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• Abstract 

A growing line of evidence indicates that the proper control of DNA methyltransferases 

(DNMT) and DNA demethylases is critical for maintaining correct gene expression. In 

addition, misregulation of this machinery likely plays a role in the aberrant DNA 

methylation patterns and gene expression that is a hallmark of many pathologies such as 

cancer. A greater comprehension of the mechanisms involved in regulating the 

expression and activity of these proteins should provide new therapies aimed at restoring 

gene expression gone wrong. This thesis begins by describing the role of the 3' 

untranslated region (3'UTR) of the DNMTl mRNA in mediating both the growth­

dependent mRNA regulation of DNMTl and cellular transfonnation. Our results support 

• the hypothesis that deregulated expression of DNMTl with the cell cycle and not the total 

amount of DNMTI is important for cellular transfonnation. The discovery of a DNA 

demethylase activity points towards a reversible DNA methylation reaction, and uncovers 

the possibility that deregulation of active demethylation may also contribute to 

pathological DNA methylation and gene expression. Studies in chapters 2-4 focus on the 

identification of factors that are involved in determining the activity of DNA 

demethylases. Chapter 2 demonstrates that the methyl-CpG-binding protein 2/DNA 

demethylase (MBD2/dMTase) differentially demethylates and activates some but not all 

promoters in a time- and concentration-dependent manner. These data suggest that 

promoter context is one factor shaping the complex functional role of this protein, and 

thus MBD2/dMTase could be involved in maintaining both the DNA hyper and 

• hypomethylation observed in cancer. Chapter 3 identifies the first inhibitor of DNA 



• demethylases in vitro and in living cells, S-adenosylmethionine (AdoMet). Our data 

demonstrate that AdoMet inhibits active demethylation and expression of methylated 

DNA in living cells, and also inhibits active demethylation in vitro. Most importantly, we 

show that AdoMet can revert the transformed state of cells, suggesting that 

hypomethylation mediated by DNA demethylases is critical for tumorigenesis and that 

AdoMet might be an attractive tool in cancer therapy. In contrast, the identification of 

agents that can pharmacologically stimulate active demethylation might allow the 

modulation of DNA methylation patterns in adult non-dividing tissue. Chapter 4 

describes how the anti-epileptic drug valproate (VPA) can stimulate specific active 

replication independent DNA demethylation, which is dependent upon histone acetylation 

and is mediated, at least in part, by MBD2/dMTase. Thus, VPA might be able to achieve 

• the activation of critical genes silenced by methylation. Taken together, our data support 

a new hypothesis on the mechanisms and role of DNMTl overexpression, regional 

hypermethylation and global hypomethylation in cancer, and therapeutic approaches for 

modulating DNA methylation patterns in cancer and other pathological conditions. 
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• Resume 

• 

Un nombre croissant de travaux indique qu'un controle precis des methyltransferases de 

l'ADN et des demethylases de l'ADN est essentiel dans Ie maintien d'une expression 

genique correcte. De ce fait, une deregulation de cette machinerie joue 

vraisemblablement un role dans la mise en place de profils de methylation et d'expression 

genique aberrants, caracteristique de nombreuses pathologies comme Ie cancer. Ainsi, 

une meilleure comprehension des mecanismes impliques dans la regulation de 

1'expression et de 1'activite de telles proteines initierait de nouvelles therapies ayant pour 

but Ie retablissement d'une expression genique devenue erronee. Cette these debute par 

la description du role de la region non traduite (3 'UTR) de l'ARNm de dnmtl, ala fois 

dans la transmission d'une regulation dependante de la croissance de ce meme ARNm, 

mais egalement dans 1'induction de la transformation cellulaire. En effet, nos resultats 

supportent l'hypothese que c'est une expression deregulee au cours du cycle cellulaire de 

dnmtl, et non son niveau d'expression, qui est cruciale dans Ie processus de 

transformation. En parallele, la decouverte d'une activite demethylase de l'ADN amene a 

considerer la reversibilite de la reaction de methylation de l'ADN, et laisse entrevoir la 

possibilite qu'une deregulation d'une demethylation active puisse aussi contribuer a une 

methylation de l'ADN et une expression genique inappropriees, pouvant conduire a une 

situation pathologique. Les etudes des chapitres 2-4 se concentrent sur l'identification 

des facteurs impliques dans la mise en action de l'activite des demethylases de l'ADN. 

En effet, Ie chapitre 2 demontre que la "methyl-CpG-binding protein 2"/ DNA 

• demethylase (MBD2/dMTase) demethyle et active differemment certains promoteurs, et 
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• ce d'une maniere dependante du temps et de la concentration. Ces donnees suggerent que 

Ie contexte du promoteur est un element modulant les fonctions complexes de cette 

proteine. Ainsi, MBD2/dMTase pourrait etre impliquee dans Ie maintien ala fois de 

I'hyper- et de I'hypomethylation de l'ADN observees dans les cas de cancer. Le chapitre 

3 identifie la S-adenosylmethionine (AdoMet) comme Ie premier inhibiteur de 

demethylases de l'ADN, in vitro et au sein de cellules en culture. En effet, nos donnees 

demontrent que l'AdoMet inhibe la demethylation active ainsi que I'expression d'ADN 

methyle au sein de cellules en culture; elle inhibe egalement cette demethylation in vitro. 

Fait plus important, nous montrons que l'AdoMet peut inverser l'etat transforme de 

cellules, suggerant que I'hypomethylation generee par les demethylases de l'ADN est 

critique lors de la tumorigenese. Ainsi, I'AdoMet pourrait etre un outil attrayant dans Ie 

•
 cadre d'une therapie anti-cancereuse. D'autre part, I'identification d'agents
 

pharmacologiques pouvant stimuler la demethylation active pourrait permettre la 

modulation des profils de methylation de l'ADN au coeur de tissus adultes programmes 

pour ne pas se diviser. Enfin, Ie chapitre 4 decrit comment Ie valproate (VPA), 

medicament anti-epileptique, stimule specifiquement la demethylation de l'ADN 

independante de la replication, laquelle stimulation est dependante d'une acetylation des 

histones et, est egendree, au moins en partie, par MBD2/dMTase. Ainsi, Ie VPA pourrait 

permettre I'activation de genes d'importance inactives par methylation. En resume, nos 

donnees supportent une nouvelle hypothese sur les mecanismes et Ie role de la 

surexpression des DNMTs, l'hypermethylation regionale et I'hypomethylation globale 

dans Ie cancer, ainsi que sur les approches therapeutiques pouvant moduler les profils de 

• methylation dans les cancers et autres situations pathologiques. 
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• Contributions to original knowledge 

In this thesis, I have presented the following original results: 

1)� A 54-nucleotide highly conserved element within the DNMTl 3'UTR is necessary 

and sufficient to mediate the growth-dependent regulation of DNMT1. 

2)� This 54-nucleotide element increases mRNA turnover rates, and does so to a 

greater extent in the presence of extracts prepared from growth-arrested cells. 

• 
3) UV crosslinking analysis reveals that the binding of a 40 kDa protein (p40) is 

dramatically increased in growth-arrested cells; this binding is inversely correlated 

with dnmtl mRNA levels as cells are induced into the cell cycle. 

4) Inclusion of the 3'UTR within a DNMT1 construct prevents the cellular 

transformation previously shown to occur following ectopic expression of 

DNMTllacking the 3'UTR. 

5)� Transient transfection of an MBD2/dMTase expression construct differentially 

activates two methylated reporters, pSV40-CAT and pGL2T+14xTBRE, but does 

not activate the p19-ARF promoter. 

• 6) The activation by MBD2/dMTase is both time and concentration dependent. 
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• 7) Exogenous expression of MBD2/dMTase induces demethylation at 8 of the 10 

CpG sites within the SV40 promoter. 

8)� In living cells, AdoMet inhibits the TSA induced active demethylation and gene 

expression of exogenously introduced methylated CMV-GFP in a dose dependent 

manner. 

9)� AdoMet treatment does not result in the de novo methylation of unmethylated 

CMV-GFP. 

• 10) In vitro, AdoMet inhibits the demethylase activity of both MBD2/dMTase and 

endogenous demethylase extracted from HEK 293 cells. 

11) AdoRcy does not inhibit active demethylation in vitro, nor does it affect the TSA 

induced demethylation and expression of methylated CMV-GFP in living cells. 

12) AdoMet, but not AdoRcy, treatment reverses the transformed state of both HEK 

293 and A549 cell lines. 

13) Histone acetylation within ectopically introduced methylated CMV-GFP is 

induced following treatment with VPA. 
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• 14) VPA induces active demethylation and gene expression of ectopically introduced 

methylated CMV-GFP in a dose dependent manner. 

15) Demethylation by VPA appears to be selective since VPA does not induce 

genome wide demethylation. 

16) VPM, an analogue ofVPA previously shown to be incapable of inducing histone 

acetylation, does not induce demethylation or expression of CMV-GFP. 

17) VPA induces the phosphorylation of MBD2/dMTase in a concentration 

dependent manner. 

• 18) Antisense knockdown of MBD2/dMTase attenuates VPA induced demethylation. 
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I. Goals of the thesis and literature review 

The epigenome is the layer of information that dictates which parts of the genome are 

expressed in a specific place and at a specific time. While the genome is fixed and 

identical in all tissues of multicellular organisms, the epigenome is modeled during 

development in order to enable multiple gene expression programs, and is continuously 

modified throughout life in response to physiological, environmental and pathological 

cues. It is now clear that the epigenome consists of multiple layers that act in a 

combinatorial fashion to either activate or suppress a genomic region. An active region 

of the DNA is distinguished by an open chromatin structure that allows access to 

enzymatic machineries that interact with the genome. Most of the components of the 

• epigenome such as histones, which form the core of chromatin, and histone modifying 

enzymes, which determine chromatin structure, are independent chemical entities that 

interact with the genome but are not part of it. The association of these molecules with 

the DNA is therefore reversible by its nature and could be modified at any time. In 

addition, the epigenome consists of an additional covalent component, a coating of 

methyl groups, which is established by a family of DNA methyltransferase (DNMT) 

enzymes. In general, regions of the genome that are active are less methylated than other 

regions, and are also associated with an open chromatin structure. It has long been 

believed that once the DNA methylation pattern is set during development it is 

irreversible and maintained during subsequent cell divisions. However, the recent 

identification of an active DNA demethylase enzyme raises the possibility that the 

•� 
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• methylation pattern is actually a reversible process in both dividing and postmitotic 

somatic cells. 

Many studies have established that abnormal regulation of the DNA methylation 

machinery, as well as aberrant methylation patterns, are critical for the development of 

pathogenic conditions such as cancer and other diseases. Thus, if we can achieve a better 

understanding of how this machinery is regulated, new and more effective opportunities 

for therapeutic intervention may be revealed. In addition, a greater comprehension of the 

functions of the DNA demethylase is needed due to the prominent occurrence of global 

hypomethylation in cancer. Moreover, if we can uncover ways of modulating DNA 

demethylase activity, we may have an additional meth9d with which to restore proper 

• methylation patterns and gene expression in cells gone wrong. This is especially critical 

for postmitotic cells in which active demethylation is the only means of changing 

methylation patterns. 

This thesis is focused on understanding 1) the regulation of the DNMTI enzyme during 

the cell cycle and how it might be involved in tumorigenesis, and 2) the functions of the 

protein MBD2/demethylase and its modulation by different agents as potential therapies 

for cancer and other conditions. The literature review does not discuss all the processes 

in which DNA methylation is involved, but rather focuses on topics that will provide a 

better understanding of both the rationale behind the studies of the thesis and the results 

obtained. Briefly, the review will cover the fundamental relationship between DNA 

•� 
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methylation, chromatin structure, and gene expression, the proteins involved and their 

regulation, and how these may playa role in certain diseases, most notably cancer. 

II. Fundamentals of methylation and demethylation 

Methylation reactions are alkylation reactions which are fundamentally important in 

many cellular processes such as metal detoxification (Bentley and Chasteen, 2002), 

phospholipid and neurotransmitter biosynthesis (Vance and Walkey, 1998; 

Weinshilboum et al., 1999), and of course gene expression via DNA methylation. These 

reactions are catalyzed by methyltransferase enzymes (MTases), the majority of which 

use S-adenosylmethionine (AdoMet) as the methyl group source (Cheng and Roberts, 

2001; Roberts and Macelis, 2000). Twenty AdoMet-dependent MTases have be 

structurally characterized, and include seven DNA MTases (DNMTs), four protein 

MTases, five RNA MTases, and four small molecule MTases, which all act on either the 

carbon, nitrogen, or oxygen atoms of their corresponding substrates (Cheng and Roberts, 

2001). The only common characteristic between these enzymes (with the exception of 

the protein arginine MTase) is a core structure containing a mixed seven stranded 

antiparallel r3-sheet referred to as the 'AdoMet dependent fold'; this structure has been 

used as a criteria to identify other potential MTases using structural proteomics (Cheng 

and Roberts, 2001). This section will give a brief overview of the various types of 

methylation reactions, including DNA methylationldemethylation. 

• (i) DNA methylation 
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• In 1948, Hotchkiss discovered the presence of the methylated base 5-methylcytosine 

(5mC) in calf thymus DNA (Hotchkiss, 1948). Since then many studies have sought out 

the functions of this modification and how it is generated and maintained. DNA 

methylation is catalyzed by various DNMT enzymes, which will be described in further 

detail in section IV. In different species, DNA methylation serves diverse biological 

roles. For example, in bacteria, the principal task of DNA methylation is in restriction 

modification, a bacterial immune system that protects them against invading foreign 

DNA (Hotchkiss, 1948). In addition, bacterial DNA methylation has several other 

functions 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 aI., 2002). While in bacteria, methylation can occur to yield N6-methyladenine, N4­

• methylcytosine, and 5mC (Jeltsch, 2002), 5mC is the only modified base in vertebrates 

(Razin and Riggs, 1980). The levels of 5mC and its sequence location also vary within 

different eukaryotic species. For example, only 70-80 % of cytosines are methylated in 

vertebrates, and although the majority of methylated cytosines occurs in the dinucleotide 

CG (Razin and Szyf, 1984), low levels of CA, CT, and CC methylation have been 

documented in early embryonic development (Ramsahoye et al., 2000). The genomes of 

fungi such as Neurospora crassa and Aspergillus flavus display less than 2% overall 

methylation, mainly in transposons and other repeats, while up to 40% of cytosine 

residues in plants can be methylated at CG or CNG sites (Jeltsch, 2002). 

• 
The hallmark of the vertebrate genome is that the pattern of methylation is both gene and 

tissue specific (Razin and Szyf, 1984). Dense regions of CG sequences are usually found 

4 



• close to promoters, the majority of which are non-tissue specific promoters and are 

usually free of methylation (Bird, 1986; Cooper et al., 1983). In contrast, within other . 

areas of the genome COs are under represented, sparsely distributed, and usually heavily 

methylated. These COs are more often found in promoters of tissue specific genes, 

which are methylated in non-expressing tissues and unmethylated in tissues that express 

these genes (Razin and Szyf, 1984). Moreover, when two alleles of the same genes are 

differentially expressed in the same cell, as is the case in X inactivation (Singer-Sam and 

Riggs, 1993) and parental imprinting (Polychronakos, 1993; Tilghman et al., 1993), the 

inactive allele is believed to be marked by methylation of some COs. Thus, the general 

conclusion is that regions of the genome that are active are less methylated than other 

regions (Razin and Riggs, 1980). In fact, a long list of data has established a correlation 

• between the state of activity of genes, DNA methylation, and also chromatin structure 

(Razin, 1998). Several mammalian DNMfs have been identified, which transfer the 

methyl group from AdoMet onto the CO dinucleotide, forming S-adenosylhomocysteine 

(AdoHcy) in the process (Figure 1). A review of their characteristics, functions, and 

regulation will follow in the parts IV and V of the introduction. 

(ii) DNA demethylation 

During the process of development a sequence of global and site-specific demethylation 

events are involved in shaping the DNA methylation pattern (Kafri et al., 1992; Kafri et 

al., 1993; Razin and Shemer, 1995). It is also well established that global changes in 

• DNA methylation occur during cellular differentiation (Lucarelli et al., 2000; Paroush et 
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AdoHey 

H3 
DNMT 

demethylase 

I 

• 
DNADNA 

CH30H HOH 

Figure 1 -The DNA methylation and demethylation reactions. 

DNMT catalyzes the transfer of a methyl group from AdoMet onto the 
5th position of the cytosine residue in mammalian DNA, forming AdoHcy 
in the process. 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. 
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• al., 1990; Razin et al., 1984). One mechanism that would seem simple and obvious is the 

active removal of the methyl moiety from the DNA. The main theoretical problem with 

active demethylation is the strength of the covalent bond between the methyl residue and 

the cytosine ring (Cedar and Verdine, 1999). Since cleavage of this bond has been 

considered impossible, it was suggested that demethylation could be accomplished by 

replication in the absence ofDNMT activity, whereby critical sites might be masked 

during replication and thus protected from maintenance DNA methylation (Razin and 

Riggs, 1980). In accordance with this hypothesis, experiments have demonstrated that 

high affinity-site specific binding of an ectopically expressed bacterial protein to an 

engineered recognition element can result in site-specific demethylation (Hsieh, 1999; 

Lin et aI., 2000). This is possibly accomplished by inhibiting access of the DNMT to the 

protein bound site. It is not yet clear whether this resembles actual demethylation in vivo. • 
However, numerous studies indicate that demethylation can be an active process 

occurring in the absence of cell division. For instance, induction of a lytic Epstein-Barr 

virus (EBV) cycle in some B-celllymphomas is associated with replication independent 

global demethylation (Szyf et al., 1985a); global demethylation of the paternal genome 

occurs within hours of cell fertilization before the start of the first cell division (Oswald 

et aI., 2000); the first exon of myogenin is demethylated within minutes after initiation of 

differentiation of C2C12 cells into myotubes in a process that cannot be explained by 

passive demethylation (Lucarelli et aI., 2000), and a promoter enhancer region of 

interleukin-2 becomes rapidly demethylated following T-cell activation and this is not 

• prevented by inhibitors that block DNA replication (Bruniquel and Schwartz, 2003). It is 
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• interesting to note that a study in the plant Zea mays showed that active demethylation 

can even occur in response to an environmental stress such as cold (Steward et al., 2002). 

Several enzymatic processes have been proposed to resolve the existence of active 

demethylation, such as DNA repair or the direct removal of the methyl group from the 

cytosine residue (Figure 1). However, the discussion of these mechanisms is reserved 

for section IV. 

DNA methylation patterns are formed during development through a series of 

methylation and demethylation events (Reik et al., 2001). It is believed that the pattern is 

then fixed and accurately inherited through subsequent cell divisions through the action 

of DNMTl, which has a preference for herni-methylated DNA (Gruenbaum et al., 1982) 

• and localizes to the replication fork (Leonhardt et al., 1992). The mechanisms involved 

in shaping and maintaining methylation patterns will be explored in section VI. 

(iii) Other methylation reactions 

In 1887, Wilhelm His discovered that dogs excreted N-methylpyridine following 

administration of pyridine, and was the first description of methylation of an exogenous 

compound (His, 1887). Today, methylation and demethylation are known to be essential 

pathways in the metabolism of many drugs, xenobiotics, neurotransmitters and hormones 

(Weinshilboum et al., 1999). Several small molecule MTases, most notably the 

prototypical catechol-O-methyltransferases (COMT), thiopurine methyltransferase 

• (TPMT), and histamine-N-methyltransferase (HNMT) have been characterized 
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• (Weinshilboum et al., 1999). COMT methylates the hydroxy group at the third position 

of the catechol ring (Kopin, 1985), and in 1958, it was one of the first MTases to be 

biochemically characterized (Axelrod, 1958). Among many substrates, COMT 

methylates the catecholamine neurotransmitters dopamine and (nor)epinephrine, which is 

important for termination of their synaptic action (Kopin, 1985). The important catechol 

drug L-dopa, used to treat Parkinson's disease, is also methylated and inactivated by 

COMT. S-methylation is important for the biotransformation of numerous sulphur 

containing compounds, including many sulfhydryl drugs such as various antineoplastic 

and immune suppressant thiopurine compounds, the antihypertensive agent captopril, and 

the anti-inflammatory drug D-penicillamine. These reactions are catalyzed by at least 

three different enzymes, TPMT, thiol methyltransferase (TMT), and thioether 

• methyltransferase (TEMT). There are also several N-methyltransferases, such as HNMT, 

nicotinamide-N-methyltransferase (NNMT), and phenylethanolamine-N­

methyltransferase (PNMT), which are involved in the metabolism of various endogenous 

neurotransmitters and hormones (Weinshilboum et aI., 1999). In addition, 0- and N­

demethylation of a number of important compounds such as caffeine, morphine, and 

codeine also occurs, and is mediated by various cytochrome P450 enzymes, and in 

contrast to methylation, is mediated in a relatively non-specific manner (Kirkwood et aI., 

1997; Rasmussen et al., 1998). 

Numerous proteins are also subject to methylation, which can occur within the amino 

acids lysine, arginine, or histidine, on either the carboxyl group or side chain nitrogen 

• residues (Aletta et al., 1998). This modification is involved in a number of processes 
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• such as aging/repair of proteins (Najbauer et al., 1996), cellular stress responses 

(Desrosiers and Tanguay, 1988), and chromatin remodeling and gene expression 

(Kouzarides, 2002). Several classes of protein arginine methyltransferases (PRMfs) are 

known to modify a number of substrates, including RNA-binding and transporting 

proteins (Najbauer et al., 1993), transcription factors (Gary and Clarke, 1998), growth 

factors (Sommer et al., 1989), and histones (Kouzarides, 2002). Recently, the important 

role of histone methylation by these enzymes in regulating chromatin structure and gene 

expression has come to light, and an in depth discussion will follow in subsequent 

sections. Research has also indicated that protein methylation might be a dynamic 

process involved in ligand-mediated signal transduction, similar to phosphorylation 

(Aletta et al., 1998). Studies have identified novel protein MTases that act on Ras, 

• protein phosphatase 2A, and other signaling molecules, although a direct demonstration 

of ligand-stimulated regulation of SPecific MTases has yet to be shown (Aletta et al., 

1998). 

Methylation of mammalian ribosomal RNA can take place on either the 2' hydroxyl of 

the sugar moiety or on adenine or guanine residues, and is important for various 

processes such as transport, transcription, and protection from RNases (Maden, 1990). 

This methylation is mediated by 'snorps', snoRNA-protein complexes in which the 

snoRNA serves as the guide providing site specificity and the protein catalyzes the 

reaction (Decatur and Fournier, 2003). Eukaryotic mRNAs are modified by a 'cap' at the 

5' end by the addition of a 7-methylguanosine residue. This is accomplished by the 

sequential action of three enzymatic activities including an RNA MTase that methylates 

• the G cap at the seventh position (Wen and Shatkin, 2000). The cap structure enhances 
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• the binding of the elongation initiation factor eIF-4E, which functions to facilitate 

translation elongation (Sonenberg et al., 1978). In addition, other RNAs such as tRNA 

and splicing RNAs are also modified by methylation (Decatur and Fournier, 2003). 

III. Chromatin and gene expression 

(i) Chromatin structure and function 

The basic unit of chromatin is the nucleosome, which is composed of 146 bp of DNA 

wrapped around an octamer of histone proteins, H2A, H2B, H3, H4. Higher eukaryotes 

also posses HI linker histones, which bind at the entry and exits points of the DNA as it 

• winds around the histones, and facilitates packaging of the chromatin in to a helical 

structure known as the 30 nm fiber. Higher order folding leads to the 240 nm fiber, 

which is the fundamental unit of the metaphase chromosome (Dillon and Festenstein, 

2002; Lusser, 2002). 

It was originally believed that the sole function of chromatin was to bring about the 

compact packaging of the tremendous amount of genetic information in the nucleus. 

However, in 1930 Hermann Muller discovered that Drosophila mutants generated 

following X-ray irradiation displayed a mosaic expression of the 'white' gene. 

This silencing was associated with a translocation that placed the 'white' gene next to 

heterochromatin (compact chromatin). Remarkably, this silencing effect was stable 

• throughout subsequent cell divisions and was the first indication that chromatin might be 
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• involved in stable gene regulation (Muller, 1930). Many subsequent studies have now 

determined that chromatin is critical for a number of cellular processes such as 

centromere function, nuclear organization, and recombination and repair. In addition, it 

forms the non-covalent module of the epigenome, thereby regulating gene expression. 

(Dillon and Festenstein, 2002; Strahl and Allis, 2000) 

• 

Chromatin structure determines the state of activity of genes by either promoting or 

hindering the access of the transcription machinery to regulatory regions. Families of 

ATP-dependent chromatin remodeling enzymes have been identified, which disrupt the 

nucleosome so as to expose regulatory sequences for transcriptional repressors or 

activators (Spotswood and Turner, 2002). Furthermore, the amino-terminal domains of 

the histones, which protrude from the nUcleosome core, are subject to a number of 

enzyme catalyzed posttranslational modifications, including acetylation, phosphorylation 

methylation, ubiquitination, and ADP-ribosylation (Strahl and Allis, 2000). These 

modifications, which are established and maintained by families of modifying and 

demodifying enzymes, play important roles in either determining the positioning of 

nucleosomes on DNA and the compactness of chromatin, or in acting as 'receptors' to 

recruit specific complexes, both with the purpose of regulating gene transcription (Strahl 

and Allis, 2000). In addition, specific transcriptional activators or repressors can either 

directly modulate chromatin or recruit chromatin modifyingldemodifying complexes to 

distinct genes (Dillon and Festenstein, 2002). The number of possible combinations of 

histone modifications is quite incredible. For example, the 50 different acetylated forms 

• of the four core histones can be further modified by phosphorylation of serine on H2B, 

11 



• H3, and H4, methylation of certain lysines or arginines on H3 or H4 (which can involve 

the attachment of either one, two, or three methyl groups), and also ubiquitination and 

ADP-ribosylation (Spotswood and Turner, 2002). Recent efforts have focused on 

determining the exact code that connects histone modifications to gene expression, and 

although this 'histone code' is still unclear, general principles are beginning to surface 

(Jenuwein and Allis, 2001; Richards and Elgin, 2002). The following section will 

describe the major histone modifications, the enzymes involved, and their relation to gene 

expression and DNA methylation. 

(ii) Histone modifications and gene expression 

• The findings that transcriptionally active chromatin is enriched in acetylated histones, 

while transcriptionally silent constitutive and facultative heterochromatin contain mainly 

underacetylated histones, were the first links between a histone tail modification and 

chromatin functionality (Spotswood and Turner, 2002). Acetylation is now by far the 

most widely studied and understood histone modification, although the field of histone 

methylation appears to be rapidly catching up. 

The core histones, with the exception of H2A, can be acetylated at several specific 

lysines within the N-terminal domains, which results in the neutralization of their positive 

charge. This is thought to weaken the interactions between the histones and the DNA 

backbone, as well as between neighboring nucleosomes, leading to a more open and 

• transcriptionally active chromatin state (Spotswood and Turner, 2002). Conversely, 
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• deacetylation of the histone tails re-establishes their positive charge and thus favors a 

'closed' and repressed chromatin structure (Lusser, 2002). Since most histone acetates 

have very short half-lives (a few minutes to several hours), the level of acetylation at any 

particular time is likely to be in a dynamic steady-state that is dependent upon the 

activities of both histone acetylases (HAT) and deacetylases (HDAC). Such a 

mechanism is quite advantageous for genes whose expression must be rapidly altered, 

such as those regulated by growth factors or by hormones (Spotswood and Turner, 2002). 

Many families of HATs and HDACs have been identified in organisms from yeast to 

humans, and both are found together with transcriptional activators (for HATs) and 

repressors (for HDACs) in multiprotein complexes (Ng and Bird, 2000; Roth et al., 

• 2001). Recruitment of these complexes to particular regions of the genome is important 

for determining the specific pattern of acetylation and gene expression in a certain cell 

type. For example, the HAT p300/CBP is recruited to particular promoters through 

interactions with various transcription factors such as c-Jun, MyoD, nuclear hormone 

receptors, and many others (Roth et al., 2001). The mammalian Sin3 deacetylase 

complex, which is comprised of at least seven subunits including HDACs 1 and 2, can 

repress transcription via an extensive list of proteins that includes NCoR, p53, Ikaros, 

MeCP2, and more (Ng and Bird, 2000). 

Several inhibitors of HATs and HDACs have been identified, including both endogenous 

proteins and pharmacological agents, which may be important for the dynamic and 

• reversible potential of chromatin structure, as well as for treating diseases where the 
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• underlying problem is aberrant gene expression. For instance, a multiprotein complex 

termed INHAT was found to potently inhibit the activity of the HATs PCAF and 

p300/CBP by binding to histones and masking the acetylatable sites (Seo et al., 2001). 

Subunits of this complex, including the oncoprotein SetITAF-1 f}, associate with 

chromatin in vivo and can inhibit coactivator mediated transcriptional activation (Seo et 

al.,2oo2). Notably, SetITAF-1f} is upregulated in a number of tumor types and thus 

could potentially be involved in the abnormal gene regulation observed in cancer 

(Cervoni et al., 2002 Jul 12). In addition, several pharmacological inhibitors of HDACs 

have been characterized, including sodium butyrate (Candido et al., 1978; Vidali et al., 

1978), trapoxin, and trichostatin A (TSA) (Yoshida and Horinouchi, 1999). Interestingly, 

the anti-epileptic drug valproic acid (valproate, VPA) was recently discovered to also 

• possess the ability to inhibit HDACs (Gottlicher et al., 2001; Phiel et al., 2001). TSA can 

rapidly activate certain genes by increasing the acetylation of histones, which results in 

the opening of chromatin structure in the region of the genes (Strahl and Allis, 2000). In 

accordance with the observation that changes in chromatin structure play an important 

role in the silencing of certain genes in cancer, HDAC inhibitors have demonstrated 

anticancer effects (Weidle and Grossmann, 2000). 

Although the existence of methylated histones has been known since 1964 (Murray, 

1964), the first histone lysine MTase, SUV39, was not discovered until 3 years ago (Rea 

et al., 2000). Our knowledge of histone methylation, which occurs on either lysine or 

arginine residues of histones H3 and H4, has been rapidly expanding ever since, and 

• several histone MTases as well as proteins that interpret the methyl-histone signal have 
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• now been identified (Kouzarides, 2002). Both lysine and arginine methylation can occur 

in a mono and dimethylated manner, and lysines can be further converted to the 

trimethylated form (Bannister et al., 2002). Besides SUV39, several other histone 

MTases have been discovered, including G9A (Tachibana et al., 2001), SET2 (Strahl et 

al., 2002), ESET (Yang et al., 2002) and Dotl (Ng et al., 2002), which are specific for 

lysines, and PRMTI (Wang et al., 2001b) and CARMlfPRMT4 (Chen et al., 1999a), 

which only methylate arginine residues. It has been known for quite a while that 

different mammalian tissues or cell types possess different levels of the various methyl 

lysine and arginine species (Byvoet, 1972; Byvoet et al., 1972), however it was only 

recently discovered that the specific methylation pattern of histones, either within 

themselves or within a gene, is modified during transcriptional activation (Kouzarides, 

• 2002; Zhang and Reinberg, 2001). Similar to DNA methylation, the long accepted belief 

has been that histone methylation is an irreversible epigenetic mark. Although there are 

several studies that suggest a necessity for the swift reversal of histone methylation if it is 

involved in gene expression (Bauer et al., 2002; Nielsen et al., 2001; Strahl et al., 2001), 

no active histone demethylases have been identified as of yet. 

In general, histone H3lysine 9 (H3-K9) methylation is primarily associated with inactive 

heterochromatin (Lachner et aI., 2001; Noma et al., 2001). The mammalian H3-K9 

histone MTase, SUV39, can act as a repressor when expressed as a GAlA fusion protein 

(Firestein et aI., 2000) and localizes to silent heterochromatin (Aagaard et al., 1999). In 

addition, the protein HPI is recruited by the methylase activity of SUV39 and was found 

• to bind specifically to H3-K9 (Bannister et aI., 2001), where it plays an as of yet 
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• unknown role in the formation of heterochromatin. As with HAT and HDAC complexes, 

some studies have shown that histone MTase-HPI complexes may be targeted to certain 

genes via interactions with other factors, such as the retinoblastoma protein (Rb) (Nielsen 

et aI., 2001) and myocyte enhancer factor 2 (MEF2) (Zhang et aI., 2002). In contrast, 

histone H3 lysine 4 (H3-K4) methylation is found in transcriptionally active regions that 

are generally free of H3-K9 methylation (Litt et aI., 2001; Noma et aI., 2001; Strahl et aI., 

1999). H3-K4 methylation was found to disrupt the binding of the NuRD repressor and 

deacetylase complex resulting in an open chromatin structure (Zegerman et aI., 2002). 

Arginine methylation is also correlated with gene activity, which was first indicated by 

the discovery that CARMIIPRMT4 histone MTase functions to enhance steroid 

hormone-dependent activation and is dependent on its ability to methylate H3 (Chen et 

aI., 1999a). Other studies also support this conclusion (Bauer et aI., 2002; Ma et aI.,• 2001). 

The functions of histone phosphorylation and ubiquitination are less understood. H3 

phosphorylation is required for correct segregation and condensation of chromosomes 

during mitosis, and other studies suggest that phosphorylation, specifically H3 serine 10, 

is directly correlated with the induction of immediate-early genes c-fos, c-myc, and c-jun 

(Strahl and Allis, 2000). A strong functional correlation between ubiquitination and 

meiosis and spermiogenesis has been well documented (Jason et aI., 2002). 

Ubiquitination may also playa role in transcriptional regulation as it was recently 

determined that ubiquitination of histone H2B is required for histone H3 methylation 

(Dover et aI., 2002; Sun and Allis, 2002). • 
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• (iii) Epigenetic crosstalk 

To complicate matters even further, many studies have demonstrated that different 

modifications within or between histone tails can mutually affect each other, and could 

potentially contribute to the fine-tuning of gene expression. The following are but a few 

examples: Methylation of H3-K9 interferes with the phosphorylation of ill serine 10 

(Rea et al., 2000); methylation of arginine 3 of H4 facilitates the subsequent acetylation 

of H4 (Wang et aI., 2oo1b); methylation of ill-K4 and ill-K9 inhibit each other, and H3­

K4 methylation facilitates subsequent ill acetylation while methylation on ill-K9 

inhibits ill acetylation (Wang et al., 2001a). 

• In addition, a relationship between histone modifications and DNA methylation is also 

well established. Early observations by Cedar and Razin have demonstrated a tight 

correlation between chromatin structure and DNA methylation (Razin and Cedar, 1977), 

such that DNA packaged in tightly configured chromatin was shown to be 

hypennethylated while DNA that was associated with open chromatin was 

hypomethylated (Figure 2). Furthermore, there is a complicated connection between the 

targeting of both HDAC complexes and histone MTases, and DNA methylation. 

DNMTI and DNMT3a were found to associate with various HDACs (Puks et al., 2001; 

Robertson et aI., 20ooa; Rountree et aI., 2000), and the methyl-CpG-binding proteins 

MeCP2, MBD2, and MBD3 have also been found in various repressor complexes 

containing HDACs (peng and Zhang, 2001; Jones et al., 1998; Zhang et aI., 1999). 

• MeCP2 associates with a ill-K9 histone MTase activity in vivo (Puks et al., 2003), and 
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Figure 2 -Epigenetic modifications determining gene expression. 

Nucleosomes consist of DNA (black line) wrapped around histone 
octamers (grey ball); bent arrow indicates transcription. (a) DNA 
methylation, histone deacetylation, and histone H3-K9 methylation induce 
a condensed chromatin configuration leading to transcriptional repression. 
Proteins involved in this process include DNMTs (e.g. DNMTl), HDACs, 
corepressors (e.g. Sin3a), MBDs (e.g. MeCP2), sequence specific 
repressors (e.g. Rb), histone H3-K9 MTases (e.g. SUV39), and the 
methyllysine binding protein HPl. (b) Unmethylated DNA, histone 
acetylation, and histone H3-K4 methylation lead to a more open chromatin 
structure that allows for transcriptional activation. Proteins involved 
include HATs (e.g. CBP/300), which are recruited by sequence specific 

• 
activators (e.g. c-jun), as well as histone H3-K4 MTases (e.g. Set7) and 
DNA demethylases. 



• DNMT3a was found to co-localize with HP1 and heterochromatin (Bachman et al., 

2001). These studies have led to the suggestion that DNA methylation targets these 

histone-modifying proteins to specific genes to bring about chromatin remodeling and 

repression. However, recent findings in both Neurospora and Arabidopsis have 

demonstrated histone MTases are required for DNA methylation (Jackson et al., 2002 

Apr 4; Tamaru and Selker, 2001), implying that chromatin modifications determine DNA 

methylation. So which comes first, DNA methylation or chromatin structure? 

Discussion of this topic is reserved for section VII, where the causal relationship between 

DNA methylation, chromatin structure, and gene expression will be examined. 

IV. The DNA methylation machinery 

• (i) Overview of DNA methyltransferases 

DNA methyltransferases (DNMT) are ubiquitous enzymes, found in multiple organisms 

ranging from bacteria to plants, which catalyze the transfer of a methyl group from 

AdoMet onto cytosine or adenine residues in DNA (Cheng and Roberts, 2001; Wu and 

Santi, 1985). Three different classes of enzymes exist, which catalyze the formation of 

either N6-methyladenine, N4-methylcytosine, or 5mC, however the latter type is the sole 

one found in both prokaryotes and eukaryotes (Jeltsch, 2002). Remarkably, 700 different 

DNMTs that recognize almost 300 different sequences have been characterized in 

prokaryotes. In contrast, only three catalytically active DNMTs have been identified in 

• mammals (Bestor, 2000) and two in fungi (Martienssen and Colot, 2001). Although the 
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• Drosophila genome possesses low levels of methylation (Gowher et al., 2000; Lyko et 

al., 2000), only putative 5mC DNMTs have been described so far (Hung et al., 1999). 

Plants contain, in addition to several homologs of the mammalian DNMfs, a unique 

family of DNMfs tenned Chromomethylases that methylate the sequence CNG 

(Martienssen and Colot, 2001). As described in section II, the addition of methyl groups 

by these enzymes results in a host of different functions. 

The structure of the 5mC DNMTs includes one small and one large domain, with the 

DNA binding region positioned at the interface between the two domains. The large 

domain contains a common mixed seven stranded ~-sheet called the 'AdoMet dependent 

fold' , as well as several conserved motifs (I-VIII and most of X) including a domain 

• required for cofactor binding and a catalytic region containing a Pro-Cys dipeptide. The 

small domain of most 5mC DNMTs displays much more variability (with the exception 

of conserved motif IX) and encodes unique features and regulatory functions. The 

variable region between motifs VIII and IX is responsible for target recognition, which 

can vary widely (Cheng and Roberts, 2001; Kumar et al., 1994). For example, while type 

II bacterial DNMTs display a high sequence specificity for 4 and 6 base pair sites, which 

are in most cases palindromic, the only requirement for the vertebrate DNMfs is simply 

the dinucleotide sequence CG (Razin and Szyf, 1984). 

Our basic understanding of 5mC DNMTs stems from structural and functional analysis of 

the bacterial enzymes, most notably HhaI. The target cytosine is buried within the double 

• helix and therefore not easily accessible, but DNMTs solve this problem by rotating the 
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• sugar-phosphate bond and flipping out the cytosine so that it projects unto the catalytic 

domain (Cheng et al., 1993). The sulfhydryl group of the enzyme's catalytic cysteine 

residue first makes a nucleophilic attack onto the 6th position of the cytosine, resulting in 

a 5,6-dihydropyrimidine intermediate. This activates position 5 of cytosine, which 

attacks the methyl group of AdoMet, followed by the release AdoHcy. The subsequent 

deprotonation at position 5 leads to the dissociation of the enzyme-DNA complex and 

reforms the aromatic ring (Wu et aI., 1996). 

(ii) Mammalian DNA methyltransferases: multifunctional proteins 

• 
DNMTI was the first DNMT to be cloned from vertebrates (Bestor, 1988), and has been 

extensively studied for many years. It is a very large protein of 1620 amino acids with 

both alternative start sites (Rouleau et aI., 1992; Yoder et aI., 1996) and splicing isoforms 

(Bonfils et aI., 2000; Deng and Szyf, 1998; Mertineit et aI., 1998). DNMTI contains a 

long N-terminal regulatory domain that is responsible for such functions as the ability to 

discriminate between hemimethylated and unmethylated DNA substrates (Araujo et aI., 

2000), allosteric activation by methylated DNA (Bacolla et al., 2001), targeting the 

protein to the replication fork (Leonhardt et al., 1992), and interactions with various 

proteins such as PCNA (Chuang et al., 1997), HDACs (puks et al., 2000), Rb, and E2Fl 

(Robertson et aI., 2oo0a). 

DNMTI is believed to be the enzyme responsible for replicating the DNA methylation 

pattern during cell division due to its preference for hemimethylated DNA (Gruenbaum et • 
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• al., 1982) and as demonstrated by mouse knockout experiments (Li et al., 1992). The 

roles of DNMf1 in DNA replication (Knox et al., 2000; Milutinovic et al., 2003; Vertino 

et al., 2002) and cellular transformation (Szyf, 2oo1b) are also well documented and will 

be reviewed in following sections. 

During the ten years following its cloning, DNMf1 was the only mammalian DNMT 

known. Since embryonic stem cells derived from DNMf1 knockouts retained de novo 

methylating ability, it was obvious that there were other methylating enzymes waiting to 

be discovered. However it wasn't until 1998 that the DNMf3 family was identified 

(Okano et aI., 1998a). Both DNMT3a and DNMT3b are similar in structure to DNMT1, 

and although their N-terminal region is much smaller, they also form multiple protein­

• protein interactions as will be discussed below. They have been defined as de novo 

DNMfs since they show no preference for hemi- versus unmethylated DNA in vitro 

(Okano et aI., 1998a). During development new patterns of methylation are laid out and 

must be catalyzed by enzymes that are not guided by the methylation of the parental 

stand. DNMf3a and DNMT3b are believed to be partly responsible for de novo 

methylation during embryogenesis, as well as de novo methylation of proviral sequences 

(Liang et al., 2002 Jan; Okano et al., 1999). DNMT3a is also capable of methylating 

DNA at non-CO sites (Oowher and Jeltsch, 2001; Ramsahoye et al., 2000), however the 

biological relevance of this form of methylation is not yet known. DNMT3a and 3b 

cannot explain all the de novo methylation occurring during embryogenesis since 

dnmt3a-/- and dnmt3b-/- are not completely devoid of methylation. DNMT3a and 3b are 

• probably involved in methylation of specific satellite sequences. Interestingly, mutations 
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• in DNMT3b lead to the development of ICF syndrome" a disease characterized by 

immunodeficiency, centromeric instability, and facial anomalies, in which 

hypomethylation of certain satellite sequences is observed (Hansen et al., 1999). The rest 

of de novo DNA methylation must be carried out by either DNMTI or other DNMTs that 

have not yet been identified. In 1998, the DNMT2 protein was also discovered, which 

contains all the sequence motifs characteristic of DNMTs but lacks the large N-terminal 

regulatory domain (Yoder and Bestor, 1998). Although DNMT2 was found to be 

incapable of methylating DNA in vitro and was not required for methylation of viral 

DNA in ES cells (Okano et al., 1998b), a recent study suggests that it may be active in 

vivo (Liu et aI., 2003). The DNMT3L protein also does not possess any 

methyltransferase activity, however it may be involved in establishing maternal 

• methylation imprints (Rata et aI., 2002). 

It must be noted that this simple differentiation of DNMT activities into maintenance 

methylation, which replicates the DNA methylation pattern during cell division, and de 

novo methylation, which generates new methylation patterns, might not be accurate. 

Studies illustrate that the difference between maintenance and de novo DNMTs is blurred 

in some instances. For example, overexpression of DNMTI can lead to de novo 

methylation (Mikovits et al., 1998; Vertino et al., 1996) and recent studies suggest that 

DNMT3a and DNMT3b are required for maintenance methylation of repetitive sequences 

(Liang et aI., 2002). Thus the maintenance of DNA methylation patterns in living cells 

must involve other mechanisms in addition to the biochemical property of substrate 

• discrimination identified in vitro. A number of data suggest that chromatin structure 
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• plays an important role in targeting both DNMT and DNA demethylase. Recent findings 

also uncover a functional cooperation between DNMTI and the DNMf3 family members 

(Chedin et al., 2002; Fatemi et al., 2002; Liang et aI., 2002), which may also involve 

physical interactions. The roles of protein interactions and chromatin structure in 

mediating methylation patterns will be explored in sections V and VIT. 

In addition to their role as methylating enzymes, DNMfs have also been shown to 

interact with other chromatin modulating proteins such as MeCP2, the corepressors RP58 

and DMAP, and HDACs 1 and 2 (Fuks et aI., 2001; Kimura and Shiota, 2002; Robertson 

et al., 2000a; Rountree et aI., 2000) (Figure 3). It was therefore proposed that DNMfs 

silence gene expression through their protein-protein interactions by recruiting factors 

• that modify and inactivate chromatin. For example, DNMf3a was found to bind a 

sequence- specific DNA binding repressor, RP58, and repress transcription by recruiting 

HDAC activity (Fules et aI., 2001). DNMTI forms a complex with Rb, E2F, and HDACI 

to repress transcription from E2F-responsive promoters (Robertson et aI., 2000a), and 

DNMTI was shown to repress the expression of the tumor suppressor p21 (Milutinovic et 

aI.,2oo0). In all three cases, repression was found to occur in the absence of 

methylation. Even DNMr3L, which has no methylation activity, has the ability to 

repress transcription by recruiting HDACs (Deplus et aI., 2002), providing further 

evidence that the DNMTs are more than just methyltransferases. 

Other data also provide evidence that DNMTI plays a role in DNA replication and cell 

• cycle control, and will be covered in section VI and chapter I. 
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Figure 3 - Schematic structure of the catalytically active DNMTs and their 
interacting proteins. 

Specific motifs indicated include: DNMTl: Nuclear localization signal (NLS), 
replication fork targeting region, HRX-like cys-rich region (Zn binding). DNMT3a 
and DNMT3b: Cys-rich region (similar to ATRX Zn finger), PWWP domain (involved in 
cell growth and differentiation). Black bars in all DNMTs represent the six most 
conserved methyltransferase motifs (I, IV, VI,VIII, IX and X). A horizontal line indicates 
the interacting region of each DNMT protein. Note, in the case of PML-RAR the 
interacting regions on DNMTI and DNMT3a have not been mapped. Number of 
amino acids in each DNMT is indicated (aa). 
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• (iii) Active DNA demethylases 

Section IT provided evidence to indicate that DNA demethylation can be an active 

process occurring in the absence of cell division. Since the direct removal of the methyl 

group, by breaking a C-C bond, has long been considered an energetically unfeasible 

reaction, alternative demethylation mechanisms were sought. Two different repair 

mechanisms have previously been proposed to cause site-specific active demethylation. 

The first mechanism involves a glycosylase, which recognizes methylated COs and 

cleaves the bond between the methylated cytosine base and the deoxyribose. The 

apyrimidinic base is removed and replaced with an unmethylated cytosine nucleotide by a 

repair activity (Jost et al., 1995; Razin et aI., 1986). 5mCO glycosylase activity was 

• demonstrated in a cloned glycosylase that was also found to be a Off mismatch DNA 

glycosylase, as well as in MBD4 (Zhu et al., 2000a; Zhu et al., 2000b). Such a 

mechanism was suggested to playa role in chicken embryos (Jost et al., 1995) and during 

the differentiation of both erythroleukemia cells in culture (Razin et al., 1986) and mouse 

myoblasts (Jost et al., 2001). An alternative repair mechanism involves nucleotide 

excision of the methylated CO dinucleotide and its replacement with an unmethylated CO 

(Weiss et aI., 1996). 

However, the global repair of DNA to achieve hypomethylation, especially during 

development, might create a serious threat to the integrity of the genome. A true active 

demethylase should catalyze the flip side of the methylation reaction, i.e., the direct 

• removal of the methyl group from DNA. And in 1999, five years following the 
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•� demonstration that P19 cells that ectopically express Ras also express high demethylating 

activity (Szyf et aI., 1995), a bonafide demethylase was purified from human lung cancer 

A549 (Ramchandani et al., 1999). The demethylase enzyme from A549 cells catalyzes 

the hydrolytic cleavage of the bond between the methyl group and the cytosine ring 

releasing the methyl group in the fonn of methanol. The demethylase activity is 

processive (Cervoni et al., 1999), which is probably critical for the rapid global 

hypomethylation observed during early development. It is also consistent with the 

regional differences observed in methylation of CG islands, suggesting that a whole 

region rather than one specific site is demethylated in active genes. 

In addition, the methyl-CpG-binding protein MBD2 was found to possess a demethylase 

activity (Bhattacharya et al., 1999). MBD2/dMTase was found to actively demethylate • DNA both in vitro (Bhattacharya et aI., 1999) and in vivo (Cervoni and Szyf, 2001; 

Detich et al., 2002). Furthennore, its expression is associated with demethylation of 

endogenous genes (Hattori et al., 2001), and a recent report demonstrated that the 

Drosophila homolog of MBD2, dMBD2I3, fonned foci that associated with DNA at the 

cellular blastodenn stage, concurrent with the activation of the embryonic genome, and 

also associated with the active Y chromosome (Marhold et al., 2002). 

Then again, MBD2 was also independently cloned and identified as a methylated DNA 

binding repressor (Hendrich and Bird, 1998; Ng et al., 1999) (discussed in section Vll). 

As a result, its ability to demethylate DNA has triggered obvious controversy in the field, 

• and other groups (Hendrich et al., 2001; Ng et aI., 1999) have disputed the demethylase 
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• activity of MBD2/dMTase. In addition, Mbd2-/- knockouts did not exhibit global 

differences in DNA methylation (Hendrich et al., 2001), however this study did not 

examine the demethylation of defined genes, therefore it is possible that MBD2/dMTase 

is involved in specific demethylation events. Data presented in chapter 2 suggests a bi­

functional role for MBD2/dMTase, depending on several critical parameters (Detich et 

aI., 2002). It is possible that both functions reside in one protein to coordinate a program 

of gene expression that requires suppression of some methylated genes and activation of 

others. 

An important point to note is that the discovery of a demethylase activity raises the 

possibility that DNA methylation is a reversible biological modification (Ramchandani et 

al., 1999), and that the observed pattern of methylation results from an equilibrium of• methylation and demethylation activities. In addition, the fact that a demethylase is 

found in somatic cells, and especially in cancer cells, has obvious implications on our 

understanding of how the DNA methylation pattern is inherited and maintained in normal 

cells as well as in cellular transformation (Szyf et al., 2000). The roles of demethylase in 

determining methylation patterns and in cancer will be discussed in upcoming sections. 

v. Regulation of the DNA methyltransferases 

Considering the importance of the DNMTs in maintaining proper epigenetic information, 

the cells must undoubtedly possess mechanisms to regulate their expression and activity. 

• The existence of multiple layers of regulation, such as transcriptional, posttranscriptional, 
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• posttranslational, and protein interactions, is an indication that the proper control of the 

DNMTs is critical. By maintaining the correct levels and activity of the DNMTs during 

different events such as cell signaling, cell cycle progression, and differentiation, the 

proper gene expression for these events can be established. IfDNMT regulation is 

compromised, it might promote improper gene expression and thus lead to pathogenic 

conditions. The following sections will describe in detail various mechanisms implicated 

in regulating the expression and activity of the DNMTs. 

(i) Transcriptional regulation 

Several years ago, an analysis of the DNMTI gene was performed by Bigey et ai. (2000). 

• 
This study demonstrated that DNMTI contains four transcription start sites, each 

regulated by independent, TATA-less, promoter and enhancer elements. The first 

promoter lies in a CpO island 5' to the first exon, possesses the highest basal activity, and 

can be repressed by the retinoblastoma protein Rb. In contrast, the three downstream 

promoters, which are located 5' to the second, third and fourth exons, are within CpO 

poor regions and have a low basal activity, but can be induced by the transcription factor 

c-Jun. In addition, three enhancer elements were identified, and were found to be either 

dependent or induced on the ectopic expression of c-Jun (Bigey et al., 2000). These 

enhancers may thus be able to activate transcription from all four promoters. The 

biological significance of these AP-l recognition regulatory elements will be discussed in 

further detail below. 

•� 
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• Recently, the promoters of DNMT 3a and 3b have also been characterized (Yanagisawa 

et al" 2002), and were found to bear a striking resemblance in structure to that of 

DNMT1. This study determined that DNMT3a is composed of at least four transcription 

start sites controlled by three different promoters. Two of these promoters contain CpO 

islands and all three of them lack TATA sequences. The DNMT3b gene possesses at 

least two start sites that are controlled by different TATA-less promoters, one of which 

also contains a CpO rich region. All the DNMT3a and 3b promoters also contain AP-l 

sites, although regulation by these sites was not examined. However, it was shown that 

many binding sites for the transcription factor Spl are located within the DNMT3b 

upstream promoter, and progressive deletion of these sites results in a corresponding 

decrease in promoter activity (Yanagisawa et al., 2002). Similarly, the upstream CpO 

• rich promoter of the mouse dnmtl gene was also found to contain an element that is 

required for dnmtl expression and is activated by both Spl and Sp3 (Kishikawa et aI., 

2002). 

The promoter similarities between the three DNMTs suggest that similar cellular signals 

might coordinately regulate the three enzymes through transcription. It is tempting to 

speculate that the regulatory mechanisms described below, which have only been shown 

for DNMT1, may playa role in the regulation of DNMT3a and 3b as well. 

AP-l regulatory elements can promote transcription upon the binding of dimeric 

complexes of the Fos and Iun oncoproteins, both of which are activated by the mitogenic 

• Ras signaling pathway. The initial molecular link between DNMrl and oncogenic 
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• signaling was the discovery that the protooncogenic Ras signaling pathway regulates 

DNMTI (Bigey et al., 2000; MacLeod et aI., 1995; Rouleau et aI., 1995). It was first 

demonstrated that the murine dnmtl promoter is induced by Jun or Ha-Ras but not by a 

dominant negative mutant of Jun in P19 cells (Rouleau et aI., 1995). The human DNMTI 

promoter is similarly induced by the Ras signaIing pathway (Bigey et aI., 2000). In 

addition, over expression of Ha-ras in P19 cells induced transcription and steady-state 

levels of endogenous dnmtl mRNA (Rouleau et aI., 1995). It was then shown that the 

levels of cellular dnmtl mRNA could be reduced by downregulating the Ras signaling 

pathway by ectopic expression of either a human GAP or a dominant negative c-Jun in 

Yl cells (MacLeod et aI., 1995). This reduction was accompanied by a reversion of the 

transformed morphology of Yl cells. If Ha-Ras was then introduced into the GAP 

• transfectants, DNMTI levels increased and cells regained a transformed phenotype 

(MacLeod et aI., 1995). These data demonstrating that dnmtl is downstream to the AP-l 

signaIing pathway is further supported by a study showing that dnmtl is one of the genes 

induced by forced expression of c-fos, and that inhibition of dnmtl by antisense 

expression reverses cellular transformation induced by c-fos (Bakin and Curran, 1999). 

Since it has been shown that overexpression of DNMTI can lead to hypermethylation 

(Vertino et aI., 1996; Wu et aI., 1993), the hypermethylation observed in certain cancer 

cells with Ras mutations may be a result of increased DNMTI levels. This data is 

consistent with fact that tumor suppressor hypermethylation is correlated with activating 

mutations of Ras in some human colon tumors (Guan et aI., 1999; Toyota et aI., 1999). 

• DNMTI regulation by the Ras pathway has aIso been found to occur in human lymphoid 
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• (T) cells. This was initially demonstrated by the finding that mitogenic T-cell stimulation 

increased DNMTI mRNA and enzyme activity (Yang et al., 1997). Overexpression of 

Ha-Ras in T-cells was then found to increase DNMT1levels, while inhibiting signaling 

through the Ras-MAPK pathway decreased DNMT1 (Deng et al., 1998). It is interesting 

to note that inhibiting T-cell DNMT1leads to a lupus-like disease by altering DNA 

methylation and gene expression (Cornacchia et aI., 1988; Richardson et al., 1994), and T 

cells from patients with lupus possess reduced DNMT1 enzyme activity, hypomethylated 

DNA and modified gene expression (Yung and Richardson, 1994). It is therefore not 

surprising to learn that signaling through the Ras pathway was reduced in lupus patients 

(Deng et aI., 2001). Taken together, these data indicate that misregulation of DNMT1 by 

the Ras pathway may lead to cellular transformation, lupus-like conditions, and perhaps 

• other as of yet unknown pathogenic states. 

Another possible link between DNMTI and critical cellular control pathways is the APC­

~-Catenin-Tcf pathway (Clevers and van de Wetering, 1997; Korinek et al., 1997; 

Rubinfeld et al., 1997). When ~-Catenin associates with nuclear Tcf factors, they form a 

transcriptional activator. The tumor-suppressor protein APC, which binds to ~-Catenin 

and causes its destruction, negatively regulates this factor. The APC (adenomatus 

polyposis coli) gene is mutated in many cases of familial colon cancer. In APC-deficient 

colon carcinoma cells, ~-catenin accumulates and is constitutively complexed with Tcf, 

resulting in transcriptional activation of Tcf protooncogenic target genes such as C-MYC 

(He et al., 1998a). In addition, Min mice bearing a mutation in the mouse homologue of 

• the APC gene spontaneously develop colonic adenomatous polyps. However, when Min 
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• mice are genetically crossed with heterozygous dnmtl knockouts, they show a reduction 

in polyp formation (Laird et al., 1995), suggesting that dnmtl is a downstream target of 

APC signaling. 

Support for the link between APC and DNMT1 has recently been demonstrated 

(Campbell and Szyf, 2003). It was found that ectopic expression of the wild type APC in 

lIT-29 APC-I- colon carcinoma cells resulted in downregulation of both a DNMTI 

promoter driven reporter construct, as well as the endogenous DNMTI mRNA. This was 

further confirmed though the use of a dominant negative mutant of Tcf, which was also 

found to suppress the DNMTI mRNA. These results suggest that a mutated APC protein, 

through its inability to degrade ~-Catenin, leads to a Tcf dependent transcriptional 

upregulation of DNMTI. The causal role of DNMT1 in cellular transformation was also • demonstrated by the finding that DNMT1 knockdown by antisense treatment resulted in 

the inhibition of anchorage independent growth of lIT-29 cells (Campbell and SZyf' 

2003). Although the DNMTI promoter does not contain any consensus Tcf binding sites, 

it is possible that Tcf either binds non-consensus sites, or that it functions through an 

intermediary transcription factor. Further studies are required to determine the exact 

mechanism involved. A summary of the promoter structure and transcriptional regulation 

of the DNMTs is shown in Figure 4. 

(ii) Cell growth 

•
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Figure 4 . DNMT promoter structure and regulation. 

Schematic diagrams of the DNMTl (a) DNMT3a (b) and DNMT3b (c) genes 
are shown. Boxes (numbered above) designate exons and bent arrows indicate 
transcription initiation sites. DNMTI promoter boundaries (PI-P4) and 
enhancers (horizontal ovals) are shown. An open bracket denotes CO rich 
regions. Potential binding sites for AP-l (diamonds) and Fli-l (vertical ovals) 
are also indicated. The different regulatory pathways that are postulated to 
regulate the DNMTl and DNMT3b genes are noted above and below the map 
of the gene. A vertical arrow specifies gene activation, while repression is 
indicated by a blunted line. 



• Deregulated expression of DNMTI was previously suggested to playa causal role in 

cellular transfonnation (el-Deiry et al., 1991; Szyf, 1994). Several lines of evidence are 

in accordance with this hypothesis; these will be discussed in detail in section VIII of the 

introduction. However, deregulated expression of DNMTI during the cell cycle is one 

mechanism that that has been proposed for DNMTl's effects on cell growth (Szyf, 

2001a). This hypothesis is supported by the findings that the coordinated cell cycle 

regulation of DNMT1 is disrupted in colorectal cancer cells in vivo (De Marzo et al., 

1999), as well as in estrogen receptor negative breast cancer cells (Nass et al., 1999). 

The primary studies involving the regulation of DNMT with the cell cycle were 

perfonned in the mid 80's to early 90's. Initially, Szyf et al. detennined that DNMT 

• activity is regulated with the cell cycle (Szyf et al., 1985b), and subsequently, that murine 

dnmtl mRNA is not present in arrested Balb/c-3T3 cells but is highly induced at the G I­

S boundary. dnmt1levels remain high during the S-phase, and are then reduced as cells 

enter G2/M (Szyf et al., 1991). Subsequent runoff transcription experiments 

demonstrated that dnmtl is transcribed throughout the cell cycle (Szyf et al., 1991), 

suggesting that the levels of dnmtl mRNA are regulated with the cell cycle at the 

posttranscriptionallevel. 

The mechanism involved in this posttranscriptional regulation was not unraveled until 

many years later, and is the topic of chapter 3 of the thesis. Data presented in chapter 3 

demonstrate that the 3' untranslated region (3'UTR) of the DNMTI mRNA plays a role in 

• regulating its levels with the cell cycle, and that deregulation at this level has an effect on 
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• cellular transformation by DNMTI (Detich et al., 2001). These results support the 

hypothesis stated above, that deregulated expression of DNMTl with the cell cycle and 

not the total amount of DNMTI is important for cellular transformation. 

In addition to the abovementioned posttranscriptional mechanism, it appears that 

DNMTI may also be regulated in S phase at the translational and posttranslationallevels. 

It was found that upon S phase arrest of MEL l1A2 cells (using an aphidicolin block), 

both an increase in the synthesis of DNMTI protein, as well as an increase in protein 

half-life, takes place (Suetake et al., 1998). The finding that DNMTI is controlled during 

the cell cycle by more than one mechanism further emphasizes the importance of this 

regulation, so that DNA replication does not proceed in the absence of DNMTI and 

• ensuring that the replicating DNA is properly methylated. 

The growth regulation of DNMTs 3a and 3b has not been studied as extensively. It has 

been shown that DNMT3b mRNA is also regulated with the cell cycle, and its profile is 

similar as to that of DNMT1. The mRNA levels of DNMT3a, on the other hand, display 

less of a down regulation upon cell arrest (Robertson et al., 2000b). Whether the 

DNMT3a and DNMT3b mRNAs are controlled transcriptionally, or at a 

posttranscriptionallevel as for DNMT1, is still unresolved. 

(iii) Viral infection 

•� 
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• It has been shown that the DNA of endogenous and exogenous retroviruses can be highly 

methylated in the host genome (Gunthert et al., 1976; Masucci et al., 1989; Youssoufian 

et aI., 1982). In addition, infected cells can exhibit increased DNA methylation in other 

regions of the genome as well (de Bustros et aI., 1988; Jahner and Jaenisch, 1985). It is 

therefore fitting that the expression of the DNMTs is regulated by certain viruses or viral 

proteins at both the transcriptional and posttranscriptionallevels. 

T antigen is a protein product of the SV40 virus that can immortalize primary lines 

(Tevethia, 1984), transform immortalized lines (Aaronson and Todaro, 1968), and induce 

tumors in mice. The transformation induced by T antigen results, at least in part, from its 

interaction with the tumor suppressor Rb (DeCaprio et al., 1988). Following the 

observation that two SV40 transformed cell lines displayed increased DNMT1leveis• (Chuang et al., 1997), the regulation of dnmtl by SV40 T antigen was examined (Slack et 

al.,1999). This study demonstrated that ectopic expression of SV40 T antigen induces 

dnmtl expression, protein levels, and global DNA methylation, and was found to depend 

on T antigen's interaction with Rb. Furthermore, inhibiting dnmtl expression by 

antisense oligonucleotides could reverse cellular transformation by T antigen (Slack et 

al., 1999). These data demonstrate that a viral oncoprotein can upregulate dnmtl, and 

that this upregulation plays a causal role in T antigen induced transformation. In contrast 

to the transcriptional upregulation of dnmtl by the Ras pathway, T-antigen was found to 

influence dnmtl at the posttranscriptionallevel, by increasing the stability of the dnmtl 

mRNA (Slack et al., 1999). 
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• Recently, the latent membrane protein 1 (LMP1), which is an oncogenic product of EBV, 

was shown to upregulate DNMTs 1, 3a, and 3b (Tsai et al., 2002). EBV is a human 

herpes virus that has been implicated in several cancers (Klein et al., 1974; Shibata and 

Weiss, 1992). In line with its ability to promote transformation (Wang et aI., 1985), it 

was found that LMPI can induce the rnRNA, protein levels, and activity ofDNMT1, 

DNMT3a, and DNMT3b, and that this results in hypermethylation and downregulation of 

E-cadherin, a gene that is often hypermethylated in cancer (Tsai et al., 2002). Although a 

steady-state increase in the DNMT rnRNA was demonstrated, the mechanism by which 

this occurs was not determined (Tsai et al., 2002). 

• 
Results from another study demonstrate that DNMTI regulation is not limited to cancer 

promoting viruses. The role of the mv-1 virus in regulating DNMTI levels was 

examined, and it was found that this virus is able to upregulate DNMTI rnRNA and 

DNMTI activity, which is accompanied by an increase in overall DNA methylation. 

Additionally, de novo methylation of a CpO within the gamma interferon (IFN- y) 

promoter and its subsequent downregulation was also observed (Mikovits et al., 1998). 

Thus, DNMTI may be involved in the loss of the type 1 immune response (which 

involves IFN- y) observed in AIDS patients (Mikovits et al., 1998; Shearer and Clerici, 

1991). This study did not determine the mode, transcriptional or posttranscriptional, by 

which mv-1 increases DNMTI rnRNA. 

(iv) Cellular differentiation 
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•� A number of studies have shown that DNMT1 is upregulated during cellular 

differentiation (Hodge et al., 2001; Slack et al., 2001; Soultanas et al., 1993). On the 

other hand, DNMT1 is also downregulated in certain differentiation processes (Deng and 

Szyf, 1999; Liu et aI., 1996; Soultanas et al., 1993; Teubner and Schulz, 1995). Thus, it 

appears that the role of DNMT1 in determining cell fate is a complex one, and may 

depend on cell type. It stands to reason that several mechanisms, (post)transcriptional, 

posttranslational, and regulation of enzyme activity, have evolved to precisely coordinate 

DNMT1leveis with a particular differentiated phenotype. 

For instance, when K562 cells are treated with Interleukin 6 (IL-6), they enter a 

megakaryocytic differentiation pathway. Coincident with this process is an upregulation 

• of DNMTl mRNA and enzyme activity (Hodge et al., 2001). This upregulation was 

found to occur at the transcriptionaIlevel, since the DNMTl promoter is activated 

following transfection into K562 cells and treatment with IL-6. In addition, this 

activation appears to involve several Fli-1 binding sites within the DNMTl promoter, 

since the loss of these sites greatly diminishes DNMTl promoter induction. Another 

example where DNMT1 is upregulated during differentiation occurs when U937 cells are 

induced to differentiate to a more monocyte-like phenotype by the phorbol ester TPA 

(Soultanas et al., 1993). Treatment of U937 cells with TPA leads to both an increase in 

DNMT1 enzyme activity and DNMTl mRNA expression, the latter of which occurs at 

the posttranscriptionallevel. As with the previous example, the functions of DNMT1 in 

this differentiation process, and whether changes in genomic methylation occur, are 

• undefined. 
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• There are also several well-documented examples where DNMT1 is downregulated 

during the differentiation process (Deng and Szyf, 1999; Liu et al., 1996; Soultanas et aI., 

1993; Teubner and Schulz, 1995). At the start of mouse myoblast differentiation, a 

decrease in both DNMT1 activity and global methylation is observed (Jost and lost, 

1994). It was then shown that posttranscriptional and posttranslational mechanisms are 

involved (Liu et aI., 1996), as both the mRNA and protein stabilities are reduced in 

differentiated cells. Due to the fact that the global methylation in these cells occurs in the 

absence of replication (Jost and lost, 1994), it cannot be directly attributed to the decrease 

in DNMT1; however, the possibility of an indirect role has been suggested (Liu et al., 

1996). During the differentiation process of F9 mouse embryonal carcinoma cells, a 

• similar post transcriptional decrease in dnmtl mRNA is observed, accompanied by a 

decrease in DNMT1 activity (Teubner and Schulz, 1995). However, in contrast to 

myoblast differentiation, global demethylation in F9 cells is found to occur gradually 

during differentiation after several rounds of replication (Razin et al., 1984). DNA 

replication in the presence of reduced levels of DNMT1 could directly explain this 

process. 

Contrary to myoblast differentiation, where downregulation of DNMT1 is an early event, 

a reduction in DNMT1levels occurs late in PC12 differentiation (Deng and Szyf, 1999). 

PC12 cells are induced to differentiate into sympathetic neuron like cells upon treatment 

with NGF. When the levels of DNMT1 during the progression of differentiation were 

• studied, it was found that dnmtl mRNA, as well as DNMT1 protein and activity, are 

37 



• decreased 4 days post induction (Deng and Szyf, 1999). Since neurite outgrowth is 

already present after 2 days, it implies that downregulation of DNMT1 is not required for 

PC12 differentiation but is rather an adaptation to the postmitotic state of the cell, as has 

been proposed (Deng and Szyf, 1999). It is not known at what level DNMTI is regulated 

in this process nor was it determined if PC12 differentiation involves changes in DNA 

methylation. 

(v) Protein-protein interactions 

This section discusses several recent studies demonstrating that the activity of the 

DNMTs can be modulated through their interactions with other DNMT family members, 

• as well as with proteins that are not part of the methylation machinery (Rata et al., 2002; 

Kim et al., 2002; Pradhan and Kim, 2002). DNMTs also interact with several other 

factors to either coordinate DNA replication and methylation, regulate gene expression, 

or possibly target site specific methylation; these topics will be covered in following 

sections of the introduction. 

Previously, the involvement of Rb in the posttranscriptional regulation of DNMT1 was 

discussed. In addition, another mode of DNMT1 regulation by Rb has recently been 

elucidated (Pradhan and Kim, 2002). Rb is able to physically associate with DNMT1 and 

can inhibit its methyltransferase activity by disrupting the formation of the DNA­

DNMT1 complex. This interaction was found to involve part of the N-terminal region of 

• DNMT1 and the Band C pocket regions of Rb. Moreover, overexpression of Rb led to 
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• genomic hypomethylation as well as hypomethylation and activation of a transfected 

reporter plasmid (pradhan and Kim, 2(02). Since Rb is inactivated in several cancers 

(Ohtani-Fujita et aI., 1997; Weinberg, 1991), this finding may partly explain the 

phenomenon of region specific hypermethylation in cancer. 

Several studies have demonstrated that DNMTl, DNMT3a, and DNMT3b functionally 

cooperate to generate methylation patterns. Both DNMTI together with DNMT 3a or 

DNMT3b are required for the methylation of a certain class of sequences including 

LINE-I elements (Liang et al., 2(02). Disruption of both DNMTI and DNMT3b in a 

colorectal cancer cell line resulted in a> 95% reduction of genomic DNA methylation, 

concomitant with the re-expression of the p16 and growth suppression (Rhee et al., 

• 2(02). In addition, functional cooperation has also been observed between DNMTI and 

DNMT3a (Fatemi et aI., 2002), and between DNMT 3L and DNMT3a (Chedin et al., 

2002). 

Two recent studies may provide an explanation as to how this cooperation is established. 

Kim et ai. demonstrated that DNMTl, DNMT3a, and DNMT3b physically interact with 

each other (Kim et al., 2(02). Through a combination of immunoprecipitation and GST 

pull down assays, it was shown that DNMTI is able to bind DNMT3a, DNMT3b, or both 

at the same time. Furthermore, DNMT3a and DNMT3b can also interact with each other 

in the absence of DNMTl. These interactions all occur within the N-terminal domains of 

the proteins. Functional cooperation was also demonstrated, since combinations of the 

• three enzymes showed increased methylation rates over the individual proteins. An 
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• especially notable increase was observed when DNMf1 was added to DNMf3a + 

DNMT3b. These data point to a model that can perhaps explain how the methylation 

pattern is established during development. In pre-implantation embryos, when DNMf1 

is restricted to the cytosol (Carlson et al., 1992), DNMf3a and DNMf3b are active and 

can interact to establish the initial wave of de novo methylation. At later stages, these 

enzymes are joined by DNMT1, which then leads to methylation spreading followed by 

maintenance of the methylation pattern (Kim et aI., 2002). 

Recent data indicate that protein interactions are not limited to the active DNMf 

enzymes. Rata et al. demonstrated that DNMf3a and DNMf3b also physically interact 

with DNMf3L, and that DNMf3L is required for the establishment of maternal 

• methylation imprints and the proper expression of the corresponding genes (Rata et aI., 

2002). Since DNMf3L does not possess methyltransferase activity, it could not be 

directly responsible. Moreover, dnmt3a-l
- dnmt3b+l

- knockout mice are also defective in 

forming proper maternal imprints. Thus it is possible that DNMf3L might be 

responsible for targeting the de novo DNMTs to imprinting regions (Rata et aI., 2002). 

Since a study by Chedin et al. also illustrated that DNMT3L can stimulate de novo 

methylation by DNMf3a at both imprinted and non-imprinted sequences, it is possible 

that DNMf3L may also act as a general activator of DNMf3a (Chedin et al., 2002). 

VI. Formation and maintenance of DNA methylation patterns 

• (i) Establishment of DNA methylation during development 
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• During mammalian development, at least two stages in which genome wide 

reprogramming of methylation pattern are known (Reik et al., 2001). The first takes 

place in the primordial gems cells of both the male and female, where rapid 

demethylation of both imprinted and single copy genes occurs, followed by de novo 

methylation several days later. Only hours after fertilization, before the onset of the first 

cleavage divisions, the entire paternal genome is rapidly demethylated by an active 

process (Oswald et al., 2000). In contrast, the maternal genome only becomes 

demethylated during the first cleavage divisions by a passive mechanism, likely caused 

by the exclusion of the oocyte specific DNMT10 from the nucleus (Doherty et al., 2002). 

Following implantation, de novo methylation is believed to occur, which is consistent 

• with the high levels of DNMT3a and DNMT3b observed at this stage (Okano et al., 

1998a). A summary of the different methylation processes is depicted in Figure 5. 

Targeted inactivation of the various components of the DNA methylation machinery have 

determined their importance in the establishment and maintenance of DNA methylation 

patterns. While DNMT1 knockouts display an embryonic lethal phenotype, homozygous 

ES cells are viable despite a 70% reduction in tota15mC (Li et al., 1992). Knockouts of 

DNMT3b also die very early in embryonic development, and centromeric minor satellite 

DNA repeats of their ES cells are substantially demethylated (Okano et al., 1999), similar 

as to the previously mentioned condition ICF syndrome. While both DNMT3a and 

DNMT3b knockout ES cells show normal methylating activity on proviral DNA, the 

• DNMT3a and 3b double knockouts completely lack such de novo methylating activity, 
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De novo methylation is the process by which methyl groups are added to CO 
sites on the DNA that were previously unmethylated, thereby generating a 
new pattern. Active demethylation occurs when methyl groups are removed 
independently of DNA replication, either by repair mechanisms or by the 
direct removal of the methyl group by DNA demethylases. Maintenance 
methylation is the process whereby DNMTI copies the DNA methylation 
pattern of the parental strand onto the nascent strand during cell division. 
However, if DNMTI activity is inhibited or if proteins mask critical CO sites, 
then passive demethylation occurs upon DNA replication because the newly 
synthesized strand cannot be methylated. 



suggesting some redundancy between the two (Okano et al., 1999). Mice with targeted 

disruption of NlBD2/dMTase are viable and display no changes in global methylation 

levels but are defective in maternal care behavior. As previously mentioned, it is possible 

that MBD2's function is specific to certain genes, or alternatively, it might be redundant 

in development where other unknown demethylases may be involved. 

One question that still remains elusive is how de novo methylation and demethylation 

events are able to generate the proper DNA methylation pattern? What determines the 

methylation of certain regions of the genome and not others? Although it is possible that 

DNMTs and demethylases could possess an intrinsic specificity for certain target regions, 

no such evidence in support of this has been demonstrated. A more substantiated 

explanation is that the following mechanisms are involved: First, DNMTs and 

demethylases may be directed to specific regions through their interactions with other 

proteins (see sections IV and VII). Second, there is evidence to suggest that the binding 

of other proteins to specific regions of the genome may protect them from de novo 

methylation or demethylation (Brandeis et al., 1994; Han et al., 2001; Lin and Hsieh, 

2001; Macleod et aI., 1994). Last, local changes in chromatin structure may playa role in 

determining the accessibility of DNMTs and demethylases. The latter mechanism will be 

covered in a subsequent section. 

(ii) Maintenance of DNA methylation in somatic cells 

•
 
42 



A simple mechanism to explain the inheritance of the DNA methylation pattern in 

somatic cells during cell division, the 'semiconservative DNA methylation model' was 

proposed by Razin and Riggs almost two decades ago (Razin and Riggs, 1980). 

According to this model, the maintenance DNMT, now believed to be DNMT1, is 

responsible for copying the DNA methylation pattern of the parental strand onto the 

nascent strand during cell division since it has a preference for hemimethylated DNA 

(Gruenbaum et al., 1982). This faithful replication and accurate maintenance of the DNA 

methylation pattern is obviously critical for the integrity of genome function. One mode 

of coordinating DNA replication and methylation is by regulating expression of DNMT1 

mRNA and protein levels with the initiation of S-phase, as discussed in section V. Since 

DNMT1leveis are induced upon entrance to S, DNA replication does not proceed in the 

absence of DNMT1, ensuring that the replicating DNA is properly methylated. 

The positioning of DNMT1 in the replication fork is another important means of ensuring 

the correct propagation of methylation patterns. DNMT1 is targeted to the replication 

fork by a specific domain in the protein (Leonhardt et al., 1992), which binds the 

proliferating cell nuclear antigen (PCNA) (Chuang et al., 1997). A recent study 

determined the functional significance of this interaction. Iida et ai. demonstrated that 

DNMT1 has a higher affinity for DNA when it is first bound by rCNA. In addition, 

rCNA-bound DNA is also methylated more efficiently that the corresponding free DNA 

(lida et al., 2002). It is of interest to note that DNMT1 binds rCNA at the same position 

as p21, a tumor suppressor that inhibits DNA replication by forming a complex with 

rCNA (Chuang et al., 1997). Since DNMT1 cannot bind rCNA in the presence of p21, 
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• whose levels are highest when cells are in Go/G1, inappropriate DNA methylation is 

prevented during this phase of the cell cycle. In addition, the region of DNMT1 that 

binds PCNA is the same one that binds Rb (see section V), which could provide another 

mechanism by which the coordination of replication and methylation is achieved: In Go 

and Gl, Rb binds DNMT1 and precludes PCNA binding, thus preventing methylation 

when cells are not dividing. The findings that DNMT1 has a preference for PCNA­

bound DNA, and that this DNA is a better substrate for methylation, explains another 

mechanism of ensuring that DNA is not methylated in the absence of replication. In 

accordance with the above, it has been shown that nascent DNA is immediately fully 

methylated following its synthesis (Araujo et aI., 1998). 

The close interrelationship between DNMfl, DNA replication, and growth regulatory 

circuits raises the possibility that DNMTI is critical for replication, at least under some 

conditions. In accordance with this hypothesis, the expression of DNMTl antisense 

mRNA, or treatment of A549 human lung cancer cell line with either antisense 

oligonucleotides or modified hairpin inhibitors, results in the inhibition of DNA synthesis 

and halts the progression of the cells through the cell cycle (Knox et al., 2000; 

Milutinovic et aI., 2003). A recent study determined that antisense knockdown of 

DNMT1 triggers an intra-S-phase arrest of DNA, which could possibly serve to protect 

the genome from the extensive demethylation that could come about by replication in the 

absence of DNMTI (Milutinovic et al., 2003). 
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The semiconservative DNA methylation model suggests that once a DNA methylation 

pattern is generated during development, it is fixed and accurately inherited (as 

determined by the state of methylation of the parental strand) through multiple cell 

divisions. It is important to note that results from several studies provide challenges to 

this model. Most importantly are the facts that 1) exogenous sequences can become de 

novo methylated in somatic cells (Szyf et aI., 1989),2) DNMTI overexpression can lead 

to hypermethylation in somatic cells (Vertino et aI., 1996), and 3) clonal populations of 

cells exhibit the presence of differentially methylated sites (Park and Chapman, 1994; 

Silva et al., 1993). If DNA methylation is exclusively determined by the methylation 

pattern of the parental strand, all the progeny of a single cell should have identical 

patterns of methylation. Thus, the question of whether the DNA methylation pattern is 

dynamic in somatic mature tissues still remains an unresolved issue. Since DNA 

methylation patterns can change under pathological stress such as tumorigenesis (Ehrlich, 

2002) and aging (Ahuja et al., 1998; Issa, 1999), the potential for change might be 

present in normal cells as well. 

VII. Role of DNA methylation in gene expression 

As mentioned in previous sections, there is a tight correlation between DNA methylation, 

inactive chromatin structure, and silencing of gene expression. This observation led to 

the hypothesis proposed almost two decades ago that DNA methylation silences gene 

expression (Razin and Riggs, 1980). A long line of data has established that in vitro 

• methylation can suppress genes when ectopically introduced into vertebrate cells (Cedar 
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• et aI., 1983; Stein et aI., 1982; Vardimon et aI., 1982). Numerous in vivo studies also 

support this hypothesis: Both the nucleoside analog 5-azacytidine (5-azaC), a potent 

inhibitor of DNA methylation (Christman, 2002; Jones, 1985), as well as antisense 

knockdown of DNMTl (Ramchandani et aI., 1997; Szyf et al., 1992), have been shown to 

induce the demethylation and expression of methylated and silenced genes. Furthermore, 

primary fibroblasts derived from conditional DNMT1 knockouts, which exhibited 

genomic DNA demethylation, also displayed an induction in 10% of genes as determined 

by a gene expression profile (Jackson-Grusby et aI., 2001). Curiously, while these 

experiments support the hypothesis that DNA methylation silences gene expression, there 

are several studies indicating that methylation follows, rather than precedes, gene 

silencing (Bachman et aI., 2003; Lock et al., 1987; Szyf et aI., 1990). The following 

sections will discuss the two currently proposed mechanisms by which methylation is 

believed to cause transcriptional repression as well as examine the perplexing 

relationship between methylation, chromatin, and gene expression. 

(i) DNA methylation and direct repression 

The first mechanism suggests that methylation inhibits gene expression by interfering 

with the binding of transcription factors to recognition sites that include a CG 

dinucleotide. A number of documented examples of this type of inhibition include c-Myc 

(Prendergast and Ziff, 1991), AP-2 (Comb and Goodman, 1990), cAMP response 

element CRE (Moens et al., 1993), and the interaction of CTCF with the parentally 

• 
imprinted IgfII insulator (Kanduri et aI., 2000). This mechanism provides a simple 

explanation for the inhibition of gene expression by methylation. However, a number of 
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• studies have established that many transcription factors either do not contain a CO in 

their recognition element, or are not inhibited by methylation even when they do contain 

a CO sequence. A classical example of a transcription factor that does not discriminate 

between methylated and unmethylated COs in its consensus sequence is the ubiquitous 

Sp1, which controls the expression of many genes that bear CO rich islands within their 

promoter region (Harrington et aI., 1988; Holler et aI., 1988). It is clear that an additional 

mechanism must exist to explain the suppression of CO island promoters by methylation. 

(iii) Methyl-CpG-binding proteins and indirect repression of methylated genes 

A second mechanism that has attracted significant interest is an indirect mechanism, 

• whereby methylated CO dinucleotides are recognized by a conserved family of methyl­

CpO-binding proteins (MBD) such as MeCP2 (Lewis et aI., 1992; Meehan et aI., 1992), 

MBD1 (Cross et aI., 1997), MBD2, and MBD3 (Hendrich and Bird, 1998) (Figure 6). 

The MBDs share a highly conserved domain for binding methylated DNA, and associate 

with large protein complexes containing corepressors and HDACs, and thus function to 

target a 'closed' and inactive chromatin structure to methylated genes (Boeke et al., 2000; 

Jones et al., 1998; Nan et al., 1998; Ng et aI., 1999). A number of studies using either a 

co-immunoprecipitation approach or chromatographic fractionation, show that different 

MBDs are found in different multiprotein repressor complexes such as the chromatin 

remodeling Sin3A (Boeke et aI., 2000; Nan et aI., 1998) and NuRD complexes (Zhang et 

al., 1999). Some of the repression mediated by MBDs is relieved by treating cells with 

the HDAC inhibitor TSA, which demonstrates the critical role of histone deacetylation in 
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MBD1 
(50-70 kDa) MBD (CXXCXXC)2 TRD 

MBD2a (44 kDa) 
GR(11) MBD 

MBD2bl 
dMTase (29 kDa) 

MBD 

MBD3 (32 kDa) 
MBD E-repeat 

MBD4 (63 kDa) 
MBD repair 

• 
MeCP2 (52 kDa) ............oiiiooiiiiiO. 

MBD TRD 

Figure 6 -Schematic structure of the mammalian MBD family members. 

MBDl, MBD2, MBD3, and MeCP2 function as transcriptional repressors; 
MBD2b, which starts at a downstream initiation codon, is also capable of 
actively demethylating DNA; MBD4 acts as a 5mCO glycosylase. Specific 
motifs indicated include: Conserved methyl-CpO-binding domain (MBD), 
transcriptional repression domain (TRD), cysteine-rich repeats (CxxCxxC) in 
MBDl, glycine-arginine repeat (OR) in MBD2a, glutamic acid repeat (E­
repeat) in MBD3, repair domain in MBD4. Note, the molecular weight of 
MBD 1 varies due to alternative splicing. 

•
 



• mediating gene suppression by DNA methylation (Nan et al., 1998). However, since not 

all repression by MBDs can be removed by inhibiting histone deacetylation (Yu et al., 

2000), there must be additional mechanisms through which MBDs inhibit the expression 

of methylated genes, although none have been defined as of yet. 

The first member of the MBD family to be characterized was MeCP2, a multidomain 

protein that contains, in addition to a region required to bind methylated DNA, a 

transcriptional repression domain (TRD) and a nuclear localization signal (Lewis et aI., 

1992; Meehan et al., 1992). Although MeCP2 only requires a single methylated CG 

irrespective of sequence context to bind to DNA, it preferentially localizes to densely 

methylated regions such as satellite DNA (Lewis et aI., 1992). MeCP2 was found to 

• associate with the Sin3A histone deacetylase complex (Nan et aI., 1998), and can repress 

transcription from various promoters through both HDAC dependent (Drewell et al., 

2002; Yu et aI., 2001) and independent manners (Yu et aI., 2000). Since mutations in 

MeCP2 have been found in the majority of cases of RETT syndrome (Amir et aI., 1999), 

one of the leading causes of mental retardation in females, the functional importance of 

this protein cannot be disputed. 

In 1997, Cross et al. identified MBD1 (formerly PCM1), and a year later, Hendrich et al. 

discovered MBD2 to MBD4. Both of these studies took advantage of the MBD motif of 

MeCP2 to search for EST clones with sequence similarity (Cross et aI., 1997; Hendrich 

and Bird, 1998). Out of these four, MBD4 is the only one which is not a transcriptional 

• repressor, and but rather possesses 5mCG glycosylase activity. MBD3 is associated with 
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the Mi2/NuRD chromatin-remodeling complex, which also contains HDACs and is 

known to be involved in establishing inactive chromatin structures (Zhang et al., 1999). 

However, the role of MBD3 in silencing methylated genes is still unclear since MBD3 

does not preferentially bind methylated DNA (Saito and Ishikawa, 2002). Because it was 

found that MBD2 associates with NuRD in certain cases, collectively forming the 

MeCP1 complex, it was proposed that MBD2 might be partly responsible for targeting 

NuRD to methylated DNA (Feng and Zhang, 2001; Ng et aI., 1999; Zhang et aI., 1999). 

Different splice forms of MBD1 (Fujita et aI., 2000; Fujita et aI., 1999) and MBD2 

(Hendrich and Bird, 1998) were identified, however, it is not yet clear what is the 

differential role of the various MBDs as well as their different splice forms in mediating 

gene suppression. One interesting point is that the interaction between DNA and some 

MBDs, such as MeCP2 (Lewis et al., 1992) and some splice forms of MBD1 (Fujita et 

al" 2000), is independent of the density of the methylated CGs, whereas other MBDs 

such as other splice forms of MBD1 (Fujita et al., 2000) and MeCP1 (possibly containing 

MBD2 as the methylated DNA recognition component (Ng et al., 1999)) require a high 

density of methylated CGs for binding (Meehan et aI., 1989). It was also recently 

determined that MBD2a promoted the activation of unrnethylated cAMP-responsive 

genes (Fujita et aI., 2003). Thus, it is possible that the different MBDs are responsible 

for regulating different classes of both methylated and unrnethylated genes. 

• 
One other perplexing issue, mentioned earlier in section IV, is the designation of MBD2b 

(the shorter form lacking the N-terminal region) as both a transcriptional repressor and as 
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• a DNA demethylase and activator (Figure 6). One possible explanation for the dual role 

of MBD2/dMTase is that its function depends on the interaction with other proteins. This 

is supported by the demonstration that different MeCP1 complexes, some of which do not 

contain MBD2, are formed in diverse cell types (Hendrich et aI., 2001). Furthermore, a 

recent report identified a novel protein, MBDin, which relieves the repression by MBD2, 

although no demethylation was observed in this study (Lembo et al., 2003). This topic 

will be further examined in chapter 2, where data illustrating the effects of several 

parameters on MBD2 function will be presented. 

(iii) DNA methylation, chromatin structure, and gene expression 

• The abovementioned data provide strong support for the hypothesis that DNA 

methylation is causal in mediating gene repression by first precipitating an inactive 

chromatin structure (Figure 7). Experiments performed with pharmacological inhibitors 

of both DNA methylation and histone deacetylation have also led to the conclusion that 

DNA methylation is primary. While it was shown that inhibitors of DNA methylation (5­

azaC, 5-aza-CdR) could activate a number of methylated tumor suppressor genes, TSA 

treatment was insufficient to induce these genes (Cameron et al., 1999; Ghoshal et al., 

2002). However, it is important to note that TSA would only directly affect histone 

acetylation and not the other modifications that affect chromatin structure. It was 

recently demonstrated that MeCP2 can recruit a histone MTase to methylated genes 

(Fuks et aI., 2003); therefore the silencing of these genes would likely involve both 

• histone H3-K9 methylation and deacetylation. In accordance, a detailed mapping of the 
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Figure 7 - DNA methylation determines chromatin structure - a model. 

Nucleosomes consist of DNA (black line) wrapped around histone octamers 
(grey ball); bent arrow indicates transcription and 'X' marks repression. 
Transcriptional repressors, such as Rb, recruit DNMTs to methylate the 
DNA. MBDs (e.g. MeCP2) can then bind and recruit HDACs and histone 
H3-K9 MTases (e.g. SUV39) to deacetylate (1) and methylate (2) the 
histones. The protein HP1 can further bind the methylated histones. The 
resulting effect is the formation of a condensed chromatin structure leading to 

• 
gene inactivation. 



chromatin modifications associated with the methylated tumor suppressor p16 

demonstrated that this gene was associated with MeCP2, methylated H3-K9, deacetylated 

histones, and was silenced (Nguyen et aI., 2002). As expected, treatment with 5-aza-CdR 

led to a reduction in both MeCP2 binding and H3-K9 methylation, and also promoted an 

increase in acetylation (Nguyen et aI., 2002). Since TSA does not affect histone 

methylation (Kondo et aI., 2003), the activation of these methylated genes, in the absence 

of 5-aza-CdR, would require inhibitors of both HDACs and histone MTases. 

Unfortunately, no inhibitors specific for histone MTases have yet been found. In 

addition, the interaction of other proteins, such as INHATs, with certain promoters might 

prevent histone acetylation even in the presence of an HDAC inhibitor (Cervoni et aI., 

2002; Seo et aI., 2001). Since chromatin structure might not be altered sufficiently by 

• TSA to enable a change in gene expression, it is premature to draw the conclusion that 

DNA methylation, and not chromatin structure, is the dominant factor in gene silencing. 

Additional clues suggesting that DNA methylation may not be primary stem from several 

studies demonstrating that chromatin modifications and gene silencing can lead to 

changes in DNA methylation. Experiments delineating the temporal relationship of DNA 

methylation and the silencing of the hprt gene on the inactive X chromosome 

demonstrated that methylation follows rather than precedes gene silencing (Lock et aI., 

1987). Similarly, exogenously introduced steroid 21-hydroxylase is silenced in the 

adrenocortical cell line Y1 a few weeks prior to selective de novo methylation (Szyf et 

al" 1990). Moreover, the HDAC inhibitor sodium butyrate was found to trigger a 

• genome wide loss of methylation in EBV producing cells (Szyf et al., 1985a), while a 
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study by Selker has shown that treating Neurospora crassa with TSA results in selective 

DNA demethylation (Selker, 1998). 

Over the last several years, a number of genetic mutants with defects in DNA 

methylation have been found to harbor mutations in various genes involved in regulating 

chromatin structure. For instance, in the plant Arabidopsis, a gene required for 

maintenance of DNA methylation, DDM1, is similar to the SWIISNF family of ATP­

dependent chromatin remodeling genes (Jeddeloh et aI., 1999). Similar situations were 

also found in the mouse and human, where genes belonging to chromatin remodeling 

families were required for DNA methylation (Dennis et aI., 2001; Gibbons et aI., 2000). 

In addition, DIM-5 is a histone MTase that is required for DNA methylation in 

• Neurospora crassa (Tamaru and Selker, 2001), while CNG methylation by the 

Arabidopsis Chromomethylase 3 requires Kryptonite, a gene encoding a histone MTase 

specific to H3-K9 (Jackson et al., 2002). Along similar lines, a mouse ES cell knockout 

of the histone MTase G9a was found to impair both H3-K9 methylation and DNA 

methylation at the Prader-Willi syndrome imprinting center (PWS-IC), resulting in loss 

of imprinting. Remarkably, although dnmtl-/- ES cells also lacked methylation at PWS­

IC, both H3-K9 methylation and imprinting were normal, suggesting that, at least in this 

case, methylation is not the primary factor determining expression (Xin et aI., 2003). 

Taken together, these studies provide a strong indication that chromatin structure is a 

critical factor in determining gene expression and methylation patterns. 

•� 
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• One obvious question is: what is the mechanism involved by which chromatin can affect 

methylation? Several studies, most fairly recently, provide us with some possibilities. 

As previously mentioned, both DNMT1 and DNMT3a were shown to physically interact 

with HDAC1 and HDAC2 (Fuks et al., 2000; Fuks et al., 2001; Rountree et al., 2000). In 

addition, the leukemia-promoting PML-RAR fusion protein was found to induce gene 

hypermethylation and silencing by recruiting an HDAC complex as well as DNMT1 and 

DNMT3a to retinoic acid target promoters (Di Croce et aI., 2002; Grignani et aI., 1998). 

The general belief stemming from these results is that DNMTs recruit HDACs to bring 

about an inactive chromatin and repression. However one cannot ignore the possibility 

that the opposite mechanism might be true as well, in which HDACs recruit DNMTs to 

methylate genes following their silencing by histone deacetylation (Figure Sa). This 

• model could explain both the abovementioned observations that methylation sometimes 

follows gene silencing and that HDAC inhibitors such as butyrate and TSA can cause 

demethylation in certain instances. In the case of PML-RAR, treatment with retinoic acid 

results in dissociation of the HDAC-PML-RAR complex (Grignani et al., 1998), as well 

as activation and demethylation of the promoter (Di Croce et al., 2002), supporting the 

hypothesis that both DNA methylation and chromatin structure are reversible and 

dynamic 

Along a similar line, there are several examples where proteins involved in histone 

methylation might be responsible for targeting DNMTs to certain genes. This could 

occur either directly, as in the case of Arabidopsis Chromomethylase 3, which interacts 

with a homologue of the H3-K9 binding protein HP1 (Jackson et aI., 2002), or through 
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(a) Inactive chromatin targets DNlVITs (b) Active chromatin targets demethylase 
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Figure 8 - Chromatin structure determines DNA methylation - a model. 

Nucleosomes consist of DNA (black line) wrapped around histone octamers (grey 
ball); size of bent arrow indicates degree of transcriptional activation and size of 
'X' reflects degree of repression. (a) Transcriptional repressors, such as Rb, recruit 
HDACs to DNA, which deacetylate the histones leading to a tighter chromatin 
structure and gene repression. The deacetylated tails are then free undergo 
methylation on H3-K9 by histone MTases (e.g. SUV39), which further stabilizes 
the inactive state by recruiting BPI, a protein involved in supra-nucleosomal 
chromatin structure. DNMTs can then be recruited by either HDACs, 
transcriptional repressors such as Rb, or by histone MTases and BPI. The resulting 
methylated DNA then serves to guard the inactive state. (b) A silenced gene is 
maintained by the actions of HDACs, SUV39, and DNMTs, and is inaccessible to 
DNA demethylase. Activation of such a gene requires either the recruitment of a 
strong transcriptional activator (TA), which brings putative histone demethylases 
(HdMTases) and then HATs to the gene, or pharmacological inhibitors of HDACs 

• 
(e.g.TSA) and of histone MTases. The result of either combination is the 
acetylation of histone tails at K9 and transient activation of the gene. Once the 
histone tails are acetylated, the chromatin is more open and therefore accessible to 
DNA demethylase, which demethylates the DNA resulting in stable activation of 
the gene. 



• intennediary proteins such as Rb and MeCP2, which bind both DNMTs and histone 

MTases (Fuks et aI., 2003; Kimura and Shiota, 2002; Nielsen et al., 2001; Robertson et 

aI.,2000a). Although no studies have demonstrated a direct interaction between a histone 

MTase and a DNMT, it was recently discovered that Dnmt3a co-purified with a H3-K9 

histone MTase activity (Datta et al., 2003). 

It was recently demonstrated that the interaction of HP1~ preferentially occurs within the 

H3-K9 enriched maternal genome immediately after fertilization in the mouse zygote. In 

contrast, the paternal genome has neither HP1~ binding nor methylated H3-K9 at these 

early stages (Arney et al., 2002). Since the paternal genome is globally demethylated 

shortly after fertilization by an active mechanism (Oswald et aI., 2000), this suggests that 

• histone methylation might also modulate DNA methylation by protecting genes from 

active demethylation. 

The possibility that chromatin structure can influence DNA demethylation is also 

supported by several studies using an assay that specifically measures active 

demethylation (Cervoni et al., 2002; Cervoni and Szyf, 2001). It was demonstrated that 

following transient transfection into HEK 293 cells, an active gene was demethylated 

whereas an inactive gene remained methylated. This demethylation was found to be 

dependent on the state of histone acetylation associated with the DNA per se, and not on 

the presence of other cis-acting sequences in active promoters, because upon TSA 

treatment even a promoterless vector was demethylated. Using a ChIP assay it was then 

shown that the physical association of DNA with acetylated histones was required for 
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demethylation (Cervoni and Szyf, 2001). These studies illustrate that the unmethylated 

state of active genes is maintained by a demethylase activity; which probably has a 

greater accessibility to DNA due to the open chromatin configuration brought about by 

histone acetylation (Figure 8b). However, because only selective demethylation was 

observed with TSA (Selker, 1998), and since in many instances TSA treatment alone is 

insufficient to induce demethylation and activation of many genes (Cameron et al., 1999), 

then other factors must exist that determine the accessibility of transcription factors and 

demethylase to DNA. One of these factors might be INHATs, which were shown to 

block histone acetylation (Seo et aI., 2001) and active demethylation (Cervoni et al., 

2002) even when HDACs are inhibited with TSA. As previously mentioned, histone 

methylation might be another factor regulating active demethylation, although it is not 

yet known whether histone methylation directly or indirectly affects DNA demethylase 

accessibility. 

Taken together, the above data illustrate how proteins that modulate chromatin structure 

can also determine the state of DNA methylation, most probably by recruiting DNMTs or 

gating access to demethylases. The resulting DNA methylation might serve to reinforce 

or stabilize the repressed state originally determined by signals acting on chromatin 

structure. Since both histone acetylation and histone methylation have been shown to be 

dynamic and reversible (Cervoni et al., 2002; Kondo et al., 2003; Kouzarides, 2002; Kuo 

and Allis, 1998; Nguyen et aI., 2002; Yoshida et al., 1990), this raises the possibility that 

the same is true for the DNA methylation pattern. This is in contrast to the 

semiconservative model of maintenance methylation, and has important consequences in 
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somatic non-dividing cells. Further importance of such a 'reversible epigenome' will be 

discussed in chapter 4, in which results are presented demonstrating that a commonly 

prescribed drug can induce active DNA demethylation. 

VIII. Aberrant DNA methylation in cancer 

(i) Regional hypermethylation versus global hypomethylation 

It has been a longstanding observation that aberrations in DNA methylation patterns are a 

hallmark of many tumor cells (Baylin et aI., 1998; Ehrlich, 2002b), leading to the 

abnormal regulation of a wide range of genes (Jones, 1996). However the nature of these 

• changes has been confusing since both global hypomethylation (Bedford and van HeIden, 

1987; Cravo et aI., 1996; Feinberg et aI., 1988; Jurgens et aI., 1996; Lu et al., 1983; 

Soares et aI., 1999) and regional hypermethylation (Baylin, 1992; Baylin et al., 1986; 

Belinsky et aI., 1998; Esteller et aI., 1999; Esteller et aI., 2000; Herman et aI., 1994) of 

tumor suppressors and other specific genes have been observed. Initial studies 

investigating the relationship between DNA methylation and cancer focused on the 

hypomethylation of protooncogenes as a mechanism for their activation (Feinberg and 

Vogelstein, 1983a; Feinberg and Vogelstein, 1983b). However, later studies discovered 

that cancer related hypomethylation is not restricted to oncogenes, but occurs globally 

throughout the genome (Ehrlich, 2002b). 

Over the last two decades, a multitude of studies involving various types of cancer have 
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• led to the conclusion that DNA derived from tumors has a lower level of methylation that 

the corresponding normal tissue DNA (Ehrlich, 2002b). Many of these experiments 

identified the types of sequences that are most frequently associated with cancer 

hypomethylation. For example, hypomethylation of repeat sequences, such as satellite 

DNA, LINE-1 elements, and endogenous retroviruses is often detected in various cancers 

and may contribute to genomic instability (Ehrlich, 2oo2a). In addition, single copy 

genes have also been found to be hypomethylated in tumors, including genes which could 

directly contribute to cancer progression such as oncogenes (Feinberg and Vogelstein, 

1983b; Nambu et aI., 1987) and genes involved in tumor invasion, motility, and 

metastasis (Guo et al., 2002). In some cases, the degree of hypomethylation has been 

found to correlate with tumor progression (De Capoa et al., 2003; Kim et al., 1994; 

• Sharrard et al., 1992; Soares et al., 1999), suggesting a causal role. 

Paradoxically, in the midst of cancer associated global hypomethylation, the presence of 

regional hypermethylation is also observed. The results from an extensive amount of 

research indicate that hypermethylation most often occurs within dense CG island regions 

(Baylin, 1992) and varies depending on specific tumor types (Adorjan et aI., 2002). 

Since promoter CG islands are a common characteristic of many tumor suppressor genes, 

it is not surprising that many tumor suppressors such as pi6, pi5, BRCAi, Rh, and many 

others have been found to be hypermethylated and consequently silenced in cancer 

(Esteller, 2002). This would obviously be a favorable scenario for tumor progression. 

Recently, studies using novel genomic approaches have led to the establishment of CG 

• methylation profiles for various tumor classes (Adorjan et aI., 2002; Shi et aI., 2002; 
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•� Smiraglia and Plass, 2002), which could ultimately lead to important diagnostic 

applications (Adorjan et al., 2002). 

One obvious question that is of great interest is how global hypomethylation and regional 

hypermethylation can co-exist in the same cell? Since global hypomethylation tends to 

occur in sparsely distributed CO sequences while hypermethylation targets CO islands, 

this suggests that different factors are responsible for each. Furthermore, recent 

experiments have shown that CO island hypermethylation and global hypomethylation 

are independent processes, supporting the hypothesis that multiple factors determine 

DNA methylation patterns in cancer cells (Ehrlich et al., 2002). 

•� (il) DNMTl as an anticancer target 

A separate line of evidence linking DNA methylation and cancer is the interrelationship 

between the overexpression of DNMTI and cellular transformation. First, high levels of 

DNMTl mRNA and DNMTI activity were reported in tumor samples and in cancer cells 

(Belinsky et al., 1996; Issa et al., 1993; Kautiainen and Jones, 1986), and DNMTl 

expression is regulated by nodal protooncogenic signaling pathways as discussed earlier. 

Second, ectopic expression of Dnmtl results in cellular transformation (Bakin and 

Curran, 1999; Slack et al., 1999; Wu et al., 1993). Third, knockdown of Dnmtlleads to 

demethylation of tumor suppressor genes and reverses tumorigenesis both in vitro and in 

vivo (Fournel et al., 1999; Laird et al., 1995; MacLeod and Szyf, 1995; Ramchandani et 

•� al.,1997). Although there is evidence suggesting that DNMT3a and DNMT3b also play 
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•� a role in cancer (Beaulieu et al., 2002; Choi et al., 2003; Mizuno et al., 2001; Robertson 

et al., 1999), this review will focus mainly on DNMTI. The obvious question is whether 

there is link between the induction of DNMTl expression by oncogenic pathways, the 

requirement for high levels of DNMTI in cellular transformation, and the 

hypermethylation of tumor suppressor genes. 

The generally accepted paradigm is that DNMTl is overexpressed in tumors, leading to 

the methylation of tumor suppressors and consequently tumor growth. Inhibition of 

DNMTI results in demethylation of tumor suppressor genes, their activation, and 

suppression of tumor growth. According to this model, the therapeutic goal is to inhibit 

DNA methylation. Several widely used agents that inhibit the catalytic activity of the 

• DNMTs are nucleoside analogs such as 5-azacytidine (5-azaC), 5-aza-2'-deoxycytidine 

(5-aza-CdR), and the non-aza nucleoside zebularine (Cheng et al., 2003). In the cell, 

these nucleosides are converted to trinucleotides followed by incorporation into DNA 

during DNA replication. Once incorporated into DNA, they bind to DNMTs and form a 

covalent bond with the active site cysteine residue. However, methyl transfer is 

impossible due to the presence of the aza group at the 5' position, trapping the enzyme 

onto the DNA and resulting in its depletion from the replication fork. Subsequently, as 

replication proceeds in the absence of DNMT, the nascent DNA is not methylated and 

results in passive demethylation. 5-azaC and 5-aza-CdR were shown to cause global 

demethylation (Jones and Taylor, 1980) and reactivation of numerous tumor suppressors 

such as p15 (Daskalakis et aI., 2002), BRCAl (Magdinier et al., 2000), E-cadherin 

• (Yoshiuraet al., 1995), andp16 (Otterson et al., 1995). Notably, although 5-azaC and 5­
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• aza-CdR are both being tested in international clinical trials, especially for acute myeloid 

leukemia and mye10dysplastic syndrome, their use is limited by the fact that they are 

chemically unstable, toxic, and cannot be given orally (Cheng et al., 2003). 

An important point to note is that the previously discussed effects of chromatin structure 

on DNA methylation are inconsistent with the above model. Since inactive chromatin 

and gene silencing often precede DNA methylation, it is possible that the methylation of 

tumor suppressors is not the primary reason for their inactivation. For example, whereas 

ectopic expression of DNMTlleads to methylation of tumor suppressor genes (Vertino et 

al., 1996), this process is often slow and cannot explain the relatively rapid 

transformation observed (Bakin and Curran, 1999; Slack et aI., 1999). Moreover, a 

• recent study demonstrated that the silencing of p16 was associated with histone H3-K9 

methylation but was independent of DNA methylation, which only occurred many cell 

passages later (Bachman et aI., 2003). The potential role of chromatin in the silencing of 

tumor suppressors is evident from the dramatic antitumor effects of HDAC inhibitors 

(Weidle and Grossmann, 2000). Methylation, on the other hand, might be responsible for 

stabilizing the silent chromatin structure of certain tumor suppressors. This concept is 

consistent with data showing that TSA cannot induce the expression of methylated genes 

on its own, but these genes are induced with 5-azaC, and in many instances this induction 

is synergized with TSA (Cameron et aI., 1999). Therefore, such inhibitors of DNMT 

catalytic activity might be required for activation of certain methylated tumor suppressor 

genes. On the other hand, if it is possible to alter other histone modifications, such as 

• ill-K9 methylation, around such a tumor suppressor gene, it might sufficiently activate 
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• the chromatin structure to allow access to active demethylases. In this case, catalytic 

inhibition of DNMTs would not be necessary. This might have important consequences 

considering the fact that catalytic inhibitors of DNMTs bring about global 

hypomethylation, which may also contribute to cancer progression as mentioned above. 

In support of this hypothesis, 5-azaC/5-aza-CdR has been shown by several studies to 

promote metastasis (Takenaga, 1986), probably by inducing genes that promote tumor 

invasion (Guo et al., 2002; Moisan et al., 2003; Simizu et aI., 2003; Tulchinsky et al., 

1995). For instance, in one study 5-azaC was shown to induce the invasive and 

metastatic potential of BW5147 T-Iymphoma cells, similar to the activated human c-Ha­

Ras oncogene (Habets et aI., 1990). And recently, Sato et al. demonstrated that treatment 

with 5-aza-CdR increased the invasive potential of four out of five pancreatic cancer cell 

• lines. This enhanced invasiveness was associated with the induction of mRNAs for one 

or more matrix metalloproteinases critical for tumor invasion (Sato et aI., 2003). 

So what are other potential mechanisms by which DNMTI might promote 

tumorigenesis? Seeing as DNMTI is a multifunctional protein that interacts with factors 

involved in DNA replication (Chuang et al., 1997) and in chromatin modification (puks 

et aI., 2000; Kimura and Shiota, 2002; Robertson et al., 2oooa; Rountree et al., 2000), it is 

possible that DNMTI possesses methylation-independent mechanisms that are critical for 

its role in tumorigenesis. Accordingly, co-expression of DNMTI and Rb/E2F led to the 

suppression of an unmethylatedp14 tumor suppressor gene (Robertson et al., 2000a), 

while antisense knockdown of DNMTI promoted the activation of the unmethylated p21 

• tumor suppressor (Milutinovic et aI., 2000). This suggests that DNMTI controls the 
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• expression of at least some tumor suppressor genes by a mechanism that does not involve 

DNA methylation. 

Section VI described studies illustrating that knockdown ofDNMT1 inhibits DNA 

replication, which is another potential mechanism by which tumorigenesis might be 

inhibited. It must be noted that there is an important difference between catalytic 

inhibitors of DNMT1 (5-azaC, 5-aza-CdR) and DNMT1 knockdown agents (antisense 

oligonucleotides, hairpin inhibitors). The mechanism of action of 5-azaC involves its 

incorporation into DNA during replication. Since 5-azaC does not inhibit initiation of 

replication, it traps the DNMT during movement of the replication fork resulting in 

passive demethylation of DNA. In contrast, passive demethylation by agents that knock 

• down DNMT1 is limited and delayed since replication is inhibited (Bigey et al., 1999). 

Since knockdown inhibitors are effective in reversing tumorigenesis, it implies that 

demethylation of tumor suppressor genes is not necessarily required. However, it is 

interesting to note that treatment of the bladder carcinoma cell line T24 with DNMT1 

antisense triggers re-expression and demethylation ofp16, but only well after cell arrest 

(Fournel et al., 1999). This supports the possibility that demethylation of p16 by 

knockdown of DNMT1 is achieved by active demethylation, possibly by inducing an 

active chromatin configuration. Another potential mechanism by which DNMT1 might 

promote tumorigenesis will be described in chapter 1, in which data is presented 

suggesting that the inappropriate expression of DNMT1 at the wrong phase of the cell 

cycle could promote aberrant cell growth and lead to cellular transformation. This 

• mechanism likely involves DNMT1's relationship with proteins involved in cell cycle 
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• regulation, such as PCNA and p21, and will be further discussed in chapter 1. The 

potential roles of DNMTI in tumorigenesis are summarized in Figure 9. 

Taken together, these data have important implications on the therapeutic application of 

DNMT inhibitors. It would appear that knockdown inhibitors might be the agents of 

choice since they can achieve an antitumorigenic effect, possibly through the various 

mechanisms stated above, while avoiding the risk of global hypomethylation and its 

potential consequences. One such inhibitor, MOO8, is currently in phase II clinical trials 

(Reid et aI., 2002). 

(iii) Role of DNA demethylase in cancer 

• Several important questions for which recent studies may provide an answer are: What is 

the cause of global hypomethylation in cancer, how does it contribute to tumor 

progression, and how are hypermethylated regions maintained in the presence of such 

hypomethylation? One possibility is that a high activity of a general demethylase is 

present in cancer cells. This is supported by several findings: First, MBD2IdMTase is 

expressed at high levels in breast cancer cells and tumors (Billard et al., 2002; Vilain et 

al., 1999), human gliomas (Schlegel et al., 2002), and ovarian cancer (Hattori et al., 

2001). Second, MBD2 was identified as a colon cancer antigen that reacted exclusively 

with sera from colon cancer patients and not with sera from normal blood donors 

(Scanlan et al., 2002). Third, expression of the Ras oncogene in P19 cells was found to 

• induce a general demethylating activity (Szyf et al., 1995). And last, both the purification 
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Figure 9 -The roles of DNMTI and DNA demethylase in tumorigenesis. 

Oncogenic signals induce both DNMTI and DNA demethylase activities. 
DNMTI methylates tumor suppressor genes leading to their silencing. 
DNMTI also silences tumor suppressors in a methylation independent manner 
through its interactions with chromatin modifiers (e.g. HDACs) and 
transcriptional repressors (e.g. Rb/E2F). In addition, the interaction of 
DNMTI with the replication factor PCNA during 01 phase disrupts the p21­
PCNA growth inhibitory complex, thus stimulating the initiation of DNA 
replication. The end result is an overriding of growth arrest signals and 
inappropriate entry into the S phase of the cell cycle. Induction of DNA 
demethylase results in the demethylation of repetitive elements (LINE-I, 
satellite DNA), thus promoting genomic instability, as well as demethylation 
and activation of a class of genes involved in tumor invasion and migration. 
Tumor suppressors are masked from this effect because of regional chromatin 
modifications, such as histone deacetylation and H3-K9 methylation. The 
combined action of demethylase and DNMTI leads to tumor growth and 
metastasis. 



• of a demethylase activity and the cloning of MBD2/dMTase were carried out using 

cancer cell lines (Bhattacharya et al., 1999; Ramchandani et aI., 1999). High levels of 

demethylases could thus provide a simple explanation as to how global hypomethylation 

is generated. In addition, the observation that active demethYlation is dependent on 

chromatin structure can explain the presence of regional hypermethylation in cancer even 

amongst high levels of demethylase activity. If the acetylation of tumor suppressor genes 

is prevented by INHATs and other histone modification such as H3-K9 methylation, then 

these genes will also protected from demethylation. 

Although it is not yet known which demethylases are responsible for maintaining the 

hypomethylated state of tumor invasion and metastasis genes, recent studies indicate that 

• MBD2/dMTase is critical for tumorigenesis. Adenovirus mediated antisense knockdown 

of MBD2/dMTase resulted in a dramatic reduction in the ability of a wide range of 

human cancer cells to grow in an anchorage independent manner, but had no effect on the 

capacity of the cells to grow normally, and there was no effect on cell cycle kinetics 

(Slack et aI., 2002). This is consistent with the finding that Mbd2-/- knockouts are viable 

(Hendrich et al., 2001), and indicates that MBD2IdMTase controls genes that are required 

for tumorigenic growth but not normal growth. Further studies in vivo using nude mice 

harboring lung or colon xenoplast tumors demonstrated that inhibition of MBD2/dMTase 

by both adenovirus delivered MBD2IdMTase antisense and second-generation antisense 

oligonucleotides inhibited tumor growth (Slack et aI., 2oo2)(Campbell et aI., unpublished 

data). Importantly, the antisense oligonucleotides had no effect on the cell cycle kinetics 

• of normal skin fibroblasts and no toxic side effects. These data suggest that 
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• MBD2IdMTase might be an ideal anticancer target since its inhibition would not result in 

arrest of normal growth, which is a problem with many cancer therapies currently in use. 

Earlier it was mentioned that global hypomethylation has been found in various repeat 

sequences and in single copy genes such as oncogenes and genes involved in tumor 

invasion, motility, and metastasis. Several mechanisms have been proposed to explain 

how these elements could be involved in the mechanism by which hypomethylation 

contributes to cancer (Figure 9). For example, one hypothesis is that global 

hypomethylation of repeat sequences promotes genomic instability, and is supported by a 

number of genetic and pharmacological data (Chen et aI., 1998; Ehrlich, 2002a; Ii et al., 

1997; Schuffenhauer et al., 1995). Another model is that oncogene hypomethylation 

• contributes to their activation, but although the hypomethylation of genes such as Ha-Ras 

(Feinberg and Vogelstein, 1983b), c-myc (Nambu et al., 1987), EGFR (Kaneko et aI., 

1985), and erb-Al (Lipsanen et aI., 1988) has been observed in various cancers, there is 

no direct evidence that it plays a role in the expression of these genes. A third 

hypothesis that is strongly substantiated is that hypomethylation promotes tumor invasion 

and metastasis. Numerous studies have determined a correlation between the degree of 

hypomethylation and the tumor metastatic capacity (Bedford and van HeIden, 1987; 

Liteplo and Kerbel, 1987; Shen et al., 1998; Soares et al., 1999). And, as previously 

mentioned, treatment with the demethylating agent 5-azaC has also been found to 

promote metastasis in several instances. 

•� 
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• More direct evidence comes from a study of the metastasis-associated protein 

MtsllSll0A4, which encodes a calcium binding protein that is involved in cell motility. 

This protein is overexpressed in metastatic variants relative to non-metastatic variants of 

tumors (Grigorian et aI., 1993), and transfection of this gene into the nonmetastatic 

human breast cancer cell line MCF-7 increases invasiveness in vitro and in vivo 

(Grigorian et aI., 1996). It was then shown that Mts} expression in human colon 

carcinoma correlates with its state of methylation (Nakamura and Takenaga, 1998), and 

that overexpression of Mtsl in pancreatic ductal carcinoma correlates with 

hypomethylation and is associated with poor differentiation (Rosty et al., 2002). In 

addition, the protease Urokinase-Type Plasminogen Activator (uPA), which is required 

for tumor invasion, is hypermethylated and not expressed in MCF-7, a nonmetastatic cell 

• line, whereas it is hypomethylated and expressed in MDA-MB-231, a highly metastatic 

line. Upon treatment of MCF-7 cells with 5-azaC, uPA is demethylated and expressed 

and the cells become invasive and metastatic. It is interesting to note that this study 

observed a higher global demethylase activity in MDA-MB-231 cells than in MCF7 cells 

(Guo et al., 2002). A possibility is that MBD2/dMTase is involved in controlling genes 

involved in metastasis; however, at the present time there is no direct evidence to support 

this hypothesis. 

Taken together, the above examples suggest that hypomethylation is a critical factor in 

mediating tumorigenesis. Moreover, since knockdown experiments indicate that 

MBD2/dMTase is a key player in tumorigenesis, inhibition of this enzyme might prove to 

• be a successful cancer therapy, especially since normal cell growth is unaffected Further 
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• support will be presented in chapter 3, which describes the inhibition ofMBD2IdMTase 

by a novel mechanism that involves the ubiquitous methyl donor AdoMet, and results in 

the phenotypic reversion of transformed cells. 

IX. Summary 

The preceding review provides overwhelming evidence indicating that proper control of 

DNMTs and DNA demethylases is critical for maintaining correct gene expression. In 

addition, misregulation of this machinery likely plays a role in the aberrant methylation 

patterns and gene expression that is a hallmark of may pathologies such as cancer. 

Therefore, a greater comprehension of the mechanisms involved in regulating the 

• expression and activity of these proteins will undoubtedly provide new therapies aimed at 

restoring gene expression gone wrong. For this reason, this thesis addresses the 

following previously unresolved questions. First, how is DNMTI regulated with cell 

growth and is this control involved in cellular transformation? Since previous studies 

have indicated that the DNMTI protein, rather than DNA hypermethylation, might playa 

causal role in cancer, and since the cell cycle regulation of DNMTI was found to be 

disrupted in certain cancers, we tested the hypothesis that deregulation of DNMTI with 

the cell cycle plays a critical role in cancer. Chapter 1 demonstrates that regulation of 

DNMTl expression with cell growth occurs at a posttranscriptionallevel involving the 3' 

untranslated region of the DNMTl mRNA and plays an important role in cellular 

transformation. Second, what is the mechanism by which regional hypermethylation and 

• global hypomethylation co-exist in cancer? Since the protein MBD2 has been shown to 
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• be both a repressor of methylated DNA and a DNA demethylase, the possibility exists 

that global hypomethylation and local repression are catalyzed by the same 

multifunctional protein. In chapter 2, we hypothesize that different promoter interactions 

can direct the opposite activities of MBD2, and thus even its overexpression will not 

result in the activation of all genes. Our results indicate that MBD2IdMTase can induce 

demethylation and transcriptional activation in a promoter dependent manner, suggesting 

that it could be involved in maintaining both the DNA hyper and hypomethylation 

observed in cancer. Third, since hypomethylation plays such a prominent role in cancer, 

is it possible to inhibit demethylase activity by phannacological agents and inhibit 

tumorigenesis? One potential agent, AdoMet, was shown to cause hypermethylation of 

DNA and to protect against cancer in rodent models, however the current model is that 

• AdoMet does so by stimulating DNMT reactions. In contrast, we hypothesized that 

AdoMet might exert its effects through inhibition of demethylase activities. Chapter 3 

investigates the inhibition of demethylase activity by AdoMet and its effects on cellular 

transformation. Lastly, because of the existence of an active DNA demethylase, does the 

potential exist to alter DNA methylation patterns even in somatic tissues in the absence of 

DNA replication? This could have important implications on DNA methylation 

therapeutics in postmitotic tissues such as the brain. Chapter 4 examines the effects of 

the anti-epileptic drug valproate on the induction of active DNA demethylation. In 

summary, our data support a new hypothesis on the mechanisms and role of DNMTl 

overexpression, regional hypermethylation and global hypomethylation in cancer, and 

therapeutic approaches for modulating DNA methylation patterns in cancer and other 

• pathological conditions. Our data show how one might take advantage of the dynamic 
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• epigenome to manipulate DNA methylation patterns to cause either hypo or 

hypermethylation in different contexts. The therapeutic implications of this data will be 

discussed in the general discussion section. 

•� 

•� 
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• Chapterl 

A conserved 3' untranslated element mediates growth regulation of 

DNA methyltransferase 1 and inhibits its transforming activity 

Nancy Detich, Shyam Ramchandani and Moshe Szyf 

• This chapter has been published in the Journal of Biological Chemistry (2001) 276, 

24881-24890. 
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• Ectopic expression of DNA methyltransferase 1 (DNMTl) has been proposed to play 

an important role in cancer. Dnmtl mRNA is undetectable in growth-arrested cells 

but is induced upon entrance into the S phase of the cell cycle, and until now, the 

mechanisms responsible for this regulation were unknown. In this manuscript, we 

demonstrate that the 3' untranslated region (3' UTR) of the DNMTI mRNA can 

confer a growth-dependent regulation on its own message as well as a heterologous 

P-globin mRNA. Our results indicate that a 54-nucleotide highly conserved element 

within the 3'UTR is necessary and sufficient to mediate this regulation. Cell-free 

mRNA decay experiments demonstrate that this element increases mRNA turnover . 

rates, and does so to a greater extent in the presence of extracts prepared from 

arrested cells. A specific RNA-protein complex is formed within the 3'UTR only in 

• growth-arrested cells, and a UV crosslinking analysis reveals a 40 kDa protein (p40), 

whose binding is dramatically increased in growth arrested cells and is inversely 

correlated with dnmtl mRNA levels as cells are induced into the cell cycle. While 

ectopic expression of human DNMTllacking the 3'UTR can transform NIH-3T3 

cells, inclusion of the 3'UTR prevents transformation. These results support the 

hypothesis that deregulated expression of DNMTI with the cell cycle is important 

for cellular transformation. 

•� 
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• INTRODUCTION 

DNA methylation is a covalent modification of DNA that can modulate gene expression, 

and is now recognized as a major component of the epigenome (Razin, 1998; Razin and 

Riggs,1980). The methylation of cytosines in vertebrates occurs when they are found 5' 

to deoxyguanosine in the sequence CpO. 80 % of CpOs are methylated (Szyf et aI., 

1984), and are distributed in a pattern which is unique in each tissue, and is inversely 

correlated with gene expression (Szyf et al., 1984). 

The pattern of methylation is faithfully maintained during cell division by the enzyme 

DNMT1, the maintenance DNA methyltransferase (Li et aI., 1992), which catalyzes the 

• transfer of a methyl group from S-adenosylmethionine to the 5th position of the cytosine 

ring (Kumar et aI., 1994; Wu and Santi, 1985). DNMTI has a bilateral relationship with 

DNA replication and cell growth (Szyf, 2oo1c). DNA methylation occurs concurrently 

with DNA replication (Araujo et aI., 1998) and the expression of dnmtl is tightly 

coordinated with the cell cycle (Szyf et al., 1991), while inhibition of DNMTI inhibits 

DNA replication (Knox et aI., 2000) leading to senescence and inhibition of cell growth 

(Jackson-Grusbyet aI., 2001; Young and Smith, 2001). Deregulated expression of 

DNMTl was previously suggested to playa causal role in cellular transformation (el­

Deiry et aI., 1991; Szyf, 1994). Several lines of evidence are in accordance with this 

hypothesis. First, elevated levels of DNMTl mRNA and activity were reported in tumors 

and cancer cell lines (Belinsky et aI., 1996; Issa et aI., 1993; Kautiainen and Jones, 1986). 

• Second, ectopic expression of DNMTl results in cellular transformation (Vertino et aI., 
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• 1996; Wu et al., 1993). Third, DNMTI expression is regulated by nodal protooncogenic 

signaling pathways (MacLeod et al., 1995; Rouleau et al., 1995; Slack et al., 1999). And 

fourth, inhibition of DNMTI by 5-azacytidine (a pharmacological inhibitor of DNMT1), 

or a reduction in DNMTI levels by either antisense mRNA or antisense oligonucleotides, 

reverses tumorigenesis (Laird et al., 1995; MacLeod and Szyf, 1995; Ramchandani et al., 

1997). 

The mechanism by which DNMTI influences cellular transformation is unclear. It has 

been proposed that high levels of DNMTI can lead to ectopic methylation and silencing 

of tumor suppressor genes (Baylin et al., 1998). However, a clear correlation between 

general DNMTI overexpression and tumor suppressor hypermethylation has not been 

• established (Eads et al., 1999; Jurgens et al., 1996). It has recently been suggested that 

deregulated expression of DNMTI during the cell cycle might be critical for DNMTI 's 

effects on cell growth (Robertson et al., 200Gb; Szyf et al., 2000). Previous nuclear run 

on experiments have demonstrated that while both growth-arrested and cycling cells 

transcribe dnmtl mRNA at a similar rate, the mRNA is only detected in cycling cells 

(Szyf et al., 1991). This suggests that the cell cycle regulation of dnmtl occurs at the 

posttranscriptionallevel. It stands to reason that the mechanisms involved are linked to 

basic control points of the cell cycle and potentially linked to cellular transformation. To 

test this hypothesis, the factors responsible for regulation of DNMTI expression with the 

cell cycle must be identified. One potential element is the AU-rich 3' untranslated 

region (3 'UTR) of the DNMTI mRNA, since it is well documented that this type of 

• element can regulate mRNA levels (Wilson and Brewer, 1999). 
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• Regulation of mRNA stability by AU-rich elements (AREs) is an important mechanism 

involved in orchestrating the expression of critical genes in development (Surdej et aI., 

1994; Zhou et aI., 1998) and cell cycle (Joseph et aI., 1998; Maity et aI., 1997), early 

response genes involved in cellular growth such as c-myc (Jones and Cole, 1987) and c­

ios (Treisman, 1985), as well as cytokines such as granulocyte macrophage colony­

stimulating factor GM-CSF (Shaw and Kamen, 1986) and lL-3 (Ming et aI., 1998). 

These regions often modulate mRNA levels in response to a change in cell environment 

by growth factors (Jang et aI., 2000; Scheper et aI., 1996), developmental factors (Buzby 

et al., 1999), and hormones (Staton et aI., 2000). Although the mechanism by which 

AREs act has not been fully elucidated, it appears to involve the binding of various 

protein factors, several of which have been well characterized, such as AUFI (DeMaria 

• and Brewer, 1996; Zhang et aI., 1993) and the ELAV family members (Atasoy et al., 

1998; Ford et aI., 1999). 

In this study, we test the hypothesis that the 3'UTR of the DNMTI mRNA plays a role in 

regulating its levels with the cell cycle, and that deregulation at this level has an effect on 

cellular transformation by DNMTI. We show that a 54-nucleotide highly conserved 

element within the 3'UTR can confer a growth-dependent regulation on both homologous 

and heterologous mRNAs in living cells, and that this region can destabilize mRNA in 

vitro. This element interacts with a 40 kDa protein, whose binding is inversely correlated 

with dnmtl mRNA levels throughout the cell cycle. Finally, we demonstrate that the 

3'UTR influences the cellular changes observed upon overexpression of DNMTI in Nlli­

• 3T3 cells, thus providing a link between DNMTI regulation, cell cycle, and oncogenesis. 
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• MATERIALS AND METHODS
 

Cell culture andflow cytometry- Balb/c-3T3 cells (ATCC) were maintained as a 

monolayer in Dulbecco Modified Medium (Life Technologies, Inc.) containing 10% calf 

serum (Colorado Serum Co). To arrest cells at Go/Gl, confluent Balb/c-3T3 cells were 

cultured in a medium containing 0.5% calf serum for 48 h. The cells were induced to 

enter the cell cycle by replacing the growth medium with medium containing 10% calf 

serum. Cells at various stages of the cell cycle were obtained by harvesting them at 

varying lengths of time after serum induction. To determine the percentage of cells at 

different stages of the cell cycle, cells were stained with propidium iodide and the DNA 

content was measured by flow cytometry (Melamed, 1990). 

• Plasmid construction- pCRII-DNMTI3'UTR: Human DNMTI 3'UTR (5090-5408) was 

amplified by RT-PCR from 1 IJg of total RNA prepared from human lung cancer H446 

cell line (ATCC). Reverse transcription was performed using random primers (Roche 

Molecular Biochemicals) and Superscript reverse transcriptase as recommended by the 

manufacturer (Life Technologies, Inc.). For PCR amplification with Taq polymerase 

(CLONTECH) 50 ng of the sense primer 5'TCTGCCCTCCCGTCACCC3' and antisense 

primer 5'GGTITATAGGAGAGATIT3' were used to amplify the 3'lITR from 51Jl of 

reverse transcribed eDNA in the presence of 1 mM dNTPs and the manufacturer's 

amplification buffer supplemented to 2 mM MgCI2• Cycling conditions were: 95°C for 1 

min, 50°C for 1 min, 72°C for 1.5 min (30 cycles). The amplified fragment was 

• subcloned into pCR IT using TA Cloning Kit (Invitrogen) as recommended by the 
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• manufacturer. To generate pRBG-DNMTI3'UTR, the human DNMTI 3'UTR was 

excised from PCRn-DNMTI3'UTR with Bamlll and XbaI and ligated into a XbaI-SalI 

digested pRBG-GC (Shaw and Kamen, 1986). The incompatible ends were then filled 

using Klenow DNA polymerase (Roche Molecular Biochemicals) and the blunt ends 

were joined using 1'4 DNA ligase (MBI Fermentas). 

pRBG-DNMTI6, 5'259 and pSK-6,5'259: sense and antisense oligonucleotides coding 

for bases 5349 to 5405 bearing 5' XbaI and 3' SalI overhangs were annealed and ligated 

into the XbaI and SalI sites of both pRBG-GC and pBluescript SK. 

pSK-6,3'56 and pSK-6,3'158 were generated by PCR amplification using 10 ng of 

• pCRn-DNMT13'UTR as a template, the 3'UTR sense primer as above, and antisense 

primers: 5'GTCGACTIAATITCCACTCATACAGTGGTAG3' for pSU3'56, and 

5'GTCGACTIAGTTGATAAGCGAACCTCACACA3' for pSU 3' 158. The amplified 

sequences were cloned into PCRn, then removed from the vector by SalI digestion and 

ligated into pBluescript-SK cut with SalI and Sma!. 

pUD-hDNMTI and pUD-hDNMTI6,UTR: The pUDI vector (a gift from Dr. L. Chasin) 

was digested with EcoRI and HindIll (to remove the DHFR gene), and either blunt­

ended or modified with the following linkers: 5'AATfCTAG3' and 5'AGCTCTAG3' to 

generate an XbaI site. Human DNMTI cDNA (360-5085) was inserted into the blunt 

pUDI to give pUD-hDNMTI6,UTR, while DNMTI cDNA (360-5408) was inserted into 

• the modified pUD1 to give pUD-hDNMTl. 
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• pAd-DNMTl, pAd-DNMTL~3'56,pAdDNMTIL\3'UTR: DNMTl cDNA was cloned 

into the AdEasy shuttle vector pAdTrack cytomegalovirus in the XbaI site. Adenoviral 

recombination and preparation of the infectious particles in HEK 293 cells was 

perfonned as described previously (He et al., 1998b). The following DNMTl regions 

were used: 1- 5408 (pAd-DNMTl), 1-5350 (pAd-DNMTIL\3'56) and 1-5085 (pAd­

DNMTIL\3'lITR). 

Preparation and analysis ofRNA- Total RNA was prepared by the guanidinium 

isothiocyanate method (Chirgwin et aI., 1979) and mRNA levels were determined by 

Northern blot analysis. Approximately 10 Jlg of RNA was electrophoresed on a 1.2 % 

denaturing agarose gel and then transferred to Hybond-N+ membrane (Amersham 

• Biosciences). Blots were probed with the indicated 32P-Iabeled cDNA probes synthesized 

using a random priming labeling kit (Roche Molecular Biochemicals). The membranes 

were hybridized at 68 °C for 4-6 h in a buffer containing 0.5 M sodium phosphate pH 6.8, 

1 mM EDTA, 7% SDS, and 0.2 mg/ml herring spenn DNA. Following hybridization the 

membranes were washed twice for 10 min in a 5% SDS, 0.04 M sodium phosphate pH 

6.8, 1 mM EDTA solution, and then four times for 10 min in the same solution 

containing 1% SDS. The following probes were used: rabbit J3-globin (a 500 bp XJwI­

BamHI fragment from pRBG-GC), hDNMTI (a 1.5 kb fragment from nucleotides 601­

2191 of the full length human DNMTl cDNA), mDNMTI (a 1.7 kb fragment from 

nucleotides 844- 2544 of the full length mouse dnmtl cDNA), green fluorescent protein 

(GFP) (a 765 bp NheI-HindIII fragment from pEGFP-CI (CLONTECH». The level of 

• expression of the different mRNAs was quantified by densitometric scanning of the 
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• relevant autoradiogram. Each experiment was normalized for the amount of total RNA 

•
 

by hybridization with a 3zP-Iabeled 18s ribosomal RNA oligonucleotide probe (Szyf et 

aI., 1990), with the exception of the adenoviral experiments, which were normalized to 

GFP that is expressed by the adenoviral vector. 

Stable transfections- To create the pRBG stable lines, 5 Ilg of the following plasmids 

were introduced into Balb/c-3T3 cells by DNA mediated gene transfer using the calcium 

phosphate protocol (Ausubel, 1988): pRBG-AT (bearing the 3' UTR of human GM-CSF 

and a neomycin resistance gene as a selectable marker), pRBG-GC (control) (both 

plasmids were a kind gift of Dr. G Shaw) (Shaw and Kamen, 1986), pRBG­

DNMT13'UTR, and pRBG-DNMflLl5'259. G418-resistant colonies were cloned and 

propagated in selective medium containing 0.25 mg/ml Geneticin (Life Technologies 

Inc.). 

Stable lines expressing pUD-hDNMTI and pUD-hDNMflLl3'UTR (the pUD vector 

bears a tetracycline repressible promoter) were obtained by transfecting 6 Ilg of each 

construct together with 6 Ilg of a puromycin resistance expression vector pBABEpuro 

(Morgenstern and Land, 1990) into TetOff NllI-3T3 cells (CLONTECH) using 

SuperFect reagent (Qiagen) according to the manufacturer's protocol. Resistant colonies 

were selected in media containing 3 Ilg/ml puromycin (Sigma), and were then further 

cultured in the presence of 1 Ilg/ml doxycycline (Sigma) to repress transcription of the 

transfected DNMT1. Northern blot analyses were used to verify expression of the ectopic 

DNMTl for both sets of transfectants. Growth arrest was accomplished by culturing in •
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•	 0.5% serum for 48 h; to induce growth, arrested cells were cultured in 10% serum­

containing medium for 20 h. Doxycycline was removed 48 h before serum starvation to 

induce ectopic DNMTI transcription. Growth rates were determined following plating 

the cells in six-well culture dishes at a density of 25000 cells per well. Cells were then 

counted on 6 subsequent occasions throughout the span of 11 days, and phase contrast 

photography was performed on the last day. An average of 4 counts was performed for 

each time point. 

Adenoviral Infections- Balb/c-3T3 cells were grown to confluence in six-well plates and 

were then transferred to 0.5% serum medium for 48 h to arrest cell growth. Cells were 

then infected for 4 h in serum free media with pAd-DNMTl, pAd-DNMTIA3'56, and 

pAd-DNMTIA3'UTR at multiplicities of infection of 25, 50,150 respectively. 100% of• cells were infected as determined by visualization of GFP, which is expressed by the 

adenoviral vector. Cells were then maintained in 0.5 % media for additional 24 h before 

the medium was replaced with one containing either 10% or 0.5% serum. RNA was 

harvested after 20 h and was analyzed by a Northern blot analysis as described above. 

In vitro RNA synthesis- To generate RNA transcripts for the gel mobility shift, UV 

crosslinking, and in vitro degradation assays, the following plasmids were linearized at 

the indicated restriction sites: pCRll-DNMT13'UfR (BamIll), pSK-A5'259 (Safi), pSK­

A3'56 (SalI), pSK-A3' 158 (SalI). In vitro transcription was then carried out in the 

presence of 50 JlCi of [a32p]_UTP (3000 Cilmmol, PerkinElmer Life Sciences) using 

•	 either 1'7 polymerase (for DNMT13'UTR) or 1'3 polymerase (forA5'259, A3'56, A 
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• 3'158). The Ambion in vitro transcription kit was used as recommended by the 

manufacturer. Cold competitor RNA transcripts were synthesized using the Promega 

RiboMax system according to the protocol supplied by the manufacturer. 

Preparation ofwhole cell extracts -Balb/c-3T3 cells were harvested and resuspended in 

extraction buffer (20 mM Tris-HCI pH 7.5, 0.4 M KCI, 20% (v/v) glycerol, 2 mM DTT, 

and IX Complete™ protease inhibitor (Roche Molecular Biochemicals». The suspension 

was frozen immediately at -80°C for 1 h and the whole cell extract was isolated by 

centrifugation at 10,000 x g for 15 min. The supernatant was recovered and used for 

RNA binding assays. Proteinase K treatment was carried out for 1 h at 37°C at a final 

concentration of 1 Jlgl~ . 

• RNA mobility gel shift assays and UV crosslinking- Reaction mixtures were incubated on 

ice for 1 h in a 20 ~ mixture containing 50 /lg of whole cell extract, 1,000,000 cpm of 

probe, 10 /lg tRNA (as a non specific RNA competitor), and the following buffer: 10 mM 

Hepes pH 7.6,3 mM MgC12' 40 mM KCI, 5% glycerol, 1 mM DTT. Following 

incubation, free unbound 32p -labeled RNA was removed by treating the reaction mixture 

with 1.5 ~ RNase Tl (1 unitlml) and 1.5 J1l RNase A (10 mglml) for 10 min at room 

temperature. Heparin (5 /lglml) was added and the reaction was incubated for additional 

10 min at room temperature. The resulting complexes were resolved on a 10% non­

denaturing polyacrylamide gel. For UV crosslinking assays, the same reaction mixture 

was subjected to incubation on ice for 1.5 h under UV light (254nm). Cold RNA 

• competitors were used at a concentration of l000x. RNases were added as above and the 
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• reaction mixture was incubated for additional 30 min at 37°C. 5 JJ1 of 5X loading buffer 

(1.05 M Tris CI, pH 6.8,36% glycerol, 100 mglml SOS, 0.2% J3-mercaptoethanol, 0.12 

mglml bromophenol blue) were added and the mixture was boiled for 10 min. Protein­

RNA complexes were resolved on a 10% SOS-polyacrylamide gel. 

In vitro RNA degradation assay- RNA decay rates were assessed using the protocol 

described in (Buzby et aI., 1999) with the following modifications. 10 /lg of whole cell 

extract and 2.5 X 105 cpm of in vitro synthesized RNA transcript were used, and the 

reactions were carried out for 0.25 to 4 h at 37°C. The concentration of RNA at each 

time point was quantified by densitometry of the autoradiogram and is presented in the 

figures as the percentage of RNA remaining at each time point relative to the 

concentration of RNA at time O. The half-life of each RNA was calculated from the • logarithmic decay plots. 

Quantification ofDNMTI mRNA expression by competitive RT- PCR- Total RNA (lug) 

from TetOff NIH-3T3 stable lines was reverse transcribed with M-MuL-V reverse 

transcriptase and a random primer (MBI Fermentas) using the manufacturer's protocol in 

the presence of 25 /lCi of 35S-1abeled dATP (1250 Cilmmol) to quanify the efficiency of 

reverse transcription. Equal amounts of cONA (30,000 cpm as determined by [35S]_ 

dATP incorporation) were subjected to ONMT1 PCR amplification using Taq 

polymerase (MBI Fermentas) in the presence of decreasing concentrations (l0-12 _10-16 

nM) of a competitor DNA fragment. The following primers were used: 

• 
5'ACCGCTTCTA-CTTCCTCGAGGCCTA3' (sense, starting at 3479) and 5' 

GTTGCAGTCCT-CTGTGAACACTGTGG3' (antisense, starting at 3813) to amplify the 
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• target sequence, and 5'CCTCGAGGCCTAGAAACAAAGGGAAGGGCAAG-3, 

(ending at 3576) to create the competitor as previously described (Tao et al., 1997). PCR 

conditions were as follows: 96°C for 1 min, 65°C for 1 min, and 72 °c for 1 min (33 

cycles). To differentiate between the endogenous mouse dnmtl and transfectedhuman 

DNMT1 mRNA, the PCR was transferred to Hybond-N+ membrane and hybridized with 

an oligonucleotide corresponding to bases 3595-3617 of the full length DNMTI mRNA 

(GenBankfM accession no. NMOO1379.1). The oligo was labeled at the 5' end using 20 

J,tCi of [y_32p]_ATP (3000 Cilmmol, PerkinElmer Life Sciences) and T4 polynucleotide 

kinase (MBI Fermentas) according to the manufacturer's protocol. The membranes were 

incubated for 16 h at 42°C in the following hybridization buffer: 1% SDS, 5X SSC, 5X 

Denhardt's solution (0.5 mg/ml Ficoll, 0.5 mg/ml polyvinylpyrrolidone, 0.5 mg/ml BSA), 

• and 0.1 mg/ml herring sperm DNA. Membranes were then washed twice with 6X SSC + 

0.1 % SDS for 10 min at room temperature, twice for 10 min at 37°C, and twice for 10 

min at 42 °c. 

To further confirm that equal amounts reverse transcribed cDNA were being used, we 

amplified Ji-actin using the following primers: '5'- GTTGCTATCCAGGCTGTGCTA-3' 

(sense, starting at 473), and 5'- GCGGATGTCCACGTCACACTT-3' (antisense, starting 

at 943) (GenBanklM accession no. XM_004814). Touch down PCR was used by 

decreasing the annealing temperature from 66°C to 60 °c over 4 cycles, and then 

continuing with: 96°C for 30 s, 60°C for 30 s, and 72°C for 30 s (21 cycles). 

• 
RESULTS 
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• Time course ofdnmtl mRNA increase following serum stimulation ofarrested Balb/c­

3T3 cells- Previous studies have demonstrated that DNMTI is regulated with cell growth 

• 

(Nass et al., 1999; Robertson et aI., 2000b; Szyf et al., 1991; Szyf et al., 1985b). To 

correlate the levels of dnmtl mRNA with different stages of the cell cycle in our system, 

Balb/c-3T3 cells were stimulated with serum for varying times following growth arrest, 

and concurrent FACS and Northern blot analyses were performed. As seen in Fig.!, A 

and C, the majority of cells are arrested at GO/G1 (70%) after serum deprivation for 48 

hours (t=O). Addition of serum-containing medium induces entry of the cells into the S 

phase of the cell cycle, which peaks 24 hours post stimulation (S= 51%). dnmtl mRNA 

is barely detectable in arrested cells and is induced late in G1 (8-12 h), reaching its 

maximum levels at the Gl-S boundary (20h)(Fig. 1, B and C). dnmtl mRNA remains 

elevated throughout S, and then begins to decrease as cells continue into G2-M. Since 

nuclear run-on transcription experiments have previously shown that dnmtl is transcribed 

at a constant rate throughout the cell cycle (Szyf et al., 1991), the variation in mRNA 

levels must occur at the posttranscriptionallevel. This mode of regulation has already 

been reported for dnmtl in several cases, such as in myoblast differentiation (Liu et al., 

1996), F9 cell differentiation (Teubner and Schulz, 1995), anddnmtl upregulation by T­

antigen (Slack et al., 1999). 

The 3'UTR ofthe DNMTl mRNA contains a highly conserved AU-rich element- Since the 

3' untranslated region (3'UTR) of an mRNA is often implicated in mediating post 

transcriptional regulation, we examined this region of DNMTl for the presence of any 

• potential mRNA regulating motifs. We first reasoned that an important regulatory 

83 
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• element should remain conserved throughout evolution. As can be seen in Fig. 2, an 

alignment of the 3'UTR of the DNMTI mRNAs from human, mouse, rat, Xenopus, 

chicken, and zebrafish (daniorerio) identifies a 54-nucleotide region which is 100% 

conserved between human and chicken, and a smaller region of 36 nucleotides which is 

conserved among all the species. Also shown are several AU-rich sequences that may act 

as potential RNA destabilizing motifs (Fig. 2, boxed and underlined) (pende et al., 1996). 

Such a homology in a noncoding region is unusual (less than 30 % would be expected 

without selective pressure (Asson-Batres et al., 1994)), and strongly suggests an 

important regulatory role for this RNA element. The 54-nucleotide sequence is unique to 

DNMTI and no other example was found in the human genome by a BLAST search of 

the human genome data bank. Many mRNAs which are regulated posttranscriptionally 

contain highly conserved 3' UTRs, such as c-fos, bel2, fibronectin (Spicher et al., 1998), 

B-Ar (Tholanikunnel et al., 1999), p21 (Joseph et al., 1998), and IgfII (Scheper et al., 

1996). As many of these regions often modulate mRNA levels in response to varying 

environmental and growth conditions, it is highly probable that this region of the DNMTI 

mRNA is involved in its cell cycle regulation. 

The DNMTI 3'UTR can downregulate the stable B-globin mRNA in growth arrested 

cells- To test the hypothesis that the regulation of DNMTI mRNA levels involves cis­

acting sequences within the 3'UTR, we assayed whether this region could direct growth­

dependent regulation of the stable rabbit f3-globin mRNA. Various AREs, such as those 

of GM-CSF (Shaw and Kamen, 1986) and PAI-l (Tillmann-Bogush et al., 1999), have 

• been shown to destabilize the rabbit f3-globin mRNA when inserted into its 3' UTR. We 
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• placed either the fu1l3'UTR ofDNMTI (pRBG-DNMfI3'UTR) or only the 54­

nucleotide conserved sequence (pRBG-DNMTIL\5'259) into the rabbit 13-globin gene 

3'UTR as indicated in Fig. 3A. We used the stable pRBG-GC construct as a negative 

control, and the pRBG-AT construct bearing the instability element from GM-CSF as a 

positive control (Shaw and Kamen, 1986). These were transfected into Balb/c-3T3 cells, 

stable transfectants expressing the different constructs were then selected, and RNA was 

prepared from either growth-arrested cells or from cells that had been serum-stimulated 

for 20 hours (time at which dnmtl mRNA peaks, see Fig. 1). The level of globin mRNA 

under each condition was determined by Northern blot analysis and normalized relative 

to 18s rRNA (Fig. 3, B and C). To take into account any possible difference in mRNA 

levels due to a decreased promoter activity of the RBG vector in arrested versus serum­

• stimulated cells, the results presented in Fig. 3C were normalized relative to that of the 

GC stable control. Our findings demonstrate that the DNMTl 3'UTR is able to 

downregulate the 13-globin mRNA in arrested cells but not in serum-stimulated cells. 

The fu1l3'UTR is not required, however, since the chimeric J3-globin construct 

containing the 54-nucleotide element by itself (A5'259) is also able to perfonn the same 

function. As expected, the stable pRBG-GC construct does not show significant variation 

with the growth state of the cells, while pRBG-AT is constitutively destabilized. These 

data indicate that the conserved 54-nucleotide region within the DNMTl 3'UTR is 

sufficient to downregulate a heterologous mRNA in growth-arrested cells. 

The 54-nucleotide highly conserved region a/the 3'UTR is required to downregulate the 

• DNMTl mRNA in growth-arrested cells- We then assessed whether the DNMTl 3'UTR 
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• could regulate its own mRNA in a similar manner, by generating adenoviral vectors 

expressing human DNMTI containing deletions within the 3'UTR (Fig. 3D). The 

adenovirus system is advantageous since sufficient levels of transient expression of the 

exogenous constructs are obtained, thus avoiding the tedious process of generating stable 

cell lines. In addition, the adenoviral vector contains the gene for GFP, which is under 

control of the same promoter and poly A signal as the gene of interest, and so can serve 

as an ideal internal control for infection efficiency as well as for any variations in 

promoter activity due to changes in growth conditions. 

Fig. 3E displays a representative Northern blot of RNA from Balb/c-3T3 cells infected 

with the different adenoviral constructs. We used a human DNMTI cDNA probe to 

• differentiate between the exogenous human DNMTl deletions and the endogenous mouse 

dnmtl, and under our conditions of hybridization, the endogenous dnmtl is undetected. 

Once the results are quantified and normalized to GFP (Fig. 3F) they demonstrate that 

only the DNMTI construct bearing the fu1l3'UTR (DNMl'l) is downregulated in 

arrested cells. By removing the 3'UTR (~3'UTR), or by simply deleting the conserved 

54-nucleotide sequence (~3'56), we abolish this cell growth-dependent change in 

DNMTI mRNA levels. Taken together, these results and those from the previous 

experiment indicate that the DNMT13'UTR can downregulate an mRNA in either a 

heterologous or homologous context in a growth-dependent manner, and that the 

conserved 54-nucleotide sequence is necessary and sufficient for this regulation. 

A specific protein (p40) binds the conserved region o/the DNMTI 3'UTR and is 

• upregulated in growth-arrested cells- The 3'UTR has been shown to mediate its 
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• regulatory effects through interactions with various RNA binding proteins, such as AUFI 

(DeMaria and Brewer, 1996; Zhang et aI., 1993), and the ELAV proteins (Atasoy et aI., 

1998; Ford et aI., 1999). Many other 3'UTR mRNA binding activities have been found 

(Heaton et aI., 2000; Hew et aI., 1999; Malter and Hong, 1991; Ostareck-Lederer et aI., 

1994), however most of these have not been well characterized as of yet. In many 

instances, the expression or binding activity of the proteins themselves is modified in 

response to various stimuli (Atasoy et aI., 1998; Pende et aI., 1996), and is correlated with 

either up- or down- regulation of the associated mRNAs (Buzby et aI., 1996; Sirenko et 

aI.,1997). 

We therefore addressed the question of whether the growth regulation of DNMTI mRNA 

• levels involves the formation of growth phase-specific RNA-protein complexes? To 

answer this, we performed an RNA gel mobility shift assay using a 32P-Iabeled DNMTI 

3 'UTR RNA transcript (Fig. 4A, 3 'UTR), and whole cell extracts prepared from BaIblc 

cells which were growth-arrested and then serum-stimulated for specific lengths of time 

(as in Fig. 1). The RNA-protein complexes were subjected to RNase digestion to remove 

free unbound RNA prior to resolving of the complex on a nondenaturing polyacrylamide 

gel. As observed in Fig. 4B, the profile of RNA protein complexes within the 3'UTR 

changes as passage into the cell cycle occurs. Most strikingly, a specific complex 

(indicated by an arrow) is only observed in extracts prepared from growth-arrested cells. 

The fact that these complexes are formed in the presence of excess of nonspecific tRNA 

suggests that these interactions are specific. 

•� 
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• UV crosslinking analysis was then utilized to further study RNA-protein interactions 

within the 54-nucleotide element, as this region appears to be critical for DNMTl mRNA 

downregulation. The UV crosslinking method allows one to observe the binding of 

individual proteins to the RNA, and the molecular weight of the proteins can be 

approximated. As can be seen in Fig. 4C, the interaction of A5'259 with a protein of 

approximately 40 kDa (which we will from now on refer to as p40) is found to occur 

almost exclusively in arrested cells. A competition experiment was then carried out, with 

cold competitors comprising the various 3'UTR constructs (Fig. 4, A and D). As 

expected, both 3'UTR and A5'259 are effective competitors, and displace p40 binding 

from the labeled A5'259 probe. However, A3'56 and A3' 158 did not compete, 

demonstrating that the binding of p40 is specific to the conserved 54-nucleotide element. 

• No binding activity was observed in experiments performed with probe alone, or with 

cell extracts (serum stimulated and arrested) treated with proteinase K (Fig. 4C), 

confirming that the p40 band is indeed a protein. 

The above findings, together with the results in Fig. 3, suggest that p40 may be involved 

in the mRNA downregulation mediated by the 54-nucleotide element in arrested cells. 

To provide further support to this theory, we performed a UV crosslinking with extracts 

prepared at various time points after serum stimulation of arrested cells. A representative 

UV crosslinking is shown in Fig. 3E, and the average results of 3 quantified experiments 

are illustrated in Fig. 3F. We can clearly see that p40 binding is decreased between 0 and 

6 hours after cell growth is stimulated, and other proteins interact with the 54-nucleotide 

• element as cells progress through the cell cycle. When we overlay the time course of p40 
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• binding with dnmtl mRNA levels following serum stimulation (Fig. 40), we observe an 

inverse correlation between p40 binding and dnmtl mRNA levels; dnmtl mRNA 

increases shortly after p40 levels fall, and remains elevated while p40 binding is low. 

Although these results do not prove that p40 is responsible for the change in dnmtl 

mRNA levels, the facts that p40 binding is highly induced in growth-arrested cells and 

that it is specific for the same region that is required for mRNA downregulation are 

consistent with this hypothesis. 

• 

The rate ofmRNA decay in vitro is accelerated in the presence ofthe 54 nucleotide 

region and arrested cell extracts- Since mRNA posttranscriptional regulation can occur 

at multiple levels, we addressed the question of how does the DNMTI 3'UTR 

downregulate mRNA levels in growth-arrested cells? We decided to investigate the role 

of the DNMTI 3'UTR in mRNA decay for two reasons. First, the 3'UTR contains 

several AREs, which have been shown to modulate the stability of a wide variety of 

mRNAs, and second, alterations in mRNA half -life involving AREs have been found to 

involve changes in RNA-protein interactions. 

We used an in vitro or cell-free RNA degradation assay (Buzby et al., 1999) to assess the 

decay rates of the various DNMTI 3'UTR deletion constructs. This method measures the 

decay of in vitro synthesized radiolabeled RNA transcripts that are incubated with 

extracts prepared from cells grown under various conditions. This technique has several 

advantages over other methods of measuring mRNA decay (Wilson and Brewer, 1999), 

• the most important being that it avoids the in vivo use of transcriptional inhibitors such as 
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• actinomycin D and DRB, both of which have been found to alter the stability of certain 

mRNAs (Baker et al., 2000; Kessler and Chasin, 1996; Noe et al., 1999; Searles et al., 

1999), and would therefore confound any half-life measurements. In our hands, 

actinomycin D stabilized the DNMTI mRNA and therefore could not be used. We also 

tried using stable lines expressing tetracycline-repressible DNMTI constructs, however 

all the cell lines we obtained expressed background levels of DNMTI in the presence of 

the repressor. 

Fig. 5, A and B show the results of the decay experiment performed with the various 

3'UTR deletions in the presence of extracts prepared from arrested Balb/c cells (arrested) 

or in decay buffer alone (control). We observe that the entire 3'UTR (3'UTR), and the 

•� 54-nucleotide element (a5'259), decay with half-lives of 35 min and 60 min respectively.� 

However, the half-lives of aJ'158 and a3'56, both of which lack the conserved sequence, 

were significantly longer (100 min and 132 min respectively), suggesting that in the 

presence of arrested cell extracts, this element can accelerate the degradation of the 

DNMTI 3'UTR in vitro. No significant decay was observed with any of the RNA 

transcripts in buffer alone. The factthat the half-life of the full3'UTR is shorter than that 

of the 54-nucleotide element implies that other regions upstream this sequence may 

enhance its destabilizing properties. 

To test whether this decay is affected by cell growth, we compared the stability of a5'259 

RNA in the presence of growth-arrested and serum-stimulated cell extracts (Fig. 5, C and 

• D). The half-life of the RNA increases from 58 min when it is incubated with arrested 
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• extracts to 105 min when the RNA is incubated with growth-induced extracts. These 

data are consistent with the hypothesis that the likely mechanism by which A5'259 

downregulates mRNA in arrested cells in vivo (Fig. 3) is by decreasing mRNA stability. 

The 3'UTR inhibits DNMTI induced transformation ofNIH-3T3 cells - It has been well 

documented that DNMTI is overexpressed in a variety of tumors and cancer cell lines 

(Belinsky et aI., 1996; Issa et aI., 1993; Kautiainen and Jones, 1986), and that ectopic 

expression of DNMTI can transform both NIH-3T3 cells (WU and Santi, 1985) and 

human fibroblasts (Vertino et aI., 1996). However, only the coding region of DNMTI 

was used in these latter two studies. 

• DNMTI interacts with various cell cycle regulators, such as PCNA (Chuang et aI., 1997), 

and Rb-E2F (Robertson et aI., 2000a), and recent data suggest that the cell cycle 

regulation of DNMTI is disrupted in colorectal cancer cells (De Marzo et aI., 1999) and 

in ER-negative breast cancer cells (Nass et aI., 1999). We therefore tested the hypothesis 

that the loss of this cell cycle regulation is the main reason for DNMTl's transforming 

properties, and expression of a DNMTI construct with its fu1l3'UTR, which should be 

properly regulated, would not result in changes in cellular identity. 

We generated stable NIH-3T3 cell lines expressing human DNMTI with the full 3' UTR 

(hDNMT1), or without the 3'UTR (hDNMTIAUTR) under the direction of a tetracycline 

repressible promoter. Our first interesting observation was that the hDNMTAUTR clones 

• (n=lO) grew at a much faster rate than the hDNMTI clones. Then, after several passages, 
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• many of the transfected lines exhibited signs of cell death, indicating that expression of 

hDNMT1AUTR had toxic effects. This is not surprising, since others have also observed 

harmful consequences of DNMTl overexpression (Vertino et al., 1996; Wu et aI., 1996). 

To inhibit expression of the transfected constructs and prevent this effect, we cultured the 

transfectants in the presence of doxycycline until 48 hours prior to each experiment. 

We first examined whether the constructs were differentially regulated with cell growth 

as would be expected. Fig. 6A depicts the results of a competitive RT-PCR performed to 

quantify the levels of DNMTl mRNA in transfectants that were either serum-starved or 

serum-stimulated for 20 hours. Since the PCR primers used amplify both the mouse and 

human DNMTI, we then hybridized our PCR with a human specific DNMTl 32p_ labeled 

• oligonucleotide probe to specifically detect the hDNMT1 constructs. Similar to the 

results obtained with the adenovirally expressed DNMTI and the fj-globin chimeras (Fig. 

3), no DNMTI mRNA is detected in arrested cells expressing the full hDNMT1 construct 

(Fig. 6A, left panel). However, in cells expressing hDNMT1AUTR, mRNA is present at 

competitor concentrations of 10'14_10 -16nM. As expected, in growth-stimulated cells, 

both constructs show a similar expression profile (Fig. 6A, right panel). 

We then studied in detail the growth characteristics of the different clones with respect to 

cell cycle distribution, growth rates, and morphology. Fig. 6B displays a growth curve of 

representative hDNMT1 and hDNMT1AUTR expressing clones, as well as the parental 

NIH-3T3 cells. While both the control cells and the hDNMT1 clone exhibit similar 

• growth rates, which begin to level off after 10 days, the hDNMT1AUTR clone grows at a 
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• faster rate and does not reach saturation with high density. Accordingly, a FACS analysis 

carried out in the presence or absence of serum (Fig. 6C), reveals that a higher percentage 

of hDNMTIAUTR cells are found in S phase both in the presence and absence of serum. 

The observation that the parent cell line grew slightly faster that the hDNMTI clone 

could be because the hDNMTI clone was maintained in the presence of puromycin (the 

selection drug), which we found slowed down cell growth. But perhaps the most striking 

are the morphological changes observed in the hDNMTIAUTR clone. As can be seen in 

Fig. 6D, while both the control and hDNMTI cells form an organized monolayer and are 

contact inhibited upon reaching confluence, the hDNMTIAUTR clone grows in a 

disorganized pattern and continues to do so after confluence is reached, forming large 

foci. Similar results were observed with 6 other clones. These results suggest that the 

• cell cycle regulatory activity of the 3'UTR inhibits the cellular changes observed upon 

ectopic expression of DNMT1, thus supporting the hypothesis that deregulation of the cell 

cycle dependent expression of DNMTl is important for cellular transformation. 

DISCUSSION 

Since hyperactivation of DNMTI has been implicated in cellular transformation (Szyf, 

1994), understanding how this enzyme is regulated with cell growth is of obvious 

interest. In this study, we first confIrm previous findings that the dnmtl mRNA is 

regulated with the cell cycle (Robertson et al., 2oo0b; Szyf et aI., 1991). dnmtl mRNA is 

essentially absent in arrested cells. then increases as cells are induced by serum and 

• reaches its maximum level just before the peak of S phase; this coordination would 
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• ensure that sufficient DNMTI protein is synthesized so as to carry out its maintenance 

function during replication. Second, we demonstrate that the 3' UTR of DNMTl confers 

a growth-dependent regulation on both its own mRNA, and a heterologous stable 13­

globin mRNA. Third, we identified a highly conserved 54-nucleotide element within the 

3'UTR that is required for mediating the downregulation of DNMTl mRNA in arrested 

cells. Thus, cis-acting sequences in the 3' UTR are likely responsible for the changes in 

dnmtl mRNA which occur during the cell cycle. Fourth, the 3' UTR is destabilized in 

vitro in the presence of extracts prepared from arrested cells, suggesting that a protein 

that is present primarily in arrested cells targets the 3'UTR for degradation. The decrease 

in half-life of L\.5'259 cannot be attributed to the fact that it is shorter than L\.3' 158 and 

L\.3'56, because the fu1l3'UTR decays at a faster rate. One conceivable explanation for 

• the reduced destabilizing activity of L\.5'259 relative to the fu1l3'UTR is that AU-rich 

instability sequences exist upstream of L\.5'259. A possible model is that the 54­

nucleotide element is responsible for the growth-dependent stability changes and 

region(s) upstream enhance its destabilizing activity. 

Whereas we were able to show that the 3'UTR downregulates DNMTl mRNA in growth­

arrested cells, we were not able to demonstrate that this occurs by destabilization of the 

mRNA in living cells. Actinomycin D is routinely used to block de novo synthesis of 

RNA in order to measure mRNA decay. However, we found that actinomycin D 

stabilized the DNMTl mRNA. This is not uncommon, and has been reported for several 

other mRNAs (Baker et al., 2000; Kessler and Chasin, 1996; Noe et al., 1999; Searles et 

• al.,1999). We also could not obtain repressible DNMTl transfectants that show zero 
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•� DNMTI expression in the repressed state, which could be used for measuring stability of 

mRNA in cells. However, the fact that the same element that reduces the presence of 

DNMTI mRNA in arrested cells also destabilizes DNMTI mRNA in vitro supports the 

conclusion that the 3 'UTR acts as a cell cycle regulated destabilizing element. 

Many studies have shown that mRNA posttranscriptional regulation plays an important 

role during development (Surdej et al., 1994; Zhou et al., 1998) and cell cycle 

progression (Joseph et al., 1998; Maity et al., 1997) and exerts an important control over 

the expression of protooncogenes (Jones and Cole, 1987; Treisman, 1985) and cytokines 

(Ming et aI., 1998; Shaw and Kamen, 1986). Several pathological states are associated 

with aberrant regulation at this level, including various immune and inflammatory 

diseases and several types of cancer (Conne et al., 2000). One potential mechanism by•� which the 3'UTR may function is by the differential binding of trans acting factors 

during the cell cycle; these RNA-protein complexes could then either increase or 

decrease mRNA levels. Studies involving several mRNAs such as PTH (Sela-Brown et 

al., 2000), GM-CSF (Buzby et al., 1996), and CYP7Al (Baker et al., 2000) have found 

that changes in mRNA stability are correlated with the binding of proteins within the 

3'UTR. In accordance with this postulated mechanism, we show, using an RNA mobility 

gel shift assay, that a specific RNA-protein complex is formed within the 3'UTR 

sequence only in growth-arrested cells. In addition, our UV crosslinking experiments 

reveal a protein of approximately 40kDa (p40), which exhibits specific binding to the 

conserved 54-nucleotide element. This binding is highly induced in arrested cells and 

•� decreases at the same time as dnmtl mRNA increases during cell cycle progression. 
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• Although our data do not demonstrate a causal link between the p40-3'UTR interaction 

and dnmtl mRNA downregulation, our results are in accordance with this hypothesis. 

Further purification and characterization of p40, which is currently underway in our lab, 

may provide us with a better understanding of its mechanism of action. 

It has been recently suggested that the deregulation of DNMTI with the cell cycle rather 

than its overall levels are important for cellular transformation by DNMTI (Robertson et 

aI., 2000b; Szyf, 2001c; Szyf et aI., 2000). The data presented here are consistent with 

this hypothesis. In agreement with previous studies (Vertino et aI., 1996; Wu et aI., 

1993), we found that expression of an exogenous DNMTl construct comprising only the 

coding region, which is expressed under conditions of serum deprivation, is able to aIter 

• the growth properties of NllI 3T3 cells; the cells grow at a faster rate, and a higher 

percentage of cells are in S phase. They also exhibit a loss of contact inhibition and do 

not reach saturation even at high density. In contrast, cells expressing a DNMTl 

construct that includes the 3'UTR and is not expressed in serum-starved cells maintain 

the growth properties of the control cells. 

The mechanisms responsible for cellular transformation by DNMTI are still unresolved. 

However, one proposed hypothesis is that elevated levels of DNMTllead to the 

hypermethylation and inactivation of tumor suppressor genes (Merlo et aI., 1995). It is 

possible that ectopic expression of DNMTl in arrested cells results in de novo 

methylation and silencing of a criticaI tumor suppressor gene. However if this is the 

• mechanism, it is not clear why such a gene is methylated only when DNMTl is expressed 
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• in arrested cells. An alternative hypothesis is that ectopic expression of DNMTl causes 

cell transformation by interfering with cell cycle regulatory circuits through DNMT1 

protein-protein interactions. Since DNMT1 forms a complex with Rb and E2F 

(Robertson et al., 2000a) as well as histone deacetylase 1 and 2 (puks et al., 2000; 

Rountree et al., 2000) it can inhibit the expression of tumor suppressors by a mechanism 

that does not involve DNA methylation, as has been previously shown (Milutinovic et al., 

2000). DNMT1 can also displace p21 from PCNA and allow replication to occur 

(Chuang et al., 1997), and inhibition of DNMT1 has been found to inhibit DNA 

replication (Jackson-Grusby et al., 2001; Knox et al., 2000). Thus, aberrant expression of 

DNMTl during the Go/G1 phase may override the silencing of tumor suppressors and 

eliminate normal arrest signals, leading to the inappropriate entry into the cell cycle that 

• is observed in cancer cells, as has been previously suggested (Szyf, 1998).� 

Although further studies are required to confirm this hypothesis, our findings clearly� 

illustrate the importance of the DNMTl 3'UTR in regulating its expression with the state 

of cell growth. 
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• FIGURE LEGENDS 

Fig. 1. Induction ofdnmtl mRNA by serum stimulation of growth-arrested Balb/c­

3T3 cells. A. FACS analysis of serum-stimulated cells. Balb/c-3T3 cells were arrested 

by serum depletion as described in "materials and methods" and then incubated with 

serum for the indicated time points and subjected to a FACS analysis to determine the 

percentage of cells at different stages of the cell cycle. Ml, apoptosis; M2, 00/01; M3, 

S; M4, 02IM. B. Induction of dnmtl mRNA by serum stimulation of growth-arrested 

cells. Balb/c-3T3 cells were treated as in (A); RNA was then extracted and subjected to a 

Northern blot analysis using a mouse dnmtl cDNA probe (bp 844-2544). To normalize 

to the amount of total RNA in each lane, the blot was then hybridized with an 18s rRNA 

• oligonucleotide probe. C. Correlation between dnmtl mRNA levels and stages of the 

cell cycle. Northern blots were quantified by densitometric scanning and the dnmtl 

signal was normalized to that of 18s. Shown are the dnmtl mRNA levels (arbitrary units) 

and the percentage of cells at each stage of the cell cycle. 
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Fig. 2. Homology between the DNMTI 3' UTR of different species.
 

Alignments were performed with the following cDNA sequences (GenBank™ accession
 

numbers indicated): mouse (m), 5077-5238 (X14805.1); human (h), 5249-5405
 

(NM001379.1); rat (r), 5072-5215 (AB012214.1); xenopus (x), 4987-5020 (D78638.1);
 

chicken (c), 4936-4990 (D43920.1); daniorerio (dr), 2333-2363 (AF097875). Shaded
 

area denotes a region of 100% conservation between human and chicken dnmtl.
 

Underlined and boxed sequences indicate potential RNA destabilizing motifs. Region in
 

boldface marks the 54-nucleotide element of DNMTl studied in detail in this report.
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m .....•..........•• GTGTAGTACTTTGTGCATTCTG 

h TGATTTAGTGATCAAATTGTGCAGTACTTTGTGCATTCTG 
r .................••....... CTTTGTGCAT TCTG 
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h ATGTTGTAATATTTCTTCAAATAAATCTCTCCTATAAACC 
r ATGTTGTAATATTTCTTCAAATAAA 
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• Fig.3. The DNMTI 3'UTR downregulates mRNA levels in a growth-dependent 

manner. A. Map of the pRBG constructs. Constructs were used to create stable 

transfectants in Balb/c-3T3 cells. The site of insertion of the DNMT1 3' UTR, 

DNMT1~5'259, GM-CSF destabilizer (AT), and GC control sequences are indicated. 

B. Representative Northern analysis of chimeric DNMT13'UTR-~-globin expression. 

Balb/c-3T3 cells were transfected with either one of the following plasmids: pRBG­

DNMT13'UTR, pRBG-DNMT1~5'259, pRBG-AT or pRBG-GC, and stable G418 

resistant transfectants were isolated as described in "materials and methods". RNA was 

extracted from growth-arrested cells (-), or from arrested cells that had been incubated in 

serum for 20 h (+). RNA was subjected to a Northern blot analysis using standard 

protocols and hybridization to a labeled ~-globin probe (500 bp XhoI-Bamlll fragment 

from pRBG-GC). Blots were then stripped and rehybridized with an 18s oligonucleotide 

probe. C. Quantification of ~-globin mRNA expressed in the stable transfectants. The 

amount of ~-globin mRNA expressed in each of the transfectants was quantified by 

scanning densitometry and normalized to the signal obtained following hybridization 

with an 18s probe. All ~-globin levels were then calculated as a percentage of the GC 

control. The experiment was repeated with similar results. D. Map of the adenoviral 

constructs. DNMTl deletion constructs shown were cloned into the Xba1 site of 

pAdTrack-CMV. E. Representative Northern blot of infected Balb/c-3T3 cells. 

Arrested cells were infected with the indicated adenoviral constructs and were then either 

maintained in serum- deprived conditions (arrested), or stimulated with 10% serum for 

20 h (+serum). RNA was extracted and subjected to a Northern blot analysis by 
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•� hybridization with a labeled DNMTl eDNA probe (bp 601-2191). Blots were then 

stripped and rehybridized with a probe for GFP (765 bp NheI-HindIll from pEGFP-Cl). 

F. Quantification of DNMTl mRNA levels in the infected cells. The amount of DNMTl 

mRNA expressed in each infection was quantified and normalized to the signal obtained 

following hybridization with the GFP probe. The graph shows an average of 3 

independent experiments. 

•� 
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• Fig. 4. Specific RNA-protein interactions within the DNMTI 3'UTR. A. The 

different deletion fragments used to synthesize the RNA probes. The solid box indicates 

the 54-nucleotide highly conserved region. B. RNA mobility gel shift assay of arrested 

Balb/c-3T3 cells upon serum stimulation. An RNA gel shift assay was performed using 

32P-Iabeled in vitro transcribed DNMTI 3' UTR and extracts prepared from cells treated 

as in Fig.lA. Time indicates hours after serum stimulation of arrested cells. The 

complexes were resolved by nondenaturing polyacrylamide gel electrophoresis. The 

complex specific to arrested cells is indicated by an arrow. C. UV crosslinking assay. 

Cells were arrested for 48 h (-) and serum-stimulated for 20 h (+). Extracts were then 

prepared and subjected to a UV crosslinking assay using a 32P-Iabeled ~5' -259 probe, and 

RNA-protein complexes were resolved on an SDS-polyacrylamide gel. Proteinase K 

• treatments (+PK) were performed for 1 hat 37°C. Control indicates reaction performed 

in absence of cell extract. D. Competition UV crosslinking. The assay was performed 

as above, using extracts prepared from arrested cells. Cold competitors were synthesized 

from templates shown in (A) and used in lOOOx excess. E and F. Time course of p40 

binding. The assay was performed as stated above, using extracts prepared from cells at 

various times after serum stimulation. p40 levels were quantified by densitometric 

scanning, and normalized to the total protein in each lane, which was measured by 

scanning the gels after staining with Coomassie Blue. A representative experiment is 

shown in (E), and an average of 3 experiments is shown in (F). G. Correlation between 

p40 binding, dnmtl mRNA levels, and cell growth. Results from Fig.l and the results in 

(F) were plotted on the same graph to compare the pattern of p40 binding to dnmtl 

• mRNA levels. In (C) -(E), the molecular weights in kilodaltons are indicated. 
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• Fig. 5. Differential DNMTI 3' UTR decay rates in vitro. A. In vitro decay assay 

using 3' UTR deletions and arrested cell extract. Radiolabeled 3'UTR RNA transcripts 

were incubated with 10 Ilg of whole cell extract from arrested Balb/c cells (arrested), or 

with incubation buffer alone (control) for various lengths of time and electrophoresed on 

an acrylamide gel. The signals were detected by autoradiography and quantified by 

densitometry. The constructs used and their sizes are indicated beside each experiment. 

B. Half-life measurements. Experiments in (A) were quantified and the signal at each 

time point was calculated as the percentage of RNA remaining relative to the RNA at 

time O. The half-life was calculated as the time point when 50 % of the RNA had been 

degraded. Squares, ~3'56; diamonds, 3'UTR; circles, ~ 3'158; triangles, ~ 5'259. C. In 

vitro decay assay using ~5'259 and arrested or growth-stimulated extracts. Radiolabeled 

• ~5'259 transcript was incubated with 10 Ilg of whole cell extract from arrested or serum 

stimulated (+ serum) Balb/c cells for various lengths of time and processed as in (A). D. 

~ 5'259 half-life measurements. The experiment in shown in (C) was quantified and 

half-lives were calculated as in (B). Squares, +serum; diamonds, -serum. 
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• Fig. 6. Effects of the 3' UTR on cell growth following ectopic expression of DNMTI 

in NIH-3T3 cells. A. Measurement of DNMTI mRNA levels by competitive PCR. Illg 

of RNA from TetOff NIH-3T3 hDNMTI or hDNMTl~UTR stable lines, either growth­

arrested or serum-stimulated, was reverse transcribed and equal amounts of cDNA (as 

detennined by [35S]_dATP incorporation) were subjected to DNMTI PCR amplification 

in the presence of decreasing concentrations (10-12 _10-16 oM) of a competitor DNA 

fragment (upper panels). To differentiate between the endogenous dnmtl and transfected 

DNMTl, the PCR was transferred to Hybond N+ membrane and hybridized with an 

oligonucleotide corresponding to bases 3595-3617 of the full length human DNMTI 

(lower panels). T, target; C, competitor. B. Growth curves of the stable and parent lines. 

Cells were plated in 6 -well culture dishes at a density of 25 000 cells per well (day 0). 

• Cells were then counted on 6 subsequent occasions throughout the span of 11 days. An 

average of 4 measurements was obtained for each time point. Squares, hDNMTl~UTR; 

triangles, NIH-3T3; diamonds, hDNMTl. C. Percentage of cells in S phase of the cell 

cycle. Serum-starved (-serum) or growth-stimulated (+ serum) cells were harvested and 

stained with propidium iodide, and the percentage of cells in S phase was detennined by 

flow cytometry. D. Morphology of hDNMTI transfectants. Phase contrast light 

microscopy at increasing magnfications on day 11 of the growth curve described in (B). 

Upper panels, NIH-3T3; middle panels, hDNMTl; bottom panels, hDNMTl~UTR. 
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The preceding chapter identifies a novel regulatory element within the DNMTI mRNA 

that regulates its expression with cell growth, and provides evidence to suggest that 

deregulation of DNMTI expression with the cell cycle may contribute to cancer 

development. This provides an alternative explanation for DNMTI 's role in cellular 

transformation, in addition to the previous models of tumor suppressor silencing, and 

suggests another level at which therapeutic intervention may be possible. With regards to 

tumorigenesis, the early findings of regional hypermethylation have resulted in the 

majority of studies focusing on the role of DNMTI. However, sine both regional 

hypermethylation and global hypomethylation coexist in cancer cells, understanding the 

mechanisms responsible for both processes is required for the proper design of 

therapeutic strategies targeting the DNA methylation machinery. The significance of this 

• phenomenon has not received adequate attention, and relatively few investigations have 

determined the function MBD2/dMTase. Considering that this protein has been shown 

to demethylate DNA and is overexpressed in many cancers, it is highly possible that 

MBD2/dMTase is involved in the global hypomethylation characteristic of cancer 

progression. On the other hand, since other studies have found this protein to be a 

transcriptional repressor, it may also be involved in mediating regional hypermethylation 

and gene silencing. Since we must properly determine the function of MBD2/dMTase 

before we can understand its role in cancer, chapter 2 investigates this protein's 

apparently contradictory function. The data indicate that the ability of MBD2/dMTase to 

act as a demethylase and transcriptional activator is dependent on several parameters, 

which suggests that both the processes of global hypomethylation and local repression 

might involve the same multifunctional protein. 
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Chapter 2 

Promoter Specific Activation and Demethylation by MBD2/ 

Demethylase 

Nancy Detich, Johanne Theberge and Moshe Szyf 

This chapter has been published in the Journal of Biological Chemistry (2002) 277, 

35791-35794. 
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• MBD2 is the only member of a family of methyl-CpG-binding proteins that has been 

reported to be both a transcriptional repressor and a DNA demethylase (dMTase). 

To understand the apparently contradictory function of MBD2/dMTase, we studied 

the effects of MBD2/dMTase overexpression on the activity of various in vitro 

methylated promoters transiently transfected into HEK 293 cells. We found that 

forced expression of a MBD2/dMTase expression vector (His-dMTase) differentially 

activated two methylated reporters, pSV40-CAT (the SV40 enhancerless promoter 

adjacent to the CAT reporter gene), and pGL2T+I4xTBRE (a region of the p21 

promoter next to the luciferase reporter gene) in a time- and dose-dependent 

manner. His-dMTase increased pSV40-CAT expression by 3-10 fold after 96 hours, 

while pGL2T+I4xTBRE expression was increased by 2-3 fold after only 48 hours 

• and did not further increase at 96 hours. Gene activation was not universal since no 

effect was seen with the pI9-ARF promoter. We then assessed whether activation 

might be due to demethylation within the promoter region. Using bisulfite mapping 

we found that exogenous expression of His-dMTase induced demethylation at 8 of 

the 10 CpG sites within the SV40 promoter. The observation that His-dMTase 

increases the demethylase activity in the cells was also confirmed using an in vitro 

CpG demethylase assay with a mC32pG oligonucleotide substrate and purified Q­

Sepharose fractions from HEK 293 cells transfected with His-dMTase or empty 

pcDNA3.1His vector. We propose that a single protein possessing both repressor 

and demethylase functions has evolved to coordinate a program that requires 

suppression of some methylated genes and activation of others. 
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• INTRODUCTION 

The epigenome consists of an additional component that is part of the covalent structure 

of the genome, a coating of methyl groups. In vertebrates, 80% of cytosine residues 

within the dinucleotide sequence CpG are modified by methylation in a pattern that is 

tissue specific and that is formed during development and maintained in somatic cells 

(Razin and Szyf, 1984). It has been well established that the DNA methylation pattern is 

maintained exclusively by DNA methyltransferase activities, but we have recently 

proposed that DNA demethylase activities might also participate in the process 

(Bhattacharya et aI., 1999; Cervoni et aI., 2002; Cervoni and Szyf, 2001) and that the 

methylation pattern is a steady state balance of reversible methylation-demethylation 

• reactions (Szyf, 2001b; Szyf, 2001c). We have shown that histone acetylation promotes 

active demethylation of ectopically methylated genes (Cervoni and Szyf, 2001) and that 

inhibitors of histone acetylation inhibit demethylation (Cervoni et aI., 2002). 

It is well documented that the state of activity of a gene, the chromatin structure, and 

DNA methylation are correlated (Razin, 1998), such that areas of the genome that are 

methylated are usually less expressed. One molecular mechanism that explains this 

relationship has been recently elucidated. Repressor complexes are recruited to 

methylated DNA via the binding of methyl-CpG-binding domain proteins (MBDs). 

These complexes contain proteins that have histone deacetylase and chromatin 

remodeling activities, leading to the formation of a more compact and transcriptionally 

inactive chromatin (Nan et aI., 1998). The earliest discovered MBD protein, MeCP2, has 
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• been found to associate with the Sin3a corepressor complex and can also repress 

transcription in a histone deacetylase-independent manner (Yu et al., 2000). MBD1, 

MBD2, and MBD3 were later discovered and were also shown to be involved in 

transcriptional repression (for review see ref.(Ballestar and Wolffe, 2001». 

In contrast, we reported that MBD2 is an enzyme (dMTase) capable of actively 

demethylating DNA (Bhattacharya et al., 1999). This activity was shown both in vitro 

(Bhattacharya et al., 1999) and in vivo (Cervoni and Szyf, 2001). A demethylase is 

expected to activate genes by removing the repressive methyl residues. The assignment 

of a demethylase function to a protein that was independently discovered as a recruiter of 

repressor complexes has triggered obvious controversy in the field (Ng et al., 1999), and 

several groups reported that they failed to confirm the demethylase activity of MBD2 

(Boeke et al., 2000; Ng et aI., 1999; Wade et aI., 1999). 

In this study we tested the hypothesis that MBD2 is a multifunctional protein and that its 

activity might depend on the context of the promoter with which it interacts. By 

examining the effects of MBD2/dMTase expression on the activity of various reporter 

constructs methylated in vitro and transfected into HEK 293 cells, we found that 

MBD2/dMTase differentially activated some but not all promoters in a time- and 

concentration-dependent manner. Using bisulfite mapping, we found that exogenous 

expression of MBD2/dMTase induced demethylation within the SV40 promoter, and we 

also confirmed its demethylase activity in vitro. These data support our hypothesis that 

the complex functional role of this protein depends on the promoter context. 
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• MATERIALS AND METHODS 

In vitro methylation ofsubstrates- Enhancerless pSV40-CAT (Oenbank™ accession no. 

X65320), pOL2T+I4xTBRE (Datto et aI., 1995), or p19-ARF-LUC (kindly provided by 

Dr. V. Lobanenkov) were methylated in vitro by incubating 10 ~g of plasmid DNA with 

12 units of Sssl CpO methyltransferase (New England Biolabs) in the recommended 

buffer containing 800 J.tM S-adenosylmethionine (AdoMet) for 3 h at 37°C. Another 12 

units of Sssl and 0.16 Ilmol of AdoMet were then added and the reaction was further 

incubated another 3 h. The methylated plasmid was recovered by phenol/chloroform 

extraction and ethanol precipitation, and complete methylation was confirmed by 

observing full protection from HpaII digestion. 

• Transient transfections and reporter assays- HEK 293 cells were plated at a density of 

7x104/well in a six-well dish and transiently transfected with 100 ng of reporter plasmid 

(methylated or mock methylated) and 1.2 J.tg of either of the following plasmids: pcDNA 

3.1HisB vector (Invitrogen), pcDNA-His-dMTase (Bhattacharya et aI., 1999), which 

contains a His tagged human MBD2b/demethylase cDNA as described in the reference, 

AdTrack-MeCP2 (constructed from a GST-MeCP2 kindly provided by Dr. X. Nan (Nan 

et aI., 1993) ), or pcDNA 3.1-Sp1 (Vallian et aI., 1998) using the caIcium phosphate 

precipitation method as described previously (Rouleau et aI., 1992). 0.3 J.tM Trichostatin 

A (TSA) was added 24 h post-transfection, and cells were harvested after 48 or 96 h. 

• 
Chloramphenicol acetyltransferase (CAT) assays were performed as described (Rouleau 

et aI., 1992), and luciferase activity was assessed using the Promega luciferase assay 
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system. The activity of each extract was measured in triplicate and then normalized to 

the protein concentration. Fold induction was calculated relative to the activity observed 

with the HisB vector alone. Experiments were performed several times using different 

cultures of HEK 293 cells and different preparations of plasmids. For dose curve 

experiments, transfections were performed in triplicate using increasing amounts of HisB 

or His-dMTase vector (0.05,0.1,0.6,1.2,3 J.,tg). Cells were then harvested after 96 h for 

CAT or luciferase assays. Fold induction was calculated relative to the activity observed 

with the HisB vector alone at each concentration. 

Bisulfite mapping- Bisulfite mapping was performed as described (Clark et aI., 1994) 

with minor modifications. The SV40 promoter sequence was amplified from 5 J.,tg of 

• sodium bisulfite-treated DNA using the following primers: 

5'AAGGGGGATGTGTTGTAAG3 ' (sense), 5'CTAAAATACCTCAAAATATTCTT3' 

(antisense). PCR products were then used as templates for subsequent nested PCR 

reactions using the primers: 5'GGTTAGTGAATTTTAGATTTGT3' (sense), 

5'TATATCCAATAATITTTITCTCC3' (antisense). PCR products were subcloned 

using the TA Cloning Kit (Invitrogen), and clones were then sequenced using the T7 

sequencing kit (Amersham Biosciences). 

Western blot analysis- Whole cell extracts were prepared using radioimmune 

precipitation assay buffer according to the protocol from Santa Cruz Biotechnology. 

50 I-lg of extract was resolved on a 10% SDS-polyacrylamide gel and transferred to 

• nitrocellulose. Transfected His-dMTase protein was detected either by anti-MBD2 sheep 
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polyclonal IgG (Upstate Biotechnologies no. 07198) according to the manufacturer's 

protocol, or by anti-Xpress mouse monoclonal IgG antibody (Invitrogen R91O-25, which 

recognizes the Xpress epitope within the pcDNA3.1His vector) at 1:5000, followed by 

peroxidase-conjugated antimouse IgG (Jackson Immunoresearch) at 1:20000. Enhanced 

chemiluminescence detection kit was used for both (Amersham Biosciences). 

Extraction ofdemethylase activity- HEK 293 cells were transfected with 10 J-lg of His­

dMTase/lO cm plate (xlO) or left untransfected, and nuclear extracts were prepared 48 h 

later as described (Szyf and Bhattacharya, 2002a). Approximately 8.5 mg of extract (1.4 

ml) was diluted to 50 mM NaCI with 10 ml of buffer L (10 mM Tris-HCI, 10 mM MgClz, 

pH 7.8) containing 1 Ilglml of each of the following protease inhibitors: Pefabloc, 

• aprotinin, and leupeptin. 2 ml of Q-Sepharose beads (Amersham Biosciences) were 

washed 3x with 8 ml buffer L + 50 mM NaCI and then pre-equilibrated 30 min in the 

same buffer. Each extract (HEK or HEK+dMTase) was then subjected to 4 x 40 min 

bindings, each with 0.25 ml of Q-Sepharose, rotating at 4 dc. The beads were then 

pooled (1 mlfsample) and washed 5 x 10 min, each with 4 ml of buffer L + 50 mM NaCl. 

Batch elution was then performed with 5 x 1 ml buffer L, each containing the following 

concentrations of NaCI (M): 0.2, 0.4, 0.6, 0.8,1.0, for 10 min each. The different 

fractions, flow through, and washes were then assayed for demethylase activity. 

Demethylation assay- Demethylase activity was measured using a methylated (m) C32pG 

oligonucleotide substrate as described (Szyf and Bhattacharya, 2002b) with minor 

modifications. 1 III of a mC32pG oligonucleotide substrate ([a3Zp]-dGTP-Iabeled) was 
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• incubated with 30 I-tl of buffer Land 20 I-tl of each of the purification samples for 48 h at 

37°C. Samples were then subjected to a phenol/chloroform extraction followed by 

ethanol precipitation and resuspension in 8 J.,d of ddH20. 1 J.-ll of lOx micrococal nuclease 

buffer (250 mM Tris-HCl, 10 mM CaCI2) and 1 I-tl of micrococcal nuclease were added, 

followed by an overnight incubation at 37°C. 2 J.-ll of each sample was then resolved by 

thin layer chromatography and visualized by autoradiography. 

RESULTS 

Recombinant MBD2/dMTase can activate certain promoters in a time-dependent 

manner- Since MBD2b was found to act as a DNA demethylase (Bhattacharya et aI., 

• 1999; Cervoni and Szyf, 2001), and since promoter demethylation is associated with gene 

activation (plumb et al., 2000), we first wanted to determine whether ectopic expression 

of MBD2/dMTase would lead to promoter activation. We performed various co­

transfection experiments using several in vitro methylated reporter constructs. A long 

line of data has established that in vitro methylation can suppress genes when ectopically 

introduced into vertebrate cells (Cedar et aI., 1983). As expected, both the SV40 and 

4xTBRE (a 4x repeat of the TGF-~ response element of the p21 promoter) reporter 

constructs (Fig. 1A) were inhibited considerably by in vitro methylation (Fig. 1B). Co­

transfection of His-dMTase led to activation of the SV40 promoter, but only after 96 

hours, while the 4xTBRE promoter was activated almost equally at both 48 and 96 hours 

post-transfection. Similar results were obtained with TSA, which activates transcription 

• by inhibiting histone deacetylases, and has also been found to induce DNA demethylation 
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• (Cervoni and Szyf, 2001). Spl was used as a positive control for activation since both of 

these promoters are highly enriched in Spi sites (Fig. IA). The transcriptional activation 

seen with MBD2/dMTase is not universal since exogenous MBD2/dMTase was not able 

to activate the pI9-ARF promoter even after 96 hours (Fig. IC). Thus NffiD2/dMTase 

acts differently on different CO-rich ubiquitous promoters. If the corepressors required 

for suppressing methylated promoters by MBDs are saturated in HEK 293 cells, then this 

might explain why MBD2 does not suppress methylated promoters in these cells. To 

exclude this possibility, we tested whether another member of the MBD family, MeCP2, 

could repress these methylated promoters. The results shown in Fig. ID illustrate that 

MeCP2 represses the SV40 promoter, consistent with previous findings (Yu et al., 2000), 

and thus the machinery necessary for repressing methylated genes by MBDs is active in 

HEK 293 cells. In summary, our results show that MBD2/dMTase can differentially • activate certain methylated promoters. 

Dose-dependent activation by MBD2/dMTase- To provide further evidence that 

MBD2/dMTase can act as a transcriptional activator, we transfected the methylated SV40 

or 4xTBRE reporters along with different amounts of pcDNA3.I-His-dMTase. As seen 

in Fig.2, A and B, while we observed a general dose-dependent increase in activation of 

both promoters, these promoters also varied slightly in their sensitivity to the amount of 

transfected His-dMTase as well as in the magnitude of their response, similar to the 

observations presented in Fig. 1. A Western blot using an antibody against MBD2 

confirms that the His-dMTase construct is expressed in HEK 293 cells (Fig. 2C) and 

demonstrates that the protein levels correlate with the transcriptional activation observed. 
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• These results, together with those in Fig. 1, indicate that MBD2IdMTase can function as 

a dose-dependent activator of gene transcription, which is both time- and promoter­

dependent. 

Purified His-dMTase from HEK 293 cells exhibits in vitro demethylase activity-

One explanation for the transcriptional activation by His-dMTase is that it causes 

promoter demethylation. To demonstrate that the His-dMTase construct produces an 

active demethylase enzyme in our system, we subjected nuclear extracts from HEK 293 

cells transfected with His-dMTase to chromatography on Q-Sepharose to partially purify 

the demethylase, and compared the demethylase activity to untransfected HEK 293 cells. 

Fractions were eluted with a step gradient of NaCI, tested for the presence of His-dMTase 

• by a Western blot using anti-Xpress antibody, and also assayed for demethylase activity. 

The latter was carried out by measuring the conversion of mdCMP to dCMP within a 24 

bp mC32pG double stranded oligonucleotide substrate using thin layer chromatography. 

As shown in Fig. 3A, His-dMTase elutes at 0.2 and 0.4 M NaCI. These fractions exhibit 

a significant increase in demethylase activity: 42% of the mdCMP is converted to dCMP 

in the 0.2 M fraction in comparison to the untransfected control, which displays minimal 

demethylase activity «5% in the 0.2 M fraction) (Fig. 3, B and C). 

Expression ofHis-dMTase increases demethylation ofthe SV40 promoter region­

Since demethylation within a promoter is associated with transcriptional activation 

(plumb et aI., 2000), we next wanted to determine if this was a possible mechanism by 

• which MBD2/dMTase overexpression led to the activation of the SV40 promoter. 

115 



• Following transfection of methylated SV40-CAT along with His-dMTase or empty 

vector as a control, we used bisulfite mapping to examine the 10 different CpG sites 

within the SV40 promoter (Fig. 4A). As shown in Fig. 4B, expression of His-dMTase 

increased the level of demethylation at 8 out of the 10 CpO sites. Remarkably, most of 

the CpG sites remained fully or almost «5%) fully methylated in the control clones, with 

the exception of site 6. Since between 20-30 clones were sequenced from 3 independent 

experiments, it is highly unlikely that this is a random event. These results are also 

consistent with previous studies demonstrating that exogenous expression of 

MBD2/dMTase leads to increased demethylation within a promoter (Cervoni and Szyf, 

2001) and that expression of MBD2IdMTase is correlated with demethylation within the 

promoters of c-erbB-2 and survivin genes (Hattori et al., 2001). We also assessed the 

• CAT activity from the same transfections used for bisulfite mapping and found that, as in 

our previous experiments, dMfase overexpression led to transcriptional activation of the 

SV40 promoter (Fig. 4C). This supports the hypothesis that the likely mechanism by 

which MBD2/dMTase causes transcriptional activation is by demethylating the promoter 

and allowing an open chromatin configuration free of transcriptional repressor 

complexes. 

DISCUSSION 

Our paper provides evidence that MBD2IdMTase can act as a transcriptional activator, 

consistent with its role as a DNA demethylase. However, the activation observed is 

• critically dependent on several parameters, including promoter identity and length of 
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• transfection time (Fig.l). Our results are consistent with previous data demonstrating that 

MBD2/dMTase is an active demethylase in vitro (Bhattacharya et al., 1999), and that 

transfection of exogenous dMTase can lead to demethylation in living cells with a 

concomitant increase in gene expression (Cervoni and Szyf, 2001). 

The activation of methylated promoters by MBD2/dMTase is partial as is the 

demethylation. This suggests the presence of other factors that protect the DNA from 

complete demethylation and activation of transcription. 

• 
Although it is accepted in recent publications that MBD2 acts as a transcriptional 

repressor (Boeke et al., 2000; Feng and Zhang, 2001; Ng et al., 1999; Sekimata et aI., 

2001), the data presented here do not necess"arily contradict previously published data 

once the experimental conditions stated in these reports are carefully considered. First, 

in all the studies demonstrating repression by MBD2/dMTase, transcriptional assays were 

performed anywhere from 24 to 48 hours post-transfection. Since we do not see 

activation of the SV40 promoter until 96 hours post-transfection, it is possible that 

MBD2/dMTase could activate some of the promoters in these reports provided that the 

transfection time is extended. The fact that a longer time is necessary for activation by 

MBD2/dMTase may be explained by previous data showing that demethylation of 

ectopically methylated DNA in living cells is a slow process (Cervoni and Szyf, 2001). 

Second, previous studies (Ng et aI., 1999; Sekimata et al., 2001) used the Gal4 DNA 

binding domain to bind MBD2-GAlA chimeras to their promoters rather that looking at 

• the effect of cognate MBD2 on methylated DNA as done in this study; this may also 
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• account for some of the discrepancies. Third, not all promoters are repressed by MBD2 

and not all concentrations of transfected MBD2 bring about repression. For example, 

Boeke et ai. (2000) demonstrated that although the TK promoter was repressed by 

methylation, transfection of MBD2 had no effect; and in a study by Sekimata et ai. 

(2001), certain concentrations of transfected Gal4-MBD2 alone did not repress their 

reporter construct. The data presented above are consistent with our findings that 

MBD2/dMTase had no effect on the p19-ARF promoter (Fig. Ie) and that the effect on 

transcription we observed is dose dependent, where the dose causing activation varies 

with the promoter type (Fig. 2, A and B). Last, although MBD2 has been found to 

associate with the NuRD repressor complex (Feng and Zhang, 2001), it was not 

originally purified as part of this complex (Zhang et al., 1998). Also, there is evidence 

• that the NuRD complex may associate with different DNA binding proteins, not only 

MBD2, depending on the physiological state of the cell (Feng and Zhang, 2001). Thus, it 

is possible that under certain cellular conditions and within certain promoters 

MBD2IdMTase may act as a transcriptional repressor by recruiting the NuRD complex. 

However, it is equally possible that in a different cell environment and within different 

promoters MBD2 may act independently of NuRD as a demethylase and activator. In 

support of the latter, expression of MBD2/dMTase is correlated with demethylation 

within the promoter of c-erbB-2 and survivin genes (Hattori et al., 2001). In addition, a 

recent report demonstrated that the Drosophila homolog of MBD2, dMBD2/3, formed 

foci that associated with DNA at the cellular blastoderm stage, concurrent with the 

activation of the embryonic genome, and also associated with the active Y chromosome 

• (Marhold et al., 2002). 
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• Several proteins have been found to possess dual repressor and activator functions, such 

as E2F (Muller and Helin, 2000), ATF4 (Hai and Hartman, 2001), and the Sp family of 

proteins (Black et al., 2001), so it is similarly feasible that MBD2 is a protein with dual 

functions. It is possible that both repressor and demethylase functions reside in one 

protein to coordinate a program of gene expression that requires suppression of some 

methylated genes and activation of others. Further studies will be necessary to determine 

what are the key factors involved in determining the role of MBD2/dMTase in 

transcription. 
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• FIGURE LEGENDS 

Fig. 1. Recombinant MBD2IdMTase can activate certain promoters in a time­

dependent manner. A. Structure of the pSV40-CAT and pGL2T+I4xTBRE constructs. 

B, C, and D. HEK 293 cells were transiently transfected with SV40-CAT, 

pGL2T+I4xTBRE, or pI9-ARF-LUC reporter plasmids (m, methylated in vitro with 

Sssl), and either empty HisB vector or plasmids expressing His-dMTase, MeCP2 or Spl 

using the calcium phosphate precipitation method. 0.3 JlM TSA was added 24 h post­

• 

transfection. Cells were harvested after 48 or 96 h and each extract was assayed for CAT 

or luciferase activity and then normalized to the protein concentration. Fold induction 

was calculated relative to the activity observed with the HisB vector alone. Experiments 

were performed several times using different cultures of HEK 293 cells and different 

preparations of plasmids with similar results. 
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Fig. 2. Dose-dependent activation by MBD2IdMTase. A and B. Transfections were 

perfonned as in Fig. 1 using increasing amounts of HisB or His-dMTase vector. Cells 

were harvested after 96 h for CAT or luciferase assays. Fold induction was calculated 

relative to the activity observed with the HisB vector alone at each concentration. C. 

Cells were transfected as in (A) and cell extracts were subjected to Western blotting using 

anti-MBD2 antibody (Upstate Biotechnologies). 
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• Fig. 3. Purified His-dMTase from HEK 293 cells exhibits in vitro demethylase 

activity. A. HEK 293 cells were transfected with His-dMTase (+) or harvested 

untransfected (-). Nuclear extracts were subjected to chromatography on Q-Sepharose 

and the active demethylase fractions were eluted with a step gradient of NaCI. His­

dMTase elutes at 0.2 and 0.4 M NaCI steps. The fractions were tested by a Western blot 

using anti-Xpress antibody (Invitrogen) to demonstrate the presence of His-dMTase in 

the active fractions (indicated by the arrow). B. The fractions were assayed for 

demethylase activity using a mC32pG oligonucleotide substrate. Following 

demethylation, the DNA was digested to 3' -mononucleotides and separated on thin layer 

chromatography. M, methylated control; NM, non-methylated control; 5mC, 5­

methyldeoxycytidine 3' -monophoshpate; C, deoxycytidine 3' -monophoshpate. C. The 

0.2 M NaCI fraction was assayed in triplicate and the degree of demethylation was 

quantified by densitometry. 
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• Fig. 4. Expression of His-dMTase increases demethylation of the SV40 promoter. 

A. Nucleotide sequence of SV40 promoter region analyzed by bisulfite mapping. CpG 

dinucleotides whose methylation status was determined are numbered (1-10) and Spl 

sites are marked A-F. B. The SV40 construct in Fig. lA was methylated in vitro and 

transfected into HEK 293 cells with either His-dMTase (+dMTase) or HisB vector 

(control). Cells were harvested 96 h post-transfection, and DNA was isolated and treated 

with sodium bisulfite. The region in (A) was amplified by PCR, subcloned, and 

sequenced. The graph indicates the average percentage of demethylation at each CpG 

site. Results are an average of 3 independent experiments, where n is the total number of 

clones sequenced. C. Representative CAT assay from one of the three experiments 

analyzed by bisulfite mapping in (B), a.u., arbitrary units . 
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• Data presented in the former chapter confinn that MBD2/dMTase can demethylate DNA 

and activate gene expression, and further indicate that the promoter context may be 

critical. The existence of such an enzyme points to the possibility that DNA methylation 

is a reversible process and that the methylation pattern is a balance of DNA methylation 

and demethylation reactions. An increase in DNA methylation could therefore be 

accomplished not only by stimulating DNMTs but also by inhibiting demethylases. 

Although this concept of reversibility has long been accepted for other biological 

modifications, it has not been considered as a potential mechanism for the modulation of 

DNA methylation by physiological and phannacological agents. However, if it is 

possible to correct aberrant methylation patterns by regulating the action of demethylases, 

then we are provided with another opportunity for therapy in diseases such as cancer. 

• Chapter 3 identifies the first inhibitor of demethYlases in vitro and in living cells, S­

adenosylmethionine (AdoMet). While the prevailing model has been that increased 

AdoMet levels augment DNA methylation by stimulating DNMT activity, the data 

presented in the following manuscript leads to the conclusion that AdoMet might increase 

DNA methylation by inhibiting active demethylation. In addition, AdoMet is also able to 

revert cellular transfonnation, suggesting that hypomethylation triggered by 

demethylases may indeed be critical for tumorigenesis. 
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Chapter 3 

The methyl donor S-adenosylmethionine inhibits active demethylation of 

DNA; a candidate novel mechanism for the pharmacological effects of S­

adenosylmethionine. 

Nancy Detich", Stefan Hamm", George Just, David 1. Knox, and Moshe Szyf 

• 
This chapter has been published in The Journal of Biological Chemistry, Apr 3,2003, 

me Papers in Press, M211813200. 

"The first two authors contributed equally to the manuscript. Authors are listed by 

alphabetical order. 
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• S-adenosylmethionine (AdoMet) is the methyl donor of numerous methylation 

reactions. Exogenous administration of AdoMet was shown to cause 

hypermethylation of DNA and to protect against liver disease and liver cancer in 

rodent models. The current model is that an increased concentration of AdoMet 

stimulates DNA methyltransferase (DNMT) reactions, triggering hypermethylation 

and protecting the genome against global hypomethylation, a hallmark of cancer. 

Using an assay of active demethylation in HEK 293 cells, we show that AdoMet 

inhibits active demethylation and expression of an ectopically methylated CMV­

GFP plasmid in a dose dependent manner. The inhibition of GFP expression is 

specific to methylated GFP; AdoMet does not inhibit an identical but unmethylated 

CMV-GFP plasmid. S-adenosylhomocysteine (AdoHcy), the product of 

• methyltransferase reactions utilizing AdoMet, does not inhibit demethylation or 

expression of CMV-GFP. In vitro, AdoMet but not AdoHcy inhibits methyl-CpG­

binding protein 2/DNA demethylase (MBD2IdMTase) as well as endogenous 

demethylase activity extracted from HEK 293, suggesting that AdoMet directly 

inhibits demethylase activity and that the methyl residue on AdoMet is required for 

its interaction with demethylase. We also demonstrate that AdoMet inhibits 

anchorage independent growth, an indicator of tumorigenesis, of HEK 293 and 

A549 cells. Taken together, our data support an alternative mechanism of action 

for AdoMet as an inhibitor of intracellular demethylase activity, which results in 

hypermethylation of DNA. The antitumorigenic effects of AdoMet are consistent 

with the hypothesis that demethylase activity is required for tumorigenesis. 

•
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• INTRODUCTION 

S-Adenosylmethionine (AdoMet) is the main methyl donor in numerous 

methyltransferase reactions in all organisms (Lu, 2000). The reduced derivative of 5,10­

methylenetetrahydrofolate, 5-methyltetrahydrofolate, provides the methyl group for 

methionine and AdoMet synthesis (Finkelstein, 2000). A series of rodent experiments as 

well as epidemiological data have suggested a correlation between diets deficient in 

folate or in sources of methyl groups (i.e. foods containing methionine, one-carbon 

compounds, and choline) and the risk for colorectal adenomas and cancer (potter, 2002). 

Such diets, referred to collectively as methyl-deficient, have been shown to promote liver 

cancer in rodents (Mato et al., 1997; Poirier, 2002), while AdoMet treatment was shown 

to prevent the development of liver cancer in rat (Pascale et aI., 2002). • 
In light of the clinical and epidemiological data suggesting a link between AdoMet levels 

and cancer, it is important to understand the tumor protective mechanism of action of 

AdoMet, as well as the tumor promoting action of methyl-deficient diets. This is of 

importance not only for realizing the therapeutic potential AdoMet, but also for 

unraveling basic mechanisms of tumorigenesis, especially the role of methyl group 

metabolism. AdoMet is the cofactor for transmethylation reactions including DNA 

methylation (Cheng and Roberts, 2001; Chiang et al., 1996), while S­

adenosylhomocysteine (AdoHcy) is the product of transmethylation reactions and an 

inhibitor of DNA methyltransferases (DNMT)(Chiang, 1998). A current model is that 

• exogenous administration of AdoMet increases the intracellular ratio of AdoMet to 
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• AdoHcy, thus stimulating DNMT activity resulting in increased DNA methylation 

(Garcea et aI., 1989; Pascale et aI., 2(02). An increase in AdoHcy concentrations, even 

without a concomitant reduction in AdoMet, results in inhibition of DNMT and DNA 

hypomethylation (Caudill et aI., 2001). Methyl-deficient diets decrease intracellular 

AdoMet concentration, increase AdoHcy concentrations, and trigger DNA 

hypomethylation (pogribny et aI., 1995; Poirier, 2002; Steinmetz et aI., 1998). A genetic 

link was established between polymorphisms in the Methylenetetrahydrofolate Reductase 

gene encoding the enzyme catalyzing the synthesis of 5-methyltetrahydrofolate, and 

DNA hypomethylation (Friso et aI., 2002; Stem et aI., 2(00). Global hypomethylation of 

DNA is a hallmark of cancer (Ehrlich, 2oo2a; Feinberg et aI., 1988). If the mechanism of 

action of methyl-rich diets in cancer chemoprevention and methyl-deficient diet in cancer 

• promotion is through changing genomic methylation status, then it implies that global 

hypomethylation plays a causal role in cancer. This hypothesis is supported by the 

observation that 5-azaC, a DNMT inhibitor (Jones and Taylor, 1980) can reverse AdoMet 

mediated chemoprevention of liver carcinogenesis (pascale et aI., 1991). 

Although it has been controversial, there is now little doubt (Lu, 2000) that exogenous 

AdoMet increases the intracellular AdoMet levels. AdoMet uptake into cells has also 

been verified through a high performance liquid chromatography analysis (Watson et aI., 

1999). A number of data support the notion that exogenous AdoMet causes 

hypermethylation of DNA (Fuso et aI., 2001; Garcea et aI., 1989). 

Whereas this model provides an attractively simple explanation as to the possible 

• relationship between exogenous AdoMet administration and DNA methylation, there are 
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• a number of unresolved issues. First, increased AdoMet should increase DNMT activity 

only if the normal intracellular concentration of AdoMet is below the Km for the enzyme, 

which has not been demonstrated as of yet. However, it is possible that the main 

mechanism by which elevating AdoMet levels increases DNMT activity is by competing 

with AdoHcy, an inhibitor ofDNMf. Such an indirect mechanism of activation might be 

relevant even if the basal level of AdoMet is above the Km. Second, even if exogenous 

administration of AdoMet increases the activity ofDNMT, it is not clear whether the 

normal level of enzyme is limiting or whether the specificity of DNA methylation 

patterns is determined by the molecular activity ofDNMT. There is no evidence to 

suggest that specific sites remain unmethylated in vertebrate genomes simply for the 

reason that the molecular activity of DNMT is limiting. Third, methyl-deficient diets 

• cause hypomethylation in the liver whose cells are mostly postmitotic and do not 

replicate (Poirier, 2002). If the mechanism of this hypomethylation involves only 

inhibition of DNMT, it could take effect only in cells that actively synthesize DNA. 

Since measurable demethylation is seen with these diets, this could only occur if a 

significant fraction of liver cells proliferate during the treatment. Whereas an increase in 

proliferation in the liver is seen as a consequence of methyl-deficient diets, it is not clear 

whether proliferation precedes or follows global hypomethylation. 

The current hypothesis on the mechanism of action of AdoMet is based on the 

assumption that DNA methylation is a unidirectional and irreversible reaction, which is 

catalyzed by DNMT exclusively. However, an increasing list of data supports the 

• hypothesis that DNA methylation in vivo is also fashioned by demethylase activity 
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•	 (Oswald et aI., 2000). A DNA demethylase activity was partially purified from human 

lung carcinoma A549 cells (Ramchandani et aL, 1999) and the protein MBD2 was shown 

to bear demethylase activity (Bhattacharya et aI., 1999). The demethylase activity of 

MBD2 was disputed by several groups (Ng et aI., 1999; Zhang et aL, 1999), but our 

recent data have demonstrated that ectopic MBD2IdMTase causes DNA demethylation in 

a promoter specific manner (Detich et aI., 2002). We therefore propose that DNA 

methylation is a reversible reaction, and that the steady state DNA methylation status of a 

gene reflects a balance of methylation and demethylation (Szyf, 2oo1a; Szyf, 2oo1b). 

Thus, it is possible that AdoMet increases methylation by inhibiting demethylation. 

It is impossible to determine whether hypermethylation of a gene in vivo following a 

chronic drug treatment is caused by either an increase in DNMT activity, as proposed by •	 the current model, or inhibition of DNA demethylase. A model system is required to 

study either methylation or demethylation in isolation from the reverse activity. We have 

recently described such a model (Fig. 1). When an unmethylated CMV-GFP plasmid is 

transiently transfected into the human embryonal kidney cell line HEK 293, it remains 

unmethylated throughout the transient transfection period up to 96 hours, demonstrating 

that DNMTs do not target extrachromosomal DNA under the conditions of our 

experiment (Cervoni and Szyf, 2001). When an in vitro methylated CMV-GFP plasmid 

is transiently transfected into these cells, it generally remains methylated. However, 

when histone acetylation is induced by Trichostatin A (TSA), the plasmid is fully and 

actively demethylated by an endogenous demethylase activity. Since the plasmid does 

•	 not replicate during the time frame of the experiment, this assay measures only active 

130 



• demethylation (Cervoni and Szyf, 2001). This system thus allows us to determine the 

impact that different factors might have on demethylase activity. We have recently used 

this assay to illustrate that a protein that inhibits histone acetylation inhibits active 

demethylation in living cells (Cervoni et al., 2002). 

In this study we took advantage of this assay to test the hypothesis that exogenous 

administration of AdoMet inhibits demethylase activity in living cells. Using an in vitro 

demethylase assay, we then tested whether AdoMet inhibits recombinant MBD2IdMfase 

activity extracted from infected SF9 insect cells, as well as endogenous demethylase 

activity from HEK 293 cells. We also show that concentrations of exogenous AdoMet 

that inhibit demethylase activity also inhibit the transformation potential of HEK 293 and 

• A549 cells in vitro, as determined by a soft agar assay. Taken together, our results 

support an alternative hypothesis for the mechanism of action of AdoMet as a DNA 

hypermethylating and an antitumorigenic agent. 

MATERIALS AND METHODS 

In vitro methylation ofsubstrates- CMV-GFP (pEGFP-CI from Clontech; GenbanklM 

accession no. U55763) was methylated in vitro by incubating 10 f..l.g of plasmid DNA 

with 12 units of SssI CpG methyltransferase (New England Biolabs) in the recommended 

buffer containing 800 f..l.M AdoMet for 3 h at 37°C. Another 12 units of SssI and 0.16 

Jlmol of AdoMet were then added and the reaction was further incubated for an 

• additional 3 h. The methylated plasmid was recovered by phenoVchloroform extraction 
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• and ethanol precipitation, and complete methylation was confirmed by observing full 

protection from Hpall digestion. 

Cell culture and transient transfections - Human embryonal kidney HEK 293 cells 

(ATCC CRL 1573) were plated at a density of 7.5x104/well in a six-well dish and 

transiently transfected with 80 ng of CMV-GFP (methylated or mock-methylated) using 

the calcium phosphate precipitation method as described previously (Rouleau et al., 

1992). 0.3 IlM TSA (Sigma) was added 24 h post-transfection. After an additional 24 h, 

cells were treated with or without various concentrations of AdoMet or AdoHcy (2 - 8 

mM) (Sigma). Cells were harvested 72 h post transfection. Each experiment was 

performed in triplicate and experiments were performed several times using different 

cultures of HEK 293 cells. • 
Western blot analysis- Whole cell extracts were prepared using Radio Immuno 

Precipitation Assay buffer according to the Santa Cruz Biotechnology protocol, and 

protein concentrations were determined using the Bradford Reagent (BIO RAD). 2.5 ~g 

of protein were resolved on a 12.5% SDS-polyacrylamide gel and then transferred to 

PVOF membrane (Amersham Biosciences). After blocking the nonspecific binding with 

5% skim milk, GFP protein was detected using rabbit polyclonal IgG (Santa Cruz, sc­

8334) at 1:500 dilution, followed by peroxidase-conjugated anti rabbit IgG (Sigma) at 

1:5000, and enhanced chemiluminescence detection kit (Amersham Biosciences). 

Membranes were stained with 0.2% Ponceau S (Sigma) to determine loading of total 

• protein in each lane. Both the Western blots and Ponceau stained membranes were 
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• quantified using NllI Image 1.62 software, and the GFP signal was normalized to the 

total protein (which varied only slightly) in each lane. 

Southern blot analysis- DNA was extracted from HEK 293 cells using the DNeasy Tissue 

Kit (Quiagen). DNA was first digested with 50 units of EcoRl, followed by digestion 

with 20 units of either HpaJl or MspI restriction enzymes. Samples were subjected to 

electrophoresis on a 1.5 % agarose gel and then transferred to Hybond-N+ membrane 

(Amersham Biosciences). Blots were probed with a 32P-Iabeled CMV-GFP cDNA probe 

(AvaJl-Cjr101 fragment) synthesized using a random priming labeling kit (Roche 

Molecular Biochemicals). Membranes were hybridized at 68°C for 4-6 h in a buffer 

containing 0.5 M sodium phosphate pH 6.8, 1 mM EDTA, 7% SDS, and 0.2 mglml 

• herring sperm DNA. Following hybridization, the membranes were washed twice for 10 

min in a solution of 5% SDS, 0.04 M sodium phosphate pH 6.8, ImM EDTA, and then 

four times for 10 min in the same solution containing 1% SDS. The demethylation assay 

measures the fraction of GFP molecules that were demethylated using Hpall restriction 

enzyme, which cleaves unmethylated CCGG but does not cleave methylated CCGG 

sequences. The methylated GFP DNA remains intact following Hpall digestion and is 

identical to the fragment obtained following EcoRI digestion (indicated by M in Fig. 2B), 

whereas the unmethylated GFP DNA is cleaved by HpaJl resulting in a 0.5 kb fragment 

(indicated by U in Fig. 2B). We scanned each Hpall digested lane and measured the 

intensity of the total signal hybridizing with the GFP probe in the same Hpall lane 

(including the unmethylated U and methylated M fragments), this value is equal to 100% 

• of GFP molecules in the lane. We then determined the intensity of the unmethylated 
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•	 signal per Hpall lane, and divided this value (U) by the total signal for GFP (U+M) in the 

same lane. The results of 3 independent experiments were quantified by densitometry 

(NllI Image 1.62). The percent methylation for each was determined as [M I (U+M)] 

*100. 

AdoMet preparations for in vitro studies- AdoMet was prepared as a 50 mM solution by 

dissolving lyophilized powder (Sigma) in distilled water. AdoHcy was purchased from 

Sigma and dissolved in distilled water to a concentration of 50mM. 

Purification ofrecombinant MBD2/dMTase from SF9 cells- A fragment containing 

human MBD2/dMTase was excised from pCR2.1-dMTase (Bhattacharya et al., 1999) 

• with BamID and XhoI and transferred to the Baculovirus expression transfer vector 

pBlueBacHis2 C (Invitrogen). PBlueBacHis2 C-MBD2IdMTase and Bac-N-Blue viral 

DNA were cotransfected into the SF9 insect cell line and recombinant viruses were 

isolated, identified and amplified according to the manufacturer's protocol (Invitrogen) 

with no modifications. High titer P3 viral stocks were used for infections. Insect SF9 

cells were cultured in spinner flasks to a density of 2.5x106 cells/ml in Grace's Insect Cell 

Culture Medium Supplemented (IX) from Life Technologies. For infection, 5x106 cells 

were plated in 10 cm tissue culture plates (Sarstedt) and allowed to settle and attach for 

30 minutes. The culture medium was removed and was replaced with 10 ml of the same 

medium containing MBD2/dMTase virus at a multiplicity of infection of 10. The cells 

were cultured with the virus for 5 days at 27°C and were then harvested by scraping in 

• cold phosphate buffered saline. Cell pellets from 10 plates were frozen and kept at -70 
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• °C until they were used for enzyme purification. Frozen pellets were thawed in 5 ml of 

lysis buffer (10 mM Tris-HCI pH 8.0, 5 mM MgCI2, 500 mM NaCI, 0.05% Tween 20, 

10% glycerol and 10 mM imidazole) containing IJlglml of the following protease 

inhibitors: aprotinin, leupeptin and pefablock. Protease inhibitors were added to all the 

solutions used in the purification. The homogenates were subjected to two cycles of 

freezing and thawing (5 minutes per step). DNA in the homogenate was sheered by 

passing through an 18.5 gauge needle 10 times. The extracts were then subjected to 15 

cycles of sonication (10 seconds burst, 10 seconds gap per cycle at 20% of maximal 

output). The extracts were centrifuged at 10, 000 x g for 35 min. The supernatant was 

transferred into a fresh tube and was recentrifuged for additional 25 min at 15, 000 x g. 

The extract was filtered through a 5 micron filter to remove any particulate matter and the 

buffer was exchanged on a PD-1O buffer exchange column (Amersham Biosciences) with 

buffer L (10 mM Tris-HCI pH 8.0, 10 mM MgCI2) containing 50 mM NaCl. 

Recombinant MBD2/dMTase was partially purified by Q-Sepharose (Amersham 

Biosciences) ion exchange chromatography. Q-Sepharose beads (1 ml of swollen beads) 

were washed extensively and pre-equilibrated with buffer L containing 50 mM NaCI and 

divided into 3 equal aliquots. The cell extracts were sequentially bound three times to the 

3 aliquots of Q-Sepharose beads in batch in 15 ml tubes by shaking gently on a Nutator 

for 45 min at 4 °c. Following each binding step, the bound beads and unbound 

supernatant were separated by centrifugation for 2 min at 1000 x g and the supernatant 

was transferred into a new tube and bound with new pre-equilibrated beads. The bound 

beads from the three binding steps were joined and resuspended in lysis buffer. The 

• beads were washed in batch 4 times with 5 ml buffer L + 50 mM NaCl. For each 
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• washing step, the beads were incubated with the wash solution for 15 min and were then 

separated from the wash supernatant by centrifugation for 2 min at 1000 x g. Following 

washing, the proteins were eluted in batch (30 min per step) with a stepwise NaCI 

gradient in buffer L. Each elution step was analyzed for in vitro demethylase activity and 

for the presence of the recombinant His-tagged MBD2IdMTase by a Western blot 

analysis using the anti-Xpress antibody from Invitrogen as previously described (Detich 

et aI., 2002 Sep 27). MBD2/dMTase peak: elution is at the 0.4 M NaCI step. No 

demethylase activity was observed in the same fractions prepared in a similar manner 

from uninfected SF9 cells. For concentration of the 0.4 M NaCI fraction, a Microcon 

YM-1O concentrator (Millipore) was used at 3300 x g and 4 °C. Spinning time varied 

according to the volume, and was 25 min for 500 J.1l. 

• Extraction ofendogenous demethylase activity from HEK 293 cells - 10 x 10 cm tissue 

culture plates of HEK 293 cells were used to prepare cell extracts as outlined in the 

previous section. Q-Sepharose fractionation was performed also as described above and 

as previously described (Detich et al., 2002 Sep 27). 

Preparation ofsubstrate DNA for in vitro demethylation assay- (a) Methylation of 

substrate: Typically, 25 Jig of DNA from micrococcus lysodeikticus Type XI (Sigma) 

were methylated with M.SssI (60 units, New England Biolabs) and AdoMet (3.2 mM, 

New England Biolabs) in methylation buffer (NEbuffer2) in the presence of 50 mM 

EDTA for 3-4 h at 37°C. Fresh AdoMet (3.2 mM) and enzyme (40 units) were then 

• added before incubating at 37°C for additional 3-4 h. To achieve complete methylation, 
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• the methylation reaction is repeated after AdoHcy, a product of the methylation reaction 

and inhibitor of DNA methylation, is removed using a Microcon 10 concentrator 

(Millipore) according to manufacturer's protocol. The degree of methylation was 

verified by methylation sensitive restriction enzyme analysis (MspIfHpall digestion) on 

aliquots of the reaction mixture. The DNA was purified by phenoVchloroform extraction, 

and unincorporated nucleotides were removed by Nap5 gel filtration chromatography 

(Amersham Biosciences). The Nap5 column was equilibrated with demethylation buffer 

(10 mM Tris-HCI, 5 mM MgCI2, pH 7.0). DNA containing fractions were combined, 

concentrated on a Microcon 10, and subjected to a second Nap5 desalting column. DNA 

containing fractions were again concentrated as described above. 

• (b) [a-32P]-dGTP labeling of DNA: We then prepared either methylated or unmethylated 

DNA that is 32p labeled at G, the 3' neighbor of the methylated C, as previously described 

(Szyf and Bhattacharya, 2002b) with the following modifications: 5 Jlg of either 

methylated or unmethylated DNA in 35 ~ double distilled water were denatured and 

annealed to a hexanucleotide primer by boiling for 10 min in the presence of 3 ~ random 

hexanucleotide mix (0.2 A260) (Roche Molecular Biochemicals). The primed DNA was 

then subjected to template directed extension with the Klenow fragment of DNA 

polymerase I in the presence of labeled [a-32P]-dGTP (perkin Elmer Life Sciences), 

dTIP, dATP, and either m-dCTP for methylated DNA or dCTP for unmethylated DNA. 

The 3' phosphate of all the 5' neighbors of G including either Cor mC is labeled by this 

procedure. In detail, the labeling was performed for 3 h at 37°C in polymerase buffer (50 

• mM NaCI, 6.6 mM Tris-HCI, 6.6 mM MgCI2, 1 mM DIT, pH 7.4) with Klenow 
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• fragment I (10 units, Roche Molecular Biochemicals), [a-32P]-dGTP (50 JlCi), and 1 mM 

of each of the following: dATP, dTTP, m-dCTP/dCTP. The reaction mixture was then 

extracted with phenol and chloroform. TCA precipitation (2 m1 10% trichloroacetic acid, 

20 Jlg herring sperm DNA) of an aliquot typically showed 80-95 % labeling efficiency 

(260,000-320,000 cpm/J,ll, total of 150 J,ll). The DNA was purified by eluting it twice 

from a Nap5 column and concentrating on a Microcon 10 as described above with the 

following variation: distilled water was used for prewashing and elution in the second 

column. The final concentration was 5 nglJ,ll arid the specific activity was typically 8.0­

8.8 x106 cpm/Jlg. 

• 
In vitro Demethylation Assay - A typical reaction mixture (50 J.1l) consisted of 25 ng of 

32P-prelabeled DNA (prepared as described above) incubated in demethylation buffer (10 

mM Tris-HCI, 5 mM MgCI2, pH 7.0) with either the purified MBD2/dMTase (5 J.1l,-5 

ng), or the purified demethylase activity from HEK 293 cells (5 J,ll) for 24 h at 37°C in 

either the absence or presence of AdoMet or AdoHcy. The DNA was extracted from the 

enzyme by incubation in 2 volumes of DNA extraction buffer (10 mM Tris-HCI, 0.5 M 

NaCI, 1% SDS) containing O.lunits proteinase K (Roche Molecular Biochemicals) at 50 

°C for 2 h. Subsequent phenol/chloroform extraction in the presence of tRNA (50 J.1g) as 

a carrier and ethanol precipitation with salt and 95% ethanol resulted in almost 

quantitative recovery of the input DNA. The DNA pellets were resuspended in distilled 

water (8 J,ll) and digested with microccocal nuclease to 32P-Iabeled 3' mononucleotides as 

described elsewhere (Detich et al., 2002 Sep 27; Szyf and Bhattacharya, 2oo2b). The 

• labeled mononucleotides were separated by thin layer chromatography and visualized by 
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•	 autoradiography on a phosphorimager plate, and the levels of cytosine (C) and 5­

methylcytosine (mC) were quantified by the MCID-M4 software (Imaging Research 

Inc.). The percent demethylation [C/(C+mC)] was calculated per each sample and then 

normalized to the value obtained for the demethylase reaction in the absence of inhibitor 

(0 mM AdoMetlAdoHcy). 

Soft agar assay- HEK 293 and A549 cells were plated at a density of 7.5x104 in a six­

well dish and were treated the following day with either 4 mM AdoMet or AdoHcy for an 

additional 24 h. For analysis of growth in soft agar, 3 x103 cells were seeded in triplicate 

onto a six-well dish in 4 ml of complete medium containing 0.33% agar solution at 37°C 

(Freedman and Shin, 1974). Cells were fed with 2 ml of medium twice weekly. The 

• assay was performed in triplicate and colonies were counted 21 days after plating for 

A549 cells, and 7 days after plating for HEK 293 cells. 

RESULTS 

AdoMet inhibits TSA induced active demethylation ofectopically methylated and 

transiently transfected CMV-GFP in a dose-dependent manner- There have been several 

reports demonstrating that exogenous administration of AdoMet leads to DNA 

hypermethylation (Cai et al., 1998; Fuso et aI., 2001; Pascale et aI., 1991). Similarly, 

other studies have shown that a decrease in dietary folate or a depletion of intracellular 

AdoMet results in DNA hypomethylation (pascale et al., 2002; Pogribny et al., 1995; 

• Sibani et aI., 2002; Zhao et aI., 1997). However, it is not known whether AdoMet's 

effects on methylation are due to changes in DNMT or DNA demethylase activities. 
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• We utilized a previously described transient transfection based assay system (Fig.1 and 

(Cervoni and Szyf, 2001» to study the effects of AdoMet on the active demethylation of 

ectopically methylated DNA. In prior studies we have shown that in vitro methylated 

CMV-GFP reporter plasmid is actively demethylated 72 hours following transfection into 

HEK 293 cells when histone hyperacetylation is induced with TSA (Cervoni and Szyf, 

2001). Since CMV-GFP does not replicate nor is it de novo methylated in HEK 293 

cells (Cervoni and Szyf, 2001), this assay specifically measures active demethylation in 

living cells. 

We first determined the effects of increasing doses of AdoMet, or the product of AdoMet 

• dependent methyltransferase reactions, AdoHcy, on the demethylation of methylated 

CMV-GFP (Fig. 2). DNA was isolated from HEK 293 cells transfected with methylated 

CMV-GFP DNA and treated with either TSA and AdoMet, or TSA and AdoHcy. DNA 

was first linearized with the EcoRI restriction enzyme, followed by digestion with MspI 

(which cleaves the sequence CCOO) or Hpall (which cleaves the sequence CCOO only 

when it is not methylated). The demethylated Hpall digested 529bp fragment (U) and 

the methylated undigested DNA (M) were quantified within each sample, and the percent 

methylation for total CMV-GFP DNA in each lane was determined as [M I (U+M)] *100. 

As can be seen in Fig. 2, A and C, the addition of TSA results in nearly complete 

demethylation of CMV-GFP by endogenous demethylase activity, as indicated by the 

complete HpaII digestion of CMV-GFP to the 529 bp fragment (U). Upon the addition of 

• increasing concentrations of AdoMet (Fig. 2, B and D), the percentage of methylated 
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• GFP remaining increases in a dose-dependent manner, illustrated by the decrease in the 

ratio of the 529 bp HpaIJ. fragment (U) to the undigested DNA (M). AdoHcy has an 

insignificant effect on the demethylation of CMV-GFP (Fig. 2, B and D), indicating that 

the methyl moiety of AdoMet is required for inhibition of demethylation. 

We then determined whether AdoMet stimulates de novo methylation of an identical 

unmethylated CMV-GFP substrate. Fig. 2E illustrates that unmethylated CMV-GFP, 

transfected under identical conditions, does not get de novo methylated even in the 

presence of 8 mM AdoMet. This indicates that AdoMet does not cause an increase in 

DNMT activity on ectopic CMV-GFP. Thus, the likely mechanism by which AdoMet 

causes hypermethylation of CMV-GFP in comparison with the TSA treated control is by 

• inhibiting its active demethylation by resident demethylases. 

AdoMet reduces TSA induced expression o/methylated CMV-GFP in a dose-dependent 

manner, but has no effect on unmethylated CMV-GFP- A number of studies have shown 

that an increase in AdoMet inhibits gene expression (Fuso et al., 2001 Nov 23; Watson et 

al., 1999), however it is not clear whether AdoMet specifically affects genes whose 

methylation state it alters exclusively, or whether it has a non specific effect on gene 

expression. We took advantage of the CMV-GFP system described above to address this 

question. We determined whether AdoMet influences the expression of either methylated 

CMV-GFP, whose methylation state is affected by AdoMet, or unmethylated CMV-GFP, 

whose methylation state is not affected by AdoMet. HEK 293 cells were transiently 

• transfected and treated with TSA and either AdoMet or AdoHcy, as described in the 
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• previous section. Extracts were then prepared and subjected to a Western blot analysis 

using an antibody directed against the OFP protein. 

Fig. 3, A and C illustrate that methylated CMV-OFP is completely repressed in untreated 

HEK 293 cells. This is as expected, since it is well documented that DNA methylation 

leads to gene silencing. The addition of TSA leads to a dramatic induction of OFP 

expression as expected from the complete demethylation following TSA treatment. Upon 

the addition of increasing amounts of AdoMet, OFP expression is decreased in a dose­

dependent fashion. AdoHcy has no significant effect on the expression of methylated 

OFP, consistent with its lack of effect on DNA demethylation. 

• Since our system measures expression and demethylation that is dependent on histone 

hyperacetylation, there are two possible mechanisms by which AdoMet could exert its 

effects on demethylation (Fig. 1). AdoMet could directly inhibit a demethylase activity, 

or it could inhibit histone acetylation, which we have previously shown leads to an 

inhibition of demethylation (Cervoni et aI., 2002). If the latter were true, then AdoMet 

should also inhibit the TSA induced expression of unmethylated OFP, whose expression 

is induced by histone acetylation as well. Fig. 3, B and D indicate that this is not the 

case, since AdoMet has an insignificant effect on the induction of unmethylated OFP by 

TSA. The fact that AdoMet specifically affects the expression of a methylated copy of 

CMV-OFP, and not an unmethylated copy, supports the model that AdoMet inhibits gene 

expression by directly inhibiting the active demethylation of methylated CMV-OFP. 

• 
142 



• AdoMet inhibits the tumorigenic properties oftwo different transformed cells lines: A549 

human lung carcinoma cells and HEK 293 human embryonal kidney cells- It is well 

documented that a correlation exists between reduced intracellular AdoMet (either as a 

consequence of decreased folate intake or pharmacological intervention) and an increase 

in cell proliferation and tumorigenesis (Cai et al., 1998; Martinez-Chantar et aI., 2002; 

Pascale et al., 2002 luI; Sibani et al., 2002). However, there is no direct demonstration 

that AdoMet treatment of a cancer cell line can revert its state of transformation. We 

therefore decided to test whether treatment with AdoMet could inhibit the transformation 

potential of HEK 293 cells, which were shown here to be responsive to AdoMet 

inhibition of demethylase. We also tested the effects of AdoMet on the transformed state 

of the A549 cell line to exclude the possibility that AdoMet's effects are an idiosyncrasy 

• of HEK 293 cells. Cells were treated for 24 hours with either AdoMet or AdoHcy at a 

concentration of 4 MM. An equal number of living cells were seeded onto soft agar to 

test their anchorage independent growth, an indicator of tumorigenesis in vitro (Freedman 

and Shin, 1974). As shown in Fig. 4, both untreated HEK 293 and A549 cells formed 

colonies in soft agar, which is characteristic of cancer cell lines. Remarkably, after only a 

single 24-hour treatment with AdoMet, no colonies were formed with A549 cells and 

only a minimal number of colonies were observed with HEK 293 cells. In contrast, 

AdoHcy did not inhibit anchorage independent growth with either cell line and even had 

a stimulatory effect. Since we have shown here that 4 mM AdoMet inhibits cellular 

demethylase activity in HEK 293 cells whereas AdoHcy has no effect at the same 

concentration, the inhibition of cell transformation is consistent with the hypothesis that 

• hypomethylation is critical for tumorigenesis. AdoMet's chemoprotective effects against 
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• colorectal cancer might therefore be due to its inhibition of active demethylation. 

AdoMet but not AdoHcy inhibits demethylation activity in vitro- In order to further 

confirm that the observed effect of AdoMet and AdoRcy is due to inhibition of active 

demethylation and not an indirect effect, in vitro studies with a recombinant 

MBD2IdMTase (the only demethylase characterized thus far) were perfonned 

(Bhattacharya et aI., 1999). Since it is not certain whether MBD2IdMTase is responsible 

for the demethylation seen in HEK 293 cells, we also perfonned these studies with 

purified endogenous demethylase activity from HEK 293 cells. Together, these in vitro 

experiments should test whether AdoMet can act as an inhibitor of one or more 

demethylase activities. 

• First, His tagged MBD2/dMTase was partially purified by chromatography on Q­

Sepharose from cell extracts of SF9 cells infected with the recombinant MBD2/dMTase 

construct as described in "materials and methods". Fractions were eluted with a stepwise 

gradient of NaCI and assayed for demethylation activity with a 32P-prelabeled methylated 

DNA from micrococcus lysodeikticus (Fig. 5A, left panel). Conversion of mdCMP to 

dCMP, while not extensive, was almost exclusively detected with the 0.4 M NaCI 

fraction (16% demethylation). This correlates with the peak. presence of the His-tagged 

recombinant MBD2/dMTase protein in this fraction as demonstrated by a Western blot 

analysis (Fig. 5B) using an anti-Xpress antibody. To confinn that the 0.4 M NaCI 

fraction contained demethylase activity, the fraction was concentrated 10 fold on a 

• Microcon concentrator. As expected, the demethylase activity in the 0.4 M NaCI fraction 
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• increased accordingly (Fig.5A, right panel); 5 ~l of the concentrated fraction completely 

converted mdCMP to dCMP for the same amount of DNA as used before (Fig.5A, left 

panel). 

Next, we determined whether AdoMet inhibits the demethylation activity of 

MBD2/dMTase. The aforementioned DNA was incubated with MBD2IdMTase from 

SF9 cells in the presence of increasing AdoMet concentrations, and conversion of 

mdCMP (mC) to dCMP (C) was assessed as above. Fig. 6A presents the autoradiography 

and quantification of one representative experiment. Due to the numerous steps involved 

in this assay it is impossible to avoid small loading differences between samples. To 

determine percent activity, the percent demethylation [C/(C+mC)] was calculated within 

• each sample in order to control for these differences and then normalized to the value 

obtained for the demethylase reaction in the absence of inhibitor (0 mM 

AdoMetlAdoHcy). Conversion of mdCMP to CMP was greatly reduced at 0.5 mM 

AdoMet and abolished completely at concentrations higher than 0.7 mM. 

In contrast to AdoMet, no inhibition of demethylation occurred in the presence of 

increasing concentrations of AdoHcy (Fig. 6B). These results indicate that the small 

differences in the chemical structure (methyl group and positive charge on the sulfur) 

between AdoMet and AdoHcy are responsible for their different interactions with the 

MBD2/dMTase. 

•� 
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• To test whether AdoMet inhibits endogenous HEK 293 demethylase activity, we 

extracted demethylase from HEK 293 cells using Q-Sepharose fractionation as previously 

described (Detich et al., 2002), and incubated it with increasing concentrations of 

AdoMet. The results shown in Fig. 6C indicate that, similar to recombinant 

MBD2/dMTase, the demethylase activity extracted from HEK 293 cells is inhibited by 

50% at 0.5 mM AdoMet. Taken together, the above experiments demonstrate that 

AdoMet can inhibit the in vitro demethylation activity of recombinant MBD2/dMTase as 

well as endogenous demethylase extracted from HEK 293 cells. 

AdoMet and AdoHcy compete for binding to the catalytic site on DNMTs. It was 

therefore proposed that the ratio of AdoHcy to AdoMet determines DNMT activity as 

• discussed in the introduction. AdoHcy inhibits DNMTs whereas increased AdoMet 

offsets this inhibition. We therefore determined whether a similar relationship applies to 

MBD2IdMTase. A competition experiment between AdoMet and AdoHcy is presented 

in Fig. 6D. Increasing concentrations of AdoHcy were added in the presence of an 

inhibitory concentration of AdoMet (10 mM) in a series of demethylation reactions. The 

results of this experiment illustrate that even a tenfold concentration excess of AdoHcy to 

AdoMet does not diminish inhibition of the demethylase reaction by AdoMet. This is 

consistent with the hypothesis that AdoMet has a higher affinity for MBD2/dMTase as 

compared with AdoHcy. Additional studies are necessary to elucidate the mode of 

inhibition: whether AdoMet is a competitive inhibitor with the substrate DNA or an 

allosteric inhibitor as was demonstrated for Methylene Tetrahydrofolate Reductase. 
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• Furthermore, we do not know how MBD2IdMTase recognizes AdoMet on a structural 

basis. 

DISCUSSION 

The currently accepted mechanism for the effects of the methyl donor AdoMet on DNA 

methylation and tumorigenesis is founded on the assumption that the DNA methylation 

reaction is irreversible and defined exclusively by the DNMf. Taking advantage of our 

previously developed assay of demethylase activity in living cells (Fig. 1), we tested an 

alternative hypothesis that AdoMet inhibits demethylase activity. If the steady state 

methylation status of DNA is maintained by an equilibrium of DNMT and demethylase 

• 
activities (Szyf, 2001a), then inhibition of the demethylase side of the equilibrium should 

result in hypermethylation. Therefore, the reported DNA hypermethylation effects of 

exogenous AdoMet might be caused in part by inhibiting the level of demethylase 

activity in tumor cells. The main advantage of the system used in this study is that it 

measures active demethylation exclusively, without interference from either replication 

dependent passive demethylation or de novo methylation (Cervoni and Szyf, 2001). 

• 

We show here that exogenous AdoMet inhibits TSA stimulated demethylation of 

ectopically methylated and transiently transfected CMV-GFP DNA (Fig. 2, B and E). 

Since methylation inhibits the expression of CMV-GFP, inhibition of demethylation of 

CMV-GFP results in reduction of GFP protein expression (Fig. 3, A and C), illustrating 

that AdoMet affects both demethylation of DNA and gene expression. This association 

of inhibition of demethylation and silencing of gene expression prompted us to rule out 
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• the possibility that AdoMet has a general methylation-independent inhibitory effect on 

gene expression, or a general toxic effect, which might also result in inhibition of 

expression. 

It is possible that AdoMet increases histone methyltransferase activity, resulting in 

hypermethylation of K9 on H3 histones, which has been shown to correlate with 

inhibition of acetylation (Dillon and Festenstein, 2002; Nakayama et al" 2001). 

Inhibition of acetylation was shown to inhibit expression and demethylation of CMV­

GFP (Cervoni et al., 2002). To address this alternative possibility, we measured in 

parallel the effects that AdoMet might have on methylated as well as unmethylated 

CMV-GFP plasmid, both transfected and treated with exogenous AdoMet under 

• equivalent conditions. We first show that AdoMet treatment does not result in de novo 

methylation of unmethylated CMV-GFP (Fig. 2E). Thus, exogenous AdoMet does not 

stimulate DNA methylation as might be predicted by the current hypothesis of AdoMet's 

mechanism of action. Second, we show that exogenous AdoMet does not inhibit 

expression of unmethylated CMV-GFP (Fig. 3, B and D) under conditions where a clear 

inhibition of expression of methylated CMV-GFP is observed (Fig. 3, A and C). Thus 

AdoMet specifically affects the expression of methylated genes. To our knowledge, this 

is the first demonstration that AdoMet specifically targets methylated DNA. This result 

also rules out the possibility that AdoMet exerts a general toxic effect on the cell. Our 

data therefore demonstrate that exogenous AdoMet specifically affects methylated DNA 

and prevents its expression. This most probably occurs by inhibiting an endogenous 

• demethylase activity, resulting in hypermethylation of CMV-GFP and methylation­
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• dependent repression. 

We used the product of AdoMet dependent methyltransferase reactions, AdoHcy, as a 

control. AdoHcy differs from AdoMet by a single methyl group. We show that AdoHcy 

has no effect on either gene expression (Fig. 3, A and C) or demethylation (Fig. 2, Band 

D). Taken together, these results indicate that both activities of AdoMet, inhibition of 

demethylation and inhibition of gene expression, are tightly associated and that they are 

both dependent on the methyl moiety in AdoMet. 

• 
We also demonstrate that AdoMet inhibits the tumorigenic potential of both HEK 293 

and A549 cells at the same concentration that it inhibits demethylation and expression of 

methylated DNA (Fig. 4). This is consistent with epidemiological and clinical data, as 

well as with animal experiments using liver cancer models (Cai et aI., 1998; Martinez­

Chantar et al., 2002; Pascale et al., 2002 luI; Sibani et aI., 2(02). Since we show that 

AdoMet specifically inhibits the expression of methylated genes, we suggest that part of 

the antitumorigenic effects of AdoMet could be explained by the inhibition of 

demethylation and expression of genes that are required for anchorage independent 

growth. Further experiments will be needed to identify the genes whose expression are 

inhibited by AdoMet and are required for anchorage independent growth and 

tumorigenesis. 

In addition, we show that AdoMet directly inhibits recombinant MBD2IdMTase as well 

• as demethylase activity extracted from HEK 293 cells in a dose dependent manner using 
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• an in vitro assay (Fig. 6). AdoHcy does not inhibit MBD2IdMTase at the same 

concentrations (Fig. 6). Since an increase in intracellular AdoHcy was previously shown 

to be associated with hypomethylation (Caudill et al., 2001), we tested the possibilities 

that AdoHcy a) stimulates MBD2/dMTase activity, and b) competes with AdoMet 

binding to MBD2/dMTase and relieves AdoMet inhibition. Our results suggest that 

AdoHcy does not interact with MBD2IdMTase and that it has no effect on AdoMet 

inhibition of this enzyme in vitro. Our results support the conclusion that the methyl 

group in AdoMet is required for its interaction with MBD2IdMTase. Although our 

results demonstrate that exogenous AdoMet inhibits demethylase activity in vitro and in 

living cells, there is no evidence that the intact AdoMet is the inhibitor. Since AdoMet is 

not intrinsically stable, particularly at physiological pH, it is difficult to assess whether 

• AdoMet or a breakdown product is the inhibitory compound. At the AdoMet 

concentrations (mM) used in our studies, micromolar or even nanomolar concentrations 

of breakdown products of AdoMet may be present. Additional experiments are required 

to test this possibility. Nevertheless, our experiments demonstrate that pharmacological 

administration of AdoMet inhibits active demethylation and alters gene expression. 

Although further studies are necessary to determine whether MBD2/dMTase is 

responsible for demethylation of our methylated plasmid in HEK 293 cells, the fact that 

AdoMet inhibits both recombinant MBD2IdMTase and endogenous demethylase 

activities (Fig.6), provides support for the hypothesis that demethylase(s) is inhibited by 

AdoMet. Thus, in addition to its role as a cofactor for transmethylation reactions, 

• AdoMet can also act as a regulator of DNA methylation by inhibiting demethylase 
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• activity. 

Our data further emphasize that the demethylase side of the methylation equilibrium has 

to be taken into account when dissecting the mechanism of action of drugs that modify 

the DNA methylation pattern. Based on our data, we suggest that AdoMet can alter DNA 

methylation patterns by inhibiting demethylase, which is expressed in some or most cells 

(Fig.?). In this case, a reduction in the intracellular levels of AdoMet by methyl-deficient 

diets removes this inhibition and increases the demethylase tone, resulting in active 

demethylation of DNA that could take place even in postmitotic tissue. Interestingly, 

AdoMet has recently been shown to inhibit the overall demethylation of a CG site in the 

5' region of the myogenin gene during C2C12 differentiation (Fuso et aI., 2001). 

• However, this report did not determine whether AdoMet stimulated DNMT or inhibited 

DNA demethylase. 

The finding that AdoMet inhibits anchorage independent growth (Fig. 4) suggests that 

active demethylation might be especially important for tumorigenesis. This is consistent 

with the well-documented observations of global hypomethylation in cancer cells 

(Ehrlich, 2002 Aug 12). There is evidence that AdoMet's tumor protective mechanism 

involves DNA methylation since this protection is removed when the animals are co­

treated with 5-azaC (pascale et aI., 1991). In accordance with this hypothesis, we have 

recently shown that antisense inhibition of MBD2/dMTase inhibits tumorigenesis (Slack 

et aI., 2002). It is tempting to speculate that certain genes that are required for anchorage 

• independent growth might be inhibited by methylation and activated by a demethylase 
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• activity. Inhibition of the demethylase tone by AdoMet is proposed to result in silencing 

of these genes. Future experiments should focus on the identification of cancer 

promoting genes that are suppressed by AdoMet. If AdoMet's mechanism of action in 

inhibiting tumorigenesis involves inhibition of demethylation, it would support the 

hypothesis that demethylation plays a causal role in tumorigenesis, and serve as a 

warning against using inhibitors of DNA methylation as anticancer agents. 

• 
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• FIGURE LEGENDS 

Fig. 1. Outline of the model system used to assess the effects of AdoMet on active 

demethylation in living cells. (a) CMV-GFP plasmid is methylated in vitro and 

transiently transfected into HEK 293 cells. (b) Histone acetylation is induced with TSA, 

which results in DNA demethylation by endogenous demethylase activity (Cervoni and 

Szyf,2001). (c) The degree of demethylation is then measured by methylation sensitive 

restriction digestion using Hpall enzyme, which is followed by Southern blot analysis 

using a GFP specific probe (Avall-Cfr101 fragment). The possible mechanisms of action 

of AdoMet are indicated: Either a direct inhibition of demethylase activity (1), or an 

indirect mechanism by first stimulating histone methylation and inhibiting histone 

• acetylation, which would then inhibit active demethylation (2). 
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Fig. 2. AdoMet inhibits active demethylation of CMV-GFP. A, B, E. Either in vitro 

methylated CMV-OFP plasmid (m-GFP) (A, B), or unmethylated CMV-OFP (GFP) (E) 

were transiently transfected into HEK 293 cells. Cells were treated with a final 

concentration of 0.3 ~ TSA (+ TSA) or left untreated (- TSA), and increasing 

concentrations of either AdoMet or AdoHcy (2, 4, 8 mM) were then added. Cells were 

harvested 72 h post-transfection and the methylation status of CMV-OFP was determined 

by MspIJHpaII restriction digestion and Southern blot analysis as outlined in "materials 

and methods" and Fig.!. M, methylated and Hpall undigested OFP; U, unmethylated and 

HpafI fully digested OFP (529bp). C. The results of 3 independent experiments as 

shown in (A) were quantified by densitometry and the average percent methylation 

remaining for each sample was calculated as outlined in "materials and methods" and 

charted +/- S.D. D. The results of 3 independent experiments as shown in (B) were 

quantified as in (C) and the averages +/- S.D. are presented. 0, AdoMet; D, AdoHcy. 
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• Fig. 3. AdoMet reduces TSA induced expression of methylated CMV-GFP. A and 

B. HEK 293 cells were transiently transfected with either methylated CMV-GFP plasmid 

(m-GFP) (A), or unmethylated CMV-GFP (GFP) (B) and treated with 0.3 ~ TSA plus 

the indicated concentrations (mM) of AdoMet or AdoHcy. Total cell extracts were 

prepared using standard protocols and resolved on a 12.5% SDS-polyacrylamide gel. 

Proteins were transferred to PDVF membrane and GFP protein was detected using rabbit 

polyclonal IgG (Santa Cruz, sc-8334). Membranes were stained with Ponceau S to show 

equal loading. C. Experiments such as those shown in (A) were performed in triplicate 

and quantified by densitometry. Results are presented as arbitrary units relative to the 

level of GFP expression in the presence of TSA alone, which was normalized to one. 0, 

AdoMet; 0, AdoHcy. D. Quantification of triplicate experiments as shown in (B); the 

• averages +/- S. D. are presented. 
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• Fig. 4. AdoMet inhibits the growth of A549 and HEK 293 cells in soft agar. A549 

cells (A) and HEK 293 cells (B) were treated with either 4 mM AdoMet or AdoHcy for 

24 h, or left untreated (control). 3 x 103 live cells were then seeded in triplicate onto a 

six-well dish in 4 ml of complete medium containing 0.33% agar solution. Colonies were 

counted 7 days after plating for HEK 293 cells, and 21 days after plating for A549 cells. 

Results shown are the average colony number/well from triplicate assays. 
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• Fig. 5. Partial purification of His-MBD2/dMTase from SF 9 cells. A. Cell extracts 

prepared from SF9 cells infected with MBD21dMTase baculovirus were subjected to 

chromatography on Q-Sepharose and eluted with a step-wise gradient of NaC!. Fractions 

were assayed for demethylase activity using a 32P-prelabeled methylated DNA from 

micrococcus leisodeikticus. Demethylation activity elutes almost exclusively at 0.4 M 

NaCI with some activity present in the 0.2 M NaCI fraction (left panel). The 0.4 M NaCl 

fraction was concentrated 10 fold and re-assayed (right panel). Following demethylation, 

the DNA was digested to 3' -mononucleotides and separated by thin layer 

chromatography. The DNA that was incubated with the whole cell extract (EX) and with 

the flow through (F7) could not be recovered for activity analysis, most likely due to 

nuclease activities in the fractions. The MBD2/dMTase tightly binds to Q-Sepharose as 

• shown by the fact that the washes are free of demethylation activity. B. The fractions 

were analyzed by Western blot using anti-Xpress antibody (Invitrogen) to demonstrate 

the presence of His-MBD2/dMTase (indicated by the arrow). The presence of the 

protein correlates with its activity in the elution profile, with almost all the 

MBD2/dMTase detected at 0.4 M NaCl. Lower molecular weight bands in the extract 

and the bindings might be due to partial degradation of the protein during purification. 

NM, unmethylated control; M, methylated control; 5mC, 5-methyldeoxycytidine 3'­

monophosphate; C, deoxycytidine 3' -monophosphate, EX, extract; FT, flow through. 
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• Fig. 6. AdoMet, but not AdoHcy, inhibits demethylation activity in vitro. A and C. 

32P-prelabeled methylated DNA from micrococcus leisodeikticus was incubated with 

either MBD2/dMTase (A) or HEK 293 cells' extracted demethylase (C), and increasing 

concentrations of AdoMet. The autoradiography and quantification of one representative 

experiment is shown. Percent activity was calculated as described in "materials and 

methods". B. Increasing concentrations of AdoHcy were added to the demethylase 

reaction; a representative experiment is shown. D. Increasing concentrations of AdoHcy 

were added to reaction mixtures containing 10 roM AdoMet and demethylase activity 

was determined. NM, unmethylated control; M, methylated control; 5mC, 5­

methyldeoxycytidine 3' -monophosphate; C, deoxycytidine 3' -monophosphate. 
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Fig. 7. Possible model depicting how AdoMet may alter DNA methylation patterns 

and exert a chemoprotective effect. The steady state methylation pattern of a gene is 

detennined by an equilibrium of DNMTs and DNA demethylases acting upon it. In cells 

where DNA demethylase is overexpressed, certain genes may have a tendency to become 

hypomethylated, and some of these genes may promote anchorage independent growth 

and tumorigenesis. In this case, the administration of AdoMet would have a tumor 

protective effect by inhibiting demethylation and shifting the equilibrium to the normally 

methylated state. 
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• The fonner manuscript describes an alternative mechanism of action for AdoMet as an 

inhibitor of intracellular demethylase activity, which results in hypennethylation of DNA. 

This finding forces us to take into account the demethylase side of the methylation 

equilibrium when determining the mechanism of action of drugs that modify the DNA 

methylation pattern. The possibility that epigenomic states might be manipulated 

therapeutically by modulating demethylase activity has vital implications not only in 

cancer, but even more importantly, in postmitotic tissues such as the brain. Postmitotic 

tissues pose an important barrier to epigenetic therapeutic modulation in the fact that the 

cells do not divide. This is especially imperative in situations where certain genes are 

abnonnally hypennethylated. Since all the DNA hypomethylating drugs that are 

available to date act by inhibiting DNMT, they induce passive demethylation, and are 

• therefore extremely effective in replicating cells but are irrelevant for cells that do not 

divide. Thus, the only chance to correct abnormal hypennethylation in adult non­

dividing tissues is to identify agents that can pharmacologically stimulate active 

demethylation by endogenous demethylases. The following manuscript illustrates that 

the commonly prescribed drug valproate (VPA) can induce replication independent active 

demethylation of DNA, and also shows that MBD2/dMTase is involved in this process. 

This study is the first demonstration that an established drug can erase DNA methylation 

patterns in the absence of DNA replication, and suggests potential new uses for this 

therapeutic agent. 

•
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• Chapter 4 

Valproate induces replication independent active DNA demethylation. 

Nancy Detich, Veronica Bovenzi, and Moshe Szyf 

• 
This chapter has been published in The Journal of Biological Chemistry, May 14,2003, 

JBC Papers in Press, M303740200. 

•
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• In this paper, we demonstrate that valproic acid (VPA), a drug that has been used 

for decades in the treatment of epilepsy and as a mood stabilizer, triggers 

replication independent active demethylation of DNA. Thus, this drug can 

potentially reverse DNA methylation patterns and erase stable methylation imprints 

on DNA in non-dividing cells. Recent discoveries support a role for VPA in the 

regulation of methylated genes, however the mechanism has been unclear because it 

is difficult to dissociate active demethylation from the absence of DNA methylation 

during DNA synthesis. We therefore took advantage of an assay that measures 

active DNA demethylation independently from other DNA methylation and DNA 

replication activities in HEK 293 cells. We show that VPA induces histone 

acetylation, DNA demethylation, and expression of an ectopically methylated CMV­

• GFP plasmid in a dose dependent manner. This demethylation appears to be 

selective, since global methylation levels are unaffected. In contrast, valpromide 

(VPM), an analogue of VPA that does not induce histone acetylation, does not 

induce demethylation or expression of CMV-GFP. Furthermore, we illustrate that 

the methyl-CpG-binding protein 2/DNA demethylase (MBD2IdMTase) participates 

in this reaction, since antisense knockdown of MBD2IdMTase attenuates VPA 

induced demethylation. VPA treatment of HEK 293 cells also increases the 

phosphorylation of MBD2IdMTase, possibly augmenting the activity of this enzyme. 

Taken together, our data support a new mechanism of action for VPA as enhancing 

intracellular demethylase activity through its effects on histone acetylation, and 

raises the possibility that DNA methylation is reversible in postmitotic tissues by 

• commonly prescribed drugs• 
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• INTRODUCTION 

DNA methylation is a modification of DNA whereby methyl groups are added as part of 

the covalent structure of the genome, thus providing an extra layer of epigenetic 

information. A well-documented relationship exists between DNA methylation, 

chromatin structure, and gene expression (Razin, 1998), such that methylated genes are 

generally transcriptionally silent. Two mechanisms have been proposed to explain this 

repression: The first is that methylation interferes with the binding of transcription 

factors, and has been shown for several proteins such as AP2 (Comb and Goodman, 

1990), and c-Myc (Prendergast and Ziff, 1991). The second mechanism involves the 

recruitment of various repressor complexes to methylated DNA via the binding of 

methyl-CpG-binding proteins (MBD). These complexes contain proteins that have 

• histone deacetylase and chromatin remodeling activities, leading to the formation of a 

more compact and transcriptionally inactive chromatin (Nan et al., 1998). 

Valproic acid IValproatel2-n-propylpentanoic acid (VPA) has been used for decades in 

the treatment of epilepsy, and is also effective as a mood stabilizer and in migraine 

therapy. Recent data suggests that this drug, in addition to its other known classical 

actions, can modulate the epigenome by inhibiting histone deacetylases (HDAC) 

(Gottlicher et al., 2001; Phiel et al., 2001) similar to agents such as Trichostatin A (TSA) 

and n- butyrate, thus triggering an increase in gene expression. Other studies also support 

a role for VPA in the regulation of methylated genes: It was demonstrated that the reelin 

gene, which encodes a neuronal protein that is down regulated in schizophrenia, is 

• methylated in neuronal precursor cells, accompanied by minimal expression. Following 
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• treatment of these cells by 5'-aza-2'-deoxycytidine (5-aza-CdR), a known DNA 

methylation inhibitor, or VPA, the expression of reelin is induced (Chen et al., 2002). 

VPA can also revert the down regulation of both reelin and gad67 caused by L­

methionine, an agent shown to increase DNA methylation (Tremolizzo et al., 2002). 

Similarly, both 5-aza-CdR and VPA induce the expression of 5-lipoxygenase (Manevand 

Uz, 2002). The data presented above suggest the possibility that VPA may also be able 

to trigger DNA demethylation. 

The prospect of erasing established DNA methylation patterns in somatic non-dividing 

tissue is extremely attractive and might have important therapeutic applications. 

However, the generally accepted model is that the DNA methylation pattern is an 

• irreversible reaction maintained only by DNA methyltransferase activities. If such is the 

case, then demethylation could only come about when replication occurs in the absence 

of DNA methyltransferase, and it should therefore be impossible to reverse DNA 

methylation in non-dividing postmitotic tissues such as the brain. VPA, according to this 

classical model, could only act by inhibiting DNA methylation during DNA synthesis. 

However, there are several pieces of evidence indicating that DNA demethylation can 

occur in the absence of cell division (Bruniquel and Schwartz, 2003; Lucarelli et al., 

2000; Oswald et al., 2000; Paroush et al., 1990; Szyf et aI., 1985a; Wilks et al., 1984). In 

addition, a DNA demethylase activity was purified in our laboratory from the human lung 

cancer cell line A549 (Ramchandani et al., 1999) and the protein MBD2/dMTase was 

found to actively demethylate DNA both in vitro (Bhattacharya et aI., 1999) and in living 

• cells (Cervoni and Szyf, 2001; Detich et aI., 2002). Other groups (Hendrich et aI., 2001; 
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• Ng et aI., 1999) have nevertheless disputed the demethylase activity of MBD2. Since we 

have shown that active demethylation can be induced or inhibited by modifying histone 

acetylation (Cervoni et al., 2002; Cervoni and Szyf, 2001), and in view of the fact that 

VPA is also known to be an HDAC inhibitor, we hypothesize that it might act by 

increasing histone acetylation and increasing the accessibility of demethylase to DNA. If 

VPA acts by this mechanism, it might be used to stably erase methylation of specific 

genes in tissues where DNA replication does not take place. 

It is impossible to determine whether hypomethylation of a gene in vivo or in living cells 

following a drug treatment is caused by either passive demethylation, resulting from 

inhibition of DNA methylation during DNA synthesis (as with 5-aza-CdR), or by the 

• active removal of the methyl group by an enzyme. We have recently described a model 

system (Cervoni and Szyf, 2001) that allows one to distinguish between these two 

mechanisms. When an in vitro methylated CMV-GFP plasmid is transiently transfected 

into the human embryonal kidney cell line HEK 293, it generally remains methylated. 

Increasing histone acetylation induces active demethylation of the plasmid (Cervoni and 

Szyf,2oo1). Since we have shown that the plasmid does not replicate during the time 

frame of the experiment, nor is it methylated by DNA methyltransferases, the 

demethylation measured by this assay is active demethylation and not passive 

demethylation. We have recently used this system to demonstrate the inhibition of active 

demethylation by inhibitors of histone acetylation (Cervoni et al., 2002). 
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• In this study, we utilize this method to test the hypothesis that VPA treatment induces 

active DNA demethylation in living cells. Our data has important implications on the 

therapeutic reversal of pathological DNA methylation in non-dividing somatic tissues. 

MATERIALS AND METHODS 

• 

In vitro methylation ofsubstrates- CMV-GFP (pEGFP-CI from Clontech; Genbank™ 

accession no. U55763) was methylated in vitro with SssI CpG methyltransferase (New 

England Biolabs), which methylates all cytosine residues within the double-stranded 

dinucleotide recognition sequence 5' ..CG...3'. 10 Jlg of plasmid DNA was incubated 

with 12 units of SssI in the recommended buffer containing 800 J.lM S-adenosyl­

methionine (AdoMet) for 3 h at 37°C. Another 12 units of SssI and 0.16 J.lmol of 

AdoMet were then added and the reaction was further incubated for an additional 3 h. 

The methylated plasmid was recovered by phenoVchloroform extraction and ethanol 

precipitation, and complete methylation was confirmed by observing full protection from 

Hpall digestion. 

Cell culture and transient transfections- Human embryonal kidney HEK 293 cells 

(ATCC CRL 1573) were plated at a density of 7.5x104/well in a six-well dish and 

transiently transfected with 80 ng of CMV-GFP (methylated or mock-methylated) using 

the calcium phosphate precipitation method as described previously (Rouleau et al., 

1992). 24 hours post-transfection, cells were treated with one of the following: 1 to 20 

• mM VPA (sodium salt, Sigma), 0.3 J.lM TSA (Sigma), 5 mM valpromide (VPM, kindly 
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• donated by Katwijk chemie bv), or left untreated. Fresh media containing VPA and VPM 

were replaced after an additional 24 h and cells were harvested 72 h post-transfection. To 

determine the effects of MBD2/dMTase knockdown on the demethylation of CMV-GFP, 

1.6 J.Lg of either a pRetroTet On MBD2 antisense expression plasmid (Slack et al., 2002), 

or the pRetroTet On empty vector (Clontech) was added to the CMV-GFP transfection 

mixture, followed by treatment with 20 roM VPA. Each experiment was performed in 

triplicate and experiments were performed several times using different cultures of HEK 

293 cells. 5' -aza-2' -deoxycytidine (5-aza-CdR) was purchased from Sigma. 

• 
Southern blot analysis- DNA was extracted from HEK 293 cells using the DNeasy Tissue 

Kit (Quiagen). DNA was first digested with 50 units of EcoRl, followed by digestion 

with 20 units of either Hpall or MspI restriction enzymes. Samples were subjected to 

electrophoresis on a 1.5 % agarose gel and then transferred to Hybond-N+ membrane 

(Amersham Biosciences). Blots were probed with a 32P-labeled CMV-GFP cDNA probe 

(Avall-CfrlOI fragment) synthesized using a random priming labeling kit (Roche 

Molecular Biochemicals). Membranes were hybridized at 68°C for 4-6 h in a buffer 

containing 0.5 M sodium phosphate pH 6.8, 1 roM EDTA, 7% SDS, and 0.2 mg/ml 

herring sperm DNA. Following hybridization, the membranes were washed twice for 10 

min in a solution of 5% SDS, 0.04 M sodium phosphate pH 6.8, and ImM EDTA, and 

then four times for 10 min in the same solution containing 1% SDS. The demethylation 

assay measures the fraction of GFP molecules that were demethylated using Hpall 

restriction enzyme, which cleaves unmethylated CCGG but does not cleave methylated 

• CCGG sequences. The methylated GFP DNA remains intact following HpaTI digestion 
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• and is identical to the fragment obtained following EcoRI digestion (indicated by Me in 

Fig. 2C), whereas the unmethylated GFP DNA is cleaved by Hpall resulting in a 0.5 kb 

fragment (indicated by U in Fig. 2C). We scanned each Hpall digested lane and 

measured the intensity of the total signal hybridizing with the GFP probe in the same 

Hpall lane (including the unmethylated U and methylated Me fragments), this value is 

equal to 100% of GFP molecules in the lane. We then determined the intensity of the 

unmethylated signal per Hpall lane, and divided this value (U) by the total signal for GFP 

(U+M) in the same lane. The percent demethylation is thus calculated as [U I (U+Me)] 

*100. The results of 3 independent experiments were quantified and averaged. 

• 
Bisulfite mapping- Bisulfite mapping was performed exactly as described (Cervoni et al., 

2002 luI 12). 

Chromatin immunoprecipitation assays- CMV-GFP transfections and VPA treatments 

were performed essentially as previously described, except that HEK 293 cells were 

seeded in 10 cm plates (2 per sample) at a density of 5 x 105 Iplate, and 0.5 J.1g of 

methylated CMV-GFP was used. ChIP assays were performed by following the Upstate 

Biotechnology Chromatin Immunoprecipitation (ChIP) Assay Kit protocol (cat no. 17­

295). Chromatin was immunoprecipitated using anti-acetylated histone H3 antibody 

(Upstate Biotechnology, cat no. 06-599) as recommended by the manufacturer. PCR 

reactions were repeated exhaustively using serial dilutions (1 to 1: 10000) of template to 

determine the linear range of the PCR, and a final dilution of 11100 was used. The 

• 
following primers were used to amplify a 500 bp region of the GFP gene: 5'­
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• CAAGGGCGAGGAGCTGTT-3' (sense) and 5'-CGGCCATGATATAGACGTTG-3' 

(antisense), at an annealing temperature of 58°C. 

Radiolabeled [3Hl-dCTP extension assay- The assay was performed essentially as 

described with minor modifications (pogribny et aI., 1999). Briefly, 1.0 J.Lg of DNA was 

digested overnight with 10 units of MspI or Hpall in a 20 J.LI reaction volume. A third 

reaction was carried out in restriction enzyme buffer alone to serve as the background 

control. 10 J.LI of the mixture was then used for the extension reaction, which was carried 

out in a 25 J.LI reaction volume containing 0.5 units of recombinant Taq polymerase (MBI 

Fermentas), 1.0 mM MgCI2, Ix PCR buffer (+NH2S04), 0.1 J.LI of [3H] dCTP 

(65.8Cilmmol, Perkin Elmer). The reactions were applied onto DE 81 ion-exchange 

filter papers, which were then washed 5 x 5 min with 3-4 ml of PBS and allowed to dry. 

•� The [3H]-dCTP incorporated was measured, and the counts obtained from the background 

controls were subtracted from the samples. 

Western blot analysis- GFP Western blots were performed exactly as in (Cervoni and 

Szyf, 2001). For MBD2 Western blots, nuclear extracts were prepared from HEK 293 

cells as described (Szyf et al., 1991). 25 to 50 J.Lg of nuclear proteins were loaded onto a 

10% SDS-polyacrylamide gel and transferred to nitrocellulose membrane. Anti-MBD2 

monoclonal antibody (lMG147, Imgenex, San Diego, CA) was used at a dilution of 1:200 

in a solution of TBS (0.05 M Tris, 0.2 M NaCI, pH 7.6) + 0.5% Tween 20 + 5% milk 

overnight at 4°C. The blot was then reacted with peroxidase-conjugated anti-mouse 

• secondary antibody (Jackson ImmunoResearch) at a 1:20,000 dilution. For both GFP and 

MBD2, enhanced chemiluminescence detection kit (Amersham Biosciences) was used. 
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• Membranes were also stained with 0.1 % Amido black (in 25% isopropanol, 10% acetic 

acid) to confirm equal loading of protein in each lane. Both the Western blots and Amido 

stained membranes were quantified using NllI Image 1.62 software, and the GFPIMBD2 

signal was normalized to the total protein in each lane. 

Alkaline Phosphatase (CIP) treatment- 25 J.1g of nuclear extract was incubated with 25 

units of alkaline phosphatase (New England Biolabs) in a 20 J.11 reaction volume 

containing Ix NEB buffer 3 for 1 h at 37°C. Control reactions were also carried out in 

the presence of buffer alone. MBD 2 Western blots were then performed as described 

above. 

RESULTS 

• The association ofCMV-GFP with acetylated histones is increased in the presence of 

VPA- Several groups have reported that VPA can act as a direct inhibitor of histone 

deacetylases (Gottlicher et al., 2001; Phiel et aL, 2001), leading to an increase in 

acetylated histones ID and H4 within cells. However, it is not known whether this 

increase occurs with H3 and H4 that are bound throughout the genome or whether it is 

specific to certain genes. Therefore we first determined whether VPA induces histone 

acetylation of methylated CMV-GFP in our system, using chromatin immuno­

precipitation assays (ChIP) with anti-acetyl-histone H3 (anti-Ac-ID). The results 

presented in Fig. lA show that, whereas a minimal fraction of the transfected methylated 

GFP gene is associated with Ac-ID in control cells (lane 3), the fraction of transfected 

• 
methylated CMV-GFP associated with Ac-H3 increased 7 fold (lane 6) following a 48 h 
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• treatment with 20 mM VPA (Fig. IB). Thus, VPA is effective in inducing histone 

acetylation around the transiently transfected methylated CMV-OFP gene. 

VPA stimulates active demethylation ofectopically methylated CMV-GFP in a dose­

dependent manner- We next tested the hypothesis that VPA triggers active DNA 

demethylation of transiently transfected methylated CMV-OFP, similarly to TSA, an 

HDAC inhibitor (Cervoni and Szyf, 2001). We first detennined the effects of increasing 

doses of VPA on the demethylation of methylated CMV-OFP (Fig. 2). DNA was 

isolated from HEK 293 cells transfected with methylated CMV-OFP DNA (whose full 

methylation status was confirmed prior to transfection, Fig. 2A) for 72 h and treated with 

o- 20 mM VPA. Cells were also treated with 0.3 J.1M TSA as a positive control for 

• demethylation, since we have shown that this leads to nearly 100% demethylation 

(Cervoni and Szyf, 2001). DNA was first linearized with the EcoRI restriction enzyme, 

followed by digestion with MspI (which cleaves the sequence CCOO) or Hpall (which 

cleaves the sequence CCOO only when it is not methylated). The demethylated Hpall 

digested 529bp fragment (D) and the methylated undigested DNA (Me) were quantified 

within each sample (to control for possible loading differences), and the percent 

methylation for total CMV-OFP DNA in each lane was detennined as [Me I (U+Me)] 

*100. As can be seen in Fig. 2, C and E, the addition of VPA results in a dose dependent 

active demethylation of methylated CMV-OFP by an endogenous demethylase activity. 

This is illustrated by the increase in the ratio of the 529 bp Hpall fragment (U) to the 

undigested DNA (Me). The addition of 20 mM VPA results in almost complete 

• demethylation, similar to 0.3 J.1M TSA. Fig. 2B confirms that unmethylated CMV-OFP, 
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• transfected under identical conditions, does not get de novo methylated in our system 

either in the presence or absence of 20 mM VPA, suggesting that VPA does affect DNA 

methyltransferase activity. 

In order to determine whether this demethylation is dependent on VPA's HDAC 

inhibitory properties, we used our assay to compare the effects of VPA to that of its 

analogue VPM, which is not an HDAC inhibitor (Phie! et al., 2001). Fig. 2, D and F 

illustrate that, while 5 mM VPA results in almost 50 % demethylation, the same 

concentration of VPM has virtually no effect. Together, the above data support the 

hypothesis that VPA, through its ability to induce histone hyperacetylation, is an inducer 

of active DNA demethylation. 

• VPA triggers active demethylation ofCMV-GFP but not global demethylation in HEK 

293 cells- We next confirmed the results of our Southern blot analysis by an independent 

bisulfite analysis, which determines the methylation pattern at single base resolution 

(Clark et al., 1994). The result of these analyses, presented in Fig. 3A, reveal that 

methylated CMV-GFP retains its methylation pattern in untreated HEK 293 cells (filled 

circles represent methylated CpGs). In contrast, a 20 mM VPA treatment results in 

almost complete demethylation of all the methylated CpG sites tested in GFP (open 

circles), with the exception of 3 different CpG sites in several clones. 

Previously reported data appear to indicate that different HDAC inhibitors vary in their 

effects on global methylation levels. For example, n-butyrate has been shown to cause 

• genome wide hypomethylation (Szyf et al., 1985a), while only selective loss of DNA 
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methylation was found with TSA (Selker, 1998). To assess the effects of VPA on global• methylation levels, we performed a radiolabeled [3H]-dCTP extension assay (pogribny et 

al., 1999), in which the amount of [3H]-dCTP incorporated into the DNA following 

digestion with a methylation sensitive restriction enzyme is directly proportional to the 

amount of demethylation. We used 5-aza-CdR, a known inhibitor of DNA 

methyltransferase, as a positive control for demethylation. As can be seen in Fig 3B, the 

amount of demethylation in VPA treated versus control samples is almost equal (46% 

compared to 44%). In contrast and as expected, treatment with 5-aza-CdR led to an 

increase in genome wide demethylation (78%). Thus, while VPA does not induce global 

demethylation in HEK 293 cells, it leads to demethylation that is selective to certain 

sequences. 

• The expression a/methylated CMV-GFP is induced by VPA and is dose-dependent­

Several studies have demonstrated that VPA treatment can lead to the activation of 

unmethylated genes by either inducing histone acetylation (phiel et al., 2001), activating 

the Wnt signaling pathway (Chen et al., 1999b; Phiel et al., 2001), or by activating AP-1 

dependent transcription (Asghari et al., 1998). Certain methylated genes are also induced 

by VPA treatment but it was not determined whether demethylation is involved. We 

therefore assessed whether demethylation of CMV-GFP by VPA changes its state of 

expression using a Western blot analysis with anti-GFP antibody. 

As shown in Fig. 4, A and B, transiently transfected methylated CMV-GFP is almost 

• fully repressed in untreated HEK 293 cells (lane 1) as expected. Following treatment 
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• with 1 to 20 mM VPA, a dose dependent induction of GFP expression is observed. Thus, 

the doses of VPA that lead to the demethylation of CMV-GFP also induce gene 

expression. VPM, which does not induce histone acetylation, has no effect on GFP 

protein levels (Fig. 3, C and D), indicating that VPA's ability to promote both the 

demethylation (Fig. 2) and expression of CMV-GFP is dependent upon its HDAC 

inhibitory activity. 

• 

The induction of expression by VPA might be a consequence of demethylation, or 

alternatively, demethylation and expression are independent effects of the HDAC 

inhibitory activity of VPA. To address this issue, we compared the induction of 

methylated CMV-GFP and unmethylated CMV-GFP following identical transfections 

and 10 mM VPA treatment. If demethylation were not required for the effects of VPA on 

expression, then one would predict a similar fold activation of methylated and 

unmethylated CMV-GFP. The induction of unmethylated GFP by VPA is shown in Fig. 

4, E and F, and the comparison with the methylated plasmid is presented in Fig. 4G. This 

experiment demonstrates that VPA induces the expression of methylated CMV-GFP (12 

fold) to a greater extent than unmethylated CMV-GFP (3 fold). Taken together, our data 

are consistent with the hypothesis that VPA induces the expression of methylated genes 

through its effects on both histone acetylation and DNA demethylation, the latter of 

which is unique to methylated genes. 

MBD2/dMTase is a demethylase enzyme involved in the active demethylation induced by 

• VPA- The next issue we wanted to address is how does VPA trigger active 
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• demethylation? We have previously hypothesized that the open chromatin structure 

brought about by histone acetylation favors access of demethylase enzymes to the DNA 

(Cervoni et al., 2002; Cervoni and Szyf, 2001). We determined whether MBD2/dMTase, 

the only demethylase characterized to date, is involved in the demethylation induced by 

VPA. The promoter of MBD2 contains several AP-1 sites, and since VPA can activate 

AP-1 dependent transcription we hypothesized that VPA might induce MBD2IdMTase 

expression in HEK 293 cells. An increase in levels of this enzyme, together with 

acetylation promoted DNA accessibility, could reasonably explain the demethylation 

observed. An MBD2 Western blot using nuclear extracts from cells treated with 

increasing doses of VPA was performed, and the results are shown in Fig. 5A. To our 

surprise, while VPA did not increase the overall levels of MBD 2/dMTase, it caused a 

shift in the relative levels of two forms of MBD2/dMTase (indicated by the double 

arrows), such that only a slower migrating form of MBD2/dMTase was present at 20 mM 

VPA. We then decided to examine whether the upper form might be due to alteration by 

phosphorylation, given that the size difference between the two forms is consistent with 

this modification, and since VPA has been shown to activate kinase pathways (Yuan et 

al., 2001) and lead to the phosphorylation of proteins (De Sarno et al., 2002). Fig.5B 

illustrates that upon alkaline phosphatase (CIP) treatment, the upper form of 

MBD2/dMTase is abolished and only the lower form is present, indicating that 

phosphorylation of MBD2/dMTase is occurring within HEK 293 cells and that this is 

increased upon treatment with VPA. 

• The fact that VPA treatment resulted in the modification of MBD2IdMTase prompted us 
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• to examine whether this enzyme mediates the VPA induced demethylation of CMV-GFP, 

by measuring the effect of antisense knockdown of MBD2IdMTase. HEK 293 cells were 

transfected with methylated CMV-GFP, together with an MBD2 antisense expression 

construct (AS-MBD2) (Slack et al., 2002) or an empty vector as a control. Following 

treatment with 20 mM VPA, cells were harvested and subjected to Southern blot analysis 

as in Fig 2. The results shown in Fig. 5C and quantified (average of three experiments) 

in Fig. 5D indicate that antisense knockdown of MBD2/dMTase inhibits the 

demethylation induced by VPA by approximately 70%. A Western blot analysis using an 

anti-MBD2 antibody confirmed that MBD2IdMTase levels were reduced by 50% by the 

antisense treatment (Fig. 5, E and F). These data indicate that MBD2/dMTase mediates, 

at least in part, the active demethylation triggered by VPA. The residual (30%) 

• demethylation remaining after antisense knockdown of MBD2/dMTase could be due to 

either incomplete knockdown (as demonstrated in the Western blot analysis) or due to the 

presence of other as of yet uncharacterized demethylases. 

DISCUSSION 

VPA is a well-tolerated drug that has been used for many years in the treatment of 

epilepsy and bipolar disorder. Although several modes of action have been proposed to 

explain the therapeutic effects of VPA, this paper describes a novel mechanism that could 

potentially be involved. Our studies imply that VPA activates methylated genes by 

stimulating active replication-independent demethylation. It has been shown before that 

• VPA can induce hypomethylation in the rat liver (Alonso-Aperte et al., 1999), similar to 
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• the DNA methylation inhibitor 5-aza-CdR, but it was not clear whether it does so by 

inhibiting DNA methylation or by other mechanisms. This paper tested the hypothesis 

that DNA methylation is a reversible process, and therefore drugs that affect DNA 

methylation patterns might do so by either inhibiting DNA methylation or promoting 

demethylation. We took advantage of an assay previously developed in our laboratory, 

which measures active demethylation in living cells, to test whether VPA can stimulate 

active demethylation. 

• 

Using a ChIP assay, we first demonstrate that VPA induces acetylation of H3 histones 

associated with methylated CMV-GFP (Fig. 1), which is in accordance with previous 

studies demonstrating the HDAC inhibitory activity of VPA (Gottlicher et al., 2001; Phiel 

et aI., 2001). Second, we show that VPA stimulates active demethylation of ectopically 

methylated and transiently transfected CMV-GFP DNA (Fig. 2, C and E). Third, we 

illustrate that demethylation is dependent on histone acetylation since the analogue VPM, 

which is not an HDAC inhibitor, has no effect (Fig. 2, D and F). Bisulfite mapping 

analysis confirms these data, and indicates that VPA stimulates the erasure of the entire 

methylation pattern of CMV-GFP (Fig. 3A). We propose that VPA stimulates 

demethylation by inducing acetylation of H3 histones associated with CMV-GFP and 

increasing the accessibility of demethylase to the DNA. Previous studies have 

demonstrated that 3 roM VPA are required to induce significant histone acetylation 

(Gottlicher et al., 2001; Phiel et al., 2001), and similarly we observe 50% demethylation 

at 5 roM, however demethylation further increases up to 20 roM VPA. It is unclear 

• whether at higher concentrations, VPA acts exclusively as a histone deacetylase inhibitor, 
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• or whether it may trigger another as of yet unknown process leading to enhanced 

demethylation. 

Fourth, in contrast to a previous report in which global hypomethylation was observed 

upon VPA treatment (Alonso-Aperte et al., 1999), we did not detect any change in 

overall genomic methylation (Fig. 3B), suggesting that VPA treatment has some 

specificity. How can we explain VPA's selective effects on demethylation and the 

difference between our results and the abovementioned study? It is possible that the 

genome in HEK 293 cells is better protected from general demethylation than other cell 

lines. For example, histone methylation on lysine 9 is a modification that is associated 

with condensed chromatin and is not affected by HDAC inhibitors (Kondo et al., 2003). 

•� Genes associated with K9 methylated histones might be inaccessible to demethylase.� 

Previous observations suggest that histone methylation protects the maternal genome 

from active demethylation following fertilization (Arney et al., 2002). In addition, we 

have previously shown that INHAT proteins, which inhibit histone deacetylation, also 

inhibit active demethylation even in the presence of the HDAC inhibitor TSA (Cervoni et 

al., 2002 Jul 12). 

Fifth, we show that VPA induces the expression of methylated CMV-GFP (Fig. 4, A and 

B), illustrating that VPA concurrently affects both active demethylation of DNA and 

gene expression. Furthermore, we demonstrate that demethylation directly contributes to 

the effects on gene expression (Fig. 4G). These data are consistent with a previous report 

• illustrating that the methylated 5-lipoxygenase gene can be activated by VPA in non­
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• proliferating cells, while 5-aza-CdR is only effective in cells that divide (Manev and Uz, 

2002). However, this study did not determine whether VPA induced demethylation. 

• 

Finally, we show that MBD2/dMTase is required for VPA induced demethylation, 

supporting the hypothesis that demethylase activity is required for the demethylation 

triggered by VPA. The results of our antisense experiment (Fig. 5, C and D) indicate that 

MBD2IdMTase is likely the principal enzyme involved in the demethylation of CMV­

GFP. MBD2IdMTase has been shown to act as an active demethylase enzyme in vitro 

(Bhattacharya et aI., 1999), it is able to stimulate methylated genes in transfection 

experiments (Cervoni and Szyf, 2001; Detich et al., 2002; Goel et al., 2003), and its 

expression is associated with demethylation of endogenous genes (Hattori et al., 2001). 

However, some groups previously reported that they failed to observe demethylase 

activity in vitro for MBD2, though the reason behind this discrepancy is unclear. Mbd2­

1- knockouts also did not exhibit global differences in DNA methylation (Hendrich et aI., 

2001; Ng et al., 1999), however this study did not examine the demethylation of specific 

genes. Therefore it is possible that MBD2IdMTase is involved in specific demethylation 

events, which would be consistent with our data. 

Furthermore, our data reveal that VPA treatment leads to an increase in phosphorylation 

ofMBD2/dMTase (Fig. 5, A and B). Studies have shown that VPA can lead to 

phosphorylation of proteins such as AKT, GSK-3B (De Sarno et al., 2002), and ERK 

(Yuan et al., 2001). As for MBD2IdMTase, the exact mechanism by which this occurs 

• remains to be determined. Although at the present time we do not know what the effects 
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• of this modification are, we speculate that it may increase the enzyme's activity. This 

has been well established for numerous proteins, such as the MAPK and CDK enzymes 

(Lew, 2003), as well as for transcription factors such as CREB (Quinn, 2002) and c-jun 

(papavassiliou,1993). Based on our data, we can envision a model where VPA induces 

active demethylation through two mechanisms: First, by inducing histone acetylation, 

which would lead to a more open chromatin structure and thus allow the demethylases 

access to the DNA. And second, by phosphorylating MBD2/dMTase, which could 

possibly increase its demethylase activity. 

Thus, VPA is the first therapeutic agent shown to be able to erase DNA methylation 

patterns in a replication-independent manner by stimulating a demethylase enzyme. An 

• important point to note is that although our assay measures demethylation that is 

independent of replication, the HEK 293 cells we use are actively dividing. Thus, we do 

not know for certain whether postmitotic tissues possess the same machinery involved in 

chromatin organization and demethylation. However, we do know that MBD2IdMTase 

is expressed in postmitotic tissues such as the brain (Francis et al., 2002; Jung et al., 

2002) and liver (Saito et al., 2001). Furthermore, previous studies have demonstrated 

that VPA can induce both histone acetylation and the expression of methylated genes 

(reelin, gOO67, 5-lipoxygenase) in non-dividing tissues or cells at therapeutically relevant 

concentrations (Manev and Uz, 2002; Tremolizzo et al., 2002). Although further studies 

are required to determine whether these genes become demethylated, the abovementioned 

findings together with our data support the possibility that VPA might be used to modify 

• DNA methylation patterns in postmitotic tissues. This observation has important 

180 



• therapeutic and biological implications since a number of genes such as FMRl (EI-Osta, 

2002), NF 2 (Kino et al., 2001), and reelin (Tremolizzo et al., 2(02) were shown to be 

silenced in the brain by mechanisms that might involve DNA methylation. The only 

available demethylating drug is 5-aza-CdR, which needs to be incorporated into DNA 

and inhibit DNA methyltransferase during cell division. Such a mechanism makes this 

drug, as well as other DNA methyltransferase inhibitors, ineffective in the brain. Several 

other HDAC inhibitors such as phenylbutyrate, depsipeptide, and SARA are known, 

however they are currently only in use in clinical trials (Johnstone, 2002). Interestingly, 

SARA is able to cross the blood brain barrier and improves motor deficits in a mouse 

model of Huntington's disease (Boddy et al., 2003). However, VPA has the advantage 

in that it is already an established drug whose long-term effects are known. If it is 

• possible to take advantage of well-tolerated HDAC inhibitors, such as VPA, to stimulate 

the erasure of DNA methylation by resident demethylases, then it might be feasible to 

therapeutically activate genes silenced by DNA methylation in the brain and other non­

dividing tissues. 
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• FIGURE LEGENDS 

Fig. 1. Histone acetylation within CMV-GFP is induced by VPA. A. HEK 293 cells 

were transfected with in vitro methylated GFP plasmid and treated with a final 

concentration of 20 roM VPA (VPA) or left untreated (control). Cells were formaldehyde 

crosslinked after 72 h and subjected to a ChIP assay using an antibody against Ac-H3. A 

500 bp region of the GFP sequence was amplified from the DNA samples by PCR as 

described in "materials and methods". A representative PCR is shown: Input, 10% of 

total DNA prior to immunoprecipitation; no ab, reactions carried out in the absence of 

antibody; IP, immunoprecipitations with anti-Ac-H3 antibody. B. Experiment in (A) 

was quantified (NllI Image 1.63), and results are presented as the ratio of GFP amplified 

•� from the Ac-H3 immunoprecipitate relative to the corresponding input.� 

•� 
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Fig. 2. VPA stimulates active demethylation of CMV-GFP. A. Left panel, a 

physical map of the CMV-GFP region with the relevant restriction sites is shown. Probe 

for Southern blotting is depicted as a dashed line flanked by restriction sites CfrlO I and 

Ava IT; arrows indicate the location of both the outside and nested primers used for 

bisulfite mapping in Fig. 3. Right panel, CMV-GFP plasmid was methylated in vitro, and 

full methylation status was confirmed by MspI/HpaII restriction digestion and Southern 

blot analysis as outlined in "materials and methods". Me, methylated and HpaIT 

undigested GFP fragment; U, fully digested GFP fragment (529bp), which appears upon 

digestion of unmethylated GFP with Hpall or upon digestion with MspI regardless of 

methylation. B. Unmethylated GFP plasmid was transiently transfected into HEK 293 

cells. After 24 h, cells were treated with a final concentration of 20 mM VPA or left 

untreated (control). Cells were harvested 72 h post-transfection and GFP methylation 

status was assessed as in (A). M, MspI; H, HpaIT. C and D. HEK 293 cells were 

transfected with in vitro methylated CMV-GFP and treated with either 0.3 J.tM TSA or 

increasing concentrations of VPA (C), or with either 5 mM VPA or 5 mM VPM (D). 

Cells were harvested and methylation of CMV-GFP determined as in (B). E. The results 

of 3 independent experiments as shown in (C) were quantified by densitometry, and the 

average percent demethylation for each sample was calculated [U/(U+Me)] *100 and 

charted +/- S.D. F. The results of 3 independent experiments as shown in (D) were 

quantified as in (E) and the averages +/- S.D. are presented. 
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Fig. 3. VPA triggers demethylation of CMV-GFP but not global demethylation in 

HEK 293 cells. A. HEK 293 cells were transfected with methylated CMV-OFP and 

treated with either 20 mM VPA or left untreated (control). Purified DNA was subjected 

to bisulfite mapping analysis as previously described (Clark et aI., 1994). The 

sequencing results are presented as a diagram, where each line represents an independent 

clone,filled circles represent methylated CO dinucleotides, and empty circles represent 

demethylated CO dinucleotides. The bases at which the CO sites are located are 

numbered according to Oenbank™ accession no. U55763. B. HEK 293 cells were 

treated with either 20 mM VPA (72 h), 1 J..lM 5-aza-CdR (48 h), or were left untreated (72 

h). DNA was then prepared and analyzed for global methylation levels using a 

radiolabeled [3H]-dCTP extension assay as described in "materials and methods". The 

average of triplicate experiments is shown in the graph. The data is presented as 

percentage of demethylation (ratio of HpaIIIMspI) +/- relative standard deviation. 
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Fig. 4. The expression of methylated CMV-GFP is induced by VPA. A, C, E. HEK 

293 cells were transiently transfected with either methylated CMV-OFP plasmid (m­

GFP) (A, C) or unmethylated CMV-OFP (GFP) (E), and treated with the indicated 

concentrations of VPA or VPM. Total cell extracts were prepared using standard 

protocols and resolved on a 12.5% SDS-polyacrylarnide gel. Proteins were transferred to 

PDVF membrane and OFP protein was detected using rabbit polyclonal IgO (Santa Cruz, 

sc-8334). B. Experiments such as shown in (A) were performed in triplicate andGFP 

expression was quantified by densitometry and normalized to the amount of total protein 

per lane as determined by Amido black staining. Results are presented as fold induction 

relative to the level of OFP expression in the absence of VPA. D and F. Quantification 

of triplicate experiments as shown in (C) and (E) respectively; the averages +/- S. D. are 

presented in arbitrary units *103
. G. Comparison of the OFP expression obtained upon 

treating either m-OFP or OFP transfected cells with 10 mM VPA; graph displays data 

combined from the experiments shown in (B) and (F). 
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• Fig. 5. MBD2IdMTase is involved in the active demethylation induced by VPA. 

A. HEK 293 cells were cultured in the presence of the indicated concentrations of VPA 

for 48 h and nuclear extracts were prepared and resolved on a 10% SDS-polyacrylarnide 

gel. Proteins were transferred to nitrocellulose membrane, which was then probed for 

MBD2 protein using the monoclonal antibody IMG147 (Imgenex, San Diego, CA, sc­

8334). Molecular weight markers in kilodaltons are indicated; double arrows indicate the 

two forms of MBD2 detected. B. Nuclear extracts from cells treated with 0, 5, or 10 mM 

VPA were subjected to alkaline phosphatase (CIP) treatment (+), or a mock treatment (-). 

Proteins were then resolved on SDS-PAGE and an MBD2 Western was performed as in 

(A). Filled and open arrows indicate phosphorylated and de-phosphorylated MBD2 

respectively. C. HEK 293 cells were transfected with in vitro methylated CMV-GFP, 

• together with either an AS-MBD2 expression plasmid or empty vector (control). Cells 

were harvested after 72 h and the methylation status of GFP DNA was determined as 

described in "materials and methods" and in Fig. 2. Me, methylated and Hpall 

undigested GFP; U, unmethylated and Hpall fully digested GFP (529bp); M, MspI; H, 

Hpall. D. The results of 3 independent experiments as shown in (C) were quantified by 

densitometry, and the average percent demethylation, [U/(U+Me)] *100, was calculated. 

Results are presented relative to the control, which was normalized to 100%. E. AS­

MBD2 expression plasmid or empty vector (control) were transfected into HEK 293 

cells; cells were harvested 72 h post-transfection and an MBD2 Western blot was 

performed as in (A). Upper panel, MBD2 Western; lower panel, Amido black stained 

membrane. F. Experiment in (E) was quantified and results are shown relative to the 

control, which was normalized to 100%. 
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General Discussion • 
The aims of this thesis were to detennine: 1) The mechanism by which DNMT1 is 

regulated with cell growth and whether this control is involved in cellular transformation. 

2) A potential mechanism by which regional hypermethylation and global 

hypomethylation co-exist in cancer. 3) The possibility of inhibiting demethylase activity 

by pharmacological agents with the goal of inhibiting tumorigenesis. 4) The potential to 

alter DNA methylation patterns even in somatic tissues in the absence of DNA 

replication. The findings described in the previous chapters provide intriguing alternative 

hypotheses to explain some of the unresolved issues of previously proposed models. The 

following discussion will aim to summarize the results of this thesis and show how they 

• might potentially revise our basic concepts of DNA methylation. In addition, the 

potential implications of these data in the context of cancer and other therapeutics will be 

explored. 

Cell cycle deregulation ofDNMTl in cancer 

Over the last two decades, the findings that DNMTI is overexpressed in many cancers 

and is regulated by protooncogenic signaling pathways, together with the observations 

that DNMTI expression can lead to cellular transformation, have established DNMT1 as 

an important anticancer target. The generally accepted model is that a general increase in 

DNMT1leveis leads to the methylation of tumor suppressor genes and results in the 

• stimulation of tumor growth. However, several findings appear to be in contradiction 
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• with this model. First, since several studies have demonstrated that inactive chromatin 

and gene silencing often precede DNA methylation (Bachman et al., 2003; Lock et al., 

1987; Szyf et al., 1990), it is possible that the methylation of tumor suppressors is not the 

primary reason for their inactivation. In addition, whereas ectopic expression of DNMTI 

leads to methylation of tumor suppressor genes (Vertino et al., 1996), this process is often 

slow and cannot explain the relatively rapid transformation observed (Bakin and Curran, 

1999; Slack et aI., 1999). Second, studies have shown that the increase in DNMTI 

observed in tumor cells corresponds to the relative increase in DNA synthesis. The 

methylation capacity, which is defined as the amount of DNMTI per replicating DNA 

unit, is therefore not increased in cancer cells (Eads et al., 1999; Lee et al., 1996; Sato et 

al., 2002). Third, studies that correlate the level of DNMTI activity or expression and 

• the state of methylation of tumor suppressor genes have failed to show a clear 

relationship (Eads et al., 1999; Que et al., 2001; Saito et aI., 2001; Sato et aI., 2002). 

Furthermore, one group reported that although a DNMTI -/- cancer cell line displayed a 

90% reduction in methyltransferase activity, the tumor suppressor p16 remained 

methylated (Rhee et al., 2000). 

• 

Because DNMTI is a protein with other functions outside methylation, tumor suppressor 

methylation might be a result of other DNMTI dependent processes, such as its 

interaction with repressor complexes. Moreover, DNMTI was found to be regulated 

with the cell cycle, and studies have illustrated that the coordinated cell cycle regulation 

of DNMTI is disrupted in colorectal cancer cells in vivo (De Marzo et al., 1999), as well 

as in estrogen receptor negative breast cancer cells (Nass et aI., 1999). For these reasons, 
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• we decided to test that hypothesis that deregulation of DNMTI with the cell cycle, and 

not its general overexpression, is critical for cellular transformation. Chapter 1 

demonstrates that the 3'UTR of the DNMTl mRNA, more specifically a 54-nucleotide 

highly conserved element, can confer a growth-dependent mRNA regulation at the 

posttranscriptionallevel by modulating mRNA turnover rates. In addition, the binding 

of a 40 kDa protein (p40) to the 3'UTR is increased in growth-arrested cells and is 

inversely correlated with dnmtl mRNA levels as cells are induced into the cell cycle. 

Most importantly, while ectopic expression of DNMTllacking the 3'UTR can transform 

NIH-3T3 cells (WU et al., 1993), inclusion of the 3'UTR prevented transformation. 

These results support the alternative hypothesis stated above, that deregulated expression 

of DNMTl with the cell cycle and not the total amount of DNMTI is important for 

• cellular transformation 

One important question is how could ectopic expression of DNMTl in arrested cells 

cause transformation? It is possible that expression of DNMTl in arrested cells results in 

the de novo methylation and silencing of a critical tumor suppressor gene. An alternative 

hypothesis is that ectopic expression of DNMTl causes cell transformation by interfering 

with cell cycle regulatory circuits through DNMTI protein- protein interactions. Since 

DNMTI forms a complex with Rb and E2F (Robertson et al., 2000a) as well as HDACs 1 

and 2 (Fuks et aI., 2000; Rountree et al., 2000) it can inhibit the expression of tumor 

suppressors by a mechanism that does not involve DNA methylation, as has been 

previously shown (Milutinovic et aI., 2000). In addition, since DNMTI has been shown 

• to bind to the replication protein PCNA at the same site as the cell cycle inhibitor p21, 
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• DNMT1 could displace p21 from PCNA during the Go/G1 phase and allow replication to 

occur (Chuang et al., 1997). Thus, aberrant expression of DNMTl during the Go/G1 

phase may override the silencing of tumor suppressors and eliminate normal arrest 

signals, leading to the uncontrolled growth that is observed in cancer cells. This can also 

explain why some studies (mentioned above) showed that DNMTl is not overexpressed 

in tumors when its expression is normalized to other cell cycle associated genes. We 

propose that ectopic expression of DNMTl at the wrong phase of the cell cycle leads to 

aberrant entry into S phase, which in turn stimulates the expression of other cell cycle 

associated genes. 

It is also possible that both mechanisms, abnormal methylation and the elimination of 

• growth arrest signals, occur. This is supported by studies in which inhibition of poly 

(ADP- ribosyl)ation was found to induce genomic hypermethylation, as well as increase 

the level of DNMT1 specifically at the G1/S border, which was accompanied by the 

premature formation of a DNMT1-PCNA complex (Zardo et al., 2002). 

Several important questions still await answers, such as the mechanism by which the 

DNMTl 3'UTR and p40 affect mRNA stability during cell growth. One potential model 

is that the regulation of DNMTl expression with the cell cycle involves the degradation 

of the DNMTl mRNA in growth-arrested cells, through the interaction of p40 with the 

3'UTR, either directly or via the targeting of RNase complexes. Although the causal role 

of p40 has not been determined as of yet, studies underway in our laboratory involving 

• the purification and identification of p40 should result in the clarification of this 
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• mechanism. In addition, it is important to determine whether defects involving the 

3'UTR and p40 occur in various cancers, as these may represent potential diagnostic and 

therapeutic tools. For example, perhaps mutations within the DNMTI 3'UTR occur in 

cancers demonstrating abnormal DNMTI cell cycle regulation, such as in the examples 

mentioned above. Although one recent study identified mutations within the DNMTI 

coding region in 7% of colorectal tumors (Kanai et al., 2003), the 3'UTR has yet to be 

investigated. It is also feasible that p40 expression or activity is deregulated in cancer, 

possibly through upstream oncogenic signaling pathways. For example, T-antigen was 

found to influence dnmtl at the posttranscriptionallevel by increasing the stability of the 

dnmtl mRNA (Slack et al., 1999). Although the exact mechanism involved in the T­

antigen induced mRNA stability was not established, the possibility exists that it involves 

• the same components as found in the cell cycle regulation of DNMT1, Le. the 3 'UTR and 

p40. One possible model is that Rb, a negative regulator of the cell cycle, acts upstream 

of p40 to downregulate the DNMTI mRNA in 00/01 and thus prevent methylation in the 

absence of replication. Following entrance into S phase, or ectopic expression of T­

antigen, Rb is inactivated, p40 levels are decreased, and DNMTI mRNA is stabilized. In 

the case of T-antigen, its constitutive expression would lead to increased DNMTI 

throughout the cell cycle, thus promoting cellular transformation. However, all this is 

only speculative, and further studies defining the identity of p40 and its regulation should 

help to uncover the precise mechanism involved. 

We propose that cell cycle regulatory functions and DNA methyltransferase activities 

have been assembled into one polypeptide to ensure that DNA replication will never • 
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• proceed in the absence of DNA methylation and vice versa. The hypothesis that DNMf1 

evolved from an earlier replication-associated protein is supported by the discovery of a 

protein related to DNMT1 in drosophila (Hung et al., 1999). This DNMT1 related 

protein interacts with PCNA similarly to DNMf1 but does not possess catalytic 

methyltransferase activity. 

• 

According to the paradigm where a general overexpression of DNMTlleads to 

transformation by methylating tumor suppressors, the therapeutic goal is to inhibit DNA 

methylation so as to reactivate these genes and suppress tumor growth. However, this 

may inadvertently lead to detrimental effects via global hypomethylation as mentioned 

earlier. On the other hand, if the regulatory domains are responsible for promoting 

transformation following inappropriate DNMTl cell cycle expression, as we suggest, then 

other methods of therapy should be explored, such as agents targeted at these domains or 

at restoring proper DNMTl expression. Although our model argues that the methylation 

of tumor suppressors is not the primary cause of transformation by DNMT1, the common 

occurrence of hypermethylation in cancer indicates that it is important. Thus, another 

promising option is the use of agents that knockdown DNMT1, since they have been 

found to inhibit DNA replication and cell growth (Knox et al., 2000; Milutinovic et al., 

2003) and thus protect the genome from global hypomethylation, and also indirectly 

bring about the induction and demethylation of tumor suppressor genes (Fournel et al., 

1999). 

•� 
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• A multifunctional MBD2/dMTase 

A fundamental question that has puzzled us when we try to comprehend the role of DNA 

methylation in cancer is the co-existence of regional hypermethylation and global 

hypomethylation. It is critical to unravel the mechanisms responsible for this 

phenomenon in order to design correct therapeutic strategies targeting the DNA 

methylation machinery. Several possible explanations were discussed in the introduction, 

such as the targeting of DNMTs and demethylases to specific regions through their 

interactions with other proteins (Di Croce et al., 2002; Robertson et al., 2000a; Rountree 

et aI., 2000), the protection of specific sequences from methylationldemethylation via the 

binding of other proteins (Brandeis et al., 1994; Han et aI., 2001; Lin and Hsieh, 2001; 

Macleod et al., 1994), and the determination of DNA methylation patterns by local 

changes in chromatin structure (Cervoni and Szyf, 2001; Dennis et al., 2001; Gibbons et 

al., 2000; leddeloh et al., 1999; Selker, 1998). 

In addition, since the protein MBD2 has been shown to be both a repressor of methylated 

DNA and a DNA demethylase, the possibility exists that global hypomethylation and 

local repression are catalyzed by the same multifunctional protein. We hypothesized that 

different promoter interactions can direct the opposite activities of MBD2, and thus even 

its overexpression will not result in the demethylation and activation of all genes. This 

would also resolve the apparently contradictory functions ofMBD2 reported by various 

groups. Results presented in chapter 2 demonstrate that ectopic expression of 

MBD2/dMTase differentially activated some but not all promoters in a time- and • 
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• concentration-dependent manner. We also found that MBD2/dMTase expression induced 

demethylation within the SV40 promoter concurrent with its activation. These data 

support our hypothesis that the complex functional role of this protein depends on the 

promoter context, and also suggests that MBD2/dMfasecouid be involved in 

maintaining both the DNA hyper and hypomethylation observed in cancer. 

Further studies are necessary to uncover the promoter elements that are implicated in 

determining the role of MBD2/dMfase in transcription, however it is highly likely that 

both chromatin structure and interactions between MBD2 and other proteins are also 

involved. It was demonstrated that when an identical reporter gene was placed under 

different methylated promoters, either active or inactive, the reporter sequence was 

• demethylated only when it was associated with an active promoter; this was found to 

depend upon the presence of histone acetylation (Cervoni and Szyf, 2001). Thus it may 

not be particular elements within the promoter that determine whether MBD2/dMTase 

acts as a repressor or activator, but rather the chromatin structure the DNA adopts in the 

cell. On the other hand, specific promoter sequences may be involved in attracting 

certain activators or repressors that could potentially interact with MBD2IdMfase and 

affect its function. 

One recently identified protein, MBDin, was shown to relieve MBD2 mediated 

transcriptional repression from methylated DNA (Lembo et al., 2003). Although 

demethylation was not observed in this study, this aspect may have been assessed too 

• soon after transfection, as we also did not observe demethylation after a similar length of 
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• time. Perhaps only a transient chromatin activation by MBDin was achieved in their 

study, and possibly the continued presence of MBDin is necessary to cause a constant 

change in chromatin structure that would eventually lead to demethylation and 

stabilization of the active state. MBD2/dMTase protein-protein interactions may also be 

influenced by other factors, which is supported by the observation that different MeCPl 

complexes, some of which do not contain MBD2, are fonned in diverse cell types 

(Hendrich et al., 2001). One interesting prospect stems from data presented in chapter 4 

illustrating that VPA induces active DNA demethylation and the phosphorylation of 

MBD2 in parallel. Since this posttranslational modification has been shown to regulate 

the activity of other proteins, it may well playa role in determining which of the two 

functions MBD2/dMTase assumes. 

Data presented in chapter 2 is consistent with our hypothesis that MBD2/dMTase can be 

involved in mediating both regional hypennethylation and global hypomethylation in 

cancer. We suggest that cancer cells take advantage of this protein to coordinate a 

program that requires suppression of some methylated genes, such as tumor suppressor 

genes, and activation of others, for instance genes involved in invasion and metastasis. 

If this is correct, then MBD2 truly represents an ideal anticancer target since its inhibition 

would result in both repression and activation of the desired genes. Although still 

speculative, future studies identifying the promoter elements and their interacting 

proteins, and whether these differ between the various classes of genes involved in 

cancer, should help substantiate our hypothesis. 

•� 
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• Therapeutic implications ofinhibiting MBD2/dMTase activity 

It has long been believed that DNA methylation is a unidirectional and irreversible 

reaction, which is catalyzed by DNMT exclusively. If this were true, then the only 

potential target for modulating DNA methylation would be DNMTs. However, there is 

sufficient data to support the hypothesis that DNA methylation in vivo is also fashioned 

by active demethylation (Lucarelli et al., 2000; Oswald et al., 2000; Szyf et al., 

1985);Bruniquel, 2oo3}. This is further substantiated by the purification of a DNA 

demethylase activity from human lung carcinoma A549 cells (Ramchandani et al., 1999) 

and by the discovery that the protein MBD2 can also function as a DNA demethylase 

(Bhattacharya et al., 1999). As a result, we need to modify our classical view of DNA 

• 
methylation from a unidirectional irreversible reaction to a reversible reaction mediated 

by both DNMT and demethylase activities. Although the concept of reversible biological 

signals is accepted for other modifications, such as acetylation and phosphorylation, it 

has not been considered as a possible mechanism for the modulation of DNA methylation 

by physiological and pharmacological agents. However, if true, we are provided with 

another target in addition to DNMTs with which to correct aberrant DNA methylation 

and gene expression in pathological conditions. In this thesis, a potential inhibitor of this 

target was identified as AdoMet. 

AdoMet has been used for many years as a therapeutic and a research agent to increase 

DNA methylation in vivo and in vitro, and it is also deemed an important physiological, 

nutritional, and pathological regulator of DNA methylation patterns. However the 

• prevailing model explaining the mechanism of action of AdoMet has been that increased 
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• AdoMet levels stimulate DNMT activity thus triggering hypennethylation and protecting 

the genome against global hypomethylation. As mentioned in chapter 3, there are several 

unresolved issues with this paradigm. Furthennore, since one study demonstrated that 

AdoMet inhibited the rapid demethylation of a CO site in the 5' region of the myogenin 

gene during C2C12 differentiation (Fuso et al., 2001), this suggested to us that AdoMet 

might affect active demethylation. In chapter 3, we take into account the demethylase 

side of the methylation reaction, and propose the alternative hypothesis that AdoMet 

prevents global hypomethylation by inhibiting active demethylases. Our data 

demonstrate that AdoMet inhibits active demethylation and expression of methylated 

DNA in living cells, and also inhibits MBD2/dMTase, as well as endogenous 

demethylase activity extracted from HEK 293 cells, in vitro. Our hypothesis is further 

• substantiated by the fact that AdoMet does not stimulate de novo methylation of 

unmethylated DNA. Most importantly, our finding that AdoMet inhibits anchorage 

independent growth of HEK 293 and A549 cells at the same concentration that inhibits 

demethylase activity is consistent with the premise that hypomethylation mediated by 

DNA demethylases is critical for tumorigenesis. 

This study identifies the first inhibitor of demethylase in vitro and in living cells, and 

illustrates the dynamic nature of the DNA methylation pattern and how it can be modified 

by important metabolic regulators. Since intracellular AdoMet levels can be altered by 

folate supplementation (Miller et aI., 1994; Poirier et al., 2001), this raises the exciting 

possibility that AdoMet may also be beneficial in cancer prevention simply through 

• dietary changes. To confinn our hypothesis that hypomethylation catalyzed by 
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• demethylases is important for cancer, future experiments are required to identify the 

genes involved in invasion and metastasis that are upregulated by demethylases and 

suppressed by AdoMet. Unpublished data indicate that uPA might be a potential 

candidate, since treatment of MDA-231 breast cancer cells with AdoMet or with an 

MBD2 antisense oligonucleotide resulted in the inhibition of uPA mRNA expression and 

a decrease in tumor cell invasive capacity (pakneshan et aI, unpublished data). In 

addition, the mechanism by which AdoMet inhibits MBD2/dMTase and HEK 293 

demethylase activities, and whether these are one and the same enzyme, remains to be 

determined. To fully understand the therapeutic potential of AdoMet, it is critical to 

identify how many demethylases are present in various types of cancer cells, which ones 

are inhibited by this agent, and whether they differentially regulate genes that contribute 

•� to cancer progression.� 

The combined data in chapters 1 and 3, together with other published data on the 

involvement of DNA methylation and its machinery in cancer, evoke a model whereby 

the changes in DNA methylation required for tumorigenesis involve two separate steps. 

The first step involves an increase in DNMTI. This step leads to the circumvention of 

tumor growth signals, through protein-protein interactions with cell cycle machinery, and 

through the inhibition of tumor suppressors by methylation independent mechanisms and 

possibly through hypermethylation. Once uncontrolled growth is achieved, the tumor 

must then be able to invade and metastasize to surrounding tissues. Overexpression of 

MBD2 and other demethylases is thus critical to achieve the hypomethylation that is 

• required for the activation of growth invasive genes involved in this process. A 
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• combination of inhibitors that knock down DNMfl or affect its protein interactions, 

together with demethylase inhibitors such as AdoMet, may thus represent the ideal 

therapeutic strategy for cancer. 

Therapeutic implications ofpromoting MBD2/dMTase activity 

• 

Another intriguing opportunity that arises from the fact that DNA methylation is dynamic 

and reversible is that epigenomic states might be manipulated therapeutically in 

postmitotic tissues. IfDNA methylation were only mediated by DNMT activities, as the 

original model proposes, the only possible means of demethylating and reactivating genes 

would be to induce passive demethylation by inhibiting DNMTI during DNA replication. 

Such DNMTI inhibitors are extremely effective on dividing cells but are useless for post 

mitotic cells that do not divide. However, if we can identify agents that can 

pharmacologically stimulate active demethylation by endogenous demethylases, then we 

might have a chance to alter DNA methylation patterns in adult non-dividing tissue, such 

as the brain. Previous findings illustrating that VPA can activate methylated genes in 

non-dividing cells (Manev and Uz, 2002; Tremolizzo et aI., 2002) led us to the 

hypothesis VPA does so by stimulating active DNA demethylation. Data presented in 

chapter 4 demonstrate that this drug can stimulate active replication independent 

demethylation and activation of a methylated reporter construct, while global methylation 

levels are unaffected. We also show that the mechanism of demethylation by VPA 

involves histone acetylation, further confirming previous observations that demethylase 

• activity is determined by chromatin structure (Cervoni and Szyf, 2001). Antisense 
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• knockdown indicates that MBD2/dMfase is involved in the process, and experiments 

showing that VPA induces the phosphorylation of MBD2/dMTase suggest that this 

modification may regulate the activity of this enzyme. 

Thus, we provide the first demonstration that a well-established drug can erase DNA 

methylation patterns in absence of DNA replication. VPA is widely used as an 

anticonvulsant, in psychiatric disease such as bipolar disorder, and also as an adjunct 

therapy in schizophrenia. Although VPA has been shown to function through several 

mechanisms such as increasing levels of GABA (Loscher, 2002), inhibiting the protein 

kinase C pathway (Chen et al., 1994), and by activating AP-l dependent transcription 

(Asghari et aI., 1998), our data raise the possibility that VPA's therapeutic effects might 

• also be a result of the demethylation and reexpression of methylated genes. As 

mentioned in chapter 4, this newly found mechanism of action of VPA might also 

provide a new therapy for other conditions where the underlying problem is the silencing 

of essential genes by methylation. Importantly, our data indicate that VPA might be able 

to achieve the activation of critical genes without the deleterious effect of inducing global 

demethylation and possibly promoting cancer. Although it remains to be determined 

what distinguishes genes that are demethylated by VPA and those that are not, it is highly 

possible that both chromatin structure, as well as the previously mentioned factors 

determining the role of MBD2/dMTase, are involved. 

Further studies are obviously required to confirm the therapeutic relevance of our 

• findings. Several possible candidates for VPA induced demethylation already exist, such 
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• as reelin, gad67, FMRI, and NF2. Reelin and gad67 have already been shown to be 

upregulated by VPA in the brain (Tremolizzo et al., 2002), and future studies revealing 

whether they also become demethylated should confmn our hypothesis. In addition, 

FMRI (EI-Osta, 2002), and NF2 (Kino et al., 2001), which are pathologically 

downregulated by methylation, should be examined for induction and demethYlation by 

VPA. Focus should also be placed on identifying novel endogenous genes that are 

upregulated by VPA, most importantly in post mitotic tissues, and whether these genes 

are regulated by methylation. Furthermore, it is critical to determine whether 

hypermethylation of such genes occurs during the development of disease conditions, as 

these will be ideal targets for VPA. The recent development of microarray-based DNA 

methylation analysis may be a useful tool for such a study (Adorjan et al., 2002). 

The future discovery of other VPA-activated demethYlases expressed in post-mitotic• 
tissues, as well as of the role of phosphorylation on their activity, should further clarify 

the effects of VPA. Subsequent investigations into the expression levels and 

phosphorylation status of demethylases in normal versus pathogenic conditions may then 

be carried out in order to further confmn both our hypothesis and the therapeutic use of 

VPA. 

Conclusion 

In summary, the studies undertaken in this thesis provide alternative models to explain 

some of the unresolved issues involving the mechanisms and role of DNMTl 

• overexpression, regional hypermethylation and global hypomethylation in cancer, and 
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• therapeutic approaches for modulating DNA methylation patterns in cancer and other 

diseases. The data that are presented support a unifying hypothesis in which the DNA 

methylation pattern is maintained in a steady-state by an equilibrium of methylation and 

demethylation reactions that are determined by chromatin structure. Environmental cues 

that alter either chromatin structure or the regulation of the DNA methylation machinery 

will cause a shift in the equilibrium and therefore a change in gene expression. When 

these signals lead to aberrant DNA methylation and expression, pathogenic conditions 

result. Thus, one might take advantage of the reversibility of DNA methylation patterns 

to cause either hypo or hypermethylation in different contexts, with the aim of restoring 

proper gene expression. The advantage of modulating demethylase activity is that it is 

independent of DNA replication and is therefore applicable to postmitotic tissues. With 

• regards to cancer, regional hypennethylation might not be as important as previously 

assumed, and focus should rather be placed on the deregulation of DNMTl expression 

and the consequences of its ensuing protein interactions. On the other hand, the finding 

that AdoMet can inhibit active demethylases and cellular transformation suggests that 

global hypomethylation should be given a higher priority. These discoveries should 

guide us in understanding which functions of the DNA methylation machinery are critical 

for tumorigenesis, and also in developing more effective therapies targeting the DNA 

methylation machinery for the treatment of cancer and other pathologies. 

•� 
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Histone hypoacetylation and DNA hypermethylation 
are hallmarks of gene silencing. Although a role for DNA 
methylation in regulating histone acetylation has been 
established, it is not clear how and whether epigenetic 
histone markings influence DNA modifications in tran­
scriptional silencing. We have previously shown that 
induction of histone acetylation by trichostatin A pro­
motes demethylation of ectopically methylated DNA 
(Cervoni, N., and Szyf, M. (2001) J. Bioi. Chern. 276, 
40778-40787). The oncoprotein SetJTAF-I(3 is a subunit 
of the recently identified inhibitor of acetyltransferases 
complex that inhibits histone acetylation by binding to 
and masking histone acetyltransferase targets (Seo, 
S. B., McNamara, P., Heo, S., Turner, A., Lane, W. S., and 
Chakravarti, D. (2001) Cell 104, 119-130). We show here 
that the overexpression of SetJTAF-I(3, whose expression 
is up-regulated in multiple tumor tissues, inhibits dem­
ethylation of ectopically methylated DNA resulting in 
gene silencing. Overexpression of a mutant SetJTAF-I(3 
that does not inhibit histone acetylation is defective in 
inhibiting DNA demethylation. Taken together, these 
results are consistent with a novel regulatory role for 
SetJTAF-I(3, integrating epigenetic states of histones and 
DNA in gene regulation and provide a new mechanism 
that can explain how hypermethylation of specific re­
gions might come about by inhibition of demethylation 
in cancer cells. 

The DNA methylation pattern is tightly correlated with chro­
matin structure in that transcriptionally active chromatin do­
mains are hypomethylated, whereas inactive regions are hyper­
methylated (3). However, the mechanisms defining the 
relationship between histone hypoacetylation and DNA hyper­
methylation are not clear. While it is well accepted that DNA 
methylation can promote chromatin deacetylation and inactiva­
tion (4), a number of studies suggest that chromatin status can 
also alter the pattern of DNA methylation. Genome wide dem­
ethylation was shown to be induced by n-butyrate, an inhibitor of 
histone acetylation (5). Tichostatin A (TSA),l an inhibitor of 
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1 The abbreviations used are: TSA, trichostatin A; GFP, green fluo­
rescent protein; INHAT, inhibitor of acetyltransferases; CHIP, chroma-

histone deacetylase, was shown to induce selective loss of DNA 
methylation in Neurospora (6), and very recently disruption of 
histone methylation was shown to eliminate DNA methylation in 
Neurospora (7). We have recently shown that TSA can induce 
demethylation of ectopically methylated genes (1). 

Hypermethylation ofCpG islands has attracted considerable 
attention as a mechanism responsible for gene silencing during 
tumor suppression. It is clear that methylation of tumor sup­
pressor genes cannot be explained by the increase in the gen­
erallevel ofDNA methyltransferase activity observed in cancer 
cells. Significant effort has been therefore directed toward 
identification offactors that recruit DNA methyltransferases to 
specific promoters. In accordance with this hypothesis, a recent 
publication demonstrated that the oncogenic transcription fac­
tor PML-RAR fusion protein recruits DNMT1 to the retinoic 
acid (311 promoter, resulting in methylation and silencing of 
this promoter (8). 

An alternative potential mechanism of bringing about DNA 
hypermethylation is inhibition of demethylase activity. This pos­
sibility was not previously explored, since it has long been be­
lieved that the DNA methylation pattern is controlled exclusively 
by DNA methyltransferases and that the DNA methylation re­
action is irreversible. Nevertheless, we have recently extracted 
DNA demethylase activity from human lung cancer cell line 
A549 (9) and have shown that a human embryonal kidney cell 
line HEK293 possesses active demethylase activity (1). 

The DNA methylation state of a gene in a living cell repre­
sents a steady state, and it is hard to determine whether it is a 
consequence of increased DNA methylation or reduced dem­
ethylation. Moreover, it is hard to determine whether demethy­
lation of a gene in a proliferating cell is passive, resulting from 
inhibition of DNA methylation during DNA synthesis or an 
active true removal of a methyl group. We have therefore 
recently developed a transient transfection system that enables 
studying demethylase activity in cancer cells. A reporter CMV­
GFP construct is methylated in vitro by a CpG methyltrans­
ferase mSssI and introduced into human transformed HEK293 
cells. The plasmid is extracted 96 h after transfection, and its 
state of methylation is determined by either methylation sen­
sitive restriction enzyme analysis or bisulfite mapping. Since 
we have demonstrated that this plasmid does not replicate in 
HEK cells (1), any change in DNA methylation must result 
from active demethylation. We have also shown that these 
constructs are not de novo methylated during the transient 
transfection period, and therefore the transient transfection 
assay measures exclusively active demethylation in the cell. 
This system could be utilized to measure the effects of specific 

tin immunoprecipitation; CMV, cytomegalovirus; HAT, histone acetyl­
transferase; GST, glutathione S-transferase. 
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FIG. 1. A, SettrAF-I(3 inhibits histone 
acetylation. HAT assays were performed 
with increasing concentrations of GST­
SettrAF-I(3 (lanes 2-4) and GST-SeU 
TAF-I(3 120-225 (lanes 6-8), respec­
tively. In lanes 1 and 5, p300 was 
incubated with histones only. The upper 
panels show Coomassie staining of both 
proteins used, and positions of individual 
histones are shown by phosphorimaging 
of acetylated histones (lower panels). B 
and C, SettrAF-I(3 decreases acetylation­
induced increase of GFP expression. B, 
total cell extracts from HEK293 cells 
transfected with either CMV-GFP plas­
mid alone (lanes 1-6) or CMV-GFP and 
SettrAF-I(3 (lanes 7-9) in the absence 
(lanes 1-3) or presence of 0.3 IJ-M TSA 
(lanes 4-9) were prepared using standard 
protocols and resolved on a 12.5% SDS­
polyacrylamide gel in triplicates. C, total 
cell extracts from HEK cells transfected 
with increasing concentrations of SeU 
TAF.I(3 (0.1, 0.5, 1.0, and 2.0 IJ-g) (lanes 
2-5) or SettrAF-I(3 120-225 mutant (0.1, 
0.5, 1.0, and 2.0 ~) (lanes 7-9), in the 
absence (lane 1) or presence of 0.3 IJ-M TSA 
(lanes 2-9), were prepared using standard 
protocols and resolved on a 12.5% SDS­
polyacrylamide gel. D, total cell extracts 
from HEK cells transfected with increas­
ing concentrations of SettrAF-I(3 (0.1, 0.5, 
1.0, and 2.0 IJ-g) (lanes 3-6) or SettrAF-I(3 
120-225 mutant (0.1,0.5,1.0, and 2.0~) 

(lanes 7-10), in the absence (lane 1) or 
presence of 0.3 IJ-M TSA (lanes 2-10), were 
prepared using standard protocols and re­
solved on a 12.5% SDS-polyacrylamide 
gel. All blots were transferred to PDVF 
membranes. C, GFP protein was detected 
using rabbit polyclonal IgG (Santa Cruz, 
sc-8334) at 1:500 dilution, followed by 
peroxidase-conjugated anti-rabbit IgG 
(Sigma) at 1:5000. D, SettrAF-I(3 protein 
was detected using mouse monoclonal 
IgG 1:400 dilution, followed by peroxi­
dase-conjugated anti-mouse IgG (Jackson 
ImmunoResearch Laboratories Inc.) at 
1:20,000. Signal was detected by using 
enhanced chemiluminescence detection 
kit (Amersham Biosciences). To show 
equal loading of the protein, membranes 
were stained with Amido Black (lower 
panels). 
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proteins on active demethylation of specific sequences in living 
cells. Using this system we have recently shown that histone 
acetylation stimulates active demethylation of ectopically 
methylated reporter constructs. 

Although we have shown that TSA treatment could poten­
tially stimulate demethylation, this effect is not universal, and 
it is clear that many methylated genes are neither demethyl­
ated nor activated following TSA treatment (10). We therefore 
reasoned that proteins that inhibit acetylation of histones in 
response to TSA might also inhibit DNA demethylation. Simi­
lar proteins might also inhibit corrective demethylation of spu­
riously methylated genes and lead to hypermethylation of cer­
tain sequences explaining the progressive methylation of 
tumor suppressor genes in cancer. Recently, experiments per­
formed by Seo et ai. (2) led to the discovery of a novel human 
cellular complex which inhibits the histone acetyltransferase 
(HAT) activity of transcriptional coactivators p300/CBP and 

Amldo black 

2 3 4 5 6 7 8 9 10 

PCAF. This complex called INHAT (inhibitor of acetyltrans­
ferases) comprised of the myeloid leukemia-associated oncop­
rotein SETITAF-II3, the template-activating factor TAF-Ia, and 
the nuclear phosphoprotein pp32 masks the effect of histone 
acetyltransferases by binding to his tones, thereby inhibiting 
transcription and serving as a novel mechanism of transcrip­
tional regulation (2). INHAT subunits were shown to individ­
ually inhibit histone acetylation. Since INHATs influence the 
state of histone acetylation (2), and since histone acetylation 
affects chromatin structure (11, 12), we tested the hypothesis 
that INHATs could directly or indirectly modulate DNA meth­
ylation patterns by inhibiting DNA methylation and thus play 
a role in integrating the status of histone acetylation, DNA 
methylation, and transcriptional silencing. Since SetITAF-II3's 
association with leukemia suggests a fundamental cellular 
function perhaps related to neoplastic progression, we focused 
primarily on the SetITAF-II3 oncoprotein in this study. 
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FIG. 2. INHAT subunits inhibit demethylation of GFP. A, a physical map of the CMV-GFP region analyzed is shown. B, in vitro methylated 
CMV-GFP plasmid was transfected alone (lanes 1-3) or cotransfected with either: 21'-15 ofSetlI'AF-II3 (lanes 4-6), pp32 (lanes 7-9), or SetlI'AF-II3 
120-225 mutant (lanes 10-12) plasmids and treated with a final concentration of 0.3 /l-M TSA. The results of three independent experiments were 
quantified by densitometry, and the percent demethylation for each sample was determined by calculating the ratio ofHpaIIIMspI-digested 529-bp 
fragment. C, in vitro methylated CMV-GFP plasmid was transfected alone (lanes 1-6) or with either increasing concentrations of SetlI'AF-II3 (0.1, 
0.5, 1.0, and 2.0 1'-15) (lanes 7-18) or SetlI'AF-II3 120-225 mutant (0.1,0.5, 1.0, and 2.0 /l-g) (lanes 19-30), in the absence (lanes 1-3) or presence of 
0.3 /l-M TSA (lanes 4-30). Results were quantified as in B and are shown in the graph. _, SetlI'AF-II3 120-225 mutant; 0, SetlI'AF-II3. For both 
Band C, 10 /l-g of isolated DNA was digested with 50 units of EcoRI (B, lanes 1,4,7, and 10; C, lanes 1,4,7,10,13,16,19,22,25, and 28) alone 
or EcoRI followed by either digestion with 20 units ofMspI (B, lanes 2, 5, 8, and 11; C, lanes 2, 5, 8,11,14,17,20,23,26, and 29) or Hpall restriction 
enzymes (B, lanes 3, 6, 9, and 12; C, lanes 3, 6, 9, 12, 15, 18,21,24,27, and 30), fractionated on a 1.7% agarose gel, and was then subjected to 
Southern blot transfer and hybridization with a 32P_Iabeled GFP fragment (see map of probe in A, indicated by a dashed line flanked by restriction 
sites Cfr10I and AvaIl). 

MATERIALS AND METHODS� and incubation continued for an additional 30 min. HAT assays were 
performed in the presence of 10 mM sodium butyrate. Reaction products Cell Culture-HEK293 cells were plated at a density of 8 x 104/well 
were separated by SDS-PAGE and analyzed by a phosphorimager (2). in a six-well tissue culture dish and transiently transfected with 80 ng 
GST alone had no effect in the assay system.of methylated CMV-GFP plasmid DNA alone or cotransfected with up 

to a maximum of 2 1'-15 of INHAT plasmid DNA (2) per well, using the Bisulfite Mapping-Bisulfite mapping was performed as described 

calcium phosphate precipitation method as described previously (13). previously with minor modifications (15). 5 1'-15 of sodium bisulfite­

Transfections were performed in five individual wells and were re­ treated DNA samples were subjected to PCR amplification using the first 
peated three times using different cultures of HEK293 cells. set of primers described below. PCR products were used as templates for 

In Vitro Methylation of Substrates-CMV-GFP plasmid was methy­ subsequent PCR reactions utilizing nested primers. The PCR products of 
lated in vitro by incubating 10 /l-g of plasmid DNA with 20 units of SssI the second reaction were then subc10ned using the Invitrogen TA cloning 
CpG DNA methyltransferase (14) (New England Biolabs Inc.) in a kit (we followed the manufacturer's protocol), and the clones were se­
buffer recommended by the manufacturer containing 160 /l-M S-adeno­ quenced using the T7 sequencing kit (Amersham Biosciences; we followed 
sylmethionine, at 37 ·C for 2 h. After repeating this procedure three the manufacturer's protocol, procedure C). The primers used for the en­
times, full protection from Hpall digestion was observed. hanced green fluorescent protein (pEGFP-1) (CLONTECH) (GenBank™ 

Histone Acetylation Assays-The assay was performed essentially as accession number U55761) were: GFP5', 1,5'-gttattatggtgagtaaggg-3'; 
described previously (2) utilizing increasing concentrations of wild type GFP5' (nested), 5'-ggggtggtgtttattttgg-3'; GFP3', 1,5'-tataactattataat­
SetlI'AF-II3 and mutant SetlI'AF-II3 proteins. In short, -1 pmol of tatactcca-3'; GFP3' (nested), 5'-cttataccccaaaatattacc-3'. 
baculovirus-expressed and purified p300 was incubated with (Fig. lA, Chromatin Immunoprecipitation (CHIP) Assay-CHIP assays (16) 
lanes 2-4 and 6-8) or without (Fig. 1, lanes 1 and 5) increasing con­ were performed by following the Upstate Biotechnology CHIP assay kit 
centrations of purified wild type or mutant GST-SetlI'AF-II3 as indi­ protocol (catalog number 17-295). HEK293 cells were transfected with 
cated in the legend to Fig. 1 for 5 min at 40 ·C before the addition of-1 80 ng of in vitro CMV-GFP plasmid, using the calcium phosphate 
/l-g of purified core histones and [14Clacetyl-CoA (1000 pmol//l-I, Sigma) method (see above). A final concentration of 0.3 /l-M TSA was added or 
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FIG, 3, Bisulfite mapping and emp analysis of the association of transfected plasmids with SetlrAF-IIJ. A, HEK293 cells were 
cotransfected with in vitro methylated GFP plasmid and 1 !J.g of SeUTAF-Ij3 plasmid, treated with a final concentration of 0,3 !J.M TSA, 
formaldehyde cross-linked after 96 h, and subjected to a chromatin immunoprecipitation assay using antibodies against acetylated histone H3 (Ac 
Histone), SeUTAF-Ij3, or rabbit preimmune serum (Pre), Input denotes 10% of total DNA prior to immunoprecipitation, The GFP sequence was 
amplified from purified DNA by PCR Primers (indicated in Fig, 2A as solid arrows) were diluted to 50 !J.M and are described under "Materials and 
Methods:' A representative PCR is shown, B, immunoprecipitated DNA was subjected to bisulfite mapping analysis, Hatched arrows (displayed 
in Fig, 2A) indicate the location of both the outside and nested primers used to amplify bisulfited DNA Each line within the boxes represents an 
independent clone, A/illed circle represents a methylated CG dinucleotide, and an empty circle represents a demethylated CG dinucleotide, Clones 
from TSA-treated DNA not immunoprecipitated (Input), or immunoprecipitated with anti-acetylated H3 antibody or anti-SeUTAF-Ij3, are 
presented, C, representative sequencing gels of immunoprecipitated clones using either anti-acetylated H3 (Ac H) or anti-SeUTAF-Ij3 (TAF-IJ3) 
antibodies, Black arrows point to methylated CGs from clones pulled down with anti-SeUTAF-Ij3 antibody, and gray arrows point to demethylated 
CGs (converted to Ts) from clones pulled down with anti-acetylated histone H3 antibody 

not added to fresh medium 24 h after transfection, Formaldehyde was RESULTS� 
added to the culture media at a final concentration of 1%, 96 h post­� INHAT SetITAF-l{3 Inhibits Expression of a Cotransfectedtransfection and incubated at 37 ·C for 10 min, Chromatin was immu­

Methylated CMV-GFP Reporter Gene in a Dose-dependent Man­noprecipitated using either an anti-acetylated histone H3 antibody 
(Upstate Biotechnology) as recommended by the manufacturer or the ner-We utilized a previously described transient transfection­
anti-SeUTAF-Ij3 antibody (2) or rabbit preimmune serum, as a control. based assay system to study active demethylation of ectopically 
One-tenth of the lysate was kept to quantitate the amount of DNA methylated DNA and the different parameters that might af­
present in different samples before immunoprecipitation (input), PCR fect it. In prior studies we have shown that in uitro methylated
reactions on DNA purified from non-immunoprecipitated samples (in­

CMV-GFP reporter plasmid is actively demethylated 72-96 hput) and immunoprecipitated samples (Ac H, SetITAF-Ij3, and Pre) 
were repeated exhaustively using varying amounts of template to en­ following transfection into human embryonal kidney HEK293 
sure that results were within the linear range of the PCR The following cells and that this demethylation is dramatically enhanced 
primers were used to amplify the GFP gene: GFP 5', 5'-caagggcgag­ when histone hyperacetylation is induced pharmacologically
gagctgtt-3'; GFP 3', 5'-cggccatgatatagacgttg3', with TSA (1), If SettrAF-I{3 functions by inhibiting histone

Western Blot Analysis-Total cell extracts were prepared using 
acetylation, and also functionally interacts with methylatedstandard protocols and resolved on SDS-polyacrylamide gel electro­

phoresis (12,5%), After transferring to polyvinylidene difluoride mem­ CMV-GFP, then overexpression of SetffAF-I{3 should inhibit 
brane (Amersham Biosciences) and blocking the non-specific binding expression ofCMV-GFP, To test this, SettrAF-II3 plasmid was 
with 5% skim milk, GFP protein was detected using rabbit polyclonal cotranfected into human embryonic kidney (HEK293) cells, 
IgG (Santa Cruz, sc-8334) at 1:500 dilution, followed by peroxidase­ with in vitro methylated CMV-GFP plasmid, in the presence or
conjugated anti-rabbit IgG (Sigma) at 1:5000, and an enhanced chemi­

absence of TSA (72 h), and harvested 96 h post-transfection,luminescence detection kit (Amersham Biosciences), SeUTAF-Ij3 pro­
tein was detected as described previously (17), Cell extracts were prepared and subjected to Western blot 

Multiple Tumor Blot Analysis-The matched tumor/normal expres­ analysis using antibodies directed against GFP protein (Fig. 1, 
sion assay membrane was hybridized using a 32P-labeled SeUTAF-Ij3 B and C) or against the amino-terminal region of the Set! 
eDNA, according to the CLONTECH Laboratories Inc, Matched Tumorl TAF-I{3 oncoprotein (which only recognizes the endogenous and
Normal Expression Array User Manual (catalog number 7840-1), To 

wild type SettrAFl{3 construct) (Fig. ill). GFP expression isobtain final expression values, each hybridization signal was quantified 
by densitometry and normalized against signal obtained by hybridiza­ significantly increased in the presence of TSA compared with 
tion with a eDNA probe for ubiquitin, no TSA treatment (Fig, lB) (1); and in agreement with previous 
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FIG, 4, SetffAF.IJ3 oncogene is up-regulated in tumor tissues. The matched tumor/normal expression assay membrane was hybridized 
using a 32p-labeled SetITAF-II3 cDNA. Histograms represent values analyzed by densitometry from SetITAF·IJ3 signal normalized against ubiquitin 
signal. Black bars represent values obtained from tumor tissues, and white bars represent values obtained from normal tissues, The following 
tissues were analyzed: breast (A), uterus (8), colon (e), stomach (D), rectum (E), kidney (Fl. G, the tissue average of SetITAF·II3 message was 
calculated and fOWld to be significantly greater in uterus, stomach, and rectum (**, p < 0.005; *, p < 0.05) when compared with SetITAF-If3 signal 
from normal tissues. Colon (p = 0.053) and breast (p = 0.063) were nearly significant. 

results (2), Fig. 1A shows that while the wild type SettrAF·II3 
inhibits p300·mediated histone acetylation in a dose-depend· 
ent manner, the mutant SettrAF-II3 120-225, which lacks the 

• previously determined HAT inhibitory domain (INHAT do­
main) and histone binding domain, fails to inhibit histone 
acetylation (Fig. 1A and Ref. 2). Cotransfection with Set! 
TAF-II3 (Fig. 1, B and C), but not the mutant SettrAF-II3 
120-225 plasmid (Fig. lC), attenuated GFP expression to a 
level that is only slightly above the basal value obtained in the 
absence of TSA (Fig. IB), in a dose-dependent manner (Fig. I, 
C and D), establishing a role for the INHAT activity of Set! 
TAF-II3 in regulating GFP expression. 

INHAT Subunits Inhibit Demethylation ofEctopically Meth· 
ylated CMV·GFP Transiently Transfected into HEK293 Cells in 
a Dose.dependent Manner-Since different subunits of the IN­
HAT complex inhibited expression of CMV-GFP, we deter­
mined their effect on DNA demethylation induced by TSA (1). 
DNA was isolated from HEK293 cells cotransfected with meth­
ylated GFP DNA and SettrAF-II3, pp32, or SettrAF-II3 120­
225 mutant and was treated with 0.3 ILM TSA for 72 h. A map 
of the analyzed GFP gene is presented in Fig. 2A. DNA was 
first linearized with the EcoRI restriction enzyme, followed by 
digestion with MspI (which cleaves the sequence CCGG) or 
Hpall (which cleaves the sequence CCGG only when it is not 
methylated). The results of this experiment demonstrate that 
histone deacetylase inhibitor (TSA) treatment alone results in 
nearly complete demethylation (90%) as indicated by the de­
tection of a fully demethylated Hpall-digested fragment (529 
kb) as shown previously (Fig. 2B, lane 3 and graph bar 1) (1). 

Remarkably, addition of individual INHAT subunits Set! 
TAF-II3 and pp32, which block histone acetylation, inhibit dem­
ethylation of the reporter gene, as indicated by the 9-fold re­• 
duction in the relative abundance of the Hpall-digested 
fragment with SettrAF113 (Fig. 2B, compare lane 3 with lanes 
6 and 9, and graph bar 2 versus bar 1). The SettrAF-II3 120­
225 mutant, which does not inhibit histone acetylation, had a 
minimal effect (2-fold) on blocking DNA demethylation (Fig. 

Histone acetylation allows Inhibition of histone acetylation 
DNA demethylatlon prevents DNA demethylatlon 
and transcription and transcription 

FIG, 5, Model illustrating how endogenous proteins such as 
demethyIase can access and demethylate DNA within the DU­

cleosome when histone tails are acetylated. INHATs' ability to 
mask histones and therefore prevent histone acetylation inhibit the 
association between demethylase and the nucleosome-wrapped DNA. 
The resulting phenotype is hypermethylated DNA. 

2B, compare lane 12 with lane 6, and graph bar 3). There is a 
dose-response relationship between demethylation and inhibi­
tion of histone acetylation. The relative abundance of the fully 
demethylated O.529-kb Hpall fragment was reduced from 95% 
(with TSA alone) to nearly undetectable levels (6%) with in­
creasing doses ofSettrAF-I{3 (Fig. 2C, lanes 6, 9, 12, 15, 18, and 
graph open circles), but not with the SettrAF-II3 120-225 mu­
tant (Fig. 2C, lanes 21,24,27,30, and graph closed squares). In 
summary, these experiments demonstrate that INHAT sub­
units inhibit demethylation of ectopically methylated DNA in a 
dose-dependent manner. 

INHAT Subunit SetlTAF·II3 Inhibits Demethylation by Di­
rectly Interacting with the Chromatin Associated with It-Set! 
TAF-II3 might inhibit demethylation of CMV-GFP DNA indi­
rectly by inducing other activities required for demethylation or 
they might act directly on CMV-GFP by binding to its chromatin 
and preventing its acetylation and, as a consequence, its dem­
ethylation. If SettrAF-II3 acts on histones associated with the 
target DNA, then CMV-GFP DNA associated with SettrAF-II3 
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•
should remain hypermethylated, whereas DNAs that escaped 
SetJrAF-I(3 binding should be associated with acetylated his­
tones and hypomethylated (1). To address this issue we used the 
CHIP assay with anti-acetyl-histone H3 and anti-8etJrAF-I(3 
antibodies on cells cotransfected with methylated GFP and 1 1-'15 
of SetJrAF-I(3 (a concentration of SetJrAF-I(3 that results in par­
tial inhibition of demethylation as shown in Fig. 2C) and treated 
with TSA (Fig. 3). The results presented in Fig. 3A show that the 
CMV-GFP gene sequence was immunoprecipitated with both the 
anti-acetylhistone H3 and anti-SetJrAF-I(3 antibodies but not 
with preimmune rabbit serum. GFP plasmid DNAs isolated from 
both acetylhistone H3 and SetJrAF-I(3-immunoprecipitated sam­
ples were then subjected to bisulfite mapping to determine their 
respective methylation patterns (Fig. 3B). GFP DNA isolated 
before immunoprecipitation (Input) was partially demethylated 
as anticipated (Fig. 2C). All DNAs immunoprecipitated with 
acetylhistone H3 antibody displayed almost complete demethy­
lation (Fig. 3, B and C). Remarkably, however, DNAs immuno­
precipitated with anti-SettrAF-I(3 antibodies appeared com­
pletely hypermethylated except for one demethylated clone. This 
result shows that SetJrAF-I(3 associates with methylated trans­
fected CMV-GFP chromatin and facilitates the maintenance of 
the methylated status. 

•

Set/TAF-l(3 Is Overexpressed in Multiple Tumors-To test the 
hypothesis that the level of expression of INHATs might vary 
under pathological conditions where aberrations in chromatin 
acetylation and DNA methylation are commonly observed, we 
used a cDNA expression array (Atlas™) containing mRNA from 
various tumors and their respective non-tumor tissues (Fig. 4). 
The membrane was hybridized with full-length 32P-Iabeled Set! 
TAF-I(3 oncoprotein cDNA and quantified by densitometry. From 
the multiple samples assayed for each tissue type, an increased 
expression of SetJrAF-I(3 in certain tumor tissues relative to 
normal tissues was observed (Fig. 4, A-F). The tissue averages 
from uterus, colon, stomach, and rectum displayed a 2-fold or 
greater increase in SetJrAF-I(3 expression in tumor tissues com­
pared with normal tissues (Fig. 4G). 

DISCUSSION 

This paper demonstrates that a chromatin-modifying protein 
can determine the state of methylation of certain ectopically 
methylated sequences by inhibiting DNA demethylation. There 
are several possibilities by which INHAT subunits may regulate 
DNA methylation. First SetJrAF-I{3, by virtue of its ability to 
inhibit histone acetylation, maintains target DNAs in hypoacety­
lated form. Since histone hyperacetylation is necessary for DNA 
demethylation of ectopically methylated DNA (1), SetJrAF-I{3­
targeted DNAs remain hypermethylated. Second, the histone 
binding and HAT inhibitory functions of SetJrAF-I(3 are not 
necessary for its role in the maintenance of DNA hypermethyla­
tion. However, the greatly reduced ability of the SetJrAF-I(3 
mutant (defective in histone binding and INHAT functions) to 
protect methylated DNA as compared with the wild type Set! 
TAF-I(3 eliminates this possibility. Third, INHAT functions by 
directly recognizing methylated DNAs and protecting them from 
being targeted by DNA demethylases, which is supported by the 
fact that the SetJrAF-I(3 mutant still retains a minor ability to 
inhibit demethylation. Finally INHAT may function by both 
binding to methylated DNAs and preventing histone acetylation. 
While the last two remain formal possibilities and are testable, 
based on our results we suggest a model depicted in Fig. 5 

. directly linking HAT-inhibitory property, INHAT, in the estab­
• ....� lishment of an inverse relationship between histone acetylation 

and DNA methylation in gene silencing. Based on our previous 
results and the results shown here, we propose that the balance 
ofdemethylase and INHATs in cells may therefore determine the 
fmal DNA methylation pattern. Histone hypoacetylation due to 

an elevation in the cellular concentration of factors such as IN­
HATs (Fig. 4G) may prevent access of demethylases to chroma­
tin, therefore preserving the existing ectopic hypermethylation. 

This paper identifies for the first time a potential mechanism 
of inhibition of active demethylation and further supports our 
previous hypothesis that cancer cells bear a level of demethy­
lase activity that demethylates ectopically methylated se­
quences. Further extensive experiments are obviously required 
to test whether such a mechanism participates in precipitating 
the hypermethylated state of specific tumor suppressor genes. 
An obvious question that has to be addressed is how could 
inhibitors of demethylation cause hypermethylation of nor­
mally unmethylated genes such as tumor suppressors. We 
would like to speculate that spurious methylation events do 
occur during normal replication and that they are normally 
removed from transcribed genes that are associated with hy­
peracetylated histones by demethylase(s). Interaction of pro­
teins such as SetITAF-I(3 with histones associated with a gene 
lead to inhibition of acetylation, and as a consequence correc­
tive demethylation is inhibited. This can lead to progressive 
hypermethylation of a gene. 

In summary, this paper demonstrates that a protein that 
inhibits histone acetylation also blocks demethylation as well 
as expression of ectopically methylated DNA. This is to our 
knowledge the first example of a class of proteins shown to 
affect a methylation pattern by inhibiting demethylation. 
These data redirect our understanding of how DNA methyla­
tion patterns are generated, maintained, and pathologically 
altered in cancer and provide novel potential targets for regu­
lation of aberrant methylation patterns, such as those found in 
tumors or transformed cells. 

While our experiments suggest that SettrAF-I(3 could poten­
tially affect DNA methylation states by inhibiting demethyla­
tion, further experiments will be necessary to demonstrate that 
hypermethylation of specific tumor suppressor genes involves 
interaction with proteins like SettrAF-I(3. We are currently 
searching for endogenous genes targeted by INHATs, to test 
our model and confirm the results of our transient system. 
Other important questions that have to be resolved are what 
are the mechanisms responsible for up-regulation of Set! 
TAF-I(3 during tumorigenesis and what may target SetITAF-I{3 
to certain genes and not others? Nevertheless, our data illus­
trates some of the first principles integrating the process of 
demethylation, histone hypoacetylation, and DNA hyper­
methylation in the establishment of silent chromatin loci. 
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