NOTE TO USERS

This reproduction is the best copy available.

®

UMI






Regulation of the epigenome and its implications in cancer therapy

By

Snezana Milutinovic

Department of Pharmacology and Therapeutics
McGill University, Montreal

August 2004
A thesis submitted to McGill University in partial fulfillment of the requirements of
the degree of Doctor of Philosophy

Copyright © Snezana Milutinovic, 2004



Library and
Archives Canada

Bibliothéque et
* Archives Canada
Direction du
Patrimoine de I'édition

Published Heritage
Branch

395 Wellington Street

395, rue Wellington
Ottawa ON K1A ON4

Ottawa ON K1A ON4

Canada Canada
Your file Votre référence
ISBN: 0-494-12911-5
Our file  Notre référence
ISBN: 0-494-12911-5
NOTICE: AVIS:

L'auteur a accordé une licence non exclusive
permettant a la Bibliotheque et Archives
Canada de reproduire, publier, archiver,
sauvegarder, conserver, transmettre au public
par télécommunication ou par I'Internet, préter,
distribuer et vendre des theses partout dans

le monde, a des fins commerciales ou autres,
sur support microforme, papier, électronique
et/ou autres formats.

The author has granted a non-
exclusive license allowing Library
and Archives Canada to reproduce,
publish, archive, preserve, conserve,
communicate to the public by
telecommunication or on the Internet,
loan, distribute and sell theses
worldwide, for commercial or non-
commercial purposes, in microform,
paper, electronic and/or any other
formats.

L'auteur conserve la propriété du droit d'auteur
et des droits moraux qui protége cette these.
Ni la thése ni des extraits substantiels de
celle-ci ne doivent étre imprimés ou autrement
reproduits sans son autorisation.

The author retains copyright
ownership and moral rights in
this thesis. Neither the thesis
nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
guelques formulaires secondaires
ont été enlevés de cette these.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.



Dedicated with love to my son Matia, my husband Ljubomir,

and my parents, Mirjana and Milivoje



Abstract

The regulation of the genome by the epigenetic modifications of DNA methylation
and histone modification is increasingly recognized as a vital factor in the
development, physiology and pathology of vertebrates. There is mounting evidence
suggesting that both aberrant DNA methylation and histone modifications are
common events in cancer. This has lead to the establishment of both DNMTs and
HDACSs as important targets in cancer therapy. There are currently several clinical
trials that are testing inhibitors of both DNMTs and HDACSs as anticancer agents.
This thesis attempts to understand the roles that DNMT1 and HDACI1 play in the
regulation of gene expression and epigenomic inheritance. In the first chapter, we
examined the effects of DNMT1 inhibitors on gene expression and found that DNMT1
can regulate gene expression independent of its DNA methyltransferase activity. This
novel role of DNMT1 has challenged a widely accepted theory that the mechanism of
DNMT1 inhibitors involves inhibition of the catalytic activity of DNMT]I, thus
leading to demethylation and reexpression of tumor suppressors previously silenced
by methylation. In chapter 2, we further examined different roles of DNMT1. We
showed that different DNMT! inhibitors inhibit different DNMT1 functions and
produce different effects on gene expression. Our data suggests that inhibition of
DNMTI1 enzymatic activity can produce serious long-term effects as a result of
massive non-selective demethylation of the genome. In contrast, reduction of DNMT1
levels was shown to result in a rapid arrest of cell growth, limited demethylation and
induction of stress-response genes. We hypothesize that these effects are a result of
the activation of an epigenetic check point that has evolved to protect the cell from
undergoing replication in the absence of DNMT1. In chapter 3, we further explore the
roles of DNMT1 in methylation independent regulation of gene expression, which has
been suggested to involve recruitment of histone modifying proteins. However, we
show that DNMT1 can regulate gene expression in both DNA methylation and histone
modification independent manner. In chapter 4, we examine the role of PCNA in the

coordination of genome and epigenome replication. We show that in addition to



ensuring concurrent DNA synthesis, DNA methylation and chromatin assembly,
PCNA also recruits HDAC1 activity. Our results suggest a mechanism for the
inheritance of histone modification. Taken together, our results have uncovered novel
roles of the epigenetic proteins DNMT1 and HDACI1 and have raised important issues

regarding the targeting of different functions of these proteins in cancer therapy.



Résumé

La régulation du génome par le biais de modifications épigénétiques telles que la
méthylation de I’ADN et la modification des histones est reconnue de plus en plus
comme un facteur essentiel au développement, & la physiologie et aux pathologies des
Vertébrés. De nombreux travaux décrivent une méthylation aberrante de I’ADN et/ou
une modification des histones déficiente comme des événements fréquents dans les cas
de cancer. Ceci a conduit légitimement a considérer les DNMTs et les HDACs comme
des cibles de choix en vue de thérapies anticancéreuses. D’ailleurs, plusieurs essais
cliniques mesurant les effets anticancéreux d’inhibiteurs des DNMTs et HDACs, sont
actuellement en cours. Cette these tente d’évaluer la part prise par DNMT1 et HDAC1
dans la régulation de I’expression génique et de I’hérédité épigénomique. Au sein du
premier chapitre, nous nous sommes penchés sur les effets des inhibiteurs de DNMT1
sur I’expression génique et nous avons découvert, par ce biais, que DNMT1 régule
celle-ci mais curieusement indépendemment de son activité ADN méthyltransférase.
Toutefois, ce nouveau role joué par DNMT1 va a I’encontre d’une théorie largement
acceptée selon laquelle le mécanisme d’action des inhibiteurs de DNMT1 implique
I’inhibition de son activité catalytique, laquelle conduit ainsi 4 une déméthylation et a
une réexpression de genes suppresseurs de tumeurs préalablement mis sous silence par
méthylation. Dans le chapitre 2, nous nous sommes plus profondément intéressés aux
différents réles joués par DNMT1. Nous montrons ainsi que chaque type d’inhibiteurs
de DNMT1 agit au niveau de ses différentes fonctions et engendre de nombreux effets
sur I’expression génique. De plus, nos données suggerent que 1’inhibition de 1’activité
enzymatique de DNMT1 produit des effets a long terme tels qu’une déméthylation
massive et non sélective du génome. Au contraire, la réduction du niveau de DNMT1
dédié aux fonctions cellulaires entraine un arrét rapide de la croissance cellulaire, une
déméthylation modérée et une activation de génes de réponse au stress. Nous émettons
I’hypothese que ces effets soient en réalité le résultat de ’activation d’un point de
contrdle épigénétique ayant évolué dans le but de protéger la cellule d’une réplication
en absence de DNMT1. Au sein du chapitre 3, nous explorons plus en avant les roles

de DNMT]1 dans I’expression génique méthylation-indépendante, laquelle implique le



recrutement de protéines modificatrices d’histones. Nous montrons que DNMT1
module I’expression génique de facon indépendante a la fois de la méthylation de
1’ADN mais aussi de la modification des histones. Dans le chapitre 4, nous examinons
enfin le r6le de PCNA dans la coordination de la réplication de I’ADN et celle de
I’épigénome. Nous montrons qu’en plus d’assurer la synchronisation de la synthése de
I’ADN, de sa méthylation et de I’assemblage de la chromatine, PCNA recrute
également 1’activité HDACI. Nos résultats laissent entrevoir un nouveau role pour
HDACI1 dans la transmission fidele des modifications des histones au travers de la
division cellulaire. L’ensemble de nos travaux dévoile de nouveaux réles pour les
protéines DNMT1 et HDACI et souléve d’importantes questions quant au ciblage de

leurs différentes fonctions en vue de thérapies anti-cancéreuses.
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Contributions to original knowledge

In this thesis, I presented the following original results:

1. Inhibition of DNMT1 by antisense oligonucleotides and hairpin inhibitor induce
mRNA and protein levels of tumor suppressor p21.

2. p2I promoter is completely unmethylated in A549 cells.

3. Activation of p21 by DNMT1 antisense and hairpin inhibitor is independent of p53
activation.

4. Inhibition of DNMT1 by antisense results in the induction of transcriptional
activity of the p2] promoter.

5. Inhibition of DNMTI by antisense oligonucleotide in A549 cells results in the
quick and dramatic reduction of the fraction of cells that synthesized DNA.

6. Inhibition of DNMTT activity by 5-aza-CdR results in a slower and weaker
reduction of the fraction of cells that synthesized DNA.

7. Knock down of DNMT1 by antisense results in the intra-S-phase arrest which is
overcome after longer treatments.

8. Knock down of DNMT1 by antisense results in limited global DNA
demethylation, whereas inhibition of DNMT1 activity by 5-aza-CdR results in
extensive global DNA demethylation in both A549 and T24 cells.

9. The demethylation of p/6 promoter is much quicker and stronger following
inhibition of DNMT1 activity by 5-aza-CdR then by knock down of DNMT1
protein by antisense oligonucleotides.

10. Gene array analysis of A549 cells following inhibition of DNMT1 activity by 5-
aza-CdR reveals the induction of genes known to be silenced by methylation.

11. Gene array analysis of A549 cells following DNMT1 knock down with antisense
reveals the induction of stress responsive genes.

12. Knock down of DNMT1 by antisense induces stress response genes p21, BIK, and
HSPA2 in a methylation and histone modification independent manner.

13. Knock down of DNMT'1 induces Spl responsive promoters in a methylation

independent manner.
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14.

15.

16.
17.

18.

19.

20.

Sp1 and Sp3 proteins occupy p21, BIK and 4xSpl promoters in A549 cells and
their occupancy does not change following knock down of DNMT1 by antisense
oligonucleotides.

An Spl site within the p2I promoter is identified that is essential for induction of
this promoter by DNMT1 knock down

HDACI1 and PCNA interact in A549, HEK and MRHF cells.

The PCNA-interacting domain is identified within HDAC]1, and is found to be
different from previously identified DNMT1-interacting domain.

PCNA and HDACT1 colocalize in the nuclei of A549 as determined by
immunostaining.

PCNA associates with HDAC activity in HEK293 cells, and this HDAC activity is
sensitive to inhibition by Trichostatin A.

Trichostatin A arrests A549 cells at the G2/M phase of the cell cycle.
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GENERAL INTRODUCTION
1. Goal of the thesis and literature review

Epigenetics is emerging as one of the key areas of biological research investigating the
plasticity of the eukaryotic genome. One of the most intriguing processes in biology is
the way by which complex eukaryotic organisms store the vast amount of DNA into
their nucleus, which enables launching of multiple fine tuned gene expression
programs and creating a diversity of cell types. While the genome is fixed in all cells
of a multicellular organism, its expression is programmed by the epigenome, which
consists of chromatin structure and DNA methylation. The genome is mainly
compartmentalized into transcriptionally competent euchromatin and transcriptionally
incompetent heterochromatin. This is achieved by packaging DNA into nucleosomes,
which associate with and are modified by a wide variety of protein complexes. In
addition, the DNA itself is covalently modified by DNA methylation through the
activity of a family of DNA methyltransferase enzymes (DNMTs). Cell specific DNA
methylation patterns are established during development and it was long believed that
they remain fixed throughout life. However, recent data suggests that both chromatin
and DNA methylation are dynamic and work hand in hand to modulate gene
expression in response to physiological, environmental and pathological cues. Indeed,
it is well established that chromatin and DNA methylation are tightly correlated, such
that active chromatin associates with unmethylated DNA accessible to the
transcriptional machinery, while inactive chromatin associates with hypermethylated
DNA. Although it is unclear which of the two components of the epigenome,
chromatin modification and DNA methylation, is the primary cause of switches in
gene expression, they have been shown to bind and complement each other. For
example, histone deacetylase inhibitors were shown to induce DNA demethylation
while chromatin repressor complexes were shown to recruit DNA methyltransferases.
Similarly, DNA methylation silences gene expression and causes histone
deacetylation. Although the epigenome is dynamic there has to be a balance between

the stability and plasticity to maintain identity within cell lineages. How is the
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stability of the epigenome maintained in distinct cell types? This is achieved by
replicating the genome and the epigenome concurrently in the S-phase of the cell cycle
thus ensuring that the DNA is properly methylated and packaged into chromatin in the
daughter cells. Any loss of either genetic or epigenetic information would be
disastrous to a cell resulting in death or abnormal function, leading ultimately to
cancer or other diseases. One of the main topics of this thesis will deal with the
replication of the epigenome and the protective mechanisms that sense problems

associated with it.

Three changes in the DNA methylation and its machinery are a hallmark of cancer:

1. Deregulated expression of DNA methyltransferases (DNMTs). 2. Regional
hypermethylation of tumor suppressor genes. 3. Global hypomethylation. Regional
hypermethylation has attracted most of the attention in the last few years. It has been
assumed that the increased DNMT1 in cancer causes hypermethylation and silencing
of tumor suppressor genes. Currently, several programs in a number of pharmaceutical
companies are developing anticancer drugs which target DNA methylation. Since
demethylation induced by such drugs might induce metastasis it is important to
determine whether inhibition of DNA methylation is an appropriate goal. Although it
has been demonstrated that increased DNA methyltransferase is prevalent in cancer
and that forced expression of DNA methyltransferase can transform cells, it is still
possible that DNA methyltransferase causes transformation by DNA methylation
independent mechanism. If DNMT1 causes cancer by a DNA methylation
independent mechanism it would be proper to inhibit these mechanisms rather than
DNA methylation and thus avoid the potential adverse effects of demethylation. It is
therefore of great importance to understand how DNMT]1 causes transformation. The
majority of this thesis will deal with the methylation independent regulation of gene
expression by DNMTT and its implications on the design of the inhibitors of DNMTs
as anticancer agents.

The literature review will focus in detail on the topics that will provide a better
understanding of the rationale behind the studies of the thesis and will aid in the

interpretation of the obtained results.
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II. Chromatin and its roles

(i) Chromatin structure and function

The genetic information is organized within the eukaryotic cell nucleus in a highly
conserved structural polymer, termed chromatin. The basic repeating unit of
chromatin is the nucleosome, which consists of 146 base pairs of DNA wrapped
approximately two turns around an octamer of two of each core histone proteins, H2A,
H2B, H3, and H4. This packaging creates 10 nm fibers, which resemble beads on a
string when viewed under the electron microscope in denaturing conditions. The
linker histones of the H1 class associate with DNA between single nucleosomes and
further organize chromatin into 30 nm helical fibers. The more complex packaging of
chromatin into higher order structures is less clear, but it is believed that its folding
and unfolding have a major impact on genomic function and gene activity (Fischle et
al., 2003). Based on the level of its compactness, chromatin is broadly divided into
two categories: open and accessible ‘euchromatin’, associated with active genes, and
condensed and inactive ‘heterochromatin’, associated with inactive genes. The term
‘heterochromatin’ was originally used by Emil Heitz in 1928 to describe the type of
chromatin that stained densely with carmine acetic acid throughout the cell cycle in
several different species of moss (Heitz, 1928). Since then, the definition of
heterochromatin has been expanded to include a broader set of characteristics. The
type of chromatin that is visibly condensed during the interphase is typically gene-
poor, consisting mainly of repetitive DNA, such as satellite sequences, transposable
elements and retroviruses. This chromatin is termed constitutive heterochromatin and
is associated with highly condensed telomeres and pericentromeric regions. On the
other hand, facultative heterochromatin is defined as developmentally regulated
chromatin capable of undergoing transition between the heterochromatic and
euchromatic structure. This type of chromatin is associated with genes that are
silenced at certain times, but need to be activated at other times during development or

in response to different cellular signals (Dillon and Festenstein, 2002).
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The degree of chromatin condensation is mainly determined by the strength of the
histone-DNA and histone-histone association. Histones are highly conserved proteins
that consist of globular domain and a more flexible, amino terminus called ‘histone
tail’. Histone tails protrude from the nucleosomal core and are rich in positively
charged side chains that interact with negatively charged DNA and with other
histones. These interactions are regulated through neutralization or reversal of histone
tail charges by a number of post-translational modifications. These include
acetylation, methylation and ubiquitination of lysine (K) residues, phosphorylation of
serine (S) and threonine (T) residues, and methylation of arginine (R) residues.
Combination of these covalent marks on single histones, single nucleosomes and
nucleosomal domains establish local and global patterns of chromatin modification
that are critical for a number of cellular processes such as nuclear organization,

centromere function, recombination, repair and gene expression.

(ii) Histone modifications and gene expression

The first association between functional state of chromatin and its histone tail
modifications came from the demonstration that transcriptionally active chromatin is
particularly enriched in acetylated histones, while the silenced chromatin is
hypoacetylated (Jeppesen and Turner, 1993; Pogo et al., 1966). This is consistent with
the idea that acetylation neutralizes positive charges of histone tails and weakens their
association with negatively charged DNA, rendering the chromatin more open, and the
DNA more accessible to the transcriptional machinery. All core histones can be
acetylated at several lysine residues, and the level of acetylation of any particular
lysine is likely to result from a balance of the activities of two families of enzymes:

histone acetyltransferases and deacetylases.

(iii) Histone acetyltransferases (HATS)

Histone acetyltransferases (HATSs) can be grouped into at least two classes: type A

HATSs and type B HATs. While type A HATs are localized in the nuclei and most
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likely acetylate nucleosomal histones as well as non-histone proteins, type B HATSs
can be found in cytoplasmic fractions and are responsible for acetylating newly
synthesized histones before their translocation into the nucleus for chromatin assembly
(Hasan and Hottiger, 2002). Type A HATSs can be further classified into five groups
including GcenS-related GNATs, MYSTs, p300/CBP HATS, general transcription
factor HATs such as TAFII250, and nuclear hormone related HATs such as SRC1 and
ACTR (Carrozza et al., 2003). Although all HATSs catalyze the transfer of the acetyl
moiety from acetyl coenzyme A to positively charged amino groups of lysine residues,
they exhibit substrate preference for specific lysines of specific histone proteins,

which makes them non-redundant in many cellular processes.

(iv) Histone deacetylases (HDACs)

In the opposing deacetylation reaction, histone deacetylases remove the acetyl groups
and thereby reestablish the positive charge in the histones. There are two structurally
unrelated families of deacetylases that have been evolutionary conserved from
prokaryotes to humans and include histone deacetylases (HDACs) and Sir2-like
deacetylases, or sirtuins. Although these families catalyze deacetylase reaction by
completely different mechanisms, they are both involved in silencing transcription by
histone deacetylation, and are also involved in other cellular processes through their
activity on non-histone proteins. Since 1996, when the first human deacetylase
HDACI1 was cloned (Taunton et al., 1996), eleven human HDACs and their multiple
isoforms that share homology in their deacetylase domains have been characterized
(Petrie et al., 2003). They are broadly divided into Class I and Class II on the basis of
homology to the yeast HDACs Rpd3 and Hdal, respectively. Class I HDACs
(HDAC1,2,3 and 8) are nuclear proteins that are generally small in size and
ubiquitously expressed. Incontrast, Class I HDACs (HDAC4,5,6,7 and 9) are larger
and their expression patterns tend to be tissue-specific and regulated by their transport
into the nucleus. HDACI11 shares homology with both HDAC classes (Petrie et al.,
2003).
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(v) HDACs and HATs targeting to promoters

In general, HATs and HDACs do not act on chromatinized histones, unless they are
recruited to specific chromatin sites through their interaction with transcription factors
or other chromatin associated complexes. This is of crucial importance for achieving
differential regulation of different chromatin regions found within the same cellular
milieu and exposed to the same global levels of HATs and HDACs. In accordance
with this, there are numerous examples of co-activator and co-repressor complexes
recruiting HATs and HDACS, respectively. For instance, c-myc and E2F family of
transcription factors recruit Gen-5 containing HAT complexes; Spl and Sp3
transcription factors recruit p300 HAT activity; nuclear hormone receptors recruit Tip
60 HAT activity etc. (Carrozza et al., 2003). On the other hand, HDAC]1 has becn
shown to form a repressor complex with YY1 and Rb transcription factors;
HDAC4,5,7 and 9 repress MEF family of transcription factors etc. In addition,
HDACs are found in large multiunit complexes such as Sin3, NuRD, and CoREST
(Grozinger and Schreiber, 2002), while HATSs are found in complexes such as SAGA,

PCAF, and ADA (Roth et al., 2001). It is interesting to note that both HATs and

HDAC:s can be present in the same multiunit complexes (Yamagoe et al., 2003), or
that they can act as switches by competing for the same binding site, as in the case of
the transcription factor MEF2 (Grozinger and Schreiber, 2002). Therefore, the
transcriptional activity of a particular gene will depend on the openness of its
chromatin structure, which will in turn depend on the availability of particular HATSs
and HDAC:s, their recruitment by repressors and activators, and specific modifications

that influence these interactions.

(vi) Histone codes

Although this model of regulation of gene expression by open and closed chromatin
may generally hold true, there is mounting evidence suggesting that this regulation is
more complex and involves interplay of many different histone tail modifications. For

example, there are around 50 differentially acetylated isoforms of the four core
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histones, and with the combinatorial effect of other modifications such as histone
methylation, phosphorylation and ubiquitination, they may run into thousands for a
single nucleosome. This led to the hypothesis of the existence of ‘histone code’ that
can be ‘read and interpreted” by non-histone effector proteins, leading to sequential

histone modifications or recruitment of other cellular factors (Strahl and Allis, 2000).

(vii) Histone methylation

Another histone modification that has been implicated as an integral part of the
‘histone code,’ is histone methylation. Recent intense research efforts have identified
that methylation can occur either on lysine (mono-,di-, or trimethylation) or arginine
residues (mono-, or dimethylation) and is catalyzed by two groups of enzymes: lysine
methyltransferases SUV39, G9A, SET2, and ESET, and arginine methyltransferases
PRMT1 and CARMI (Bannister et al., 2002). It is interesting that lysine methylation
can be associated with either active or silenced genes, depending on which particular
lysine residue is methylated and to what extent. For instance, methylation of H3 on
K9 is associated with repression, whereas K4 of H3 is found in both active and
inactive genes when dimethylated, but it is exclusively found in active genes when
trimethylated. The finding that the same histone modification can mediate separate,
and sometimes opposing effects is in accordance with the model where ‘histone code’

plays a major role in the regulation of chromatin function (Figure 1.).

(viii) Proteins recognizing specific histone modifications

In agreement with this hypothesis, different protein structures were identified that are

capable of recognizing specific histone modifications. For example, protein structure
known as bromodomain that binds to acetylated lysine residues of the histone tails is
present in many complexes containing HAT or chromatin remodeling activity, such as
p300, Gen-5, P/CAF, and SWI/SNF (Dyson et al., 2001). Similarly, chromodomains
recognize methylated lysine residues of histone tails and are found in proteins such as

heterochromatin protein 1(HP1), silencing protein Polycomb (Pc), and histone
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Figure 1. Histone code and gene expression. An example of acetylation
(Ac), methylation (M) and phospohorylation (P) modifications on histone H3
and H4 which are associated with transcriptionally active (A.) and inactive (B.)
chromatin. C. Examples of synergistic (arrowhead line) and antagonistic

(blocked line) interactions that add additional layer of complexity to the
histone code.



methyltransferase SUV39H1 (Jones et al., 2000). The presence of such domains is
believed to mediate at least some of the epigenetic cross talk responsible for the
enhancement of a particular chromatin state in a given gene. The following are some
examples of numerous studies showing that different modifications within or between
histone tails can mutually affect each other: Methylation of H3-K4 and H3-K9 are
mutually exclusive, and they facilitate and inhibit subsequent H3 acetylation,
respectively (Wang et al., 2001a); methylation of H4-R3 can promote acetylation of
some, but inhibit acetylation of other residues in H4 (Wang et al., 2001b); methylation
of H3-K9 interferes with the phosphorylation of H3-S10 (Rea et al., 2000) (Figure 1.).
In addition to the local cross talk responsible for the fine-tuning of the expression of
specific genes, it is proposed that a similar cross talk may play a role in the control of
larger genomic regions, such as euchromatin and heterochromatin, or even in the

control of a whole chromosome as in the case of X-inactivation (Fischle et al., 2003).

(ix) The inheritance of epigenetic states

Every time a cell undergoes DNA replication, in addition to faithfully duplicating its
genome it also needs to retain proper genomic regulation by faithfully duplicating its
chromatin configuration. This entails proper inheritance of the DNA methylation
pattern, reassembly and positioning of nucleosomes, and the reestablishment of the
histone modification status (Kass and Wolffe, 1998; Krude, 1999). The proliferating
cell nuclear antigen (PCNA) serves as a processivity factor for DNA polymerases
during DNA replication, and it is also becoming increasingly recognized as an
important player in the inheritance of chromatin states. PCNA was shown to linger on
the DNA for a short time following DNA replication, and it is believed to act as a
loading platform for proteins responsible for the epigenetic inheritance (Shibahara and
Stillman, 1999). In accordance, it was shown that the maintenance DNA
methyltransferase DNMT1 is recruited to the replication foci through its interaction
with PCNA (Chuang et al., 1997), resulting in the concurrent replication and
methylation of DNA (Araujo et al., 1998a). The other protein complex that binds to
PCNA is chromatin assembly factor 1 (CAF-1), which assembles newly synthesized
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histones H3 and H4 onto the replicated DNA (Shibahara and Stillman, 1999). The
newly deposited histones are acetylated at the lysine residues, and their deacetylation
is known as an essential step in the maturation of chromatin (Annunziato and Seale,
1983; Sobel et al., 1995). In general, transcriptionally active euchromatin is rich in
acetylated histones and it is replicated early in the S-phase, while the inactive
heterochromatin is hypoacetylated and it tends to be replicated later in S-phase
(Sadoni et al., 1999). It was recently proposed that this deacetylation is carried out by
HDAC?2, which is recruited to the replication foci through its interaction with
DNMT1. Since this recruitment was limited to the replication foci of the late S-phase,
it was proposed that HDAC2 is the enzyme responsible for the maturation of
chromatin through histone deacetylation (Rountree et al., 2000). However, this model
is incomplete since it cannot account for the early S-phase deacetylation events, which
are probably necessary for the fine-tuning of different euchromatic regions. The data
presented in chapter 4 suggests an additional mechanism for the inheritance of the
state of histone modifications through the direct interaction of PCNA and HDAC1
(Figure 2.). In addition, this data proposes an additional mechanism for the
antitumorigenic effects of the histone deacetylase inhibitor trichostatin A (TSA). TSA
has been shown to rapidly activate a number of genes by increasing the acetylation of
the histones, resulting in opening of the chromatin structure surrounding these genes
(Strahl and Allis, 2000). This mechanism was shown to be responsible for the
induction of tumor suppressor genes, such as p21, pl4, pl6 and gelsolin, and it was
proposed that these genes mediate the anticancer activity of TSA and related HDAC
inhibitors. A number of HDAC inhibitors are currently used in clinical trials as
anticancer agents in solid tumors and different haematological malignancies (Richon
et al., 2001). The data presented in chapter 1 shows that treatment of cancer cells with
TSA results in a G2/M arrest of the cell cycle, suggesting the existence of a check
point that monitors the state of histone acetylation and ensures that only cells having
proper chromatin divide. It is interesting to note that HDAC inhibitors and DNMT
inhibitors show synergistic effects on growth arrest in cancer cells. There are a
number of examples where this synergism results in activation of tumor suppressors

(Zhu and Otterson, 2003). However, data presented in this thesis raises the possibility
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61/S checkpoint 62/M checkpoint

Figure 2. Epigenetic inheritance during replication. PCNA recruits DNMT]1 to the
replication fork thus ensuring that the methylation pattern is faithfully replicated on the
nascent strand. Following replication, DNA is repackaged into chromatin. The newly
deposited histones are acetylated and they undergo deacetylation as an essential step in
chromatin maturation. We propose that PCNA serves as a loading platform for
HDACT thus enabling deacetylation of the nascent histones. The depletion of
DNMTT activates the G1/S checkpoint resulting in cell cycle arrest at G1/S. Inhibition
of HDAC1 with TSA results in the cell cycle arrest at the G2/M, suggesting that the
putative G2/M checkpoint might have been activated.



that this synergism is also due to the activation of two independent check points, one

inhibiting cells at the G1 and the other at the G2/M phase of the cell cycle (Figure 2.).

IIT. General methylation and demethylation reactions

Methylation reactions play a role in a wide variety of metabolic processes ranging
from metabolism of xenobiotics and synthesis of neurotransmitters (Vance and
Walkey, 1998; Weinshilboum et al., 1999; Zhu, 2002), to the complex functions such
as regulation of DNA and chromatin structure (Robertson, 2002). These reactions are
catalyzed by different families of methyltransferase enzymes (MTases), which don’t
share much of the sequence homology except for the functionally conserved structure
termed “AdoMet dependent fold”. As suggested by the name, S-adenosylmethionine
(AdoMet) is used as a donor for the methyl group that is transferred to carbon,
nitrogen or oxygen atom of a substrate molecule. Twenty MTases have been
structurally characterized so far, and include seven DNA MeTases (DNMTs), four
protein MeTases, five RNA MeTases, and four small molecule MeTases. The
diversity of methylation substrates is in accordance with its roles in a variety of
normal physiological functions as well as different pathological states. This section
will concentrate on DNA methylation and will provide only a brief overview of other

methylation reactions.

(i) Small and macromolecule methylation

The first methylation reaction was described more than a century ago when Wilhelm
His discovered that dogs excreted N-methylpyridine following administration of
pyridine (His, 1887). Since then, a wide variety of endogenous substrates, such as
small molecules, proteins, RNA and DNA, have been shown to be modified by
methylation (Weinshilboum et al., 1999). In addition, exogenous compounds
including many drugs have been shown to undergo methylation or demethylation
before they are cleared from the body (Weinshilboum et al., 1999). Small molecule

methylation is of prime pharmacological interest since it is involved in the
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interconversion of many neurotransmitters. For instance, catechol-O-
methyltransferase (COMT) methylates the hydroxyl group at the C3 position of the
catechol ring (Kopin, 1985). This process is common to a number of catecholamine
neurotransmitters, such as dopamine and (nor)epinerphrine, and is responsible for their
inactivation at the synapse (Kopin, 1985). Since in Parkinson’s disease there is a
progressive depletion of dopamine release, its analogue levodopa (L-DOPA) is used as
a therapy. Like dopamine, L-DOPA is inactivated by COMT. Two inhibitors of
COMT have been developed, entacapone and tolcapone, and are used as adjunct
therapy to extend the duration of L-DOPA activity (Inzelberg et al., 2000). S-
methylation is involved in the metabolism of many sulphydryl drugs. Thiopurine
methyltransferase (TPMT) methylates antineoplastic drug thiopurine (6-
mercaptopurine), and the major toxicity factor of this drug is a consequence of a
widespread polymorphism of TPMT enzyme (Weinshilboum et al., 1999). Thiol
methyltransferase (TMT) methylates anti-rheumatic drug penicillamine and is also a
determining step in the depletion of the antihypertensive agent captopril
(Weinshilboum et al., 1999). N-methyation is also a contributing factor in drug
toxicity. Nicotinamide N-methyltransfererase (NNMT) and histamine N-
methyltransferase polymorphisms have been characterized. In addition, demethylation
of a number of drugs such as morphine, caffeine and codein is carried out in a
relatively non-specific manner by the various p450 enzymes (Kirkwood et al., 1997;

Rasmussen et al., 1998).

(ii) RNA methylation

Methylation at 2°OH group of the sugar moiety is one of the major posttranscriptional
modifications involved in the maturation of almost all classes of RNAs, and is
important for their transport, transcription and stability (Maden, 1990). Although it
was shown that tRNA can be methylated by a methyltransferase protein alone, rRNA,
snRNA and mRNA require ribonucleoproteins for this activity (Galardi et al., 2002).
These are small nucleotide RNAs (snRNA) compelexed with methyltransferase

protein and are termed ‘snorps’. The snRNA component is responsible for sequence
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specificity by base-pairing with the target RNA, while the protein catalyzes the
reaction (Decatur and Fournier, 2003). Another important modification of RNA is
methylation of 5° ends of the newly synthesized mRNA transcripts. RNA (guanine-7-)
methyltransferase is responsible for addition of 7-methylguanosine cap soon after the
initiation of transcription. This modification facilitates tramnscript processing,
transport, and turnover (Furuichi and Shatkin, 1989). In addition, this cap structure is
recognized by the initiation factor eIF-4E, and is a rate limiting step in the recruitment

of ribosome to the translation start site (Marcotrigiano et al., 1997).

(iii) Protein methylation

Recently, methylation has emerged as an extensively studied modification of proteins
which occurs on carboxyl groups or side chains of the amino acids lysine, arginine,
and histidine (Aletta et al., 1998). These modifications are involved in multitude of
cellular processes such as aging and repair of proteins, cellular signaling, stress
response and chromatin remodeling. Several fundamental observations indicated that
methylation plays an important role in signal transduction, and that this process may
be reversible and dynamic, much like regulation of proteins by phosphorylation
(Aletta et al., 1998). Methylation of Ras oncogene protein by prenylcysteine carboxyl
methyltransferase (pcCMT) is responsible for its targeting to the membrane, and is
essential step in epidermal growth factor signaling (Chiu et al., 2004). Ras
methylation was proposed to be reversible (Philips et al., 1993). Another protein
shown to undergo reversible methylation of the carboxyl group is one of the main
cellular phosphatases, PP2A, which is involved in processes such as kinase regulation,
DNA replication, growth and transformation. It is interesting to note that, similarly to
DNA demethylation reaction (Ramchandani et al., 1999), the removal of methyl group
from the PP2A protein results in the release of methanol as a byproduct (Lee et al.,
1996). Side chain methylation is also involved in a variety of cellular processes
including RNA processing and transport (Lin et al., 2000), transcription and growth
factor regulation (Gary and Clarke, 1998; Sommer et al., 1989), and chromatin

structure modification (Kouzarides, 2002). Histones, which are the building blocks of
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chromatin, are methylated on the side chains of amino acids arginine and lysine
(Kouzarides, 2002). Similarly to DNA methylation pattern, methylation and other
histone modifications form tissue and gene specific pattern, which is termed ‘histone
code’. These complex histone modifications provide encoded information necessary
for orchestrating numerous DNA-based processes, such as transcription, replication

and chromatin organization.

1V. DNA methylation

DNA methyalation occurs in bacteria, fungi, plants and animals, however its role
varies widely among different organisms. In bacteria, two bases, adenine and
cytosine, can be methylated into N6-methyladenine, and N4-methylcytosine or 5-
methylcytosine, respectively. These modifications reside in a specific sequence
context of the bacterial genome and are used in combination with the methylation
specific restriction endonucleases to distinguish and defend itself from invading
bacteriophages. In addition to its function as a primitive immune system, DNA
methylation is also involved in a number of other cellular processes in bacteria such as
DNA replication (Bakker and Smith, 1989; Landoulsi et al., 1990), mismatch repair
(Stambuk and Radman, 1998), and control of gene expression (Oshima et al., 2002).
With the increasing complexity of the higher order organisms, the roles and patterns of
DNA methylation become more complex as well. Although in higher eukaryotes the
only modified base is 5-methylcytosin its levels and sequence location differ greatly
between different organisms. While the unicellular fungus S. cervisiae doesn’t have
DNA methylation, other multicellular fungi such as Neurospora crassa and
Aspergillus flavus contain less than 2% methylation, restricted mainly to transposons
and other repeats. Plants however, display up to 40% of methylation in either CNG or
CG sequence context, which may be in accordance with their higher need for
adaptation to the environment that they cannot escape (Jeltsch, 2002). In mammals,
up to 70-90% of all CGs are methylated. Here, methylation is almost exclusively
present in the CG dinucleotide context, except for low levels of CA, CT and CC

methylation in early embryonic development (Ramsahoye et al., 2000). There are
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different theories about the evolution and importance of DNA methylation. Some
suggest that the main role of such widespread methylation is to silence selfish genetic
elements that have accumulated in the genome over the course of the evolution (Yoder
and Bestor, 1998). Other hypothesis suggest that DNA methylation evolved as a
mechanism to reduce background transcriptional noise in the more complex organisms
containing increasing number of genes (Bird, 1993). More importantly, DNA
methylation has been proposed to regulate gene expression, as will be discussed in

detail below (section V).

In general, CGs are underrepresented in the genome occurring at ~20% of their
expected frequency, and are usually heavily methylated. However, there are regions
of the genome where the CG content is 5-10 fold enriched, and these are referred to as
CG islands. Genomic analysis has revealed that ~60% of all genes contain CG islands
within their regulatory regions, including most housekeeping genes and around half of
tissue specific genes (Antequera, 2003). This immediately suggests the involvement
of CGs in the gene regulation, such that the promoters of housekeeping genes and
genes expressed in a given cell type remain unmethylated and active, while other
tissue specific genes become methylated and silenced (Razin and Szyf, 1984). The
particular methylation pattern is established during the germ cell and embryo
reprogramming through the sequential waves of de novo methylation and
demethylation in the early development (Reik et al., 2001). Most of these patterns
become fixed for life, especially when only one of the two alleles is expressed, as in
the case of parentally imprinted genes and X chromosome inactivation. These patterns
are faithfully maintained during the cell division by maintenance methylation, but it is
becoming evident that they are subject to modification during differentiation, aging
and disease. Cancer is the most studied pathological state tightly linked to abnormal
changes of the methylation pattern and the machinery responsible for its
establishment, maintenance and interpretation. There is a long line of evidence
showing involvement of DNMTs in cellular transformation and tumor progression, but

in depth discussion of this issue will follow in later sections.
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(i) DNA methyltransferase enzymes and their roles

Although the existence of 5-methylcytosine was discovered in calf thymus more than
half a century ago (Hotchkiss, 1948), the first murine DNA (5-methylcytosine)
methyltransferase (DNMT1) was cloned much later (Bestor, 1988), and it was
followed by the cloning of human DNMT]1 (Yen et al., 1992). Since then only two
other active DNMTs have been identified, DNMT3a and DNMT3b (Figure 3.), and
two other homologous proteins whose function is still unclear, DNMT2 and
DNMT3L. DNMTs are generally composed of two parts, a diversified amino terminal
region and a relatively conserved carboxy terminal region. C-terminal houses AdoMet
binding and the catalytic motifs similar to those of the prokaryotic 5-mC
methyltransferases. Initial steps of cytosine methylation involve flipping of the base
out of the double helix and a nucleophilic attack by the enzyme’s catalytic cystein
residue on the 6” position of the cytosine carbon ring. This results in an intermediate
complex between the enzyme and the base, with an activated 5 position of the
cytosine, which further attacks the methyl group of AdoMet. This is followed by the
release of the AdoHcy and the dissociation of the enzyme and the base (Jeltsch, 2002)
(Figure 4.).

DNMT1 is the most abundant of all DNMTs, and it contains the largest N-terminal
regulatory domain responsible for such functions as the substrate specificity (Araujo et
al., 2001), allosteric activation by methylated DNA (Bacolla et al., 2001), protein
targeting to the replication fork (Leonhardt et al., 1992), and interaction with various
proteins such as PCNA (Chuang et al., 1997), HDACI1 and 2 (Fuks et al., 2000;
Rountree et al., 2000), Rb and E2F1 (Robertson et al., 2000a). Since DNMT1 has a
significant preference for hemimethylated DNA relative to unmethylated DNA, it was
assigned the role of maintenance methyltransferase. It is proposed that during DNA
replication the newly synthesized non-methylated strand and the methylated parental
strand create a preferred substrate for DNMT1, which copies the parental methylation
pattern and ensures its proper inheritance during the cell division (Bestor, 1988). The

replication of the epigenome along with the genome is of crucial importance for
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Figure 3. Schematic of the structure of catalytically active DNMTs and
the summary of their interacting proteins. A. C-terminal catalytic region
and its conserved motifs (black bars) are shown. N-terminal regulatory region
containing NLS (nuclear localization signal), FTR (fork targeting region), Cys-
rich region (containing CXXC Zn finger domain), PWWP domain (involved in
cell growth and differentiation) and PHD domain (Zn finger) are shown for
each DNMT. B. The proteins known to interact with each of the DNMTs are
shown with crosses.
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Figure 4. The DNA methylation and demethylation reactions. DNMT catalyzes the
transfer of a methyl group from S-adenosyl-methionine (AdoMet or SAM) onto the Sth
position of the cytosine ring in the DNA. DNA demethylase catalyzes the hydrolytic

cleavage of the bond between the methyl group and the cytosine ring releasing the methyl
group in the form of methanol.



cellular integrity, and this issue will be further discussed later in this section. The
importance of DNMT1 for methylation and proper development was confirmed by the
knockout experiments. It was shown that mouse embryos bearing homozygous
mutation of DNMT1 are delayed in development, and do not survive past mid-
gestation. At the same time it was shown that embryonic stem cells bearing the same
mutation are viable, but similar to mutated embryos, their total levels of SmC were
reduced to around 30% of that of wild type levels (Li et al., 1992). Although these
experiments confirmed the importance of DNMT1 in development and maintenance of
methylation, they suggested that in addition to DNMT1 there must be other
methyltransferase enzymes responsible for the residual methylation observed in the

knockout cells.

Further studies using DNMT1 knockout cells suggested that they contain a de novo
methyltransferase activity since the integration of the proviral DNA into these cells
resulted in its de novo methylation (Lei et al., 1996). These observations led to the
continued search for de novo methyltransferases and the discovery of two new
mammalian enzymes, DNMT3a and DNMT3b (Okano et al., 1998). Similarly to
DNMT1, these two enzymes are composed of catalytic C-terminal region, and a
smaller regulatory N-terminal region which was found to mediate various protein-
protein interactions (Pradhan and Esteve, 2003). In contrast to DNMT]1, these two
enzymes lack a domain responsible for substrate preference and show equal affinity
for hemi-methylated and unmethylated DNA. In addition, their expression seems to
be much higher in ES cells and early embryos than in differentiated somatic cells
(Okano et al., 1998). Based on these characteristics DNMT3a and DNMT3b were
assigned the role of de novo methyltransferases. There are two well-documented
instances where such a de novo activity is necessary for the reprogramming of the
epigenome. The first occurs in the early germ cells development, when there is a
genome-wide wave of demethylation, and is followed by de novo methylation a few
days later (Reik et al., 2001). The second occurs shortly after fertilization, when
paternal genome in the egg is almost completely demethylated. This is followed by

cleavage divisions where passive demethylation takes place because Dnmtl is
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excluded from the nucleus, and around the time of implantation there is a genome
wide reprogramming by de novo methylation. Futher support for this hypothesis
comes from knockout experiments. It was shown that mice with homozygous
mutation of DNMT3a appear normal at birth but die by 4 weeks of age, while there
were no viable mice with DNMT3b mutations. The study of the methylation levels
revealed that DNMT3a and DNMT3b seem dispensable for maintaining previously
established methylation patterns, but are essential for de novo methylation of specific
sequences. For instance, DNMT3b was required for methylation of the satellite
repeats in the centromeric region. This is in accordance with the observation that
people with mutations in DNMT3b gene develop ICF syndrome (immunodeficiency,
centromeric instability, and facial anomalies) characterized by the hypomethylation of

certain satellite sequences (Hansen et al., 1999).

Although it is widely accepted that DNMT3a and DNMT3b are the enzymes
responsible for establishment of the de novo methylation pattern, and that the
inheritance of this pattern during the multiple cell divisions is achieved by DNMT1
maintenance methyltransferase, there are instances in which this simplified
classification of roles may not be true. For example, the overexpression of DNMT1 in
cancer cell lines leads to de novo methylation of the CpG islands (Vertino et al., 1996)
and recent studies. suggest that DNMT3a and DNMT3b are also required for
maintenance methylation of certain sequences (Chen et al., 2003; Liang et al., 2002).
The overlapping functions may be a consequence of the recently reported physical
interactions of these three enzymes (Kim et al.,, 2002). It is suggested that
maintenance and de novo methyltransferases cooperate in silencing both single copy

genes and repetitive sequences (Liang et al., 2002; Rhee et al., 2002).

In addition to the active DNMTs, there are also two other homologous proteins that
don’t seem to be capable of methylating DNA. DNMT?2 is a small protein lacking the
regulatory N-terminal domain, but having all of the conserved methyltransferase
motifs. Although this protein exhibits no methyltransferase activity in vitro, and mice

with the targeted mutation of its putative catalytic site showed no defect in the
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methylation patterns (Okano et al., 1998), recent reports suggest that it may have some
catalytic activity. Drosophila DNMT2 was shown to specifically methylate cytosines
in CpA and CpT dinucleotide context (Kunert et al., 2003), and mouse DNMT2
expressed in Drosophila was shown capable of methylating cytosines in non-CpG
dinucleotide context (Mund et al., 2004). On the other hand, DNMT?3L almost
certainly lacks methyltransferase activity since it harbors a mutation of the catalytic
cysteine residue. Targeted disruption of this gene suggested that it plays a role in
silencing of maternally imprinted genes, and this activity is probably mediated through
its association with other proteins (Bourc'his et al., 2001). For instance, DNMT3L
was shown to interact with DNMT3a and DNMT?3b, and was proposed to regulate
their methyltansferase activity (Chedin et al., 2002). In addition, its association with
HDACI1 suggests that it participates directly in the transcriptional repression and the

establishment of genomic imprints (Aapola et al., 2002).

(ii) DNA demethylation

Until recently it was believed that methylation is a unidirectional reaction, and that the
only determinant of the methylation pattern is the presence and the activity of
DNMTs. Global and gene-specific demethylation that was observed during
development was explained by the replication in the absence of maintenance DNA
methyltransferase (Razin and Riggs, 1980). A reduction of global levels of DNMT
activity would result in global demethylation, while masking of specific sequences by
transcription factors would lead to gene specific demethylation (Monk et al., 1991).
Although this passive demethylation model may hold true, it cannot explain those
demethylation events that are occurring in the absence of replication. For instance,
the mouse paternal genome undergoes global demethylation within hours following
fertilization before the first round of DNA replication commences (Oswald et al.,
2000). During the differentiation of the mouse myoblasts into myotubules, the first
exon of myogenin becomes demethylated within minutes (Lucarelli et al., 2001). In
addition to its roles in development, active demethylation seems to modulate gene

expression in somatic tissues as well. The activation of the fully differentiated T
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lymphocytes results in a rapid promoter demethylation of a tissue-specific gene
interleukin-2, and is not blocked by the inhibitors of DNA replication (Bruniquel and
Schwartz, 2003).  Perhaps the most interesting is the recent report that neural
plasticity may be mediated through active demethylation of the brain-derived
neurotrophic factor promoter (Martinowich et al., 2003). Neurons are an excellent
example of a tissue that would benefit greatly from the reversibility of methylation.
Since they are postmitotic, non-dividing, they need replication independent
mechanisms for alteration of gene expression programs in order to achieve the long-
lasting functional and structural changes necessary for their plasticity. Indeed, many
neurological disorders have been shown to be a consequence of inappropriate function

of the methylation machinery (Mattson, 2003).

Cancer is another example where a classic concept of fixed DNA methylation patterns
and their inheritance cannot explain the paradoxical observation that both regional
hypermethylation and global hypomethylation occur simultaneously in cancer cells
(Baylin et al., 1991). In order to explain the global hypomethylation in the cells where
high levels of DNMTs exist, the existence of an active demethylase was predicted
(Szyf et al., 1985a). A decade later, it was shown that mouse embryonal P19 cells
stably transfected with Ras oncogene possess high levels of such demethylase activity

(Szyf et al., 1995).

Three mechanisms of active demethylation have been proposed to date. The first
comes from the studies of chicken embryo (Jost et al., 1995) and mouse myoblast
differentiation (Jost et al., 2001), and is based on the nucleotide excision repair. It is
proposed that the enzyme responsible for this activity is 5-methylcytosine DNA
glycosylase (5-MCDG), which initially removes the methylated base resulting in the
cleavage of the abasic sugar and repair by replacement with cytosine. However, the
affinity of 5-MCDG for hemimethylated DNA substrate is much higher than for
substrates methylated on both strands (Jost et al., 1995), which implies that DNA first
needs to undergo one round of passive demethylation in order to become a good

substrate for active demethylation. Since this model involves at least one round of
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replication it cannot explain the aforementioned demethylation events. The second
proposed mechanism involved the excision of the whole methylated nucleotide and
replacement by an unmethylated one. However, it is difficult to conceive that the
global demethylation would involve genome wide excision and repair, since this
would compromise genome integrity at the critical point in development (Weiss et al.,
1996). Therefore, the search for a true demethylase continued and a few years later a
bona fide demethylase activity was purified from human lung cancer cell line A549
(Ramchandani et al., 1999). The study of the demethylation reaction revealed the
mechanism involving hydrolytic cleavage of the C-C bond between the methyl group
and the cytosine ring releasing the methyl group in the form of methanol
(Ramchandani et al., 1999) (Figure 4.). Cloning of the enzyme possessing a
demethylase activity was done virtually by searching an EST database for DNA
sequences homologous to the previously identified methyl-CpG-binding domain
(MBD) (Bhattacharya et al., 1999). This domain is common to proteins able to
recognize methylated DNA (Cross et al., 1997) and it was assumed that any enzyme
that catalyzes demethylation should be able to recognize methylated DNA. The
identified protein was termed MBD2b/dMTase and was shown to actively demethylate
DNA both in vitro (Bhattacharya et al., 1999) and in vivo and was suggested to play a
role in transcriptional activation (Cervoni et al., 2002; Cervoni and Szyf, 2001; Detich
et al., 2003; Detich et al., 2002). The demethylase activity was found to be processive
(Cervoni et al., 1999), which is probably critical for the rapid demethylation observed

in the early development.

MBD?2 was also independently cloned and identified as a methylated DNA binding
repressor (Hendrich and Bird, 1998; Tweedie et al., 1999), which created a
controversy in the field, with some groups disputing the demethylase activity of
MBD2b/dMTase (Hendrich et al., 2001; Tweedie et al.,, 1999). The opposing
functions of MBD2 and MBD2b/dMTase are further discussed in section V-ii.

This discovery demonstrated that DNA methylation is a reversible biological

modification, and that the observed patterns of methylation result from an equilibrium
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of methylation and demethylation activities. These findings have a profound effect on
our understanding of all aspects of DNA methylation, from its establishment during
development, to its maintenance in the somatic tissues and its role in cancer and other

pathological states.

V. DNA methylation and gene expression

The idea that DNA methylation is involved in the regulation of gene expression has
been around long before any of the DNA methyltransferase proteins were discovered.
Early observations showed that DNA that is rich in 5SmC is harder to digest with
micrococcal nucleases because it is associated with more densely packaged
nucleosomes (Razin and Cedar, 1977). Further studies indicating that regulatory
regions of inactive genes are often methylated, led to the hypothesis that DNA
methylation is involved in gene silencing (Razin and Riggs, 1980). However, the
question of whether methylation precedes and is an active player in gene silencing, or
whether it is just a reflection of the gene activity status remained unresolved. Multiple
studies that followed have demonstrated that in vitro methylation of genes ectopically
introduced into vertebrate cells become suppressed, suggesting that DNA methylation
is a trigger for gene silencing (Stein et al., 1982; Vardimon et al., 1982). Other early
studies used a different approach to analyze the importance of methylation in gene
silencing, by examining the effects of 5-azacytindine (5-aza) and its deoxy analog 5-
aza-2’-deoxycytidine (5-aza-CdR), a potent DNA methylation inhibitor, on the
expression of methylated genes. It was shown that human HPRT gene residing in the
heavily methylated inactive X-chromosome could be reactivated by 5-aza (Jones et al.,
1982). However, treatment of adult chicken with 5-aza resulted in demethylation of
the embryonic beta globin gene, but this demethylation did not result in gene
expression (Ginder et al., 1983). Similar phenomenon was observed in case of c-mos
and beta globin genes in the mouse embryonal fibroblasts (Hsiao et al., 1984)
suggesting that additional factors, possibly related to the specific cell type, may be
required for the expression of these loci. These and other similar observations

suggested that although DNA methylation may be important for gene expression its
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effects are dependent on other cellular factors such as the presence of the right
transcriptional machinery in a given cell type or the chromatin structure of a given
gene. In addition, DNA methylation itself was proposed to affect gene expression

through different mechanism.

(i) DNA methylation and direct repression

The most direct mechanism by which DNA methylation can interfere with
transcription is to prevent binding of transcription factors or basal transcriptional
machinery to the DNA. Most mammalian transcription factors have CG-rich binding
sites and many have CGs in their DNA recognition elements. There are a number of
examples where binding of transcription factors was shown to be inhibited by
methylation of their cognate sequences, as in the case of c-AMP response element
(CRE) (Iguchi-Ariga and Schaffner, 1989), AP-2 (Comb and Goodman, 1990), ¢-Myc
(Prendergast and Ziff, 1991), ATF-like factor and retinoblastoma binding factor 1
(Ohtani-Fujita et al., 1997). In all of these studies in vitro binding assays suggested
that methylation of DNA can physically interfere with the transcription factor binding,
and the corresponding in vivo experiments showed that this interference resulted in the
transcriptional repression. However, this simple mechanism can not account for all
the repressive effects of methylation since not all the transcription factors contain a
CG dinucleotide in their recognition sequence, and since some transcription factors do
not differentiate between methylated and unmethylated sites. One such example is the
ubiquitous transcription factor Spl, which was shown to bind equally well to
methylated and unmethylated DNA (Harrington et al., 1988; Holler et al., 1988).
However, more recent data suggested that binding of Sp1 to its consensus sequence
could be prevented by methylation (Mancini et al., 1999; Zhu et al., 2003). The
explanation for these conflicting reports may lay in the fact that methylation can
indirectly interfere with Spl binding through the recruitment of other factors which
can in turn preclude Spl binding (Kudo, 1998). In fact, there is accumulating evidence

that a more universal mechanism by which DNA methylation regulates gene
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expression involves indirect repression through the recruitment of complexes acting

on chromatin structure.

(i) Indirect repression of methylated genes through methyl-CpG-binding

proteins

A breakthrough in understanding the tight relationship between DNA methylation,
inactive chromatin and gene silencing came with the discovery of the protein family
capable of ‘reading and interpreting” DNA methylation signals. In 1992, the first
protein called MeCP2 (methyl-CpG-binding protein 2) was purified and cloned, and
although capable of recognizing single CpG sites, it was shown to localize mainly
with the inactive, densely methylated pericentromeric heterochromatin (Lewis et al.,
1992). The region of MeCP2 protein responsible for recognizing methylated DNA
was identified and termed methyl-CpG binding domain (MBD) (Nan et al., 1993).
The search for proteins containing homologous domains resulted in the discovery of
four other proteins, MBD1 (Cross et al., 1997), MBD2, MBD3 and MBD4 (Hendrich
and Bird, 1998) (Figure 5.). Although all these proteins are considered members of
the same MBD family, they do not share sequence similarity outside of the MBD
domain, except in the case of MBD2 and MBD3, which are 70% identical and are
believed to have originated by gene duplication from a common ancestral protein
(Hendrich and Tweedie, 2003). Transcriptional repressor activity of MBDs is
mediated through their association with multiprotein repressor complexes that modify
chromatin by both ATP-dependent nucleosome remodeling and histone deacetylase
activities. For example, MeCP2 was shown to recruit transcriptional repressor
complex Sin3A/HDAC through its transcriptional repressor domain (TRD) (Nan et al.,
1998) and to direct H3-K9 methylation through its association with histone
methyltransferase activity (Fuks et al., 2003b). MBD1 was also shown to recruit
histone deacetylase (Ng et al., 2000) and histone methyltransferase activity (Fujita et
al., 2003b). Transcriptional repression by these complexes in vivo was relieved by the
deacetylase inhibitor trichostatin A, indicating that deacetylation of histones (and/or of

other proteins) is a major component of this repression mechanism. The role of other
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MBD1
(636 aa)

MBD2a
(411 aa)

MBD2b/demethylase
(262 aa)

MBD3a
(291 aa)

MBD3b
(259 aa)

MBD4
(554 aa)

MeCP2
(486 aa)

Figure 5. Schematic of the structure of MBD family of proteins. The only
region homologous among all proteins is methyl-CpG-binding domain (MBD).
MBD?2 and MBD3 proteins also exhibit homology outside of MBD domain, and
are 70% identical. Some MBDs have different splice variants (note variable aa
length). MBD1-3 and MeCP2 can act as transcriptional repressors by binding to
methylated DNA. MBD1 has three CxxC Zn finger domains, one of which can
also bind to non-methylated DNA through its non-mCpG binding domain (N-
MBD). MBD4 has a glycosylase domain that exhibits mismatch repair activity.
Deletion analysis of some proteins identified transcriptional repression domains
(TRDs).



MBD family members in transcriptional repression remains unclear. MBD4 does not
seem to posses any repressor activity; rather it is reported to be a thymine DNA
glycosylase responsible for repairing T-G mismatches resulting from deamination of
5mC-G base pair (Hendrich et al., 1999). Methylated CpG dinucleotides are
considered ‘mutational hotspots’ due to their high frequency of spontaneous
deamination, and MBD4 was proposed to have evolved to protect the genome from
this kind of mutagenesis, and has recently been implicated in the cellular response to

DNA damage induced by cytotoxic agents (Sansom et al., 2003b).

The two homologues, MBD2 and MBD3, both exist as two isoforms responsible for
different cellular roles. Both MBD3a and MBD3b were found to be integral
components of NuRD (nucleosome remodeling and deacetylation) complex, but they
could not be shown to specifically bind methylated DNA (Hendrich and Bird, 1998;
Zhang et al., 1999). Instead, it was proposed that transcriptional silencing by NuRD
complex requires other factors for its recruitment to methylated sites. One such factor
was suggested to be MBD2, which was originally chromatographically purified in a
complex with NuRD, and these were collectively named MeCP1 (Meehan et al.,
1989). MeCPl was shown to preferentially bind, remodel and deacetylate
nucleosomes associated with methylated DNA (Feng and Zhang, 2001). As
mentioned in the previous section, MBD2b isoform of this protein was also shown to
posses demethylase activity (Bhattacharya et al., 1999), and was suggested to play a
role in transcriptional activation rather than transcriptional repression (Cervoni et al.,
2002; Cervoni and Szyf, 2001; Detich et al., 2003). The opposing functions of these
two isoforms may be mediated through their association with different cellular factors.
MBD2b lacks the N-terminal domain of MBD2, and it is possible that this domain
targets the complexes responsible for gene repression. Alternatively, the same
isoforms may be responsible for different activities depending on the cellular context,
as in the case with many transcription factors that act as either activators or repressors,
depending on their partners (Attisano and Wrana, 2000; Xu et al., 1999). In addition,
particular sequence and/or chromatin context may itself determine the modification,

by being more or less accessible for a particular enzymatic activity. This is illustrated
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in the study where MBD2b exhibited different levels of demethylase activity in the
same cellular context depending on the type of methylated promoter that was

examined (Detich et al., 2002).

Further insight into the function and importance of MBD family of proteins was
gained through the knockout studies. MBD3 deletion was the most severe, and
MBD3-/- mice died during early embryogenesis (Hendrich et al., 2001). Mutations in
the human MeCP2 were found in patents with Rett syndrome, a severe
neurodevelopmental disorder occurring in females at a frequency of 1:15,000 (Amir et
al., 1999). MeCP2 deletion in mice produced a Rett-like phenotype and confirmed the
importance of MeCP2 in the normal brain function (Guy et al., 2001). Recently
reported MBD1-/- mice developed normally but showed some deficits in adult
neurogenesis and hippocampal function (Zhao et al., 2003). MBD2-/- mice developed
normally but were found to have defects in maternal behavior (Hendrich et al., 2001).
The analysis of methylation patterns of MBD2-/- mice did not offer support for MBD2
role as either a transcriptional repressor or a demethylase. All of the imprinted and X-
linked genes that were examined showed normal expression, and the only example
that showed slightly increased expression was I14 gene in differentiating T-cells
(Hutchins et al., 2002). In addition, demethylation during embryogenesis also
appeared normal. Taken together, these mutational analysis suggested that different
members of the MBD family play distinct roles in the development and the adult life.
However, viability and gross normality of some MBD deletions suggest that there are
probably multiple layers of control of gene expression which can sometimes
compensate for each other and ensure that loss of one component does not
immediately result in a potentially disastrous misinterpretation of the methylation

signal.

(iii) The crosstalk between DNA methylation and chromatin structure

The tight connection between DNA methylation and inactive chromatin can be

interpreted in different ways depending on the examination angle. The existence of
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MBD proteins, which recognize and bind methylated DNA, and are capable of
recruiting chromatin remodeling complexes, suggests that DNA methylation is the
first event in gene silencing and that it is responsible for marking sites for chromatin
inactivation and silencing. In support of this model, a number of studies showed that
when methylated DNA is exogenously introduced into the cells, it directs the
formation of the inactive chromatin, which becomes deacetylated and methylated at
H3-K9 (Hashimshony et al., 2003; Keshet et al., 1986). Furthermore, detailed
examination of the effects of inhibitors of DNA methylation and histone deacetylation
on the expression of some methylated genes, suggested that although these two
modifications act synergistically, DNA methylation is a dominant factor in gene
silencing. This conclusion was based on the fact that inhibition of DNA methylation
by 5-azaCdR lead to promoter demethylation and induction of gene expression,
whereas inhibition of HDAC activity by TSA alone was not enough to induce
expression of the same genes (Cameron et al., 1999; Fahrner et al., 2002). However,
the interpretation of these results is limited by the fact that TSA affects only histone
deacetylation and not the other histone modifications involved in the formation of
inactive chromatin. It is possible that certain modifications, such as methylation of
H3-K9, are enough to keep a given gene in a silenced state, regardless of its state of
acetylation. Alternatively, inhibition of HDAC activity may not necessarily result in
increased histone acetylation (Fahrner et al., 2002), possibly due to the presence of
other factors such as INHATS, which mask histones and prevent their acetylation
(Cervoni et al., 2002; Seo et al., 2001). Therefore, although these results are in
agreement with the causal role of DNA methylation in gene silencing, it is possible

that an alternative hypothesis may be true as well.

The model proposing that inactive chromatin structure precipitates DNA methylation,
whereas active chromatin leads to demethylation has emerged from interpretation of
recent data. Genetic analyses in a variety of species from fungus to humans, have
shown that mutations of genes involved in chromatin remodeling and histone
modification also affect DNA methylation to a different degree. For instance, histone

methyltransferases DIM-5, from the fungus Neurospora Crassa, and Kryptonite, from
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the plant Arabidopsis Thaliana, were shown to be important for normal DNA
methylation (Jackson et al., 2002; Tamaru and Selker, 2001). In mice, deletion of the
chromatin remodeling protein Lsh lead to global loss of DNA methylation (Dennis et
al., 2001), while ES cells lacking histone MTase G9a showed defects in the
establishment and maintenance of DNA methylation at the imprinted loci (Xin et al.,
2003). Similar observations were made in people with an X-linked genetic disease
ATR-X (alpha-thalassemia mental retardation). This disease is characterized by
developmental abnormalities, severe mental retardation, facial dysmorphism, and
alpha-thalassemia, and was found to result from mutations in ATR-X gene. This gene
encodes a SWI/SNF-like protein. SWI/SNF proteins are involved in chromatin
remodeling, and ATR-X was therefore proposed to act as a transcriptional regulator
within a heterochromatin environment (Berube et al., 2000). ATR-X patients
demonstrate DNA methylation defects in select regions of their genomes, suggesting
that disturbances in chromatin remodeling result in altered DNA methylation (Gibbons

et al., 2000).

In accordance with the hypothesis that DNA methylation reflects the dynamic changes
in chromatin, it was shown that activation of chromatin Jeads to DNA demethylation.
For example, HDAC inhibitor sodium butyrate was shown to trigger global
demethylation in Epstein Barr Virus (EBV) transformed cells in a replication-
independent manner (Szyf et al., 1985a). Similarly, inhibition of HDAC activity by
TSA resulted in selective DNA demethylation in Neurospora Crassa (Selker, 1998).
In human cells, treatment with two different HDAC inhibitors, TSA and valproate,
resulted in active DNA demethylation directed by histone acetylation (Cervoni and
Szyf, 2001; Detich et al., 2003). Based on these data, it was proposed that the pattern
of DNA methylation results from the dynamic methylation and demethylation
reactions, and that it is the chromatin structure that directs the equilibrium of these

reactions (Szyf, 2003).

The mechanism by which chromatin structure directs DNA methylation pattern could

work either through determining the accessibility of DNA to methyltransferases and
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demethylases, or through the recruitment of these enzymes by the chromatin
associated factors. For instance, it was shown in Arabidopsis that DNA
methyltransferase CHROMOMETHYLASE 3 (CMT 3) associates with
heterochromatin protein HP1 homologue, which in turn binds methylated H3-K9. It is
proposed that DNA methylation is targeted to inactive chromatin through these
interactions (Jackson et al., 2002). Similarly, it was shown in mammalian cells that
histone methyltransferase SUV39H1 and heterochromatin protein HP1beta recruit
both DNMT1 and DNMT3a (Fuks et al., 2003a), raising the possibility that chromatin

structure may be responsible for directing both de novo and maintenance methylation.

An alternative mechanism is also possible where DNA methyltransferases and
demethylases would be recruited to specific sites of action through their association
with transcriptional activators and repressors. One such example is the recruitment of
DNMT1 and DNMT3a to the RARbeta2 promoter by the leukemia-promoting PML-
RAR fusion protein. It was suggested that PML-RAR could act as both an activator
and a repressor, depending on the cellular environment. In the absence of retinoic acid
it recruits both DNMT and HDAC activities, causing gene hypermethylation and
silencing, while in the presence of retinoic acid it turns into an activator and induces
demethylation and gene reexpression (Di Croce et al., 2002). Similarly, DNA
demethylation and expression of the kappa immunoglobulin gene during development
was shown to require transcription factor NF-kB (Kirillov et al., 1996; Kistler et al.,

1997).

In conclusion, the data presented above suggest that the hypothesis that DNA
methylation leads to chromatin inactivation, may not necessarily contradict the
hypothesis that chromatin structure directs the methylation state. Rather, the cross-
talk between DNA methylation and chromatin appears to be bidirectional, serving to
reinforce the two modes of epigenetic control of gene expression, and to ensure a rapid

and orchestrated response to a multitude of different cellular signals.

(iv) Methylation-independent regulation of gene expression by DNMTs
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In recent years it has become evident that DNMTs are multifunctional proteins that
have functions independent of their methyltransferase activities. As previously
discussed, silencing of gene expression by DNA methylation is a well-established role
of DNMTs that requires their enzymatic activity. However, recent data suggest that
DNMTSs may also be involved in control of gene expression through their interaction
with other proteins. All three active mammalian methyltransferases, DNMT]1,
DNMT3a, and DNMT3b, have been shown to repress transcription by recruiting
HDAC activity, and the deletion analysis of DNMTs indicated that their catalytic
domains are dispensable for this silencing activity (Bachman et al., 2001; Fuks et al.,
2000). In addition, DNMT3L homologue, which is not a functional methyltransferase
due to the mutations in the critical residue of its catalytic domain, was shown to be
required for the establishment of the maternal imprints (Bourc'his et al., 2001). The
discovery that DNMT3L also represses transcription through the recruitment of
HDAC1 activity offered an explanation for its roles in gene silencing and further
strengthened the notion that DNMTs have functions independent of their
methyltransferase activities (Aapola et al., 2002; Deplus et al., 2002). The recruitment
of DNMT repressor activity to specific sites was suggested to occur through the
interaction of specific transcription factors with DNMTs, which are in turn associated
with HDAC activity. For example, DNMT3a is recruited to specific sequences
through its interaction with a DNA binding repressor protein RP58. The co-repressor
function of DNMT3a was shown to be methylation-independent and probably
mediated through the recruitment of HDAC activities (Fuks et al., 2001). Likewise, in
human Hela cells, DNMT1 and HDAC1 were found in a complex with transcription
factors Rb and E2F1 (Robertson et al., 2000a). Rb is the most studied tumor
suppressor and the master regulator of the cell cycle, and at least one of its functions
involves binding E2F transcription factors and recruiting repressor activities to
promoters containing E2F responsive elements. As the cells progress from G1 to S
phase, Rb releases E2F, which then becomes free to activate genes involved in DNA
synthesis or those required for S phase entry (Ferreira et al., 2001). The finding that
DNMT1 is part of the Rb/E2F repressor complex raises the possibility that DNMT1
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could also participate in the regulation of the genes involved in the cell cycle. In fact,
co-transfection of DNMT1, Rb and E2F1 resulted in suppression of unmethylated co-
transfected promoter of the tumor suppressor pI4 (ARF) (Robertson et al., 2000a).
However, this model was only partially supported by the study of the regulation of the
endogenous pl4 promoter (Nguyen et al., 2002). In this study it was found that
although pl4 promoter is unmethylated, it becomes acetylated upon treatment with
DNA methylation inhibitor 5-azacytidine. It was suggested that 5-azacytidine reduces
the free pool of DNMTs in the cell, leading to the reduced recruitment of
DNMT/HDAC repressor complex, resulting in an increase in acetylation of the
targeted pl4 promoter. Surprisingly, pI4 gene expression remained unchanged
despite an increase in its acetylation status, presumably because of the existence of
other dominant regulators of its transcription. One interesting point raised in these
studies is that the recruitment of DNMT1 through these complexes does not result in
methylation of the promoter targeted for repression. An obvious question is why
DNMT1 does not methylate a promoter to which it is bound. One possible
explanation comes from a recent study showing that Rb binds to DNMT1 and inhibits
its catalytic activity by disrupting interaction between DNMT1 and DNA (Pradhan
and Kim, 2002). It is tempting to speculate that DNMT1 plays a role in the
orchestrated progression from G1 to S phase of the cell cycle, and that Rb controls this
acitivity by recruiting DNMT1 to the sites destined for repression. By inhibiting
DNMT]1 catalytic activity, Rb could also ensure that this repression is transient and
that it does not involve DNA methylation, which is believed to be a more permanent
repression mark. If this hypothesis is true, frequently observed inactivation of Rb
during cancer progression could also contribute to the aberrant methylation of tumor
suppressors, which is also a common event in tumorigenesis. In addition, Rb has
recently been shown to regulate DNMT1 gene at the transctiptional level through the
recruitment of E2F/Rb/HDAC repressor complex (Kimura et al., 2003), and at the
posttranscriptional level through decreasing DNMT1 mRNA stability (Slack et al.,
1999). It remains to be seen if DNMT1 itself participates in this repression activity as

part of a feedback regulatory mechanism.
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The data presented in chapters 1-3 of this thesis is in agreement with the methylation-
independent roles of DNMT1, and show some of the first examples of unmethylated
endogenous genes regulated by DNMT1 levels. The finding that knock down of
DNMT1 results in induction of a tumor suppressor p21 and growth arrest is consistent
with its role in the regulation of the cell cycle. Also, the induction of stress response
genes following knock down of DNMT1 suggests that cells have developed a
mechanism responsible for sensing DNMT1 levels and interpreting its loss as a
potential epigenomic stress. The examination of the mechanism of induction of these
genes by knock down of DNMT]1 has revealed that.it does not include changes in
either acetylation nor methylation of histones associated with their promoters. This is
contrary to previously discussed reports of the HDAC mediated regulation of gene
expression by DNMT1, and suggests a novel role of DNMT 1 which is independent of
both DNA methylation and histone modification. This novel role of DNMT]1 was also
observed in a recent report where an integrated microarray system was used for
simultaneous assessment of DNA methylation, histone acetylation and gene
expression of regulatory regions of ~1500 genes. It was found that genes induced by
5-azacytidine through a methylation-independent mechanism can be divided into two
groups. A smaller group contained genes whose activation was accompanied by
histone acetylation, and a larger group contained those genes that were activated in a
histone acetylation independent way (Shi et al., 2002). The possible mechanism and a
putative role of Spl transcription factor in recruiting this novel function of DNMT1

will be discussed in chapter 3.

Taken together, DNMT]1 and the other DNMTs seem to be multifunctional proteins
that, in addition to their prime role as DNA methyltransferase enzymes, also have
other functions in gene silencing (Figure 6.). Many of these functions appear to be
involved in the control of cell growth, and alterations of different components of
methylation machinery may directly contribute to the transformation and cancer
progression (Szyf, 2003). The following section will provide a detailed discussion of

the involvement of DNA methylation in cancer and its targeting in anticancer therapy.
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Replication initiation factor DNA methyltransferase

Transcriptional repressor Transcriptional repressor
Methylation independent Methylation independent
Histone deacetylase independent Histone deacetylase dependent

Figure 6. Multiple functions of DNMT1. In addition to its enzymatic activity
as a DNA methyltransferase, DNMT1 also acts as a replication initiation factor by
competing with replication inhibitor p21 for the same binding site on PCNA.
DNMT1 can also act as a transcriptional repressor independent of its
methyltransferase activity. This repressor activity can be either HDAC
dependent, or, as our data suggests, HDAC independent.



VI. DNA methylation machinery and cancer therapy

(i) Regional hypermethylation versus global hypomethylation

The observations that DNA methylation patterns are altered in cancer cells relative to
normal cells have been around for two decades, and are believed to result in abnormal
expression of a wide variety of genes (Jones, 1996). The first attempts to correlate
aberrant DNA methylation and cancer focused on determining the total levels of 5SmC,
and observed lower levels of DNA methylation in tumor versus normal tissues (Lu et
al., 1983). Initially, the hypomethylation was observed in oncogenes and was believed
to be responsible for their activation and tumor progression (Feinberg and Vogelstein,
1983; Nambu et al., 1987). However, later studies discovered that hypomethylation
observed in cancers is not restricted to oncogenes, but occurs throughout the genome,
mostly in the normally methylated parasitic and repetitive sequences such as satellite
DNA, LINE-1 elements, and retroviruses (Ehrlich, 2002). It is believed that
hypomethylation of such transposable elements may render them competent for
transcription and recombination, thus contributing to the genomic instability observed
in cancers (Eden et al., 2003; Flor] et al., 1999; Wong et al., 2001). In addition, some
genes involved in tumor invasion and metastasis were shown to become
hypomethylated in cancer (Guo et al., 2002; Rosty et al., 2002; Shteper et al., 2003).
In some tumor types DNA hypomethylation was found to be a biological marker of
tumor progression with the potential prognostic use (de Capoa et al., 2003; Soares et
al., 1999).

The paradoxical observation that global hypomethylation is accompanied by regional
hypermethylation in the same cancer cell has caused difficulties in the interpretation of
the events leading to aberrant methylation and its roles in tumorigenesis. Early studies
discovered that many tumor suppressor genes are inactivated by methylation in cancer
cells, providing a direct link between DNA methylation and abnormal cell growth
(Esteller et al., 2002a). For example, the hypermethylation of promoters of tumor

suppressor genes Rb and Von Hippel Lindau (VHL) has been detected in familial
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cases of retinoblastoma and renal cancer, as well as other cancers, and is believed to
be a primary inactivation event (Herman et al., 1994; Stirzaker et al., 1997).
Methylation of other tumor suppressors, such as pl4 (ARF), and cyclin-dependent
kinase inhibitors p15 and p16, has also been detected in a wide variety of tumors
(Herman et al., 1996b; Herman et al., 1995; Lowe and Sherr, 2003). In addition to cell
cycle genes that are directly involved in the control of tumor growth, inactivation by
hypermethylation has been observed in genes involved in other cellular pathways
targeted in cancer. Some of these include genes involved in the response to DNA
damage such as repair enzymes hMLH1 and MGMT, and a multifunctional protein
BRCAL1 (Esteller et al., 2002b). Inactivation of these genes results in higher mutation
rates and genomic instability leading to increase in cancer predisposition and
progression (Villemure et al., 2003). In addition, members of the cadherin family of
cell adhesion molecules are often methylated in cancer. Since these proteins are
responsible for keeping the tissue integrity by controlling cell attachments and
motility, their inactivation has been correlated with increased invasion and metastasis
(Hirohashi and Kanai, 2003). With the increased awareness of the existence of the
tumor suppressor hypermethylation in cancer, novel genomic approaches have been
developed for a more global assessment of the methylation patterns. Restriction
landmark genomic scanning (RLGS) and the microarray-based techniques, that can
simultaneously assess the methylation status of thousands of CpG islands, have found
that hypermethylation occurs in most tumors and varies between different tumor types
(Adorjan et al., 2002; Dai et al., 2001). Particular sets of hypermethylated genes were
found to be characteristic of particular tumor classes, and were used to predict the
tumor class of unknown samples, suggesting that they could have important diagnostic

significance (Adorjan et al., 2002).

One question that still remains unresolved is how is the methylation pattern aberrantly
modified in the same cancer cell in two opposite directions, causing both
hypomethylation and hypermethylation. Since hypomethylation occurs mainly in
sparsely distributed CpGs, while hypermethylation occurs mainly in CpG islands

within the regulatory regions of genes, it seems that different factors are responsible
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for each. Since dynamic nature of DNA methylation requires activities of both DNA
methyltransferase and demethylase enzymes, alteration of their expression or their
targeting could offer an explanation for the co-existence of hypo and

hypermethylation.

(ii) Role of DNMTs in cancer

In parallel with the existence of aberrant methylation patterns in cancer cells, it has
been observed that DNMT]1 expression is increased in'many tumors (Issa et al., 1993).
Several cellular pathways that are involved in tumorigenesis have been shown to
induce DNMTT1 levels. For example, DNMT1 transcription was induced by different
components of the protooncogenic Ras signaling pathway and it was shown that
DNMT1 is essential for their transformation capacity since inhibition of DNMT1 by
antisense led to reversal of transformation (Bakin and Curran, 1999; Bigey et al.,
2000; MacLeod et al., 1995; MacLeod and Szyf, 1995). Aberrant Ras signaling is a
common event in cancer (Ayllon and Rebollo, 2000), and is probably responsible for
some of the induced DNMT1 levels observed in cancers. Another pathway that is
tightly linked to cancer, and can contribute to elevated DNMT1 levels, is the APC/beta
catenin/TCF pathway. Mutations of the adenomatous polyposis coli (APC) tumor
suppressor gene inifiates the majority of colorectal cancers by failing to inactivate
beta-catenin/Tcf transcription factor complex, resulting in its constitutive activation
(Barker et al., 2000). It was shown in mice that knockout of APC gene leads to
intestinal neoplasia, and that reduction of DNMT1 activity in these mice reduced
tumorigenesis, suggesting that DNMT]1 is an important downstream effector in the
APC pathway (Eads et al., 1999; Laird et al., 1995). Similar conclusions were drawn
from APC-/- colon cancer cells, where the expression of wild type APC lead to
downregulation of DNMT1 mRNA and concomitant inhibition of growth of these
cancer cells (Campbell and Szyf, 2003).

In addition, some cancer causing viruses, such as simian virus 40 (SV40) and Epstein

Barr Virus (EBV), have been shown to induce DNMT1 levels. Large T antigen is one
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of the protein products of the SV40 virus whose transforming activity is exerted
mainly through the inactivation of Rb and p53 pathways (Gazdar et al., 2002).
Following the observation that cells transformed with SV40 virus show increased
expression of DNMT1 (Chuang et al., 1997), it was discovered that this upregulation
of DNMT1 occurs mainly at the posttranscriptional level and that it depends on Rb
inactivation (Slack et al., 1999). Transformation by large T antigen was dependent on
DNMT1 since its knockdown by antisense resulted in the inhibition of transformation
(Slack et al., 1999). Another oncogenic viral protein, latent membrane protein 1
(LMP1) produced by EBV, has been shown to upregulate DNMT1, DNMT3a and
DNMT3b in a few cancer cell lines (Tsai et al., 2002). In parallel, transfection of
LMP1 into these cells resulted in the methylation and inactivation of E-cadherin gene,
resulting in increase of the invasive ability of these cells. Inhibition of DNA
methylation by 5-azacytidine led to E-cadherin demethylation and expression, which
in turn blocked cell migration ability (Tsai et al., 2002). Taken together, the
observations that DNMT]1 lays downstream of different oncogenic pathways may

offer a mechanism to explain its elevated levels commonly observed in cancer.

A separate line of evidence implicating DNMT1 in tumorigenesis comes from
observations that overexpression of DNMT1 in fibroblasts results in transformation
(Bakin and Curran,.1999; Wu et al., 1993). Similarly, another study in fibroblasts
demonstrated that DNMT1 overexpression results in the time-dependent increase in
methylation of several CpG islands (Vertino et al., 1996). On the other hand,
reduction of DNMT]1 levels by antisense causes demethylation of tumor suppressors
and reverses tumorigenesis both in vivo and in vitro (Fournel et al., 1999; Macl.eod
and Szyf, 1995; Ramchandani et al., 1997). Although most of the research on the
connection between DNA methylation and cancer concentrated on DNMT]1, there is
emerging evidence that DNMT3a and DNMT3b may also be overexpressed in cancer
(Mizuno et al., 2001; Robertson et al., 1999; Yakushiji et al., 2003). Similar to
DNMT1, DNMT3b was shown to contribute to the transforming activities of SV40 T
antigen and activated Ras (Soejima et al., 2003). In addition, DNMT3b was shown to

be specifically required for cancer cell survival since its depletion resulted in cancer
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cell apoptosis whereas it did not affect normal cells. Also, depletion of DNMT3b
resulted in demethylation and reactivation of the normally silenced tumor suppressor

gene RASSF1A (Beaulieu et al., 2002).

Taken together, these data support a generally accepted paradigm that overexpression
of DNMTs results in hypermethylation and inactivation of tumor suppressors,
allowing uncontrolled cell growth and tumor formation. On the other hand, inhibition
of DNMTs leads to tumor suppressor demethylation and reactivation, resulting in the
inhibition of tumor growth. Although it cannot be disputed that upregulation of
DNMTs and hypermethylation of tumor suppressors are common events in cancer that
can directly contribute to tumorigenesis, there is emerging evidence suggesting that
these are two independent events. Correlation studies of increased expression of
DNMT1, 3a and 3b, and hypermethylation of various tumor suppressors failed to
establish any cause-effect relationship in a number of different cancer types (Eads et
al., 1999; Ehrlich, 2002; Oue et al., 2001; Sato et al., 2002; Yakushiji et al., 2003).
For example, comparison of oral carcinoma samples matched with normal mucosa
samples found that there is a high incidence of both methylation of the tumor
suppressor pl6 and upregulation of all three active DNMTs in cancer samples.
However, there was no correlation found between these events suggesting that
different mechanisms are responsible for each (Yakushiji et al., 2003). If the increase
in DNMT levels is not essential for the tumor suppressor methylation, then the
obvious question is what is the mechanism responsible for the hypermethylation
commonly observed in cancer. One possible explanation comes from a recent study
demonstrating that p16 silencing can be achieved through histone H3-K9 methylation
independent of DNA methylation. In this case inactivation of p16 was followed by
methylation many cell passages later, suggesting that it was targeted by the inactive
chromatin structure rather then being a result of the increased DNMT levels (Bachman
et al., 2003). Another possible mechanism explaining hypermethylation independent
of DNMT overexpression is the aberrant recruitment of DNMTs to tumor suppressor
genes. This is illustrated in the report that leukemia-promoting PML-RAR fusion

protein induces gene hypermethylation and silencing by recruiting DNMT1 and
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DNMT3a to its target promoters, and that hypermethylation contributes to its
leukemogenic potential (Di Croce et al., 2002).

In conclusion, although overexpression of DNMTs can lead to hypermethylation of
some tumor suppressors, correlation analysis in different tumor types suggest that
other mechanisms must exist that are responsible for inappropriate targeting of DNMT
activity to tumor suppressor genes. This also leads to an alternative hypothesis on the

possible mechanisms by which elevated DNMTs might promote tumorigenesis.

(iii) Methylation independent roles of DNMTs in cancer

Since DNMTs are multifunctional proteins involved in different cellular activities,
their elevated levels may promote tumorigenesis independently of their
methyltransferase activities. As discussed in section IV-ii, DNMTs were shown to
recruit HDAC activities and repress transcription independent of their catalytic
domain (Bachman et al., 2001; Fuks et al., 2000). The finding that DNMT1 associates
with Rb/E2F complex, which is critical for the regulation of cell growth, raises the
possibility that DNMT1 is involved in the control of the orchestrated progression from
G1 to S phase of the cell cycle (Robertson et al., 2000a). It is possible that either
elevated levels of DNMTs or their mistargeting results in their increased recruitment
to genes responsible for the inhibition of cell growth, resulting in their inactivation. In
accordance, inhibition of DNMTs in cancer cells either by antisense or by 5-
azacytidine treatment was shown to induce a number of unmethylated genes involved
in the regulation of cell growth (chapters 1-3). One possible mechanism responsible
for mistargeting of DNMTs could be the formation of aberrant complexes due to their
improper expression during the cell cycle. Analysis of the expression levels of active
DNMTs showed that DNMT1 and DNMT3b mRNA levels were almost undetectable
in arrested cells and that they increased dramatically upon entrance into S, while
DNMT3a levels were less sensitive to the alterations in the cell cycle (Robertson et al.,
2000b; Szyf et al., 1991). Comparison of the methyltransferase activity between

cancer and normal cells revealed that cancer cells retain higher activity even during
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the cell arrest suggesting that DNMT regulation may be disrupted in cancer cells
(Robertson et al., 2000b). Regulation of DNMT1 levels during the cell cycle was
found to involve a posttranscriptional mechanism, and a 3’UTR element within
DNMT1 mRNA was identified and it was shown to be sufficient to mediate this
regulation. In addition, overexpression of DNMT1 lacking the 3’UTR was shown to
be able to transform NIH-3T3 cells, whereas inclusion of the 3"UTR prevented
transformation (Detich et al., 2001).

One important reason for the regulation of DNMTs during the cell cycle would be to
ensure the coordinate replication of the genetic and epigenetic material. Since DNA
replication is semi conservative, newly synthesized DNA molecule is hemimethylated
and the methylation pattern needs to be copied from the parental strand onto the
nascent strand. This maintenance methylation occurs concurrently with DNA
replication (Araujo et al., 1998a), and it is carried out by DNMT1, which is associated
with the replication foci during S phase (Leonhardt et al., 1992). Targeting of
DNMTT1 to the replication fork is achieved through it binding to the proliferating cell
nuclear antigen (PCNA) (Chuang et al., 1997). A recent study demonstrated that
DNMT1 has a higher affinity for DNA which is associated with PCNA, and that this
DNA is more efficiently methylated than free DNA (Iida et al., 2002). This may be
one of the mechanisms responsible for the specificity of DNMT1 for the newly
synthesized hemimethylated DNA. Another level of regulation of DNMT1 activity is
based on the fact that the tumor suppressor p21 competes with DNMT1 for binding to
PCNA (Chuang et al., 1997). When p21 levels are high during Go/G1 phase, p21
competes out DNMT1 and forms an inhibitory complex with PCNA, therefore
preventing inappropriate DNA methylation during this phase. As the cells enter into S
phase, DNMT1 levels rise and it can now compete out p21 and enable PCNA to
assemble at the replication fork. Additional control of DNMT1 binding to PCNA
could also be achieved through DNMT1-Rb interaction, which was proposed to
preclude DNMT1 binding to PCNA. Therefore, DNMT]1 seems to play a regulatory
function in the initiation of replication by promoting assembly of the replication fork.

In turn, this function of DNMT1 seems to be regulated with the cell cycle through its
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interaction with cell cycle regulatory proteins. In accordance, it was shown that knock
down of DNMT1 by antisense oligonucleotides results in the inhibition of DNA
replication, suggesting that the presence of DNMT]1 in the fork is critical not only for
methylation but also for replication itself (Knox et al., 2000). The data presented in
chapters 2 and 3 of this thesis demonstrate that DNMT1 knock down by antisense
triggers an intra-S-phase arrest accompanied by the induction of stress response genes.
This is probably a consequence of an activated check point that senses lack of
DNMT]1 in the replication fork and arrests its progression in order to prevent a
potentially disastrous loss of the methylation pattern. ‘The nature of this checkpoint is

currently under investigation in our laboratory.

In conclusion, DNMTs have emerged as multifunctional proteins involved in different
cellular processes tha