specific antibody (see lanes 4 and 7). The presence of CTCF in unbound ffactions
(lanes 5-7) was determined by immunoblot analyses with an antibody specific for
CTCF.
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HDAC2

HDACl

Figure A-10. HDACI co-immunoprecipitates with HDAC2. Five hundred
microgtams of MCF-7 (T5) breast cancer cell lysate was incubated with 5 pg anti-
HDAC2 polyclonal antibody. A negative control to which no antìbody was added was
also included, as well as an antibody to ubiquinated proteins to check specificity of
binding (nonspecific). Immunoprecipitated (bound) and immunodepleted (unbound)
fractions were collected. Samples were separated by SDS 10% PAGE and analyzed
by immunoblot analyses. The efficiency of immunoprecipitation was confirmed by
immunoblot analyses with antibodies recognizingHDAC2 and HDACI .

c.t
O

o
Ér
d

c)

P(g
Òo()
z

()

a (_)'5 0.
= Gt c/)
riöOÉ!tooiizz



MATOR FINDINGS:

We were the first to identifu CTCF as a nuclear-matrix associated protein. This

has important structural implications for the organization of chromatin as well as

the mechanism by which insulators protect genes from inappropriate activation.

Nuclear matrix proteins are preferentially cross-linked to MARs in situ in a

procedure employing cisplatin. Using this procedure, we found that CTCF can

be crosslinked to DNA by cisplatin, indicating that it is bound to MARS i/4 sl/ø.

We determined that CTCF does not function in a complex with HDAC1 or

HDAC2, both components of the Sin3A co-repressor complex, implying that

these two enz),'mes are not recruited to CTCF-bound insulators as had previously

been postulated.

Much of thís work was published ín Dunn KL, Zhao H, and Davie JR. The
ínsulator bínding proteín CTCF assocíates with the nuclear møtrix. Exp. Cell
Res. 2003. 288(I ) : 2 I 8-2 2 3.

194 -



Conclusions and Discussion

MARs are located next to several insulators [336]. Certain insulators, for example a

region 5' of the chicken lysozyme promoter, a¡e known to attach to the nuclear matrix

[337]. We have found that at least 21To of lhe 155 kDa major form of the insulator-

binding protein CTCF is associated with the nuclear matrix (Figure A-7). The actual

percentage is most likely higher than this, as the nuclear matrix isolation procedure often

results in the loss of some true nuclear matrix proteins. As well, we have found that the

major i55 kDa form of CTCF was highly susceptible to degradation. Several attempts to

prevent this degradation, including the addition of protease inhibitors and lowering of

incubation temperatures were unsuccessful, which leads us to speculate that a CTCF-

specific protease may be present in our cells.

The 90 kDa minor form of CTCF was not detected in all samples. In cell lysates

containing this minor form, only small quantities were found (Figure A-6, Figure A-7 A

lane 1, Figure A-8 lysate); increased amounts were detected in samples that were

manipulated at room temperature (Figure A-7 B). Furthermore, many isoforms of CTCF

were present in samples of proteins crosslinked to DNA by cisplatin (Figure A-8),

suggesting that these and the 90 kDa minor form of CTCF are the product of protease

digestion. We did not detect the proteollic 90 kDa minor form of CTCF in nuclear

matrix samples (Figure A-7 A). The antisera against CTCF recognized the C-terminal

region of the protein, thus this result indicates that the N-terminal portion of CTCF

contains a nuclear matrix targeting domain.
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A CTCF binding site at the 5' boundary of the human apolipoprotein B gene is found

interposed between a DNAse 1-sensitive region containing upstream regulatory elements

and a region of condensed ckomatin downstream [336]. Similarly, the 3'HS insulator

proposed to insulate the cr-globin LCR from downstream olfactory gene enhancers is

marked by a DNAse t hypersensitive site [303]. The placement of insulators at points of

transition f¡om condensed chromatin structure to a more open conformation suggests that

CTCF employs chromatin modulation as a mechanism to mediate insulator function. It is

plausible that proteins bound to insulators work to manipulate the histone code. This

could be through innate histone-modifuing capabilities or recruitment of chromatin

modifuing enzymes and would result in the modulation of ckomatin structure and the

fo¡mation and/or removal of DNA binding sites. For example, the binding of co-

repressor complexes to histones may be prevented [114]. The transcription factor USF

(upstream stimulatory factor) is proposed to recruit histone modifie¡s to the HS4 element

and mediate insulator barrier activity by means of the chain terminator model [114,384].

In this model histone modifications present at the insulator act as a barrie¡ to the

propagation of condensed ch¡omatin [114]. For example, H3 acetylated at K9 would

block the heterochromatin-associated methylation of this residue [384].

The nuclear matrix-associated, MAR-binding protein SATBl associates with the HDAC-

containing NuRD complex [385]. 1n vilro immunoprecipitation data provides evidence

with a GST-CTCF construct that CTCF recruits the Sin3A HDAC complex [360]. In

spite of this our studies failed to find an association between CTCF and HDACs 1 and 2,

demonstrating that neither Sin3A nor NuRD HDAC complexes are recruited by CTCF.

Other studies, published after ours, were also unable to detect an interaction befween
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CTCF and Sin3 [386], nor an interaction between CTCF and YB-1, as had been

previously reported [387].

Two predominant themes have emerged in models to explain the enhancer-blocking

activity of insulators. In one, communication between enÏancer and promoter via a

processive signal travelling down the strand ofDNA is blocked by the presence ofa large

protein complex bound to an insulator [388]. Although plausible, this model is disputed

by the finding that two tandem copies of the Drosophila Su(Hw) insulator placed in

between enhancer and promoter are not capable ofblocking enhancer activity [389,390].

The other predominant theme involves formation of independently regulated chromatin

loop domains. Theoretically, this would increase the distance befween promoter and

enhancer, or could make it sterically impossible for them to interact, thereby preventing

enhancer activity that requires direct enhancer-promoter contact [388]. The structure of

the protein-DNA complex at the base of the loop would stop any processive signals

moving from enhancer to promoter. In support of this model, two copies of Su(Hw)

flanking an enhancer block enhancer activity more effectively than a single insulator

interposed between enhancer and promoter [389].

The formation of chromatin loops via insulators has been found associated with the

enhancer-blocking and barrier activity of yeast insulators f316,317,3911. Through

mediating proteins, the Drosophila gypsy insulator forms clusters that are tethered to the

nuclear periphery [316]. Later studies determined that the mediating proteins, Su(Hw)

and Mod(mdg4), associate with the nuclear matrix [392], which has components f¡om the

nuclear envelope and the nucleolus as well as DNA binding proteins. Identification of

CTCF as a nuclear matrix-associated protein and a MAR-binding protein provides

-'19'7 -



another possible mechanism for the formation of independently regulated chromatin

loops in vertebrates. This nuclear substructure could serve as a docking point with CTCF

providing the functional connection with insulator DNA elements [393]. Our finding that

CTCF associates with the nuclear matrix has been repeated in another study which also

determined that CTCF-bound insulators a¡e associated with the nuclear matrix (MARs),

and that this association is dependent on the presence of an intact CTCF-binding site

[394]. Given that CTCF binding sites are also required for enhancer-blocking activity,

this ¡esult provides strong evidence for our model that an interaction between CTCF and

the nuclear matrix is critìcal to the proper functioning of vertebrate insulators.

Although no vertebrate insulators have been identified that are tethered to nuclear pores

as is seen in yeast, it has now been established that a portion of CTCF localizes to the

nucleolar periphery, potentially through an interaction with nucleophosmin [386].

Furthermore, both CTCF and the CTCF-associated factor nucleophosmin are able to

oligomerise, and a CTCF- mediated interaction between chromosomes 7 and 1 I has been

observed [394,3951. These data suggest that CTCF mediates en]rancer-blocking through

a tethering mechanism with several possible means for ch¡omatin loop formation:

association with the nuclear matrix, association with nucleoli, and association with other

insulators. The separation of ch¡omatin into distinct functional domains is shown in

Figure A-11. Tethering by any of these measures could prevent promoter-enhancer

interactions or stop a processive signal traveling from enhancer to promoter. ln this case

the components of nucleoli, nuclear matrix or insulator-bound protein complex would

serve as structural barriers to the propagation of a signal traversing a strand ofDNA from

enhancer to promoter (234).
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Figure A-11. Models of Insulator Enhancer-Blocking and Barrier Activity. A and B.

Nucleosomes are represented by orange ovals along the strand of DNA. At the enhancer

and promoter, bound transcription factors are represented by green, yellow, blue, pink, and

purple ovals. A. Two insulators bound by CTCF containing complexes interact with each

other. B. CTCF bound insulators associate with the nuclear matrix to create functionally

distinct ch¡omatin domains. C. Barrier activity achieved by modulation of ch.romatin

structure. The chicken 5' HS4 insulato¡ lies in between a region of condensed, H3 K9-

methylated ch¡omatin (yellow pentagons) and a region of H3 K4-methylated chromatin

(blue pentagons). Proteins bound to this insulator recruit complexes containing HATs to

maintain acetylation ofH3 K9, thereby prevenling methylation of this residue.
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Insulators may be tethered to specific nuclear locations in accordance with the factors

required for their function. A recent sfudy produced results that imply ADP-ribosylation

of CTCF, or the extension of it, occurs after CTCF is bound to DNA [344]. PARP, the

enzyme responsible for ADP-ribosylation of CTCF, is en¡iched in nucleoli. Several

ch¡omatin modifiers including HDACs associate with the nuclear matrix.

Two proteins that bind and confer activity to insulators in Drosophila, GAGA factor and

Mod(mgd4), inte¡act and appear to promote interactions between insulators that allow

distal enhancers to bypass intervening insulators. [396]. This would explain the fact that

the tandem placement of fwo insulators in the enhancer-blocking assay prevents their

function. Further, the BTB/POZ domain present in both Mod(mgd4) and CP190,

anofher Drosophila enhancer-blocking insulator-binding protein, can interact with itself

to promote the formation of multimers [339]. As well, CTCF is also capable of

interacting with itself to form multimers [394]. Modifications to the binding sites for

these proteins, for example in the way that CTCF binding is regulated by DNA

methylation, could serve as additional level of regulation. This points to a complex

method ofinsulator regulation in which some loop formations confer insulator enhancer-

blocking activity while others actually allow insulator "blocking".

Despite findings that might lead one to suggest that insulators in vertebrates and lower

eukaryotes share a common mechanism of enhancer-blocking, key differences are

present. For example, while Su(Hw) and Mod(mgd4) appear to be a typical nuclear

matrix associated proteins, CTCF is not [394]. The association of CTCF with the matrix

is much more stable, being resistant to higher salt conditions and is not dependent upon

intact RNA [394]. In addition, no vertebrate insulators have been found to associate with
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nuclear pores, as is seen in yeast. Further, tethering to the nuclear matrix in vertebrate

cells is dependent on an intact CTCF-binding site while insulator tethering to the nuclear

envelope in Drosophila reqtires DNA in addition to that which binds Su(Hw) [397]. The

CTCF binding to HS4 occurs in regions that are relatively GC-rich [394], contrary to the

AT-rich nature of many MARs, while sequences surrounding Su(Hw) binding sites in the

Drosophilø gypsy insulator are MAR-like 1394,398,399). These differences point out a

fundamental difference in the way a vertebrate insulator-mediating protein interacts with

the matrix as opposed to those in Drosophilø, and may be indicative of a divergence in

the mechanism by which insulator enhancer-blocking is achieved.

The Drosophila Topors (topoisomerase I-interacting arginine/serine rich) protein, which

interacts with the Su(Hw) insulator protein complex, associates with nuclear lamina

[400]. We did not identifu the proteins connecting CTCF with the nuclear matrix.

However, studies published after ours point towards nucleophosmin, a protein enriched in

the gtanular portion of nucleoli and associated with the nuclear matrix, as a CTCF-

associated factor [5,386]. Thus CTCF may be recruited to the nuclear matrix through its

interaction with nucleophosmin [386]. Further, ChIP experiments have identified both

CTCF and nucleophosmin as proteins bound to insulators in vivo, suggesting that the

interaction between CTCF and nucleophosmin recruits the HS4 insulator to the nuclear

matrix [394]. Although there is considerable data to support the hypothesis that

functional interactions with the nuclear matrix via CTCF control insulator function, it is

still not known what percentage of insulators are actually MARs. It is most likely that

rnany insulators have yet to be clearly defined and there is evidence that some, such as
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the CTCF-binding sites in the mouse Igf2lHl9 imprinted control region, do not associate

with the nuclear matrix at all [134].

Several studies indicate that alterations to chromatin structure by chromatin modifuing

enzymes have a role in the genesis ofcancer Í375-3'171. Proteins required for the proper

organization of chomatin within the nucleus may also be involved in the modification of

chromatin structure during transformation. The evidence presented here indicates that

CTCF binds to MAR DNA at the base of ch¡omatin loops and is therefore involved in

spatially and functionally organizing ch¡omatin by anchoring it to the nuclear matrix.

Furthermore, CTCF has been identified as the mediator of a specific, functional

interaction between chromosomes 7 and 11 that influences gene expression [395]. These

discoveries imply roles for CTCF in organizing nuclear DNA that could explain why

mutations in the DNA binding domain of CTCF are seen in breast, prostrate, and Wilms'

tumours [373].

Future Directions

In the last several years great strides have been made to elucidate the mechanism by

which insulators achieve enhancer-blocking and barrier activity. ln vertebrates, one

additional protein capable of mediating enhancer-blocking activity has been found, and

Several enhancer-blocking insulators that do not contain binding sites fo¡ CTCF have

been identified [40i]. Maps of histone modifications, attachment sites to the nuclear

matrix, and bound proteins have all contributed a great deal to our understanding ofthese

elements. However, many aspects remain unclear, including the relationship between

histone modifications and insulator activity.
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Enhancer blocking appears to involve tethering of insulators to nuclear substructures and

the modulation of chromatin structure. Detailed mapping of the positions of modified

histones and ch¡omatin modifring enzynes along regions of insulator activity by

chromatin immunoprecipitation assay would further elucidate our understanding of

insulator function, and may provide clues as to the binding partners of CTCF. Although

CTCF has been established as a required element of many enhancer-blocking insulators,

it is not known whether co-factors exist. It would cefainly seem likely that other

proteins are required to produce what appears to be a modulation of chromatin structure

observed around several insulator elements. This raises the additional question as to the

source of any co-factors, which could be recruited by CTCF or to a specifìc location in

the nucleus (e.g. matrix).

At some sites of insulation, several insulators separate an enhancer fiom a heterologous

promoter. Although the recent discovery of an interaction and possible "looping out"

mechanism to by-pass the enhancer-blocking activity of distal insulators in Drosophila

lays the groundwork for the purpose of multiple insulators in this type of situation, there

is much left to understand about insulators placed in this fashion. Detailed examination

of histone modifications, the methylation status of DNA, and the modification status of

bound proteins may provide evidence as to the regulation of elements spaced in this way.

Part of this discussíon was originally published in: Dunn KL, Zhao H, Davie JR. The

insulator binding protein CTCF associates with the nuclear matrix. Exp. Cell Res. 2003.

288(I):2I8-223.
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