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ABSTRACT

DNA methylation is a postreplicative covalent modification of the DNA

which is catalysed by the DNA methyltransferase enzyme. DNA

methylation plays an important role in controlling the gene expression

profile of mammalian cells. The hypothesis presented in this thesis is that

the expression of the DNA methyltransferase gene is upregulated by

cellular oncogenic pathways, and that this induction of MeTase activity

results in DNA hypermeth~'lation and plays a causal role in cellular

transformation. Novel DNA methyltransferase inhibitors may inhibit the

excessive activity of DNA methyttransferase in cancer cells and induce the

original cellular genetic program. These inhibitors may also be used to

turn on alternative gene expression programs. Therefore specifie DNA

methyttransferase antagonists might provide us with therapeutics directed at

a nodal point in the regulation of genetic. information.
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RESUMÉ

La methylation de l'ADN est une modification covalente effectuée par

l'enzyme DNA methyltransferase (DNA MeTase). Cettc mcth)'lation jouc

un rôle important dans le control de l'expression génic spccific à chaquc

cellule mammifère. L'hypothèse presentée dans cettc thèsc est quc

l'expression génique de l'enzyme DNA Methyltransferase est activitée par

les signaux cellulaires (oncogénique) et que cette activation augmente la

méthylation general de la cellule ce qui causerait une transfort\mtion

cellulaire vers une cellule cancéruese. L'inhibition du surplus d'activité de

l'enzyme DNA MeTase dans une cellule cancéreuse par de nouveaux

inhibiteurs pourraient permettre à cette cellule de retourner Il son

programme original de différenciation. Ces mémes inhibiteurs pourraient

être utilisés pour activer un progrllmme d'expression génique altcrnatif.

Donc, ces inhibiteurs pourraient devenir un outil thérapeutique pour

manipule.' direct~ment l'information génétique d'une cellule.
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This thesis is written in manuscript format and described below arc thc contributions of
each of the authors in the manuscripts presented in this thesis.

Chapter 1: Regulation of the DNA Methyltransferase by the Ras-AP-I signaling
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(1995).

The candidate contributed primarily at the intellectuallevel with most of the work being
done by J. Rouleau, and Dr. M. Szyf, tissue culture by Ms. Johanne Theberge, Northern
blot analysis in Fig. 5A was done by Ms. Vera Bozovic.

Chapter 2: Regulation of DNA Methylation by the Ras Signaling Pathw~ A.R.

MacLeod, J. Rouleau and M. Szyf, J.Biol.Chem.270, 11327-11337 (1995).

The candidate is responsible for most of the work but received much appreciated technical
help with sorne of the tissue culture l'rom Ms.Vera Bozovic.

Chapter 3: Expression of Antisense to the DNA Methvltransferase mRNA induces

DNA Demethylation and Inhibits Tumorigenesis. A.R. MacLeod and M. Szyf, 1. Biol.

Chem. 270, 8037-8043 (1995).

Candidate is responsible for most of the work again receiving technical help with sorne of

the tissue culture from Ms. Vem Bozovic.

Chapter 4: Expression of antisense mRNA to the DNA Methyltransferase inhibits y­
Ha-Ras initiated transformation of C2Cl2 cel1s. AR MacLeod, V. Bozovic, J. Rouleau
and M.Szyf. (Submitted manuscript).

The candidate is responsible for part of the work. Tissue culture, soft agar assay,
thymidine in~orporation and injection of mice was done by Ms. Vera Bozovic.

Chapter 5:
. growth in vivo.
manuscript).

Antisense oligonucleotides to the DNA Methyltransferase inhibit tumor

A.R. MacLeod, V. Bozovic, E. Van Hoffe and M Szyf. (submiited
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The candidate is responsible for most of the work, help with tissue cultùre \vas again

provided by Ms. Vera Bozovic, oligonucleotide design by Dr. M.Szyf and Dr. E. Van

Hoffe and the synthesis of oligonucleotides was done by Hybridon Illc. Worcester MA.
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Contribution to ori~inal Knowled~e

1. 1 have demonstrated that the DNA Methyltransferase (DNA MeTase) is a downstream

effector of the Ras signal transduction pathway.

2. 1 have shown that modulation of the Ras pathway can lead to stable changes in DNA

MeTase activity and to stable changes in DNA methylation patterns of the genome.

3. 1 have shown that modulation of the Ras pathway leads to changes in both the nature

and levels of the API transcription complexes in the nucleus of YI cells.

4. 1 have shown that downregulation of the DNA MeTase by expression of antisense

mRNA can reverse the transformed phenotype of the YI adrenocortical cellline.

5. 1 have shown that inhibition of the DNA MeTase byantisense expression in YI cells

results in induction of an active cell death program (apoptosis) when these cells are

deprived of serum.

6. 1 have shown that expression of v-Ha-Ras in C2C12 myoblast leads to an increase in

the steady state level ofDNA MeTase mRNA and activity.

7. 1 have shown that expression of v-Ha-Ras in C2Cl2 myoblasts results in DNA

hypermethylation coincident with the transformation of these cells.

8. 1 have shown that expression of antisense to the DNA MeTase in C2C12' cells

transfected with v-Ha -Ras blocks the Ras initiated transformation and hypermethylation.
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9. 1 have dernonstrated that the ability of C2C12 ceUs transfected with v-Ha-Ras lu fOl1n

turnors in syngeneic rnice is inhibited by the co-expression of antisense to the DNA

MeTase.

10. 1 have shown that antisense phosphorothioates oligonucleotides tu the DNA Mt"rase

can inhibit DNA MeTase rnRNA and activity, and reverse Ille tnUlsfol1ned phenotype of Y1

cells in vitro.

11.1 have shown that antisense phosphorothioates oligonucleotides to the DNA MeTase

have therapeutic anticancer potential in that they can inhibit the growth of Y1 adrenocortical

cells in syngeneic LAF-l mice.
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. Introduction and literature review

Pharmacology has been traditionally interested in discovering small molecule drugs that

interact with cell surface receptors or enzymes and modulate their activity. However many

disease states such as cancer involve altcrations in thc genctic program of the cells

involved. Thereforc as modern biology gains insight into how our cells interpret our

genctic infonnation, there is hope that important targets for pharmacological intervention

will he discovered. Once one understands the genetic program and the ways by which it is

maintained, changed and rcgulated, we might be able to develop new agents that act by

modulating the flow of genetic infonnation from DNA to protein. In chis thesis 1 would

like to discuss onc important function that 1believe could serve as a target in cancer therapy

or other diseases that involve an altered genetic program. The candidate is the DNA

Methyltransferase, the enzyme that controls methylation of DNA. In this thesis entitled

"DNA METHYLATION AND ONCOGENESIS" 1 will discuss the fundamental aspects

of DNA methylation that indicate that it is an important regulator of genornic functions. 1

will present what is known about the mechanisms regulating DNA methylation and what

has been recently learned from the regulation of DNA lTJ.ethylation regarding its role in
, .
\ \,

progression of cancer and ultimately discuss how one 'è;m utilise this understanding

towards the development of pharmacological therapeutics for cancer patients. The

hypothesis tested is that: Deregulation of the DNA Methyltransferase is a causal

event in sorne oncogenic transformations and that selective inhibition of

DNA MeTase has antiturnorigenic potential.

In order to test the above hypothesis 1 perfonned sets of experiments to address four

specifie questions:,

A) Can the DNA MeTase promoter activity be transactivated by the Ras-AP-l signal

transduction pathway.

B) Can modulation of the Ras-AP-l pathway lead to stable changes in genome methylation

patterns.

C) Can inhibition of DNA MeTase inhibit transfonnation and dedifferentiation of C2C12

10



•

•

myoblast cells initiated by v-Ha-Ras.

D) What is the therapeutic potential of inhibiting the DNA MeTase by antisense

oligonucleotides.

1'0 appreciate the logic behind the design of these experiments an extensive litcrature

search follows and is divided into three sections:

1) DNA Methylation. This section describes fonnation of DNA methylation patterns and

their possible l'ole in gene regulation, replication and cancer.

2) Cellular Signal transduction pathways. This section describes receptor protein tyrosine

kinases. The Ras-AP-l signal transduction pathway and its possible l'ole in gene

expression and in oncogenic transfonnation.

3) Antitumorig-enic potential of DNA MeTase inhibition and antisense technology. This

section describes proposed mechanisms of action of antisense mRNA and oligonucleotides

and discusses the therapeutic potential of such an approach directed to the DNA MeTase.

DNA METHYLATION

Genetic information encoded by DNA is often described in tenns of an alphabet,

comprised only of the four letters G, A, l'and C. Different combinations of these four

characters code for proteins that detennine the make up and function of a cell. However,·

what is not often mentioned, is the fact that organisms from bacteria to man contain more

letters than just G, A, l' and C. The additionalletters of their genomes are DNA bases

modified by methylation (reviewed by Razin and Szyf, 1984). It is also becoming

increasingly evident that these modified bases play important l'OIes in regulating the flow of

genetic infonnation. In bacteria and sorne lower eukaryotes, both 6-methyl-adenine and 5­

methylcytosine can be found (Razin and Szyf, 1984), however in higher eukaryotes such

as vertebrates, only cytosines modified at the 5 position by methylation are found. In
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vertebrates, methylated cytosines are generally found in the dinucleotide sequence CG

(Gruenbaum et al, 1981), however some reports have also indicate:d the presence of

methylated cytosines at the dinucleotide sequences CC, CT and CA (Woodcock et al.,

1987,1988; Toth et al., 1990). Most of the work investigating the bioJogical significance

of DNA methylation has focused on the modification of cytosine residues in the

dinucleotide sequence CG. A recent report suggests that methylated cytosines other than

those residing at the CG dinucleotide sequence are concentrated at origins of replication

(Tasheva and Roufa, 1994). In this review 1 will focus primarily on CG methylation since

the raie of other methylated dinucleotide sequences is poorly understood. The modification

of the cytosine moiety occurs shortly after the time of replication and is accomplished by

the transfer of a methyl group from the methyl donor S-adenosyl-L-methionine to carbon 5

of the cytosine residue forming a stable covalent bond (Gruenbaum et al., 1982; Wu and

Santi 1985) (see Fig. 1). DNA methylation and DNA replication are carried out by two

independent sets of enzymatic machinery thus interesting possibilities for pharmacological

modulations of one system independent of the other exist (Szyf, 1994).

DNA Methylation patterns

One of the perplexing questions in biology is how ceUs of multiceUular organisms that

contain the identical genetic information can be made to adopt such varied phenotypes and

perform such diverse functions. The observation that bases modified by DNA methylation

are not dis:.ributed randomly throughout the genome and that tissue specifie patterns of

methylation exist (Waalwijk and FlaveU, 1978a), suggested that this covalent modification

by methylation nùght enèode "epigenetic information" aIlowing a single genome to express

. itself in many different ways (Holliday and Pugh, 1975; Holliday, 1990; Razin and Riggs,

1980). Early studies aimed to determine whether different tissue contained different levels

of this epigenetic information and whether tbis correlated with the state of differentiation of

the tissue (Ehrlich 1982, Gama-Sosa et al., 1983, Gruenbaum et al., 1981, Razin et al.,

1984). These and other studies employing more sophisticated techniques that enabled the
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analysis of the lever of cytosine methylation at a specific dinucleotide sequence

(Gruenbaum et al., 1981), concluded that between 70 and 80% of cytosines residing at the

dinucleotide sequence -CG- are methylated in most tissues and ceillines analysed (Razin et

al. 1984). Therefore, the totallevel of genomic DNA methylation was not responsible for

determining the different cellular phenotypes. The use of the Mspl/Hpali restriction enzyme

pair (Waalwijk an Flavell, 1978) combined with Southem blotting and hybridisation with

gene specific probes has been the most useful means to analyse methylation patterns at

specific loci. HpaII cleaves the sequence CCGG, a subset of the CpG dinucleotide

sequences, only when the site is unmethylated while MspI will cleave the same sequence

irrespective of its state of methylation. By comparing the pattern of Hpall cleavage of

specific genes, one could now entertain questions relating DNA methylation to the

expression of genes, and whether or not these methylation patterns are stable or amenable

to change under certain conditions. A large number of genes have since been similarly

analysed and it was found that in general, genes are methylated at CG· sites in

nonexpressing tissues whereas they are nonmethylated in tissues actively expressing the

gene (for a review see Yisraeli and Szyf, 1984). The fact that methylated genes are

genera1Iy not expressed suggested the possibility that DNA methylation is functioning as a

transcriptional inactivation signal. This is not to say that exceptions to this mie do not exist

where the correlation between expression and demethylation of specifie sites is not as

precise as was origina1Iy expected (Yisraeli and Szyf, 1984).

Despite the strong correlation between gene expression and DNA methylation, the

possibility exists that methylation patterns merely reflect the state of activity of a gene and

are not actively involved in its regulation. To answer this question, an understanding of

how DNA methylation patterns are formed is required.
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The DNA MeTase enzyme.

The enzyme that catalyses the DNA methylation reaction is the DNA Methyltransferase

(MeTase), a 190 kDa modular protein with several interesting domains: a catalytic domain

that is homologous to other cytosine DNA methyltransferases, a Zinc finger DNA binding

domain (Bestor et al., 1988) and a nuclear localisation domain that mediates the association

of the DNA MeTase with the replication fork (Leonhardt et al., 1992). The catalytic

mechanism of action of cytosine DNA methyltransferases as suggested by Wu and Santi

(1985) is supported by the resolution of the crystal structure of the bacterial HhaI

methyltransferase bound to DNA (Cheng et al., 1993). This model predicts that the fmt

step of DNA methylation involves the generation of a covalent interrnediate between the

enzyme and the carbon at the 6th position of the cytosine base. The transfer of a methyl

group to the carbon at the 5th position disrupts the covalent bond and releases the enzyme.

Understanding the mechanism of catalysis of the enzyme is critical for the rational design of

inhibitors of DNA MeTase. Based on this mechanism it was suggested that substituting a

fluoro group at the 5th position would inhibit transfer of the methyl group to cytosine

resulting in a stable covalent complexbe~een the enzyme and cytosine in DNA (Wu and

Santi, 1985). This prediction has been verified by a large number of experiments and 5-
1

fluorocytosine modified DNA is used as a mechanism based inhibitor of DNA MeTase and

was also used as the substrate in the crystal structure resolving the structure of DNA

MeTase (Osterman et al., 1988; Chen et al., 1991; Cheng et al., 1993); A sirnilar

mechanism of action has been proposed for the DNA methylation inhibitor cytidine which

also forms, following its incorporation into DNA, a stable covalent bond with the DNA

MeTase (Santi et al., 1984). While mechanism based suicide substrates are very efficient

inhibitors of DNA MeTase, they cause trapping of the enzyme to the modified DNA.

Trapping of a large number of DNA MeTase molecule to DNA rnight disrupt DNA function

and result in toxicity (Juttermann et al., 1994). This potential toxicity rnight 1irnit the use of

such inhibitors in therapy. Furthermore, 5-azaCytidine is known to inhibit many cellular

processes (see below), thus the biologiCal response to treatrnent with these inhibitors rnight
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reflect many functions, not solely inlùbition of DNA methylation.

To date only one enzyme has been shown to directly catalyse the methylation of

mammalian DNA. This enzyme has been shown to mediate the methylation of both DNA

molecules that are methylated on one strand (hemimethylated DNA), as weil as non

methylated DNA (Bestor et al., 1983; Bestor et al., 1988). Earlier reports however

demonstrated that the mammalian MeTase is much more efficient at methylation of

hemimethylated DNA strands (Gruenbaum et al., 1982). The cDNA of both the mouse

(Bestor et al., 1988) and human DNA MeTase (Yen et al., 1992) were cloned but there is

no evidence as of yet for the existence of more than one cytosine DNA MeTase. It is clear

that even if additional DNA MeTases exist, the one identified to date is responsible for

maintaining and generating a large number of methylation patterns, since overexpression of

tlùs DNA MeTase cDNA results in hypermethylation, and suggesting that the cDNA cloned

by Bestor et al., (1988) also mediates de. novo methylation (Wu et al., 1993).

Furthermore, knock out of the DNA MeTase by homologous recombination results in

DNA demethylation and embryonic lethality in homozygous mice (Li et al, 1992). As the

same enzyme is present in different ~ells bearing different patterns of methylation, the

critical question is how can one enzyme generate such diverse tissue specific methylation

patterns?

Inheritance of methylation patterns: maintenance versus de nova

methylation

Given that cells of a certain tissue maintain their specific DNA methylation pattern for

generations, there must be a mechanism responsible for replicating the pattern. One simple

model explaining the maintenance of cell specifie patterns of methylatiol1 was proposed by

Razin and Riggs (Razin and Riggs, 1980) (see Fig.2). Replication results in the generation

of a hemimethylated double stranded DNA molecule composed of the methylated parental

strand and the nonrnethylated naséent strand. The hemimethylated DNA will now serve as

an efficient substrate for the DNA MeTase. The Razin and Riggs model proposes that
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DNA methylation patterns are inherited during replication because the DNA MeTase is very

efficient in methylation of CpG moieties in hemimethylated DNA (maintenance

methylation) but relatively inefficient in methylation of nonmethylated substrates (de novo

methylation). Therefore, onl)' sites that were methylated in the parental strand will be

methylated in the daughter strand and nonmethylated sites will remain so. Thus the

methylation patterns will he faithfully maintained from generation to generation. According

to this model the memory of the methylation pattern is carried by the template parental

strand methylation pattern solely. Therefore, a simple non-site selective DNA MeTase can

impart the faithful inheritance of specifie methylation patterns. The hypothesis that the

DNA MeTase enzyme has very high affinity for hemimethylated strands over non

methylated DNA was supported by in vitro experiments that compared the methylation

activity of a partially purified mammalian DNA MeTase using hemimethylated versus

nonmethylated substrates (Gruenbaum et al., 1982). Therefore, according to this model if

a methylation of a site is lost, it will not he recovered since methylation is dependent on the

presence of a methylated template. This model can also explain how in parental imprinting,

an allele specifie methylation pattern is carried over through multiple generations from

fertilisation to adulthood. The allele that was originally methylated in gametogenesis will

maintain it's methylation pattern through multiple replication cycles because of the

properties of the MeTase that efficiently methylates a hemimethylated site (generated by

replication of a methylated site) whereas the nonmethylated allele will not be methylated in

development since the DNA MeTase is very inefficient in methylation sites that are

nonmethylated on both strands.

Whereas the "semiconservative inheritance" model described above is very appealing

because of its simplicity, a long line of evidence has established that the memory of DNA

methylation patterns is not carried over only by the state of methylation of the parental

strand (reviewed in Szyf, 1991). At the timil that the model was proposed evidence was

emerging that showed methylation patterns are altered in development by demethylation and

de novo methylation events (Monk et al., 1987, Shemer et al., 1991; Kafri et al., 1992,

Brandeis et al., 1993b; Kafri et al., 1993, Razin and Kafri, 1994). It is now clear that

parentally imprinted genes fonn their methylation patterns de nova late in development and
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these methylation patterns might be dictated by signais other than hemimethylation.

Moreover, Sapienza et al., have shown that the pattern of imprinting is dependent on the

genetic background of the other parent suggesting that transacting factors determine

methylation patterns (Sapienza et al., 1989). As these processes result in specific

alterations in methylation patterns, factors other than the original pattern of methylation

must determine methylation patterns. Razin and Riggs suggested that these processes are

determined by other enzymatic activities, such as a unique de novo methylase and are not

carried out by the maintenance methylase. Recently, Laird and Jaenisch also suggested that

mammalian cel!s bear anotber DNA MeTase activity which is specific for de novo

methylation (Laird and Janisch, 1994). Whether an additional de novo methylase activity

exists is still an open question. However, it is clear that some methylation events must

involve elements in addition to the DNA MeTase and the state of parental strand

methylation. One of the strongest pieces of data supporting this hypothesis is the weil

documented observation of partially methylated sites that are consistently methylated in a

fraction of a clonai population (Yisraeli and Szyf, 1984, Turker et al., 1989). Partial

methylation in a clonai population implies a loss of methyl groups during replication. If

maintenance methylation is solely responsible for the inheritance of methylation, then each

loss of a methyl group during a replication event must be irreversible. If de novo

methylation is not specifically targeted, it will result in a drift in the methylation pattern.

While this weil established phenomenon was originally dismissed as representing different

populations of cells even in a seemingly single lineage group of cells, it is now clear that

clonai populations of cells maintain partially methylated sites for many generations (Turker

et al., 1989). Moreover, when a fragment bearing a partially methylated site has heen

cloned and thuslost its methylation pattern, is reintroduced into the cell, it will acquire the

same partially methylated pattern. This strongly suggests that the tendency of this site to he

methylated is determined by portable signais in the sequence itself and that each round of.

methylation involves a specific de novo methylation event. Partial methylation of a site

therefore reflects its affinity or probability to hecome methylated at each round of

replication. Hemimethylated sites were also shown to he maintained as such for several

generations (Toth et al., 1990). The persistence of hemimethylated sites in a proliferating
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cell is inconsistent with the semiconservative model of inheritance of methylation patterns

even in somatic cells.

A clear example of site and cell specifie de nova methylation in somatic cells is the

specifie de novo methylation of an exogenous nonmethylated transfected 21-hydroxylase

gene in the adrenocortical cell line YI (Szyf et ai., 1989; Szyf et ai., 1990). Other

sequences are not mcthylated in YI cells and the 21-hydroxylase gene is not methylated in

other cells. Since there is no obvious difference in DNA MeTase between the different

cells and since methylation in YI cells occurs only at specifie sequences, it suggests that

sequence and cell specifie signais for methylation exist in YI cells.

Whereas both Razin and Riggs (Razin and Riggs 1980) and Laird and Jaenisch (Laird

and Jaenisch, 1994) models differentiate between de novo and maintenance methylation as

two fundamentally different modes of transmission of the methylation pattern, Szyf

previously suggested a unifying hypothesis to explain the generation of new methylation

patterns by de nova methylation and demethylation, their propagation in specifie lineages

and their parental inheritance. According to this model DNA methylation patterns are

detennined by an interaction between signaIs in the DNA sequence and proteins that interact

with these signais and target specifie sites for DNA methylation.

The model proposed by Szyf (see Fig.3) suggests that DNA methylation like

transcription and other genome functions such as DNA replication is determined by DNA

cis-acting signaIs ("centers of methylation" or "demethylation") and transacting factors or

11l0difying proteins that interact with these signais and target juxtaposed sequences for

l1lethylation or del1lethylation. Whereas l1lodifying proteins have not been yet identified, a

nUl1lber of studies by Turker's group have del1lonstrated a cis acting "de novo l1lethylation

center" in the upstreal1l region of the mouse APRT gene (Turker et aI., 1991; Mummaneni

et ai., 1993) this sequence can aIso lead to inactivation of the APRT gene supporting the

hypothesis that centers of l1lethylation aIso function as centers of inactivation (Murnmaneni

et ai., 1995). The transfected APRT methylation mirnics the pattern of methylation of the

endogenous sites even though the transfected gene is originally nonl1lethylated

demonstrating ciearly that the mel1lory of the methylation pattern is not carried over by the

l1lethylation pattern of the parental strand but by the sequence itself and the repertoire of
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factors that are present in the cell and interact with it. In addition to signais t1mt en\mnce de

novo methylation, other cis acting signaIs that protect juxtaposed sequences from de novo

methylation, "hypomethylation signaIs", were identified in the epG island of the thy-I

gene (Szyf et al., 1990) and HPRT (Brandeis et al., 1994). The presence of cis acting

centers of methylation signals that can interact with ubiquitous or cell specifie factors has

been demonstrated. However, the identity of the proteins that interact w;,h these signais

remains to be determined.

According to this model the pattern of methylation is not detennined by the original

"hemimethylated" state but by signaIs encoded in the DNA .\S weil as cell specifie or

ubiquitous proteins that can interpret this signal. This model can apply for both de novo

and maintenance methylation, both might be detel111ined by DNA-protein interactions. The

identification of these proteins will most probably unveil important targets for therapeutics

aimed at specifically modifying methylation at a site or a subset of sites.

Biological role of DNA Methylation

Despite the strong correlation between methylation and gene inactivation, recent attention

has focused on tissue specifie DNA binding factors and transcription factors as regulators

of tissue specifie gene expression and has relegated DNA methylation to a secondary role.

However there are two examples where the presence of different transacting factors can not

exp1ain differential gene expression, X inactivation and parental imprinting. Both involve

allele specifie gene expression, where only one of a pair of identical ailelie genes is

expressed even though they are exposed to the same transacting factors within the cell (X

inactivation reviews; Gartler and Riggs, 1983; Migeon, 1994; for parental imprinting

reviews; Peterson and Sapienza, 1993; Efstratiadis, 1994). There must be sorne

"epigenetic' mechanism that marks genetically identical alleles for differential expression.

In X inactivation in females, almost all of the genes located on one of the pair of X

chromosomes are inactivated in the trophoblast cells and later in the primitive ectodel111 that

will develop into the embryo proper (Lyon, 1992). Intensive genetic dissection of this
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phenomenon has shown that inactivation of the X chromosome spreads from an

"inactivation center" in cis in one of the chromosomal pair and is controlled by the Xce

locus (X-controlling element) which maps in the mouse to this center (Lyon, 1992). Riggs

has suggested that methylation Gf DNA might be the mechanism of spreading of

inactivation where differential methylation is initiated at the inactivation center and then

travcls in cis along the chromosome (Riggs, 1975). In accordance with this model it has

been shown that X-linked genes are methylated on the inactive chromosome and

nonmethylated in strategic sites on the active X-chromosome (Keith et al., 1986; Pfeifer et

al., 1989; Pfeifer et al., 1990a; Pfeifer et al., 1980b; Singer-Sam et al., 1990) and several

groups have shown that the DNA methylation inhibitor 5-azaC could activate silent X­

inactivated genes (Mohandas, 1981; Hansen and Gartler, 1990).

Parental imprinting is the selective expression of one member of a pair of identical genes

based on its parental origin. It has been observed for a while that the maternally and

paternally inherited genornes despite their almost identical genetic information do not

function equally (Efstratiadis, 1994). A rninority of genes are expressed only when

inherited from one parent whereas the other copy inherited from the other parent is silent,

these are called imprinted genes (peterson and Sapienza, 1993). In the recent few years a

number of such genes were identified to be expressed monoallelically based on the parent

of origin of the allele (HI9, IgFII, IgFIIr). Mouse embryos that inherit both sets of

chromosomes from either maternal or paternal origin are nonviable (Mcgrath and Solter,

1984), suggesting that the proper development of a mouse requires both the maternal and

paternal genomes, and implies that an epigenetic "tag" mediates the reciprocal expression

from both sets of chromosomes. It is clear that these genes are irnprinted at gametogenesis

and the imprint is maintained through development whether the gene is expressed in

specific tissues (mouse IgFII) or whether it is ubiquitously expressed (human IgfII). As

the imprinting signal has to be maintained through rounds of replication during the

developmental process, a highly stable epigenetic "tag" must be involved. DNA

methylation is the only known covalent modification of mammalian DNA and is therefore a

good candidate for the irnprinting signal. DNA methylation is an attractive hypothesis

because it was postulated that once a pattern of methylation is established by de novo
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methylation during gametogenesis it will be maintained during sucœssivc rcpliclItions by

semiconservative maintenance methylation (RlIzin lInd Riggs 1980) as discnssed lIboVl'.

Thus the methylation pattern l'an carry through fertilisation and successive rounds of

replication the memory of the parental origin of the specific allele. DNA methylatiou is the

only known specific modification of DNA that could be faithfnlly iuherited. Silll'e

methylation is generally thought to inactivate transcription, it \Vas suggested that the

imprinted allele is methylated whereas the nonimprinted allele is hypOincthylated. lt sllllnid

be noted that because of the requirement for the "epigenetic" information to eross the

generation barrier, parental imprinting provides perhaps the strongcst argnment for DNA

methylation as the carrier of epigenetic infonnation. Where.ls carly expcrilllents with

parentally imprinted transgenes showed remarkable correlation between "illlpriuting" and

hypermethylation, later experiments have shown that imprinted genes do not escape the

rounds of demethylation and remethylation that occur during preimplantation lInd

postimplantation stages (Kafri et al., 1992; Razin and Kafri, 1994) and that the linul pattem

of methylation of imprinted genes is established later in developlllent. Although the

correlation of site specific methylation and imprinting has been confusing, geneml

inhibition of DNA methylation by a knockout mutation of the DNA methyltmnsfemse gene

provides insights into its involvement. In a MeTase nulVnul1 background the transcription

activily of two imprinted gene Igill and Igrnr is extinct whereas the expression of H19 is

biallelic (Li et al., 1993). These experiments, measuring the impact of a general inhibition

of DNA methylation on parentally imprinted gene expression, establish a causnl

relationship between DNA methylation and expression of imprinted genes.

To go beyond the level of correlatory evidence one hns to actively intervene and

modulate the biological system in question. To date, it is technically impossible to

specifically change the methylation state of an endogenous gene in the cell withoutnltering

many other cellular processes. However, one l'an methylate a cloned gene in vitro using

bacterial enzymes such as HpaII (which methylates the sequence CCGG (Singer et nI.,

1979) or SssI (which methylates all CG dinucleotide sequences (NUl' et al., 1985) or by in

vitro synthesising a hemimethylated substrate on a nonmethylated single stranded template

replacing dCTP with 5methyl-dCTP (Gruenbaum et al., 1981a, Stein et al., 1982a),
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introduce it into a cellline by transfection and compare its activity with a mock methylated

cxogenously introduced gene (Vardimon et al., 1982; Stein et al., 1982b). A long list of

cxperiments utilising a similar strategy have demonstrated that genes methylated in vitro

arl" rcpressed in mammalian cells. These experiments provided sorne insight regarding the

possible mechanisms involved in repression of gene expression by methylation. The flfst

question to be addressed by these experiments was whether methylation of a specifie

sequence(s) is required for gene repression or whether a regional nonsite specifie

methylation of sequences in and around the gene can silence transcription? The second

question to be asked is whether methylation inhibits directly the transcription process or

whether other proteins that recognise and bind methylated DNA inhibit gene expression?

ln sorne cases, such as viral promoters (the E2A adenovirus promoter) (Langner et al.,

1984), or the proenkephalin gene (Comb and Goodman, 1990), methylation of specifie

sites, mainly transcription factor recognition sequences (such as AP-2 in the proenkephalin

gene) was sufficient to repress transcription. In other examples, no site specificity was

observed and methylation of different regions in the coding region or in associated

sequences even juxtaposed plasmid sequences could mediate repression of different genes

(Yisraeli et al., 1988; Bryans et al., 1992; Komura et al., 1995). These observations

support the conclusion that DNA methylation could interfere with gene expression by at

least two different mechanisms. One mechanism involves inhibition of binding of essential

transcription factors to DNA (Becker et al., 1988; Comb and Goodman, 1990; Prendergast

et al., 1991) while the other mechanism which is nonsite-specific most probably involves

the formation of an inactive chromatin structure around the gene (Kass et al., 1993).

Whereas in vitro methylation and transfection experiments support the hypothesis that

methylation can repress gen~expression, one major criticism of this line of experiments is

that the exogenously tran5~ected genes might behave differently than endogenous cellular

genes. To demonstrate that DNA methylation plays a role in controlling endogenous gene

expression, one has to be able to inhibit methylation of endogenous genes and measure its

effects on gene expression. One of the early tools used in inhibiting DNA methylation was

the cytidine analogue 5-azaCytidine (5-azaC) which is incorporated into the DNA during

replication and covalently binds and inhibits the activity of DNA methyltransferase. 5-azaC
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treatment usually results in hypomethylation of DNA. A series of experiments pioneered

by Jones's grOtip and repeated by many others showed that many silent genes could be

induced by 5-azaC (Constantinides, 1977; reviewed by Jones, 1985). These experiments

also suggested that DNA methylation can control the differentiated slate of ImunmalhUl cells

since a number of celllines could be induced to differentiate with 5-azaC such as Friend

erythroleukè~ia cells (Creusot et al., 1982) and 10Tl/2 fibroblasts which differentiated

into muscle, fat and osteoclast ceUs (Taylor and Jones, 1979). Experiments have also

suggested that demethylation of a single locus induced by 5azaC was sufficient to convert

10T1/2 ceUs into determined myoblasts leading to the identification of a gene that was

proposed to function as a master regulator of myogenic differentiation. MyoD (Lassar et

al., 1986; Davis et al., 1987). The main criticism of 5-azaC experiments is the fact that 5­

azaC is a nucleoside analog that can inhibit other DNA metabolising enzymes and might

interfere with other DNA binding functions that are critical for maintaining the state of gene

expression. Indeed, 5azaC has been shown to induce new developmental phenotypes in

Aspergillus v/hose DNA does not contain 5-methylcytosine (Tamame et al., 1983). The

toxicity of 5-azaC is consistent with classic nucleoside analogue effects and does not seem

to be mediated by inhibition ofDNA methylation (Bouchard et al., 1990). Whereas many

investigators have tried to avoid some of these problems by using concentrations that were

below the toxic doses, it is stil very hard to determine whether the effects on differentiation

are exclusively a consequence of hypomethylation. To circumvent the limitations in 5­

azaC, recent experimerits utilised an antisense approach to partially inhibit DNA MeTase

expression in 10T1/2 ceUs. These experiments demonstrated that inhibition of DNA

methylation results in conversion of the cells to a myogenic phenotype (Szyf et al., 1992)

supporting the hypothesis that DNA methylation is involved in controlling the state of

differentiation of somatic ceUs. The results with the antisense lOTl/2 transfectants suggest

however that demethylation is a very early event in commitrnent to myogenic differentiation

while expression of MyoD is a later event (Szyf 1992). If this model is true, other genes
;'\

that are rnethylated in lOTl/2 cells are induced by demethylatiùn and then activate MyoD to

complete the conversion to the muscle phenotype. Whereas 1110St studies focus on the

involvement of DNA rnethylatiori in regulating gene expression directly, an alternative
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hypothesis to be considered is that DNA methylation controls the differentiated state of the

cel! by mechanisms other than gene expression such as the regulation of DNA replication.

In summary, whereas the specific mechanism by which methylation controls the

differentiated state of a cel! is unclear, the 5-azaC and antisense experiments provide us

with evidence that DNA methylation is involved in epigenetic control of genome functions.

DNA methylation and replication

DNA methylation has been traditionally looked at as a mechanism for regulation of gene

expression (Razin and Rigs,1980). Most of the functions 1 have touched on in this review

pertain to different facets of regulation of gene expression. However it is obvious that the

genome plays other roles such as replication, repair and recombination. DNA methylation

as the only covalent modification of the genome is a candidate to influence these functions

as weil. The role of DNA methylation in controlling replication of E. coli genomes is very

wel! established. In E. coli, the state of methylation of the origin defines its state in terms

of replication (Messer et al., 1985; Smith et al., 1985; Boye and Lobner-Olesen, 1990).

Once replication of E. coli is initiated, there is a very short lag between initiation of

synthesis of the nascent strand of DNA and its methylation by the Dam DNA

methyltransferase (Szyf et al., 1984). The hemimethylated origin of replication is then

sequestered by the membrane and remains hemimethylated because it is inaccessible to the

Dam DNA methyltransferase (Campbell and Kleckner, 1990). The replication dependent

state of methylation (hemimethylation) is maintained becausethe level of the Dam

methylase in E. coli cells is limiting (Szyf et al., 1984). The hemimethylated state of the

origin signals that replication is not completed and new initiations are inhibited (Russell and

Zinder, 1987). Once replication is complete, the origin is methylated and a new round of

replication is initiated (Bakker and Smith, 1989). The hypothesis that DNA methylation

may also regulate DNA replication in eukaryotes is supported by recent experiments

showing that in Neurospora crassa, methylation deficiency mutants lead to postreplicative

chromosomal anomalies (Foss, ·H.M. et al., 1993) and that densely methylated sequence
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islands, designated DMIs, have been observed in two Chinese hamster rcplication origins

(S14 and DHFR) (Tasheva and Roufa, 1994). Ali dCs are methylatcd in thcse sequences

when the cells are cycling but are not methylated when the cells are arrested (Tasheva and

Roufa, 1994). The fact that CA, CC and cr sites are specifically methylated in the origin

is surprising since it was generally accepted that DNA methylation in vertebrates occurs

mainly at the CG dinucleotide sequences as discussed above. This mises interesting

questions as to the biochemical machinery responsible for this methylation. Is there Il

specific enzyme methylation CC, CT, and CA sequences? Is this enzyme cell cycle

regulated? The paper by Tasheva and Roufa proposes a biological role for methylation

occurring in sequences other than CG. Roufa et al., suggested three possible functions for

the DMIs in mammalian chromosomal origins of replication: association with the nuclear

matrix, licensing of activation of particular replication origins during specitïc, developmental

progran1s or molecular signais to mark previously replicated origins (Tasheva and Roufa,

1994).

DNA methylation and cancer

In the early days of molecular biology, scientist were discovering altered cellular

genes that when overexpressed or activated by genetic mutation could deregulate cell

growth and lead to cancer, these cellular genes were named protooncogenes, and thcir

altered forms oncogenes (Weinberg, 1985). Genes involved in many different cellular

roles have since shown the potential to become oncogenes, examples include; tyrosine

kinase cell surface receptors of growth hormones (Schlessinger and Ulrich, 1992),

intracellular tyrosine kinases (Schlessinger and Ulrich, 1992), intracellular signaling

molecules such as Ras (Lowy and Willumsen, 1993), early immediate transcription factors'

such as Fos, Myc and Jun (Herschman et al., 1991), and translation factors such as the

rnRNA cap binding factor eIF-4E (Lazaris-Karatzas et al., 1990). Because of these early

fmdings, cancer biologists focused on the aberrant activation of genes in cancer cells. Due

to the potential role of DNA methylation in gene regulation it was proposed that
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hypomethylation of DNA would induce aberrant gene activation and ultimately lead to

cancer. In accordance with this hypothesis, a series of papers showed that the genomes of

several cancer cells are widely hypomethylated when either the generallevel of methylated

cytosines is assayed (Gama-Sosa, 1983b; Feinberg et al., 1988) or when specific genes

were looked at with methylation sensitive restriction enzymes and Southern blot analysis

(Feinberg and Vogelstein, 1983; Goelzet al., 1985; Wahlfors et al., 1992). It is now clear

however, that hypomethylation is not directed specifically at oncogenes, since genes that

are not involved in cancer progression are also hypomethylated (such as ~ globin). It is

also worth noting that most protooncogenes are usually constitutively expressed proteins

and not regulated by methylation. Studies opposing the role of DNA hypomethylation in

oncogenic transformation include those presented in this thesis and more recently that of

Laird et al., 1995, who induced DNA hypomethylation in mice bearing a germ line

mutation leading to adenomatosis polyposis coli neoplasia (APC) by systemic treatrnent

with the DNA MeTase inhibitor 5-azaC, although the authors themselves expected

increased polyp formation what they found was a dramatic suppression of intestinal

neoplasias. 5-azaC treatrnent has also been shown to suppress the growth of a highly

turnorigenic rnurine ceilline, T984-15 when transplanted in BALB/c nude mice (Walker et

al., 1987). Therefore to date, the causal relationship between DNA hypornethylation and

cellular transformation is unclear.

It has becorne obvious in recent years that cancer cannot be understood simply in terms

of aberrant gene activation. In fact, it is the loss of function or inactivation of certain

9dtical genes that is gaining support as a prirnary underlying rnechanisrn in oncogenic

transformation. The loss of function of these turnor suppressing genes can lead to cancer.

Spectacular progress has been made in the identification of turnor suppressor genes,

whereas sorne were identified by positional cloning frorn cancers caused by loss of

function of specific genes, such as Wilrns Turnor (Hastie, 1994), and Neurofibrornatosis 1

(NF-l) Cawthon, et al., 1990), rnany other proteins were identified by an elaborate

dissection of the biochemical events controlling the cell cycle such as the inhibitors of

cyclin dependent kinases (cdks), p16 and p21 (Elledge and Harper, 1995). It appears that
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most tumor suppressors play different roles in controlling the progression of the cell cycle.

Only when the bias towards oncogene activation in cancer was lifted \Vas it possible to

entertain the idea that overexpression of the DNA MeTase and DNA hypermethylation

nüght induce transformation by the inactivation of such criticalloci. In accordance \Vith

this hypothesis, hypermethylation \Vas documented in specific loci in a number of cancer

cell types by S. Baylin's group (de Bustros et al., 1988). For example, abnormal

methylation of the calcitonin gene marks progression of chronic myelogenOllS lellkemia

(Nelkin et al., 1991). Makos et al have shown that distinct regional hypermethylation

patterns occur on chromosome 17p in human lung and colon cancer DNA. Interestingly,

hypermethylation occurs in a region that is frequently reduced to homozygosity in both

tumor types, suggesting that this region bears genes whose inactivation is critical for

progression of cancer (Makos et al., 1992). It has since been shown that inhibition of

tumor suppressor activity in a large number of tumors that bear no apparent genetic

alterations is associated with hypermethylation such as Rb tumors (Ohtani-Fujita et al.,

1993) WT (Royer-Pokora, et al., 1992) and renal carcinoma (Hennan et al., 1994). It has

also been suggested that inactivation by hypermethylation of parentallY imprinted genes

such as H19 is involved in WT (Taniguchi, et al., 1995; Ogawa et al., 1993) and possibly

in the somatic overgrowth syndrome Beckwith-Wieldemann (Ogawa et al., 1993;

Weksberg, et al., 1993).

.The hypermethylation in cancer cells appears to demonstrate sorne site specificity by being

targeted to specific chromosomal loci and specific group of sequences. One class of

sequences that appear to he targeted for hypermethylation in cancer celllines is the CpG

rich island sequences (Antequera et al., 1990) which are usually found in the 5' region of

housekeeping genes and are hypomethylated in most normal somatic tissues (Bird et al.,

1985). Jones et al. have shown that hypermethylation of the MyoD CpG island occurs in

transformed cell lines ex vivo (Jones et al., 1990) and proceeds progressively during

cellular transformation (Rideout et al., 1994). Abnormal methylation of CpG island

sequences on chromosomes l1p and 3p was also previously described by Baylin et al.,

(1986) and de Bustros et al., (1988) in human lung tumors. Hypermethylation of CpG

islands also accompanies oncogene-induced transformation of human bronchial epithelial
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cells (Vertino et al., 1993). Another clinically and pharmacologically relevant exarnple is

the methylation of CpG islands of the estrogen receptor in human breast cancer cells which

is associated with hormone resistance (Ottaviano et al., 1994). One additional group of

genes that has been shown to undergo specifie hypermethylation is tissue specifie genes

that characterize the differentiated state of the normal parental cell and are inactivated in the

dedifferentiated cancer cell type. The adrenal specifie 21-hydroxylase gene (C21) is an

example of this phenomenon. This gene is hypomethylated and expressed in the adrenal

cortex and is hypermethylated and inactivated in the adrenocortical carcinoma ceilline YI

(Szyf et al., 1989, 1990). When an exogenous C21 is introduced into YI cells it is

specifically de novo methylated suggesting that the cancer cell maintains the capacity to

specifically recognise this gene and target it for de nova methylation and inactivation (Szyf

et al., 1989).

What are the mechanism responsible for regional hypermethylation in cancer cells and

what is itsrole in carcinogenesis? A possible mechanism for hypermethylation of DNA in

cancer cell is the hyperactivation of the DNA MeTase observed in many cancer cells

(Kautien and Jones 1986: El Deiry et al., 1991). What is the mechanism responsible for

the increased DNA MeTase activity in cancer cells? Evidence to he presented in this thesis

demonstrates that oncogenic signal transduction pathways can lead to deregulation of the

DNAMeTase and to DNA hypermethylation of criticalloci (see Fig. 4).

Cellular Signal transduction Pathways

Cells modulate their energy expenditure in response to extemal eues. Single cell

organisms will vary their activities in response mainly to nutrient levels or toxic signals

from the local environment Multicellular organisms however have evolved complex

mechanisms to coordinate the behaviour of one<:ell with that of its neighbours. Many of

these cell to cell communication lines are controlled by extracellular signalling molecules.

The desired signal is often transduced from the exterior of the cell across the plasma

membrane by transmembrane receptor molecules. Perhaps the most widely characterised
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of these molecules are the receptor protein-tyrosine kinases (RPTKs). The interaction of

growth factors, cytokines, and hormones with specific RPTK molecules activlltcs the

intrinsic tyrosine kinase activity of the receptor molecule which then triggers an intnlcellnlar

cascade of biochemical signais ultimately resulting in the activation or reprcssion of various

subsets of genes. Included among RPTKs are the epidermal growth factor (EGF) receptor

family, platelet-derived growth factor (PDGF) receptor family . insulin (lNS) receptor

family , fibroblast growth factor (FGF) receptor family. hepatocyte growth factor (HGF)

receptor family and the nerve growth factor (NGF) receptor family, ail of which contain

several family members (reviewed in Van der geer, Hunter and lindberg 1994). The

signais activated by RPTK-ligand interaction are involved in many cellular programs.

including cellular proliferation and differentiation. Because of these properties it is not

swprising that genetic aberrations of the proteins involved in these pathways are associated

with developmental abnormalities and cancer.

In this section l will discuss activation of RPTK molecules in geneml and then will focus

on the Ras signal transduction pathway, signalling to the nucleus and the significant

advances in understanding that have recently come to light

""- .
Receptor Protein Tyrosine Kinase (RPTK) Activation

The signal transduction pathway through a receptor protein tyrosine kinase is activated

wh;~n the ligand binds its receptor. The series of events that follow are outlined below (see

Fig.5 ).

1. After ligand binding, the receptor undergoes dimerization. This is thought to occur via a

ligand induced conformational change in the receptor making dimerization energetically

favourable.

2. Receptor dimerization is followed by intermolecular autophosphorylation. The
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dimerization of the receptors places their cytoplasmic tails in close proximity to one

another. This contact between the two cytoplasmic tails is thought to induce

conformational changes inducing protein tyrosine-kinase activity, leading to

transphosphorylation of each receptor by its dîmer partner. This auto transphosphorylation

occurs at specific sites, most of which lie outside the catalytic domain itself.

3. Transphosphorylation activates the intrinsic protein-tyrosine kinase activity of the

dimeric RPTK enabling phosphorylation of cytoplasmic targets thus initiating the

intracellular cascade of biochemical events (Ullrich and Schlessinger, 1990; vay der Geer et

al., 1994).

4. The autophosphorylated dimer has increased affinity for cellular substrates.

Experiments using kinase-inactive RPTK mutants demonstrate the absolute requirement for

phosphorylation of cytoplasmic substrates for signalling (Schlessinger and Ullrich 1992).

SH2 containing adaptor proteins

, As mentioned above the autophosphorylaiion of RPTKs occurs at defined sites. These

phosphorylated tyrosines serve as ports to which adaptor proteins or enzymes dock via

their SH2 domains.

SH2 domains or Sre like homo10gy domains are approximate1y 100 residues in length

and are not required for eatalytie activity (Sadowski et al 1986; Pawson 1988).

Subsequently it was shown that SH2 domains bind to phosphorylated tyrosine (p.tyr)

residues in sequence specifie manners, that is the arnino acid sequences surroundîng the

P.tyr residue in the RPTK determine the affinity of sm eontaining proteins for binding

(Songyang et al 1993). The affmity of proteins containing SH2 domains for the P.tyr of

RPTKs provides a mechanism for recruitrnent and activation of cytoplasmic substrates
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upon stimulation of the receptor. There are many SH2 containing proteins that are known

substrates for RPTKs. These include enzymes such as the phospholipases. PLC'y1 and

PLC'y2, the GTPase activating protein RasGAP, VAV, phosholipase 3' kinase (Pl3

kinase), protein tyrosine phosphatases and others. The activity of these enzymes can be

modulated when bound to RPTK P.tyr residues through their SH2 domains. Intemction of

these enzymes with a RPTK may make them attractive substrates for phosphorylation

themselves, an event that may be either activating or inhibitory (Carpenler et al.. 1993).

Other SH2 containing proteins such as GRB2, SHC and NCK serve prinmrily as adaptors

between RPTKs and the next element in the pathway (Van der geer. Hunier and lindberg

1994). Binding of these SH2 adaptor molecules to the RPTK may serve to increase the

local concentration of associated molecules. This seems to be the mechanism by which

GRB2 (the adaptor) brings the associated protein SOS (a guanine nucleotide exchange

factor) to the inner side of the plasma membrane thus allowing it to activate its target Ras

(Chardin et al 1993) (see Ras pathway below). Another feature common to many of thcse

adaptor molecules is the presence of Src like homology 3 (SH3) domains (Pawson, 1988).

SH3 domains also participate in protein-protein intemctions and are thought to provide the

other binding site of SH2-SH3 adaptor proteins (Cicchetti et al., 1992). In fact the adaptor

protein GRB2 or its C. E/egalls homolog SEM-S is a 217 amino acid protein that conUlins

nothingmore than an SH2 domain located between two SH3 domains. Another class of

SH2 containing proteins are the so called "docking" proteins such as the insulin receptor

substrate IRS-l. These docking proteins are phosphorylated at multiple tyrosine sites upon

receptor activation and then themselves bind a collection of SH2 containing proteins (Van

der geer, Hunter and lindberg 1994). It seems that these docking proteins are îdeal to

generate diversity in a pathway because of the number of combinations of phosphorylation­

sm protein interactions possible from one receptor activation event
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Ras Activation

The 21 kD membrane bound GTP-binding protein Ras functions as a crucial mediator of

many biological responses triggered by ligand bound RPTKs and receptors associated with

tyrosine kinases (Feig, 1993) (see Fig.5). Microinjection experiments with neutralising

anti-Ras antibodies and experiments using dominant-negative mutants of Ras indicate that

Ras lies downstream of receptor and nonreceptor protein tyrosine kinases and upstream of

a kinase cascade including the proteins Raf, MEK (MAP ldnase kinase) and MAPK (MAP

kinase) (Satoh, et al., 1992). Stimulation of this kinase cascade plays a pivotal role in the

tnmsmission of extracellular signals to the nucleus. The three cellular Ras proteins, H-Ras,

N-Ras, and K-Ras act as a molecular switch for transmission of these signals because they

can exist in one of two states, an active one where Ras contains a bound guanosine

triphosphate (GTP) molecule, or an inactive state where Ras contains a bound guanosine

diphosphate (GDP). Activation of Ras can he measured directly by an increase in the ratio

of GTP/GDP guanine nucleotides bound to RAS. The levels of Ras-GTP are regulated by

guanosine nucleotide releasing factors (GNRFs) and GTPase activating proteins (GAPs)

(Polakis and McCormick, 1993). Activation occurs by the replacement of bound GDP

with GTP. The rate limiting step in this exchange is the release of bound GDP, this is

catalysed by GNRP proteins such as SOS and VAV. Deactivation occurs by the hydrolysis

of bound GTP to GDP. Ras has intrinsic GTPase activity that is dramatically enhanced by

the interaction with GTPase activating proteins such as GAP and NFl. Genetic studies in

C. Elegans, Drosophila, and Saccharomyces cerevisae combined with biochemical studies

in animal cens have revealed the proteins involved and the mechanisms by which

information flows from tyrosine kinases to Ras (Broek, et al., 1987; Clark, et al. 1992;

Lowenstein, et al., 1992). These studies identified an adaptor protein containing one sm
domain flanked by two SH3 domains (SEM5 in C.elegans or GRB2 its marnmalian

homolog), a guanine nucleotide releasing factor (Sos in Drosophila or mSOSl,2 its

mammalian homolog). Recent studies have shown that GRB2 is bound to marnmalian

SOSI through its two SH3 domains (Egan, et al., 1993) and that the GRB2-S0S complex
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can bind directly to phosphorylated tyrosine residues of RPTK 11101ecule$. Thus the Iignud

mediated autophosphorylation of a RPTK enables the GRB2-S0S complex 10 bind 10

phosphorylated tyrosine through ilS SH2 domain bringing lhe SOS pnrl of lhe COl11plex in

close enough proximity to the membrane bound Ras tn exert ils function n$ n GNRF. lllll$

activating Ras.

From Ras to the nucleus

Activation of Ras triggers a cascade of kinase activities (see Fig. 6). SOl11e of lhe$e

cascade pathway result in translocation of a signal to the nucleus nnd 10 chnnges in gene

expression profiles of the cell. However, what are the immediate downslrenl11 ltU'gels of

activated Ras? Recent work indicates that one of the primary targels of Ras is Raf-l. The.

ra! protooncogene product, p74 raf, is a serine-threonine ldnase which cnn be activaled by

p21 Ras alone or in cooperation with protein kinase C (pKC) in response 10 seveml growlh

factors (Pronk, et al., 1993). Ras-GTP has also been shown to interact directly with the N­

terminal regulatory region of Raf-l (Barnard, et al., 1995; Brtva et nI., 1995). However in

vitro, this association is not sufficient to activate Raf-l suggesting a lhird componenl is

necessary for ras-GTP activation of Raf-l. Raf-l can phosphorylale and activale MAP

kinase kinase (also known as MEK), a çiual specificity prolein kinase, wbich in lum

phosphorylates and activates MAP kinases at their Thr and Tyr activating siles (Dent el al.,

1992). MAP kinase is a family of enzymes, and at least one form bas been shown 10

translocate to the nucleus upon serum stimulation, once in the nucleus it can phosphorylate

and activate transcription factors such as Elk-l and serum response factor (SRF)

(Treisman, 1994; Rivera, et al., 1993). Also included in the Map Kinase farnily are the

ERKs and JNKs (Jun N-terminal kinases). Raf-l activated MEK can in tum activate Erkl

and 2 by phosphorylation of conserved threonine and tyrosine residues (Cobb et al., 1991;

Ahn et al., 1991; Crews and Erikson, 1992). Although different cell types use different

pathways to activate Erks, the Raf-l protein is a common element in all the various signals

leading to these activations. Further downstream to Erk2 is the serine/threonine kinase
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p90rsk (ribosomal S6 kinase) (Strugill et al.,1988). Many of the putative targets of p90

rsk kinase are proteins localised to the nucleus and invo1ved in transcriptional regulation

(Blenis, 1993; Davis, 1993).

Recent studies demonstrate that activated Ras protein induces transcription of genes that

are regulated by promoters containing AP-1 binding sites (Imler et al., 1988). Activation

of c-Jun, one component of the AP-1 complex is achieved by phosphorylation at Ser63 and

Ser73 (Binetruy et al., 1991; Pulverer et al., 1991) by a Iun Kinase (JNK). INK exists in

several isoforms aU of which are members of the rnitogen- activated protein kinase

(MAPK) farnily (Hibi et al., 1993) and 1ike Erkl and Erk2 are activated by phosphory1ation

of conserved tyrosine and threonine residues (Derijard et al., 1994). The kinase

responsible for INK activation is termed MEK kinase (MEKK) which preferentially

activates JNK rather than Erk2 (Lange-Carter et al., 1993). It is important to note that Raf

does not participate in MEKK activation. Therefore, Ras activation triggers two divergent

signalling cascades, one initiated by Raf-1 and 1eading to Erkl and 2 activation while the

other is initiated by MEKK resu1ting in JNK activation (Minden et al., 1994). It is

interesting that although these pathways diverge after the point of Ras activation they seem

to reunite in the nucleus, independently activating both partners of the AP-l transcription

complex, c-fos and c-jun.

Both Erks and JNKs phosphory1ate different transcription factors (Karin, 1994).

Activation of Erkl and 2 results in the phosphorylation and activation of TCFlElkl. Elk1

(temary comp1ex factor, p62TCF) is part of a temary complex along with the transcription

factor, SRF (serum response factor, p67 SRF). Both Elkl and SRF transcription factors

forro a temary complex at the c-fos serum response element (SRE) upon phosphorylation

of Elkl C-terminal region through Erks (Gille et al., 1992; Marais et al., 1993). This

complex formation at the SRE stimulates transcription activation of the protooncogene c­

fos upon stimulation by serum growth factors and rnitogens. On the other hand JNKs

phosphorylate and activate the c-Iun protein directly (Su et al., 1994). The increased

transcription of the c-fos gene and the increased activity of c-jun protein results in greatly

enhanced transactivation of AP-l responsive genes.
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While it stands to reason that the AP-l complex is not the only transcription factor

activated by the tyrosine kinase receptor signal transduction pathways. it is most probably

one of the nodal points where many of the different signais converge.

Recent studies probing signalling pathways activated in response to interferons (lFNs)

and cytokines expose a much more direct means of communication to the nucleus than the

complex cascade of kinases discussed above. Receptors for IFNs lack intrinsic tyrosine

kinase activity but their activation has been shown to induce the tyrosine phosphorylation

and activation of several IFN-stimulated gene factors (lSGFs). ISGFs are transcription

factor complexes that when phosphorylated, rupidly translocate to the nucleus and induce

transcription of target genes (Montminy, M., 1993; Lamer et al., 1993; Shuai et al, 1993).

Components of ISGF complexes include the Slat proteins (signal tmnsduccrs and activators

of transcription) slat 84, 91 and 113. The kinases responsible for the phosphoryhltions

belong to the farnily of the non-receptor protein tyrosine kinases and are called JAKs (just

another kinase). Family members include JAK1, 2 and Tyk2 (Muller, M. et al., 1993).

Thus activation of JAKs by interferon binding to its receptor leads to phosphorylation of

Stat proteins capable of direct translocation to the nucleus and transcriptional activation of

target genes. An important note highlighting the potential cross talk of various signalling

pathways is the finding that Slat proteins are themselves SH2 containing proteins that can

internet with phosphotyrosine residues of receptor protein tyrosine kinases (RPTKs) (Fu,

X-Y. and Zhang, J-J., 1993).
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Therapeutic potential of DNA MeTase inhibition and s~lective

inhibition using antisense technology

DNA methyltransferase as a therapeutic target

There are several findings that suggest that not only is DNA MeTase involved in

oncogenic transformation but that it could serve as an ideal therapeutic antitumor target.

First, cancer cells often exhibit greatly increased levels of DNA MeTase activity

(Kautiainen and Jones, 1986) and DNA hypermethylation as discussed above. Second,

because the level of MeTase activity is the key determinant of the pattern of DNA

methylation, partial inhibition of DNA methyltransferase activity should result in a change

in the methylation pattern. If aberrant hypermethylation in cancer cells is caused by

overexpression of the MeTase, then partial inhibition of methylation should restore the

original pattern. Third, partial inhibition of DNA MeTase activity is potentially non toxic

since mice heterozygous for the DNA MeTase null mutation and indistinguishable from

wild type !iuer mates (Li et al., 1992) even though DNA Methylation is reduced by 50%.

Fourth, inhibition of DNA MeTase is not merely cytostatic or cytotoxic but can alter the

genetic program of a cell and take it to a more differentiated state (LEUKEMIA, vol 7

supplemental monograph 1, 1993).

The most commonly used DNA methyltransferase inhibitor is the cytosine analog 5­

azaCytidine (5-azaC) or its deoxy analog, 5-aza-2'-deoxycytidine (5azaCdR, Decitabine)

which contains a nitrogen substitution of carbon 5. 5-azaC inhibits methylation only after

its nuc1eCltide derivative is incorporated into the DNA. Wu and Santi suggested that an

irreversible covalent complex is formed between the DNA methyltransferase enzyme and

carbon 6 in the cytosine moiety. Methylase activity in the nucleus is depleted and

rep!ication proceeds in the absence of methylation (Jones, 1984). As mentioned previously

a problem with interpreting the results obtained with 5-azaC and a major limitation of its

therapeutic potential is the fact that 5-azaC is a nucleoside analog which is toxic at high

concentrations in vivo and in vitro (Jones, 1984). 5-azaC inhibits t- RNA methylation,
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protein synthesis and DNA replication and might inhibit other enzymes that use

pyrimidines as substratcs such as cytidine deaminase, cytidine kinase and ribonucleotide

reductase. 5-azaC is a weak 'l1utagen in bacterial and eukaryotic systems and can cause

chromosome damage at high concentrations (Jones, 1984). The gene-induction property of

5-azaC have been used to treat sickle cell anemia (Charache et al.. 1982) or thalassemia

(Ley et al., 1982). The normal developmental program involves silencing and methylation

of the fetal g globin. 5-azaC can cause demethylation and activation of the fetal g globin

gene and compensate for the defect in the adult b-globin. These clinical trials however

were terminated because of the toxic side effects of 5-azaC.

New specific inhibitors ot DNA methyltransferase are required to realise the full

therapeutic potential of anti MeTase therapy. The advent of antisense technology enables

one to design antisense oligonucleotides that are specific to DNA methyltransferase mRNA

sequences. Results presented in this thesis indicate that they might possess anticancer

activity. The recent resolving of the crystal structure of the HhaI methylase (Koomar et al.,

1994) presented a detailed atomic structure of the DNA methyltransferase and will enable

the rational design of highly specific antagonists. These novel antagonist will he potential

candidates for anticancer and gene induction therapy. The potential advantage of lInti

MeTase therapy over alternative chemotherapy approaches is that it targets a potential

regulator of the cancer state rather than nonspecifically targeting replicating cells.

Antisense Technology

Prior to the evolution of modern molecular biological techniques, DNA and RNA were

used as potential therapeutic agents. DNA from various sources was shown to posses

antiturnorigenic potential that was dependent on size, base composition and secondary

structure (Glick, 1967; Glick and Goldberg, 1965). Much of the work with RNA as

therapeutics focused on the ability of these polynucleotide 10 induce interferon (isaacs et al,

i963). In stark contrast to the use of polynucleotides as general inducers of cellular

functions is their more recent use as rationally designed inhibitors of genetic information.
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The rational design of such inhibitors derives from an understanding of nucleic acid

structure and function and dependent on Watson-Crick hybridisation (Watson and Crick,

1953). In addition, the demonstration that nucleic acid hybridisation is feasible (Gillespie

and Spiegelman, 1965) along with improvements in diagnostic probe technology

(Thomson and Gillespie, 1990) both paved the way for the development of the antisense

concept An antisense RNA or DNA molecules is so named because it is complementary in

sequence to the RNA coding for a specific protein. Because of this complementarity,

hybridisation of the antisense molecule to the protein coding RNA is possible through

Watson and Crick base pairings. This hybridisation is thought to interfere with or

modulate the flow of genetic information from gene to protein, in effect, altering the

intermediary metabolism of RNA.

The precise means by which anisense oligonucleotides exert their biological effects are

complex and currently little is known about the mechanisms invoked following

oligonucleotide binding to ils mRNA targe!. However there are reports of antisense

activities functioning at many different levels along the path to mature protein production.

Oligonucleotides may interact with complementary DNA sequences in the genome and

inhibit either initiation or elongation of transcription, by blocking interactions with critical

factors involved in in this process (Gasparro et al., 1990; Gasparro et al. 1989). The

above mechanism of transcriptional arrest necessitates the denaturation of the double

stranded DNA duplex in order for the complementary antisense molecule to reach ils targe!.

This denaturation is a high energy process, thus attempls have been made to inhibit
. i ,

transcription by interacting with non dênatured double stranded DNA. Such interactions

would lead to the formation of triple stranded DNA (triple helix), by non Watson and

Crick hydrogen bonding. However because the interaction is through weak hydrogen

bonds other than Watson and Crick (Felsenfeld et al, 1957) both the strength of the

interaction and the specificity to which the molecules can recognise the target are

dramatically reduced. In fact, oligonucleotides that have been shown to form triple helix

structures generally are composed of long stretches of purines that base pair with purines in

the target DNA duplex (Cooney et al. 1988). Another key step in the intermediary

metabolism of most 'mRNAs is the removal of intronlc sequences by splicing. Proper
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splicing of the message requires sequence and structure specific interactions with the

proteins of the splicing machinery. Therefore, oligonucleotides directed at splice-acceptor

sites may prevent proper interaction with splicing proteins and inhibit the production of

mature mRNA. Recently an oligonucleotide was reported that could actllally indllce

alternative splicing, suggesting that oligonucleotide may be effeciive in cases where

splicing defects occur (Dominski and Kole,1993). Most antisense oligonucleotides that

have been designed and tested have attempted to induce translational arrest by interactions

at the translation initiation codon. The region of complementarity of the oligonucleotide is

designed to flank the translation initiation codon on both sides however the exact position

of the initiation codon within the oligonucleotide can vary greatly. Hybridisation in the

region of the initiation codon is thought to inhibit the proper interaction of the mRNA with

components of the translation machinery thus stalling translation. The stullingof

translation may also allow factors involved in the degradution of mRNAs greuter uccess to

their substrates. Target RNA molecules that have been reported to be inhibited by

translational arrest include HIV (Agrawal et al, 1988), n-myc (Rosolen et al., 1990) us weil

as many cellular genes (Vasanthukumar and Ahmed, 19989; Sburluti et al., 1991; Zheng et

al., 1989; Maier et al., 1990). RNA molecules can adopt a variety of energeticully

favourable three-dimentional structures, which are thought to influence processes such

stability, poly adeny1ation and transport (Baskerville and Ellington, 1995). Disruption of

these secondary structures by oligonucleotides could potentially modify one or more of

these steps in RNA metabolism. An example of such a strategy is the disruption by

complementary oligonucleotides to the stem-Ioop structure present in aU RNA species of

HIV, the TAR element. Oligonucleotides were shown to bind TAR and disrupt the

structure and inhibit TAR-mediated production of a reporter gene (Vickers et aI.1991).

Another component of antisense oligonucleotide mediated gene regulation is the enzyme

RNase H. RNase His a ubiquitous enzyme thatdegrades the RNA strand of an RNA­

DNA duplex. It is present in diverse organisms from viruses to humans (for review see

Crouch and Dirksen, 1985). Although RNase H activityis greatest in the nucleus of ceUs

other cellular functions such as inactivation of viral sequences have been suggested (Crum,

et al., 1985). RNase H activation by oligonucleotides is thought to be the "terminating"
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mechanism by which many of these function, for this reason the kinetics of activation and

the precise recognition elements for RNase H are being investigated (Walder and Walder,

1988). Recently, oligonucleotides comprised of methy1phosphonate backbones 1;ave been

shown to bind to their target and increase RNase H activation over non modified

olgonucleotides (Quartin,1989). Converse1y, oligonuc1eotides that contain 2' methoxy

modifications bind equally weil to their targets yet do not support RNase H activity

(Schatz, et al., 1990; Hogrefe et al., 1990; Inoue et al.,1988). This 1ater c1ass of mo1ecule

has potential to induce altemate splicing because it does not degrade the RNA temp1ate.

It became apparent at an ear1y stage that advances in the chemistry of olignucleotides

would be required if they were to be eventual1y used as therapeutics because of their rapid

degradation by nuc1eases (Wickstrom, 1986). The most effective moclified oligos in terms

of stability were the phosphate analogs, the phosphorothioates. These molecules showed

great resistance to nuc1ease mediated degradation (De Clerquet al.,1969). Recent efforts to

modify the chemistry of oligonucleotides aim to increase stability to a greater extent,

increase delivery by modifying the lipophillicity of the compounds, and to generate

chimeric molecules that take advantage a receptor mecliated cellular uptake systems (for

review see Crooke and Lebleu, 1993).

The long term therapeutic potential of antisense technology remains unc1ear, however

encouraging results from severallaboratories in tissue culture experiments and in animal

models warrant continued efforts.
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Chanter 1: Regulation of the DNA Methyltransferase by the

Ras-AP-l signaling Pathway. J. Rouleau, A.R.MacLeod lmd M.Szyf,

i.Bio/.Chem .270, 1595-1691(1995).
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Regulation of the DNA Methyltransferase by the Ras-AP·l
Signaling Pathway*

(Rccch'cd for publicution, AURUst 25, 1994, und in rt\\'hu'd form, NtI\'l'mlwr 1.1, Hl~14l

Julie Rouleau*, A. Robert MaeLeod, and Moshe Szyf§

From the Department ofPharmacology and Thcrapcutil's, McGill Utlit~l·rsit.\', Montn.'al. QUl·b('l'. CCl1lau'a USG Ira

Using dcletion analysis and site-specifie mutagcncsis
to map the S' regulatory region of the DNA methyltrans­
ferasc (MeTase) genc, wc show that a 106.bp sequence
(at -1744 ta -16S0) bearing three AP-1 sites is responsi­
ble Cor induction of DNA AleTase promoter activity. Us­
ing transient cotransfection chlornmphenicol acetyl..
transferase ascays in PI9 ceUs, we show thst the DNA
MeTase promoter is induced by c-Jun or Ha-Ras but not
by a dominant negative mutant of Jun, ù9. The activa­
tion of the DNA MeTase promoter by Jun is inhibited in
a ligand dependent manner by the glucocorticoid reccp­
tor. Stable expression of Ha-Ras in PI9 ecUs results in
induetioL< of transcription of the DNA lIteTase mRNA as
detennined by nuclear run-on assays and the stendy
stote levels of DNA MeTase mRNA as determined by an
RNase protection assay. These experiments cstBblish n
potentin! moleculnr link between nodal cel1ular sigun!­
ing pathways and the control of expression of the DNA
MeTase gcne. This providcs us with n possible molccular
explanation for the hyperactivation of DNA MeTuse in
many cancer ceUs and suggests tbat DNA MeTase is one
possible downstream effector of Ras.

The establishment of a. pattern of DNA metbylation of CpG
dinucleotide sequences is eritiea1 for nonnai development of
vertebrstes (1). It is weil established that regulated changes in
the pt,t,tern ofDNA methylation ocour during development (2,
3l and œllulardifferentiation (4), and that aberrnntcbanges in
the pattern of metbylation ocour during œllular transforms­
tion (5-7). Wc bave previously suggested that one mode of
control ortbe pattern ofmetbylation is at the levelofregulation
of the DNA methyltransferase (MeTase)' gene which encodes
the sctivity tbat cntalyzes the transfer of methyl groups to
DNA (8,9). lrthe level ofDNA MeTase activity in the œil is an
important detenninant of DNA methylation patterns, then it
should be coordinated with œil growth and development. As
the S' ragion of the DNA MeTase wus reœnt1y cloned (10), wc
can now address the question whether it contains such regula­
tory elements.

Many canœr œil lines express high levels of DNA MeTsse
activity (11) and human colon carcinoma eell lines have been
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shown ta express drnmuticnl1y hi~hC'r h~\'l,ls of DNA i\tt''1'a~l'

mRNA thnn normul cells in n mum\C'l" thut cOl"n.'lntl~swith tlw
stute ofmulignuncy of the cell(12l. While SUlne sit.m~ hu\'" hl'tm
shown ta be hypomcthyluted in cuneer cells (6), cl'iticull"l'~"'ons

of the genome ure hypennethyluted. such us CpG islumls (nn.
cnndidnte tumor suppressor genes 114), cell type-specit1c gl'l\lls
(15), gcncs rcsponsiblc fol' terminul diITel'cntiutlo1\ tmch ilS

MyoD (16), und ureus of the genomc ussocintml wiU, tumul'
suppression (17). Scveml linos of c\'idence sllggest thul this
methylntion plnya lm huport.unt l'ole in the inucti\'lltion of
gcnes in tumor cells und the proeess ofcellulur trunsfOl'mllti01\~

(a) in vitro mcthylntion ofCpG islunds rcsults in inucti\'utiou 01'
thcsc genes following trunsfL'Ctiou (18) und (b) tnmluHmt al'
ecUs \Vith the mcthyluse Înhibitor 5.nzucyLidine (l.t, 19) or
expression of un antisensc ta the DNA Mt!Tasc mHNA results
in rcuetivution of this cluss of gcnes (20), Recent expol'inumts
have shawn thnt forced expression of tUl cndugcnous DNA
Atfl?Tase c:DNA in NIH 3'1'3 cells lends ta lheir tl'luudi.mnntiun
(21) nnd expression of un untiscn8c ta the DNA McTa~'t! in the
ndrcnocortienl cnrcinonll\ cellline YI 1 or ll~ntmentur YI cella
with 5~nzncytidine leuds ta reversaI of tl'tU\l3fol'mulÎlm,:! rrhc
moleculnr mechnnisms responsible for the inCretl8cd DNA
methyla.tion nctivity in the proceBB of-ecllulur tl'lU\afl)rmUUOn
arc unknown. One possible explanntion is thut thc rcgulnlory
clements of the gene are rcsponsive tu aome uncogenic signnl­
ing pathwnys (23l in addition to the cell cycl. regullltiolt or
DNA MeTase gene expression which occurs muinly ut the post..
transcriptionallevel (24).

The DNAMeTase 2-kb 5' upstreum region benrs one conson..
sus AP-lsite 10eated nt -1744 and six AP..1 sitea with one or
two mismatches (10). This study tests the bypothe.i. that
overexpression of signnling palhwnys londing la nctivntion or
Jun (25-27) can result in hyperinduction of tbe DNA MeTase
promoler.

MATERlALS AND METHODS

CeU Culture and CAT A.uaya-P19 cells (from Dr. McBumey) Wllrc

plated et a density of 8·x 10"'/well in a aix-weil tissue cutturo dish
(Nunc) and trnnsienUy trnnsrccted wilh the approprinte nmounLa of
plasmid DNA using the calcium phosphate precipitation method na
described previous1y (la, 28). CAT aunys wcre perfonned in Lripllcole
as described previously (20, 29). For stable transrcctlona, (1 x 10") PlO
ecUs werc plat.ed on a 150·mm dish (Nunc) 15 h bcforc trnnsfcction. The
pZEM..... expression vector bcaring a 2.3 BamlU-EcoRI fragmont oncod.
ing v·Ha-ras from the MMTV~v·Ha·raaplasmid or the pZEM control
vector {l0 p,g} (30) were cointroduced inle PlO ceUs with pUCSVneo U
ILl) 88 a selcctable marker hy DNA mediated gene trnnafer ming the
calcium phosphate prot.ocol (28). G41S-resistant cens were cloned and
propagaled in selective medium (0.5 mg/ml G418. Lire Technologies,
Inc.).

Plasmid Conatruction-The phyaical mapl orthe deletion conatructa
are presented in Fig. 3 and the sequences deleted in the di{ferent
construct8 are IisLed in Table I. The construction of pMet CAT+(-2,3)
and pMct CAT+ ill was described previously (l0). To gencrale pMet

a R. A. MacLeod and M, Szyf. 8ubmittcd for publication.
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TAIlLE 1
LJdctitm cotudr,,;cls of the DNA Mc7'ase promotcr

Thll Kl!qucnClJ8 oflh1l5' rebrion orthe DNAMcTase promotcr lhal were
romoved in (luch ortho deletion constructa dCl:lcribcd in Fig. 3. The firal
nUnloor indicllwK the 6' boundury of the dclewd KcqUlmcc (relative la
the lrumlcriptÎon initiation Hite (l0» and the accond number indicntes
the 3' houndllry.

CAT" !l6, pMet CAT+ cl7 M/Wl und the pMel CAT+ aB WtlM. the
scqutmco encoding ·-1.75 la -1.65 of the DNA McTase 5' (la) \YOS

lllllplificd utdng the 5' o1ib~ contnining the AP·l sile al -1744 (5'·
AATGCAGCATGACTCATGCT·3') and l\ 3' oligo encoding the AP·l sile
ul -1650 (5'-AGGAGCTGTCAGTCAGGGTC-3'). Tu genemle the
M/Wl vendon, the 5' oUgo wa8 the Burne exœpL lha! the sC:quence
cncoding OU~ AP-l Nile (undcrUncd in lhe sequence preNcnled nbovc)
ineludt.>d in the oUgo WUN mututcd to TGAGGTCA. Ta gcnerotu WtJM
the 3' oUgo WUN mututcd 110 thut the ontiNense 3' AP-l site wns chnnged
tu TGCCTCA. The frngment WON ompUfied from 10 ng ofSKmct+ (l0)
uNing HoL tub (Amen;hnm Corp.) and ils recommendcd buffer using the
following cycle: 1) 95 oC 5 min, 2) 46 oC 1 min, 3) 96 OC 1 min, 4) 55 oc
1 min, 51 72 oC 0.5 min, follawed by 20 cytles of stups 3-5. The O.l-kb
polymernsc chain rcnctian fragment WIIS subcloned into PeRn UnVitro­
gen), verified by scquencing, excised by À"bal-HindIII, and insertt.>d
upslrcam to -0.39 in pMetCAT ns indicnted in Fig. 3 and Tobie 1. The
exprcBSion veclors encoding the human Rlucocorticoid rcœptor
CHGCRC) (31) ..jun (RSV·cJun) (26)••19 v-jun (32) wcre previously
described. Thejun cansLructs were kindly provided by Dr. M. Karin. Ta
construct pZEMN., We subc10ncd a 2.3 EcaRI-BamHl frngment- encod~
Ing v-Mu-ras from the MMTV..v..Ho.-ras construct (33) into the BRIII site
ofpZEM (30) nf\.er trnnsfomllng the EcaRI sile iuto n BamHl sile using
n BomHllinker (Life Tt.-ehnologies, Inc.).

Gel Retordation Assays-Pnirs of complementary 21-mer oligode-­
oxynuclcotides wen! anneo.led and 0.4 ~ of the double--stranded ali..
godeoxynucleolides were end..labeled with ['}'-32FlATP (Amersham
Corp.) using T4 polynucleolide kinase (Boehringcr Mannheim) and
purificd by cxtision from an 8% polyacrylamide gel (28). Binding nssnys
wero performcd by incubating 1 ngUO lS cpm) ofan end-labeled oligomer
with 3~ of erude nudear extrnct from Pi9 cens (24) Ils described by
Ausubcl ct al. (28).

DNruc Footprinting Assays--DNase footprinting rendions were peta
fanned RS rccommended by Promega and as de8cribed in Ausubel et al.
(28). A 648·bp BamHl..sau3Al rrngment containing four putative AP~l

binding sites (nt -1744, -1650, -1547, and -1514) (10) was cloned at
the BamHl site or the pGEM3 vector (Promega), digested with 8mol
CBochringer Mannheim), treoled wilh cnlf intestinal phosphatase
(Boohringer Mannheim), cnd·labeled with [y'l2FJATP (Amershom
Corp.) using T4 polynucleotide kinase (Bœhringer Mannheim), and
then subjected. ta EroR! digestion. The radiolabeled fragment (2 X 10·
dpm) wns ineubatcd with 1 footprint unit of the c10ned and bacterinlly
expressed e-Jun (Promega), and the binding reaction was subjected to
DNase 1 digeslion (0.15 unit) ror 3 min at room temperature.

RNruc Protection Assays-RNA wns prepnred from exponentinlly
growing cens using standard protocols.. RNase protection assays were
porformed as described in reference 10 using a 0.7-kb HindIII·BamHl
frngment (-0.39 10 +0.318) 8S a riboprobe (probe A in Rouleau el al.
(10)).

Nucloor Run-on Anays-Nuclei werc prepare<! from 3 x lOS~
nentially growing pZEM and pZEM'- transrected P19 cells and were
incubated with la'''PltITP (800 Cilmmo\) 88 described previously (24l
Thu tmnscribed "P-1obc)ed RNA (1 X 10' dpmlsomple) W88 hybridized
with pSKMe15' plnsmid nO) and SK plasmid as a control that were
immobilized onlo a Hybond..N+ filter as deseribed previously (24).

RESUL'1'8

Nun and Ha·Ras Transactivete the DNA MeTase Pro·
motel'-To test the hypothesis that the DNA MeTase promoter
is activatcd by high levels of AP·l activity we cotransfected a
fusion construct expressing the CAT reporter gene under the
directinn nf2 kb of the DNA MeTose S' upstream region (pMet.

81l1ll!1l doll!wdUo!oLion conKLrucl
Wlno.

1.
2.
3. 4. 5
6.7.8

From Tc

-2.0 -0.18
-2.0 -0.39
-1.35 -0.39
-2.0 -1.75

''rom

-1.65

Tc

-0.39

CAT+) containing the minimal promoter and the AP~1 recog~

nition sequences (see physical map in Fig. 3) (10), with expres­
sion vectors encoding the protooncogene c-jun (RSV-c-jun) (26)

into P19 cells. Recent results have demonstrated that nctivated
Ras indirectly induces transcription ofgenes thnt are regulated
by promoters thnt contain AP-l recognition sequences and that
this induction is mediated by activation of c.Jun by phospho­
rylation (26). To test the hypothesis that activation of the Rns
signaling pathway can induce DNA MeTase promoter activity,
we cotransfccted an expression vector encoding the Ha·Ras
prolein (pZEM~') and pMelCAT+. To rule out vnriability in
culture conditions and transfection efficiencics as an explana.
tion for the induction of pMctCAT+ by Jun and Ras, we per·
fonncd multiple experiments (each ditTerent expcriment was
performcd in triplicatc) nt ditTerent times using ditTerent cul­
tures of P19 cells. In cach experiment nn increasing dose of
eilher pZEM~' or RSV-c,;un (2-10 p.g) was used. the maximal
fold induction was detennincd and the average rold induction
for aU experiments was calculated. The results shown in Fig.
lA demonstrote that both Jun and Ros eun inducc the DNA
MeTase promoler (lO-SO·fold for Jun and 8-1S-fold for Ros)
from very low basal levcls (the results are of statistical signif.
icance liS detennined by fi t test, p < 0.001). This induction of
pMetCAT+ is not a nonspecific enhancement of transfcction
efficiency or transcription from plasmid DNA because nU trans·
fections had equal amounts of total plasmid DNA.

To demonstrate that this transaetivation of the DNAMeTase
promoter by Ras and Jun is dependent on functional Jun Ue­
tivity rather thnn a nonspecific effect, we cotransfected pMet.
CAT+ (4 p.glml) and increasing concentrations of a transdomi­
nant negative mutant of Jun, as which lacks the
transactivation domain ofJun but expresses the DNA binding
domain (32). The total concentration of tronsfected plasmid
DNA was maintained constant by adding SK plasmid DNA. AB
demonstrated in Fig. lB, 139 cannot transactivate the DNA
MeT... promoter. Coexpression of a9 ,vith Jun (4 "glml) ru­
sults in a dose~ependent inhibition of trnnsactivation by Jun
as expected. When a9 is coexpressed ,vith Rns (4 p.glml), the
induction of the DNA MeThse promoter by Ras is represscd
even at low concentrations of the a9 plasmid. This demon·
strates that both Rns and Jun inducethe DNA MeT... by a
common pathway. • ._,

The Glucocorticoid Receptor lnhibits the Transactioation of
the DNA MeTose Promoter by Jun-One importent character.
istie ofAP-1 induced. genes is the modulation ofthis induction
by the glucocorticoid receptor (35, 36). Nuclear receptora sueh
as the glucocorticoid receptor serve as modulatora of dilTeren·
tiation and cellular growth in Many systems, for example, the
weil characteri.ed antimitotie and cytotoxic eifect of glucocor­
ticoid on T cells (37). Several groups have recently established
that nuelear receptora con modulate the activity of AP·l com·
plexes by binding overlapping AP·l recognition sequences (38)
or by protein·protein interactions with Jun (3S. 36). These
interactions have been postulated to explain the antimitotie
eifects of glucocorticoids. Wc tested the hypothesis that the
glucocorticoid receptor con modulate the transactivation of
DNA MeTose by AP·l in a ligand dependent manner. We tran­
siently transfected pMetCAT+ (10 p.g/ml) with the glucocorti.
coid receptor expression veetar HGCRC (l0 p.g/ml) in ~"e pres­
ence or absence ofinducing concentrations ofJun (4 p.g/m1) and
in the presence or absence of 0.1 ILM dexamethasone. Fig. 2 is
an average of three independent experiments that were per­
fonned at diiferent times using diiferent cultures of P19 eells.
AB observed in Fig. 2, dexamethasone per se does not affect
either the basal level of activity of the DNA MeTase promoter
or its induction by J un, most probably because of lack of ex-
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Fm. 2. Inhibition of Jun-dcpcndcnt induction of the DNA
AleTose' promotcl' b)' thu glucocorticoid rcccptOl'. i\, Ton 'IR of
pMetCAT+ wore cotrnnl'fL-cl('d in triplicnll' inlo PlO cdll' \\'itl\ ('iUmr
SK plul'mid (pM-ctCA1'+), SK plnsmid nnd 10 IlR of tho hlltrlntl gill­
cocorticoid reet'ptor cxpl'CNaion "('clor lllGCRCl (271, HSV·c~lIll (+Jml l,
or RSV·e-julI und tho HGCRC (lU~ indicntL'd in tht.' fih'Uro). GilL' aet uf
trnnsfoctunta wus trcnled with O.IIJ.M ofdoxnmethnNllHo lSiRlUn) l'Ill' 24.
h bofore hUl'\'csling (+d(!.l:) und CAl' tlclivitS wna deltmnineù in oxtrncts
propnrcd from the ditTerent trnlUtfccteù cdht 4.H·h IlOHltrmutfectiou Utl
describL'li undor "Mnlerinls und M-ethodN." The Ulld inductiou m'el'
pMetCAT+ (10 Ilg with 8K-) wua dcterminL'<l. 'l'11ll expcrimllut WUIt

roponted thn.\(' ditTorcnt limes using thrce dilToront cultUl't.'N of PlU
cells. The vuluos ure preaonled na 111\ R\'ernh'l! of thrco indl!lll!l\dtmt
cxporinllmta :tS.D. The atntiaticul 8h~nificnnro of thl! dimm.mro bo..
twccn Jun und Jun + HGCRC tranafoctnnLs nnd Jun lUI w('11 na thu
I>tuLiaticul difi'eronœ betwecn dcxnU\('Umaono troutod HGClm + .lun
und ,Jun trnnafoctuula wos dotcnnined using 1\ t teat, p., 0.05.

responsive to bath the Rns signuling puthwuy na well us tn
nuclenr receptors.

Dcletion Mappillg ofAP~l Rcspollsive Elmwmt:.--To doHn..
eate the sequences responsiblc for regulntion of tht) DNA
MeTase by AP~1 und to determine whcthcr induction of DNA
MeTasc promoter by AP..1 is medinled by direcL inlcmction of
APal with the DNA MeTa~'C 51 region l wc cnrried out ft dcleLion
nnnlysis of the ·2-kb 5' upstrenm region of the DNA MeTatre
<Fig. 3). The dilTerent deletion conBtruets no l'KI were cotronB'
feeted with either BK plasmid or RBV-cJun (4I'g). AP-l indue­
ibility is lost when the S' region inc1uding nll the potentinl AP-l
Bites upstream to the minimal promuter nt -0.18 \B deleted.
Very limited nctivity is observed when only one nonconsensus
AP-l site at -290 is present in the conBtruet (-0.39), however,
a deletion ofmOBt orthe 1-kb sequence between -1.3 ond -0.39
is still indueible with Jun suggeBting that AP-l inducibility is
encoded between -2 and -1.3S. The region contained between
-2 and -1.35 does not confer induc:ibility in our «ssay when it
is inserted in the antisense orientation. When both this region
and the promoter are insert.ed in the nntisense orientation la
CAT. no CAT aetivity is detected supporting the conclusion
that the aetivity detected in our assays is directed by the DNA
MoTose promoter. Four potential AP-l sites nre locsted in the
sequence containad between -2 and -1.3S. The AP-l Bite at
-1744 (TGACTCAl is a consenRUR Bite, the Rite at -16S0
TGACTGA and 1547 (TGACTCT) bears ene mismatch and the
sites at -1514 bear two mismatches with the consensus site. To
test the hypothesis that AP-l inducibility is encoded by the S'
consensus AP-l site at -1744 and -18S0 we amplified the
sequence containad hetween -1744 and -16S0 using the prim­
ers desc:ribed under "Materiale and Methode" and inserted il
upstream lo -0.39 <Fig. 3). The 118-bp fragment encoding the
two S' AP-l sites confers full indueibility with Jun upon the
DNA MoTose promoter. The S' AP-l site plays a more Rignifi- .
cant role in Jun inducibility sinee introduction of two miR­
matches (TGAGGCAl inlo the S' AP-l Bite (MlWtl inhibits the
inducibility of the constrect while introduction of the BSme
mutation lo the 3' site dues not have the Bame elTect (Wt/Ml. It
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FiG. 1. Fos and Ras induce the mause DNA A-leTase promoter.

A. PI9 cells, an embryonic cnrcinomn cellUne (22), werc trnnsfected
wïth 10 IlS" ofpMetCAT+ (see Fig.:3 for phyeicnl map) and increasing
concentrations (1-10 flG:) of expression vectors expressing e--jun (RSV~

e-jun) (29) or Ha-ras (pZEM....·). Cells were harvcsted alter 48 h and
CAT activity WaB determined as described under "MateMale and Melh·
ods." Each experiment was perfonned in tripliente. Twcnty·two inde-.
pendent experiments using independent cultures of Pi9 cells nt difTe~
eol times were performed for the Jun expression vcctor ond cleven
experiments with the Ha-ras. The maximal raid induction nbove the
values obtained with pMetCAT+ was determined per construct for cath
experiment. Each value is presented as menn orthe values obtained in
aU experiments :!:S.D. The difi'erence between Jun~ and Ras·induced
pMetCAT + expression and the noninduced control is highly significant
p < 0.001. B t PI9 cells were transfected with either pMetCAT+ (4 ,...g)
and SK-, pMetCAT+ (4 l'Ill and RSV<Jun (4 l'Il), or pMetCAT+ (4 l'Il)
and pZEM'" (4 p.g) and an increasing concentrations ofa vector encod­
ing the transdominant negative mutant of Jun a9-v-Jun which was
kindly provided by Dr. B. Wasylik (32). The total concentration of
plasmid DNA was kept constant by adding SK plasmid to the transfec­
tion mix. The values are presented as an average of threc detennina~

tians :tS.D.

pression of the glucocorticoid receptor in PI9 cells. Cotransfec·
tion of the glucocorticoid reœplor has a Iimited inhibilory effect
on the expression of the basal and Jun-induced promoter ae:­
tivity resulting most probably from low concentrations of dex­
amethasone in the the growth medium. Howevert a significant
(p < O.OSl inhibition of DNA MeTase promoter activity is ob­
served in the presence of bath the glucocorticoid reœplor and
its ligand demonstrating that the glucocorticoid receplor inhib­
its the expression of the DNA MeTase promoter in a liga~d

dependent manner. This demonstrates that the inhibition is
not a nonspecifie: effec:t of the glucocorticoid plasmid or dexa­
methasone. This experiment therefore suggests that transacti­
vation of DNA MoTaso by Jun can he modulated by the glu­
cocorticoid receplor and that the DNA MoTose can he
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Fln. 3. Delation analysis of the DNA
MoTlUio 5' region. The physical mnps of
the differonL dtJlet.cd pMctCAT+ con·
alruclB ore shown in the right panel felu­
tive la the original pMotCAT+ construcl.
Regions dcluwd tu'c Îndicnl.cd by ft broken
line. The boundurics of the delcted 8C­

quence ure indicnl.P.d relative 10 the tran­
scription initiation site and 1îsted in Table
1. '1110 fil'81 numoor indicntcs the 5' of the
delcwd sequence and tho sl.'COud numbcr
indlclllcK tho 3' boundnry. Exons arc in­
dicutcd by fiUed boxes. CAT sequence il'
hatchccJ. transcription initiation altos urc
Indlcnwd by horL:ontal arrow8, shadcd
ovals indicaLc AP·l siles <fonning DNA
protein interactions, Fig. 4), fiUcd ovals
aro mismnlchl.'<I AP.l sites. Ill/l, RindIll
recognition site: BIl, BglIl: RI. EcaRI; RV.
EcaRV; BUl/NI is nn originnl Nad site
thnt wnH modified by linkers 10 n BamHl
Hite. BHI. BanaHlj S3Al, SauUW. M/\Vt.
the AP·1 site nt -1750, is mutnled to
TGAGGCA but the one nt -1644 is wild
typo. \Vt/M. the AP·l site nt -1750 is
wild type but the 3' site ia mut8ted 8S
ubove. Tho difTcrcnt constrocts (10 J,lg)
wcrc trnnsrccted in triplicnte into P19
cells with eithcr 4 jJ.g orSK plosmid (Con·
trol) or 4 jlg or· RSV-e--jun (+Jun). hor-­
vcsLcd of\.cr 48 h, nnd CAT nctivity wns
dctemlinl'd Da dcscribcd aoovc. Eoch ex­
periment wos repcnted twiœ uaing difTer-­
ent plnsmid preparations. The results ore
prcsenlcd ns nverogcs orthrcc: dctcrminn·
tions :tB.D.

• Control
• +Jun

is interesting ta note that construelB bearing deletions of the
sequonce betwccn -1.3 and -0.39 express a higher basai DNA
MeTose promoter aetivity than the nondeleted controi. This
might BUggest the presence of a cis-repressor recognition se­
quence encoded in this region. This repression of transactiva­
tion ofDNAM<~'àse promoter by endogonous AP-1 8Ùght be an
additionai mcchanism through which DNA MeTase gone ex·
pression is controlled and maintaincd at a basailevel under
normal conditions. In summary. the deletion experiments dem·
onstrate that the control of the DNA MeTase by AP-1 is medi·
ated by an interaction betwccn Jun (AP·l) and the AP-1 sitc(s)
located at -1744 to -1650 upstream to the transcription ini·
tiation site.

Physical Interaction betwcen AP-] Sites in the DNA MeTase
Promoter and AP-I Transactivation Complu-Ta detennine
whether the transnetivation of the DNA MeTase by AP-1 in­
volves direct interaction of AP-1 with the AP-1 recognition
sequences in the DNA MeTase 5' upstream region. we per­
formed gol retardation and DNase footprinting assays. Nuelear
extraelB from P19 cells contain a measurable level of DNA­
binding aetivity interaeting with a 32p-labelcd oligomer from
the 5' MeTase region (-1753, -1734) containing an AP-1 rec­
ognition sequence from -1744, -1738 (MetS' AP-1) (Fig. 4A).
This DNA-protein complex can he competed out with a 1O-fold
exœss of a nonlabeled oligomer encoding a previously eharac·
teri.ed consensus AP-1 recognition sequence <API) (Fig. 4A),
with an excess ofnonlaheled MetS' AP-1 oligomer but not with

an oligonucleotide sequence containing an AP-l.recognition
sequence with two 8Ùsmatches loeated at -505-499 (Met 3'
API) or an oligomer encoding the recognition sequence of the
transcription factor Sp1 (Fig. 4A). T1ùs demonstrates thst the
AP-1 site at -1744-1738 ean speeifieaily interaet with the
AP-1 compl... This DNA·protein complex could be competed
with an excess of nonlabeled AP-1 but not with Sp1 or MetS'
AP-l.

To visua1ize the specific molecular interactions between Jun
and the AP-1 binding region of DNA MeTase 5' upstream
sequences, we incubated a 648 bp fragment containing these
sequences with e.Jun protein and subjeeted the bound produclB
to a DNase 1 footprint anaiysis as described in materials and
methods (Fig. 4B). Two potential AP-1 sites (TGACTCA
(-1744, -1738, and TGACTGA(-1650, -1644») were pro·
tected from DNase cleavage as indicated in Fig. 4B. These
experiment. have therefore established that the AP-l sites in
the 5' of the DNA MeTase gone arc funetionai AP-1 sites in
vitro.

Exogenous Expression of Ras Induces Transcription of the
Endogenous DNA MeTase-To determine whether induction of
the lùis signaling pathway can induce the expression of the
endogenous DNA MeTase gene, we introduced either pZEMI'tU
or pZEM into P19 cells by DNA mediated gene transfer. G418­
resistant colonies were propagated and Ras expressing and
pZEM colonies were identified. Three colonies bearing exoge­
nous pZEM~ or pZEM were randomly selccted. The pZEM~
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naked (nonreacted) control were subjected to cleavogc by DNIUIO 1
CBoehringer Mannheim) which was followed by elec:trophorcsls and
8utoradiogrephy. An M13 sequencing reaction cPharmacia} wu uaed M

as a size marker ladder. The regions that are protected from DNaae 1
c1eavage by AP·l are indicatcd. The footprints at -1744 10 -1738
(TGACTCA) and -1650-1644 rrGACTGA) match the AP-l co...n."
recognition sequence. The footprint at -1718 10 -1708 (TGGACG·
GC'1'TT) does not correspond 10 the consensus AP.l recognition
sequence.

:1 M. Szyf, unpublished results.

trftnsfectnnts express exogcnous Ra8 as indicatod by the North.
ern blot presented in Fig. M. To determ.ine whcthor Rml in­
duces transcription of DNA McTase. wc prepared nuclei from
exponentially growing PI9 pZEM control tram'lft.~tant8 und
PI9 lines transfected with Ha·ras and subj(lcted thcm to n
runooOn transcription Rssny using [('(_~2p]UTP. Equnl amountN
oflnbeled RNA were hybrldized with eithcr immobilizcd SK (ns
ft control) or SKmet5' . The hybrldized fiUers were cxposed ta
nutoradiogrnph~' an.er stringent washing. The results pn,·
sented in Fig. 58 show thnt Ule two pZEMm~ trum;fcctnnts
tested express highcr levels ofDNAAlcTase transcript thnn the
pZEM control. To delermine the levels of slendy sUlle DNA
MeTase mRNA, wc resorted to RNaBe protection nssuys using
ft 720·bp rlboprobe encoding the firat two exons of the DNA
MeTase and the transcription initintion site (10). This probe
displnys ft group of fragments at 89-99 bp l'cpresenting the two
exons and two initiation sites. Equal umounts of RNA (us
determined by hybridizntion with un 18 S oligonuclcotidc
probe) prepnred from three independent trunsfcclnnts with
pZEM and three independcnt pZEM'''~ trunsfcctnnts Wero sub·
jected ta a RNase protection Rssny us describcd in Rouleau ct
at. (10) (Fig. 5C). The results were qunnlified by densilomell'Y
and the qunntification is prcscnted in Fig. 5D. 'l'he fCsUltS

presented in Fig. 5D demonstrnte that the ras trunsfcctnnts
express higher levels of DNA MeTuse mRNA lhnn the pZEM
conlrols (10-20-foldl. Twn lrnnsfeclnnts express high levels of
mRNA that iB initiated nt multiple sites in addition to the
standard sites observed with other conlines and the controlll
(10). To quantify thia differencc in transcription rutc. thrce
independenl pZEM lrnnsfeclunts nnd lhree independenl
pZEMrd:t transfectnnts were 8ubjectcd ta fi ronan nnulysis. the
level of DNA MeTase trnnscript WU8 quuntified by dcnsitomc·
try (Mastcrscan, Scnnnlytics) and the resu1ts were prcscnlcd us
nn average of the three independcnt transfcctnnts <Fig. GD).
These resrilts demonstrnte thnt the pZEMrda transfectants ex·
press 3-fold higher levels of DNA MeTase lrunscripllhon lhe
conlrols. The higher levels of induction of stendy slute levels of
mRNA relative ta the change in the transcription rnte might
eilher suggesllhul Ras a!Tects lhe slnbiUty oflhe DNA MeTase
mRNA in addition ta its rnte oftranscription, or nltcmativoly,
it might reflect differences in the experimentnl procedures used
tomeasure these two parameters. ln summary, the rcsulta
presented in this section demonetrate that transcription 'ofthe
endogenous P19 DNA MeTase mRNA is induced by forced
expression ofRas. The effects that this induction rnight have on
DNA methylation and DNA MeTaee aetivity ie, however, corn­
plex sinee Ras induees an incrcase in demethylase activity' in
parallel ta its induction of transcription ~f DNA McTase.

DISCUSSION

This report addresses lhe hypolhesis lhat the activily of
DNA MeTuse is regulated by nodal cellular sigualing palh­
ways. While this fnet by itself is not sufficient to demonstratc
lhal regu!alion ofDNAMeTase is an important cellular conlrol
point, it is consistent wilh that hypolhesis (23, 39). We demon-
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FIG. 4. Binding orthe AP-l transcription comptes: to sequences
in the DNA MeTase 6' upstream region. A, A 21·mer double­
stranded oligomer, Met S' AP-l. encoding the sequence: 5'·AATGCAG­
CATGACTCATGCT-3'located at (-1753, -1734) in the DNA MeTase
5' region (the putative AP·l recognition sequence is unckrlined) was
end-labeled with [oy.32p}ATP (Amersham Corp.) and incubated with 10
p.g of PI9 nuclear extract. For competition experiments, an excess of
nonlabeled double-stranded oligomers was used. The Cree oligomer

.(gray arrow) and.the bound AP·l comptex (black arrow) were separated
on a native polyacrylamide gel. An excess oflabeled substratewas used
for ail assays. The following competitors were used: (a), Met 3' AP·l is
located'at -299 10 -275 in the DNA MeTase 5' region and encodes the
sequence 5'-GTITI'GAGGCAGGATITI'GA-3' (the underliMd se­
quence contains one rilismatch with the COfl.Bensus AP·l recognition
sequence); (b) AP-l encodes a consensus AP·l sequence (5'.cGCTl'·
GATGAGTCAGCCGGAA-3') (Promega); (c) Spi encodes the binding
recognition sequence of the transcription factor Sp·l (5'-GATC·
GATCGGGGCGGGGCGATC3'). B. an in uitro DNase footprinting as­
say was performed on an end labeled O.6-kb BamHI..sau3A1 fragment
containing the S' AP·l region of the DNA MeTase gene (see Fig. 3)
which was incubated with 1 footprint unit (fpu) of a bacterially ex­
pressed c..Jun protein (Promega). The AP·l-reacted fragment and a
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FIG. 5. Transcription of the endogenou8 DNA MeTase gene is induced by Corced expression of exogenous Ha·ras. PI9 eeUs were
stahly transrectcd with cithcr (10 p.g) pZEM or (10 J!R) pZEM Ha-ras encoding the Ha-ras oncogene which contains activation mutations in codon
12 {Oly to Arg} and 59 (Aln la Thr) and (l J!R) pUCSVneo as a selectable marker. 0418 (0.5 mg/ml) resistant colonies were selected and propagated.
Preliminary Southem blot analysis using a 3:1P_labeled Ha-ras probe (0.7 kb HindITI·Pstl fragment) has becn performed to identify transfectants·'
and throo randomly picked positive clones per cam transfect.ed plasmid were used for our further etudies. At Northem blot analysis using a ras
probe. The ras trnnsfected panels were exposed for a short time ta enable their presentation alongside with the nontranafected controIs. The viral
nu directs B 2·kb trnnscript thnt is euily distinguishable from the shorter endogenous ras messages (1-1.4 kb). A1J observed in the figure (left
panel) the nu trnnsfectants express large amount8 ofnu thnt is probably initiated at multiple sites in addition ta the viral initiation site. The filter
wu stripped from the radioactivity and rehybridized with an 18 S rRNA-specific 32p-labeled ollgonucleotide (45) (bottom panel). B, 32p_labeled RNA
(1 X 108 dpm) trnnscribed in nuclei prepnred from ras·transfected P19 cells (Zanes Il and 17) and pZEM control (Zane 1) was hybridized with filter
immobilized SKmet5' (l0) containing a DNA MeTase genomic fragment encoding the 6' transcribed regions of the gene and SK plasmid as a
negative control. C, RNase protection assay ofDNAMeTase mRNA. RNA prepared from three P19 pZEM..... tranafectants (lanes 6,11, and 17) and
pZEM control trnnsfectants wu subjected ta an RNue protection Msay uaing a 700-bp riboprobe (probe Al (l0) encoding the DNA MeTase genomic
sequence from -0.39 ta +318. The meJor bands representing the two major initiation sites are indicated (92 and 90). The first exon will give a 99-bp
protected fragment. Additional minor initiation sites are markedly represented in the two ras transfectants that express significant levels ofDNA
MeTnse. The experiment has been repeated twice with similar results. D, quantification of transcription rate and steady state mRNA levels in Ras
trnnsfectants versus controls. 1) Run on assays: a run on assay similar 10 the one presented in B was perfonned on nuclei prepared from three
independent ms transf~tants(6, Il, 17) and three control transfectants pZEM Oanes 1, 2, and 3). The intensity of the signal obtained following
hybridization of the labcled RNA with SKmet5' wu detennined by densi10metry (Scanalytics Masterscan) and the average for the three Unes is
presented with the S.D. 2) mRNA- quantification of the signal obtained in the au1oradiogram presented in C at the 92-, 90-, and 99-bp fragments
hybridizing with DNA MeTali~ mRNA. The average for the three ras-transfected and the three pZEM-transfected lines is presented with the S.D.

strate in this study thnt when Ras-Jun signaling pathwny is
activated by either expressing high levels of exogenous Ras or
Jun. tho DNA MeTase promoter is significantly inducod (Figs.
1 and ~). that this activation is modiated by AP-l rocognition
soquenœs in the 5' region oftho gonD (-175-1640) and that it
is inhibited by tho glucocorticoid reœptor in a ligand dopondont
mannor (Fig. 2). This inhibition is most probably modiated by
protein-protein interactions with AP·l as has been shown for
othor AP·l induœd promoters sinco tho DNA MeTase 5' region

doos not contain a full glucocorticoid rocognition site (l0).
Forced expression of an exogenous Ha·ras induces transcrip.
tion and an increase in the steady state levels of endogenous
DNA MeTaso rnRNA (Fig. 5). Induction of Jun appoars to be
associated with induction of differentiation in P19 œlls (40).
Sinœ Ras has multiple offocta on P19 cells it is hard to assoss
the relative offect of increasod DNA MoTase activity on DNA
methylation patterns. Our ras transfectants induce high levels
of domothylase activity" which complicates tho analysis of the
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effects that induction of DNA MeTnse has on the pattern of
methylation. Whereas other cell systems should he sought to
study the effects of an increase in Ras nctivity on DNA meth~

ylation, PI9 cells are an excellent model to dissect AP-l and
glucocorticoid responsiveness of the exogenous promoter he­
cause they do not express high levels of c-jun (41). Vaing other
cell systems to study the efTects induction oCRas and Jun might
have on DNA methylation, wc have recentIy shown th8t inhi­
bition of the Ras-Jun pathway in an adrenocortical tumor cclI
line Yl results in inhibition of DNA methylation nctivity and
reduction in methylation levels of OpG dinucleotides:' Whnt is
the significance ofregulntion of DNA MeTase by Ras and Jun?
One documented instance when DNA MeTase is markedly up­
regulated is cancer; Many cancer cell lines and colon cancer
cells in vivo express significantly higher levels ofDNAMeTa.<~e
(Il, 12). In this report we suggest a possible molecular route
through which oneogenic pnthwnys cnn lend to induction of
DNA MeTase. DNA MeTase exhibits very low constitutive lev­
els of expression (Figs. 1 and 3). This bnsallevel of expression
is responsive to the proliferative state of the ecll by a posttran­
scriptional up-regulation as wc have previously shown (24).
However, in addition to this basal control it is possible that
cellular signaling systems such as the one induced by Ras can
induce high activities of DNA MeTase in a programmed man~

ner at distinct sites and times in developmcnt. When these
signaling pathways are aberrantly up-regulated as happens in
Many cancer cells, DNA MeTase promoter is induced, possibly
resulting in elevation ofDNA MeTase U1, 12) and the hyper­
methylation of specifie genomic regions in cancer cells (17).
While it is clear that factors other than the level of activity of
DNA MeTase must play a role in shaping the methylation
pattern of the genome (43), the level ofDNA MeTase activity is
most probably an important factor. lt is possible however that
in addition ta AP~1J other pathways control DNA MeTase gene
expression. What are the changes in DNA methylation that are
critical for cellular transformation? Several mechanisms have
previously been suggested such as sileneing of tumor suppres­
sor genes (13, 16), an increase in spontaneous mutations re­
sulting from deamination of methylated cytosines (44) or al­
tered regulation ofreplication (23). In contmat to the induction
of cellular proliferation by Ras in Many cell types, Ras ean
induce the ditrerentiation ofPC12 cells (42). Induction ofDNA
MeTase might play an important raIe in these processes as
well. Although additional experiments are required to deter­
mine whether DNA MeTase plays a critical role in the trans­
formation process as a downstream effector of Ras, the results
presented in tbis report establish a molecular link between
cellular signaling pathways and the machinery responsible for
controlling the pattern of modification of the genome.
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Chapter 2: Regulation of DNA Methylation by the Ras

Signaling Pathway. A.R. MacLeod, J. Rouleau and M. Szyf ,

J.Biol.GIzem. 270, 11327-11337 (1995).

In the [lfst chapter of this thesis we demonstrated that the Ras signalll",msduction pathway

can activate the DNA methyltransferase promoter. The next question we wished to address

was whether modulation of the Ras pathway at various levels could lead to stable

alterations in genomic DNA methylation patterns, and whether these newly attained

methylation states correlated with the transformation state of the cell.

42
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Regulation of DNA Methylation by the Ras Signaling Pathway*

(Rcccivcd for publication, Dccembcr 22, 1994, and in ro\'is~d forlU, Fcbrunry 20, 1995)

A. Robert MacLeod, Julie Rouleau, and Moshe Szyfi
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We dcmonstratc that DNA ~.nethylation in an ndrcno·
cortical tumor ccli linct YI, is controllcd by the Ras
signaling pnthway. Forc:cd expression of a cDNA cncod­
ing human GAP'20 (hGAP), a down-modulator of Ras
activity or 89.Jun n trnnsdominant negntivc mutant of
Jun, in YI cells revcrts the transformed morph(\logy of
the cells and results Sn a reduction in the levcl of DNA
methylation, DNA methyitransferase (MeTasel mRNA,
and enzymatic activity. Introduction of an oncogenic
Ha-ras into the GAP transfeetants rcsults in reversion to
n transformed morphology and an increasc in the levels
of DNA methylation and DNA MeTase activity. Tran­
sient transfection CAT assays demonstrnte thnt the ex­
pression of DNA McTase promoter in YI eells is regu­
lated by Ras and AP-1. These resuits eslablish a
moleeular Unk between a major signaling pathway in­
volved in tl\Dlorigenesis and DNA methylation.

Many lines of evidence have established that activation of
the Ras signaling pathway is one nodal point in Many pnth­
ways leading to cellular transfonnation (1). Recent data have
suggested that one possible downstream effector of Ras-trig­
gered cellular transformation is the AP-l transcription trans··
activation complex (2). One candidate for playing a role in this
pathway is the DNA methyltransferase (MeTase)' which bears
a number ofconsensus AP·1 sites in its 5' regulatory region (3;
4) that are responsible for induction ofits promoter activity (6).
The DNA MeTase is responsible for methylation of cytosine
residues located in the dinucleotide sequence CpG (6, 7). The
vertebrate genome is methylated at 80-90% of the CpGs (6, 7).
Maintaining a pattern ofDNA methylation is critical for main­
taiwng the differentiated state of a ceil (8) and for completing
the nonnal process of development (9). The DNA MeTase ac­
tivity is tightly regulated with the growth state ofceils (10, 11),
and previous models have suggested that the level of DNA
MeTase activity can play an important role in deter:inining the
pattern of methylation (G, 12, 13). The fact that gelies can he
inactivated by methylation as weil as that wideareas of the
genome, snch as CpG islands, are methylated in cancer cells is
weil established (14, 15). A CpG island-rich area on chromo­
some I7p, which is reduced ta homozygosityin lung andr.olon
cancer, as well as regions of chromosome 3p, that are consist­
enUy reduced ta homozygosity in lung cancer, are ·hyper•.
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methyluted (16). One possiblc cxplnnntion for thuse chungoa in
the DNA methylation pattern of cancer cells is the drmnntic
elcvation. of DNA methyltrnnsfernsc (DNA Mc'l'utm) nctivit),
observed in many cnnc~r cells (17, 18). Hecent lwidcnce sug­
gests thnt forced expression. of an cxogcnous DNA Me'rUl:lIJ
cDNA can trnnsform NIH 3T3 cells (19), llnd wc huve shown
that inhibition of DNA methylntion by expression of u DNA
MeTase nntiscnse RNA rcsults in l'eversion ortho trnnsfOl'lllcd
phenotype of YI udrcnocorticnl cnrcinonm cells (20). WhuL is
the moleculnr Hnk betwecn the known triggcrs of cellnlnr
trnnsformution and DNA hypcrmcthylution'? This pnpor lests
the hypothesis thnt the lovel of mcthylation of DNA in cUl\cer
cells is controlled by Ras.

YI is an adrenocortical tumor celltine thot \Vos isolated from
n naturally occurring adrcnocorticn't tll1l10r in nn LAI!' l nlollso
(21) which bears a 30- to GO-fold amplificntion of the collulnr
protoonr:ogene c~Ki-ras (22). It stands to renson. thut c-Ki-ras
plays all important role in triggcring the trnnsformcd stn'~ of
YI cells. This coll line expresses many odrcnnl speciflc gc'nes
but has specifically reprcssed, by n ci,IIi-modification evcllti the
21-hydroxylase gene (C21) (23). This repression iB associatcd
with heavy methylation ofth. C21 gene locus and the cells Btill
possess the' cupncity ta spccificnlly de nova Illcthylutc à trnù8~

fected C21 gene (24). Y1 con therefore serve as an oxcellent
model system for dissecting the molecular mcchnnisms that arc .
rcsponsiblc for hypennothylution und gone rcprcs8lcn avents
that arc ussocinted with the oncogcnic proccss; In this papal' wc
demonstrate that down-rcgulation' of Ras by, forced expression
ofhuman Ras-GTPA.Re activating pratein (GAP) (25) and dOWL'
regulation ofJun by exprcsBing the Jun trnnsdominant mutant
a9-Jun (26) results in inhibition of DNA methylation. Thi.
ihhibition is reversed when an oncogenic Ha-ras (27) is intro- "'- '
duced into GAP transfectants.

MATERlALS AND METHODS

Ceil Culture, DNA·mediated Gene Transfer, and Tu.morigenicity AB·
says-Yl ceUs (21) wcre a gift fr\im Dr.' B. Schimmer (23) and wcro
maintnined as monolaycrs in F-10 medium which was Bupplomonted
with 7.25% (v/v) heat-inacüvatcd horse serum and 2.5% (v/v) hont­
inactivated fetal calf serum (lmmunocorp, Montreal). Ali ether media
and reagenLs for cell culture wcre obtDined from Lire Technologies, Inc.
YI ceUs (l X_13ft

) were plated on a 150-mm dish (Nunc) 15 h hoforo
trant>rection~'fhe CDM8·hGAPl20 expression vector encoding the cDNA
ofthe\hûm'an Ras-GTPase activating'protein (28) (l0 118") or' t.he lcxA- ...,
a!.l,.Jun expression plasmid (li gifl; from Dr. Wasylik) (26) wero cointro- '-':..--,
duced into YI cells with pUCSVneo Cl J.L8") as a scJectoble mllrkor by. "~
DNA·mediated gene transfer using the calcium phosphate protocol. and
0418 resistantcclls were cloned in:sclective medium (0.25 mg/ml 0418)
(29). To genemtethe double 'GAP and Ha-Ras transfectnnta, GAP
transfectants wero cotranl>fected·with pZEM-ras (encoding the onco­
genic Ha·ras,(27) under the metallothionein prol1'loter in .the pZEM
vector. (30» .and pGK·hyg encoding the hygromycin reaistnnco gcne (a
kind/gift from Dr. McBumey (31) and double hygromycin (0.6 ILW'ml,
Cnlh,ochem) and G418-resiatant colla wcro cloned in selective medium.
Ari~horagc independent growth in son. agar (1 x' 103 cella) was analyzed
aB dl'8Crihed previously (32).' '.::-;

DNA and RNA Ana(:O:8es-Gcnomic DNA waB preparcd from polleted
nuclei, and total cellular RNA wea prepared from cytoltOlic 8upema­
tants using standard protocols (29, 33). To qunntify the: relative abun-
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dance of DNA McTusc mRNA, total RNA (3 IJ.C) wou blotted onto
Hybond·N~ using the Bio-Rad alot blot apparotus. The filter-bound
RNA Wll8 hybridbed ta a lIaP·lobeled 1.31·kb cDNA probe encoding the
putative cal.o.lytic damoin orthe mOllac DNA MoTose <3170-4480) (34)
and exposod ta UR film (Kodak). The relative amount oftotal RNA wos
determined by mCftb'lring the signal obtained oftcr hybridization ta an
18 S rRNA·spccific 32p·Jobclcd oligonucleotide (23). The autaradio­
grarns were scanned with ft Scnnnlytics BCanncr (one 0 analysis), and
the signal nt cach band wos detennined and normnlizcd ta the amount
of lotal RNA nt thl! Bame point. Three detcrminations were pcrfonned
per cach RNA snmplc.

DNA AnalYllc8 and Dcmethylation Assays-Two Ile of DNA wcrc
incuhowd aL 37 Ge for 15 min with 0.1 unit of DNose, 2.5 J.Ù of
[o·lIl1PjdGTP (3000 Cilmmol from Amerahom), and 2 units of Komberg
DNA polymerasc (Bochringcr) Werc then ndded nnd the rcneüon wns
incubnLed for nn nddiüonnl25 min nt 30 oC (35). Fifty pl ofwater werc
then odded 10 Lhe rcndion mixture, nnd the nonincorporntcd nuclelr
tides Were removed by Rpinning through n Microspin S·300 HR column
(Phunnncin BioLech Ine.). The lnbeled DNA (20 ILl) was digested with 70
ILg ofmicrococcnl nuc1e8sc (Phnnnacia) in the manufacturer's recom~

mcnded buffer for 10 h ot 37 oC. Equol nmounts of radioactivity were
loudcd on TLC phosphocclluloso pIntes (Merck), and the 3' mononuclc~
otidcs wcre sùpnrnted by chromntogrophy in one dimension Cisobutyric
ncid:HlIO:NH..OH in the raLio 66:33:1). The chromatogroms were ex­
pORcd te XAR film <Eestmon Kodak), and the nu1oradiograms wero
sennned by scanning loser densitometry (Scanalytics one-dimcnsionnl
annlysis). Spots eorrcsponding te cytosine and 5~methylcytosinewere
qunntified. To sludy demethylntion of specifie genes, genomic DNA (10
1L8) wos eJctrncted frrm lhe trnnsfccted lines nnd subjccted ln digestion
with BomHI (Bach ~ngcr Mannheim, 25 units) followed by digestion
wilh either 25 units"1Jf Mspl(M) which is insensitive ln CC·GG methyl~

___0... ntion or HpaIl(H) which is sensitive te methylation, for 8 h at 37 oC. At
~~0-.lcnstthroe different DNA preparntions isolnted from three independent

'""t?llS80gcS Wcre RBHnyed per trnnsfectont., '
Asso"v ofDNA MeTase Actiuity-Tc 'lÎetennine nudenr DNA MeTase

javels, calls were maintnined at the exponential phase ofgrowth and red. \
with Cresh medium evcry 24 h for at leo.st 3 dnys prior to hnrvesting,\'
and DNA MeTosc ncUvity wos 8ssaycd as dcscribed previously (11).

CAT Assays-Yl cells were transiently transfected and CAT aSsayB
wore porfonncd on 50 IJ.I of cellular cxtract (-10 JLi of proteiri) using
(l!lli)acetyl coenzyme A (0.5 IJ.Ci per ass&y (3.8 Cilmmol)) cssentially o.s
deBcrib~d (36) and modificd as in Ref. 3. The plasmid. pMET CAT+
beoring t.he 2.3~kb 5' upstream region of the DNA MeTase gene Wll6
dCBcribed previously (3l.The constructs bcaring· the two consensus
AP~l siLes at -1744 and ~1650 Were describcd (5).

Detection o{.Guanine Nucleotides Bound ta Ras-Assnys-werç per-­
Conned as described in. Ret 28,cxcept for sorne modifications. TtC
plates (polyethyleneimine, Bnnr.mnn) were prerun in distilled water
bororo londirig ofsamples. Somples were purified on Mir.rocon columns
(Amicon) berare .loadinK" and tho chromatogrnms were developed in
1.3 M Lie\. .

Gel Retordotion Aseays-A double-stranded consenBUS AP·l'recog~

nition sequence (5) (Promegn) Wu imd~lnbeledwith [y--32P}ATP using
T4 polynucleotide kinase (BoehringerMannheim) and ,WBS incubated
with. 1-31J.K' ofnuclear extracts (Il). The AP~l complexes fonned wero
analyzed by gel elcctrophoresis and autoradiogrnphy asdescribed in
Rof.29.

RESULTS

Forced Expression ofhGAP.a9.Jun. and Ha·Ras + GAP in
YI Cells-To test the hypothesis that the hypermethylation of
DNA InYl cells ls controlled bythe Ras signaling pathway, we
generated YI transfectants expressing the human GAP"·
(GAP) under the direction of cytomegalovirus regulatory ss­
quences (28) or the transdominant mutant of c-Jun, a9.Jun

. (26); To verify that the changes induced by GAP result from
~own:'reiulationo(Ras, we eointroduced anoncogenicHa·ras
expression vector (27) into a GAP transfectant (clone number
7). Nontransfected YI cells and YI cells that were transfected
with pUCSVneo only or with another eXpression vector (pZEM)
(30) served as controls. The presence ofhGAP, a9, and hGAP +
Hn·Ras in these clones and its. expression was detennined
using Southern (data not shown) and Northern blot analysis
(Fig. l, A, B, and Cl. Western blQt analysis for hGAP (using a
rabbit polyclonal antibody against hGAP) and Ha·ras (using a

monoclonal antibody against v-Ha·Ras <Y13-259l was used ta
correlate the levei of transfected protein with the levels of
mRNA (by scanning the Western blot fluorograms). GAP and
GAP + Ras transfectants showed a 3- (GAP 7, GAP 14, and
GIRl) to 5-fold (GIR2) increase in GAP levels, and, as expected
from the mRNA analysis (Fig. lA), the totel Ras protein in the
Ras transfectants wes 3-rald the ievel observed in the control
YI and GAP tra"sfectants (data not shown).

Ali orthe seven GAP positive clones showed distinct morpho­
logiesl changes, white none of the six controls YI, Ylneo, or YI
pZEM Unes showed similar changes. We focused our attention
on two clones that showed high levels of GAP expression. To
determine the biological implications ofhGAP expression in YI
cells, the morphological and growth properties of the YI GAP
transfectants were determined (Fig. 1). While control YI cells
exhibit limited contact inhibition and farm multilayered Coci,
the GAP transfectants exhibit a flat morphology and grow
exclusively as monolayers (Fig.!. right panel). The ability of
cells ta grow in an anchorage·independent fashion iB consid·
pred to be an indicator of tumorigenicity (32), the YI GAP
transfectants demonstrate a distinct reduction in their ability
ta Conn colonies in so~ agar. Whereas YI and YI pZEM fonned
large colonies on soft agar: 166, 153 for YI, and 120;126 for YI
pZEM, the GAP transfectants formed less colonies that con·
tained only few cells: 39;46 for GAP .7 and 34;26 for GAP 14.
The transcription factor Jun ie an important downstream ef·
fector of the Ras signali:lg pathwsy (37, 38). Forced expression
of the transdominant negative mutant or'Jun, a9 in YI eeU, "
results ~n sinùlar. changes; in morphology to those observed
with GAP (Fig. l, right panel). Oncogenic ras is not modulated
by GAP and should therefore restore Ras hyperfunction to GAP
transfectants (25). AIl positive Ras transfectants exhibited a
transformed. morphology. Two Jines bearing both GAP and
Ha·ras were used for our study (Fig. l, right panel).

Modulat(on of the Ras 8ignaUng Pathway-To determine
whether thelRas signaling pathwsy was affected in the differ­
ent· transfectaîi"t:!, we measured two detenninants of the Ras
signaling pathway:, gnanine nucleotide binding' to Ras and
AP-l DNA binding activity. Ras is biologica1ly active when
bound to GTP and inactive when it is bound to GDP (25). The
GTP/GDP ratio was determined following labeJing ofYI pZEM,
YI GAP 7, and YI GAP + Ras (GIRl and -2) transfectants with
[32Plorthophosphate, immunoprecipitation ofRas, and anelysis
of GTP/GDP by thin layerchromatography (2<i, 28) and !luto,
radiography. The percentage ofGTP bound(activated) Ras was
determined by scanning. Whereas 15.9% of the guanine nucle·
otide bound to Ras is GTP in the YI pZEM controls, only 4.8%
of total Ras is GTP·bound in the GAP 7 transfectants. Forced
expression of ·Ha-Ras in the GAP transfectants results in a
signilicant increase in GTP-bound Ras (29.1% and 29.7% for 1
and 2, respectively) (data not shown).

To determine whether AP·l activity was modulated in our
transfectants, we performedgel retardation ass.ays on" nucle~
"'<tracts prepared .from the difTerent transfectants using a "p.
labeled oligomer bearing the consensus AP·l recognition se·'
quence (5). AB observed in Fig. 2A, forced expression of GAP in
YI cells results in reduction of total AP-l binding activity as
weil as a change in the AP-l complexes formed (complex A and
B forpZEM versus complexes C, D, "nd E in GAP 7). Forced
èxpressionof Ha-Ras in GAP transfectants resulted in an in·
creâse in overall AP·l binding activity and a change in the
complexes formed (Fig. 2A, GIRl and G1R2; complexes D and
E.similar to GAP andcomplex Cl. Forced expression of a9
results in a reduction in overall AP-l binding activity and a
change in the ratio of complex AIB to C (Fig. 2B). AIl complexes
are specifie to AP·l sinee thcy are competed with exeess of
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FIG. 1. Morphological transformation ofYl ceUs exprc8Sing transfected hGAPlllO.BO_v-Jun and hUAPllO wlth oDcogenle Ha-rua. A,
B, and Ci expression of transfectedconstructs in YI cells. Total cellular RNA (10 fLIf) prepared' From clon~l YI transfectnnte ~GAP ,7, 14, aB 1, 2,
6, and GIRl and -2),and YI cells transfected with the neomycin resistance gene (YI controts) or pZEM vector(SO) only as controts WBB Bubjectod
to Northern blot analysis and hybridization with 32p·labeled 4.2-kbEcoRI fragment encoding hGAP':tO cDNA (29) (.A). The human GAP mcsa6go
in the transfectants migrates at 4 kb. B, a9-v.Jun specifie probe (a 447-bp SalI fragment From the v..,jun domain, Ref. 26. C, ft Ras-specifie probe
(O.7-kb HindII-Pstl fragment, Ref. 27). The viral ras directs a 2-kb transcript that is easily distinguishable from the ahorter endogonous mossoga{s)
(1 ta 1.4 kb). The filters were stripped from the radioactivity and rehybridized with an 18 S rRNA-specific 1I2P-labelcd oUgonudeoUdo (23). Right
panel, phase contrast microacopy nt X 100 magnification ofUving cultures ofYl donal transfectants with a CMV·hGAP cDNA expression vector
(27) (YI GAP), a9·v.Jun cDNA expression vector (YI, a9) (26). Yl GAP cella retransfected with pZEM ras expression vector (5) (YI GIR. X 200
magnification)or Yl controls transfected with the expression vector pZEM (YI pZEM) (30).

nonlabeled AP·1 oligomer (Fig, 2, A and B). Whereas the com- pZEM controls (58%, 60%, and 62% for a9 1, 2, and 6, respec­
position orthe different AP·1 complexes has ta be deterrnined tively), In summary, this experiment demonstrates that forced
in future experiments, this set of experiments demonstrates expression of GAP or a9.Jun: in Yi adrenal carcinoma cells
that AP·1 activity was significant1y affected upon forced ex- result in a genome-wide reduction in DNA methylation.
pression of GAP, a9, and Ha·Ras. The C21 and. myoD Genes Ar. Hypomethylated in GAP and

Expression of hGAP and a9.Ju" Resulls in Genome:wide a9-Jun Transfectanls-To further address the question of
Hypomethylation-To deterrnine whether expression ,,(GAP whether DNA hypomethylation istriggered by a general
results.in changes in the methylation status of Y1 DNA, Y1 change in the DNA methylation capacity of the cali or whether
(pZEM transfected) .and two GAP transfectants' DNAs were it reflects only local changes in gene expression, specifie gana
subjected ta "nearest neighbor" analysis uBing [a.32PjdGTP as sequences were studied. The C21 gene is specifically repressed
described previously (35). This assay deterrnines the relative and de nouo methylated when it is exogenously introducad inta
level ofeach ofthe possible 5' neighborsofG in the genome and Y1 calls (23, 24). The methylation stale of the 5' o(the gene in
thus enables' us ta quantify the relative abundance of non- four independent Yi GAP transfectants, aYl neo transfeetant,
methylaled and methylated CpG dinucleotide sequencas. The and a Y1 control was studied with a MspllHpaII Southem blot,

,Ievel of nonmethylated cytosines in the genome of GAP trans." analysis (Fig. SA) using a 0.3-kb 6' probe (B.. boUom panel for
, fectants 7 and 14 (35% and 45%) is 3· ta 4-fold higher than i~,\,physicalmap). We have been analyzing this sequence in differ·

the controls pZEM 1 and 7 (8% and 9%). The a9 transfectanls '",,,t Y1 populations as weil as different transfectants in thelast
exhibit a 3· ta 4-fold increase in the percantage of nonmethyl. 5"years, We never observed demethylation of this ragion in YI
ated cytosines in CpG nucleotides in the genome versus t~e cells. Additionally, we used four independent GAP lines for this
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Southern hlGt analysis 10 rule out the possibility that demethyl­
ntion lS a random event. While both YI and the YI neo trans~

fectlints are heavily methylated and show a diagnostic -1.9-kb
band following Hpall digestion (Fig. SA, empty arrow), this
band is dramatically reduced in all the GAP transfectants, and
new lower molecular weight bands rel1ecting partial demethy\­
ation of the 5' C21 gelle sequence are observed (Fig. SA, dark
arrows). The fact that four independent transfectants bear a
similor pattern of hypomethylation, .for example, the. relative
abundance or'the 0.52-kb partial Hpall fragment (Fig. SA and
bot/om pane! for map) which is completely absent in the Hpaii
digests ofYl cells, and a YI neo transfectant demonstrates that
this hypomethylation is a direct result of GAP expression
rather than clonai variability among YI cells. Similar to.the 5'

., region; the body of the C21 gene exhibits distinct changes in
DNA methylation (Fig. SB). There is a relative diminution of

" the higher molecular weight fragment at S.8 (open arrow) (the
DNA was digested with BamHI following the MspIlHpaii anal·
ysis which should give a S.8-kb fragment) and appearance of
the .1- and 0.9-kb doublet (see physical map in bottom pane!
indicating the Hpall sites l1anking the 1- and 0.9-kb frag­
monts) (Fig. SB). The state of methylation of the C21 gene in
a9.Jun transfectants is presented in Fig. 4A. These results
indicate that the Hpall sites l1anking the the l-kb Hpaii frag-

. 'ment (sce physica1 map, Fig. S, bottom panel) which are almost
fully methylated in YI cells and the pZEM controls, as indi­
catedby the absence of the 1.kb Hpall fragment, are almost
completely hypomethylated in the a9 transfectent (Fig. 48, top
emptyarrow, l-kb fragment in the HpaII.lane). C:~ner sites are
less reodily hypomethylated as implied by thel3bsence of the
lower molecular fragment at 0.8 and 0.4 kb. SO{..,e faint bands
at this molecular weight range are present in thè\'l9 -6 trans­
fectant suggesting that demethylation of the other sites also

occurs in a subset of a9 transfectants.
Whereas YI cells contain the machinery needed for C21 gene

expression (23), thli'hypomethylation observed in the 5' region
of the gene might!be a result ofloeal changes in gene accessi­
bility rather than a primary hypomethylation event thaUs
centra11y regnlated. To address this question, we tested the
pattern of methylation of other genes such as the gene for the
5HTlA receptor, a gene specifica1ly expressed in the hippocam­
pus and not in the adrenal or. the ubiquitouslyexpressed p5S
gene. Demethylation was observed in both gene sequences
(data not shown). Another locus that was studied is the myoD
gene. This locus is heavily methylated in YI cells as indicated
by th. high molecular weight fragments ranging from S.S5 10 7
kb in the Hpaii digest of the YI control transfectant (Fig. 48,
pZl, empty arrow). The sites l1anking the S' 1.05-kb Hpall
fragment are, however, partia11y methylated in YI cells. The a9 .
transfectants exhibit complex changes in the pattern of meth­
ylation at this locus. The 3.5--7-kb hypennethylated partial
Hpaii fragment is partially demethylated resulting in two
lower molecular fragments around the 3.35-kb marker (Fig. 48,
rJark arrow). However, the 3' l-kb fragment is methylated and
absent in the a9 transfectants. The GAP transfectants exhibit
a distinctly similar pattern (Fig 48, right pane!) except that
they show some demethylation of the 0.58-kb Hpall fragment
(sites 8 and 9 in the physica1 map).These results indicate that
even undér conditions when the genome is generally hypo­
methylated, sorne specifie sites behave differenUy and become
hypennethylated (Fig. 48, the 1.06fragment). The mechanism
responsible for this site-specifie response is unclear ta us.

. GAP and a9 Transfectants Express Lower DNA MeTas. Ac­
tivity thon Control Transfectants-One possible mechanism
through whirh the Ras signaling pathway can control DNA
methylatiorl!. by regnlating DNA MeTase activity in the cen's
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FIG. 3. Hypomethylation of specifie gene sequences in YI GAP transrectants. A, C21 gcne 6'. top panel, gcnomic DNA (10 111) WD8

extracted from the transfected lines and subjected ta digestion with BamHI followed by digestion with either MspI (M) or Hpall un. Soulhom blot
transfer, and hybridization with a 32P·labeled DNA probe ta the 5' region orthe mause C21 gone (23) (sec bottDIn panel for phyaicol map of Hpall
sites). The open arrow indicates the position orthe 1.9-kb band seen in HpallIanes whon thiB site ia methylnted. Mspl c1cDvngc ofthcao 8itoslll
partial becousc they are nested within a HaeHI site which is usually rcsistnnt ta Msp[ c1eavnge whon the internai cytosine is methylnLed (42). The
filled 4rrows indicate expected Hpall fragmenta resulting from demethylation ofdifferent sites. Bollom panel, physical map. The location ofCCGG
sites and the probes used are indicated relative 10 the physical map of the C21 gene. The expected HpaIIlMspI fragments aro indicatcd by ft line.
œ, BamHI). B, C21 gene (3.8-kb fragment), genomic DNA (l0 1LIr) extrBcted from the indicated lines W8S subjected 10 MspIlHpaII restriction
followed by digestion with 20 units ofBamHI, Southern blot transfer, and hybridization with 8 32P-Iabeled DNA proberor the mouse C21 geno
(3.8-kb BamHI fragment) (23). The open arrow indicates the position of the fully methylated 3.8·kb fragment. The dark arrowB ,indlcntea the
position of fully hypomethylated 1.010.9/0.8 group of bands and the 1.9·kb partially hypomethylntcd fragment.

nucleus.' We therefore compared the Ievel of enzymaticDNA
MeTase activity in GAP and a9 transfectants versus controls.
DNA MeTase activity is regulated with the state of growth of
cells (l0, Il), therefore, all cultures were maintained at the
exponer..tial phase of growth and fed with fresh medium every
24 h for 3 deys prior ta harvesting. DNA MeTase activity in the
different nuclear extracts was assayed using S·[methyl·3H]ade­
nosylmethionine as the methyl donor and a hemimethylated
double·stranded oligonucleotide as a substrate as described
under "Materiels and Methods." Rasults of a representative
experiment presented in Fig. 5 shows that both GAP and a9

transfeetants bear lower levels of DNA MeTase activity than
the pZEM controls (20-30% of controls) Cp < 0.05 for GAP
versus pZEM and p < 0.005 for a9 verSUB pZEM). These lines
also express lower levels of DNA MeTa.. mRNA as quantified
by a slot blot analysis using a DNA MeTase 3' probe and
normalizblg the signal ta that obtained with an 18 S RNA
oligonucleotide probe (Fig. 7B). In Bummary, these resûlts are
consistent with the hypothesis that Ras and Jun ure important
for maintaining high levels of DNA MeTase mRNA and enzy·
matie activity in YI cells.

Forced Expression ofan Oncogenie Ha·ras in GAP Transfec.
~.
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of the 5' of the 021 gene using a 0215' probe (see Fig. 3 for
physical map). Tbe autoradiogram was scanned and th. rela­
tive intensity of the different fragments was determined (Fig.
68). The partially hypomethylated flpall fragments at 1.0 kb
and 1.9 kb which are observed in the GAP lane are reduced in
intensity or absent in the GAP + Ras digests (Fig. 68); on the
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FIG. 6. DNA MeTase activity in GAP and aD transfectants and
Y1 eontrols. DNA MeTase activity in nuclear extrocts prcpnrod From
GAP and a9 traüsfec:tants and pZEM controls was detennined using Il
synthetic hemimethylated double-stranded oligonucleotide.substrnte ns
described under '"Mnterials and Methods.- The results are exprcssed as
disintegrationslmin ofmetbyl·3H incorporoted into the substrote oligo·
nucleoUde per 3 J.li oF nuclear protein for 3 h at 37 oC. The rcsults are
prcsented as averages oF three detenninations :!:: S.O. The atntisticnl
significanœ of the differenc:c between the GAP and pZEM and the a9
and pZEM was detennined by a t test:: GAP. P < 0.05; as, p < 0.006.

tants Reverses the Hypomethylation Induced by GAP Expres·
sion-To verify that the hypomethylation induced by GAP di·
rect1y results from down·regulation of Ras activity, and to test
the hypothesis that overexpression of Ras can induce hyper·
methylation ofa cell's genome, we determine the state ofmeth·
ylation ofgenomic DNA ofGAP + Ras (GIR) transfectants by a
"nearest neighbor" analysis. The level of nonmethylated cy·
tosines in OpG sequences in the DNA of the GAP +Ras traus·
fectants is 3-4-fold lower (8% and 12% for GIRl and ·2, respee­
tive1y) than in the GAP parentallines (35% and 42% for GAP 7
and GAP 14, respl'Ctively) and similar to the level observed in
control YI tranafectants. The state of methylation of three
specifie gene sequences was studied by an MspUHpall analy.
sis. The 021 gene (hybrldizing to the 3.8-kh 021 probe, see Fig.
3) la significant1y hypomethylated in the GAP tran.fectants as
implied by the relative abundance of the fully nonÎnethylated
Hpall fragments at 1.0, 0.9, 0.8, and 0.4 (Fig. GA). Tbe relative
abundance of the nonmethylated fragments decreases signifi­
cant1y in both GAP + Ras transfectants. Tbe fully methylated
3.8-kb fragment (the DNA was digested with Bamm following
HpaIJ/MspI digestion, a fully methylated 021 gene will migrate
as a 3.S-kb Bamm fragment) which is absent in the GAP
transfectants is present in the GAP + Ras transfectants. Tbe
021 gene is not as fully methylated in the GAP + Ras trans·
fectants as it is in the YI controls (Fig. 3B), suggesting tbat the
de nova methylation ofthis gene in response ta Ras overexprcs·
sion /s a slow process. We next studied the state ofmethylation

myoD. Genomic DNA no f.I&) extrac:ted from the indicated lines as weil as two GAP tranafectants (7 and 14) were ilOlated and treat.ed ...bove
and 8ubjected to Southem blot transFor and hybridization with a cDNA probe encoding mouse myoD (43, a kind gin 'or Or. Weintraub). nIe optn
orrow indicates the position oF methylated ONA fragment above the 7 kb marker. The dark arrow indicatea the position of the partiBlly
hypomethylated fragment observed in both GAP and a9 transFectanu. The expeded O.5-kb Hpa.I1 fragment resultlng from demethylation of litel
S and 9 is observed in the GAP transfectants but not the a9 tranaFect.ant8. A physic:al map of the myoD geno Bnd the probe uaed are depicted in
the bottom panel.
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pattern of tumor ecUs is control1ed by an oncoglmic signal
transductien pathway (5) using the adrenccortical tumcr œil
line YI as a mode\. Y1 is a weil studied and estnblished œllline
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FIG. 7. DNA MeTase acu'vity and steady state mRNA levels in
YI coDtrols, GAP, aB, and GAP + Ras transfeetants. AI DNA
MeTase acUvity in nuclear extracts prepared from YI. pZEM (pZ)
transfectants, GAP 7, and GAP + Ras (GIR) transfectants was deter­
mined using a synthetic bemimethylated double-strnnded oligonucieo­
Ude substrate as described under -Materials and Methods." The results
are expressed as disintegrationslmin ofmetbyl.3Jl incorporated into the
aubstrate oligonucieotide per 3 J1g' of nuclear protein for 3 h at 37 oC.
The results are an average ofthree determinations·: S.D. The atatfs­
tiœl significance of the difTerence between the different groups W8B
determined using a t test (Systat). GAP versus pZEM, P < 0.05; a9
uersus pZEM, p < 0.005; GAP versus GAP + Ras. p < 0.05. However,
tbere is no statistically significant difTerencc between pZEM and YI or
pZEM and GAP + Ras. B. quantification ofDNA MeTase mRNA levels
by a slot blot nnalysis. RNA samples as in A were spotted in triplicate
onto a Hybond-N N+ filter using a Bio-Rad slot blot apparatus. The
filter was' sequentially hybridized with the MET 3' probe, strippedof
radioactivity, then rehybridized with an 18 S rRNA probe. The signaIs
were quantified by dcnsitometry, and the abundance of ONA MeTase
mRNA relative to 18 S rRNA at each point wu calculated. The values
are presented as an average of tbree determinations : S.O. Statistical
significance ofthe difTerence between the Yi group and the GAP group
Cp < O.Ol), a9 versus Yi Cp < 0.05), and GAP + Ras versus GAP Cp <
0:001) was determined by a t test.

othor hund, tho partially hypormethylatod HpoIl fragments at
1.2 and 4.5 urc relativoly intensified in the GAP + Ras lunes. In
Bummury, thctm analyses support the hypothcsis thnt cxprcs­
Bion of nn cxogcnouN Hu-Rua rcsults in hypermethylntion orthe
genume. The fuel that one could rcvert the effects of GAP
cxprcHsian by Hu-Rus supports the conclusion that hypomethyl·
ntion is induccd by nttenuntion oC Rus ucLivity.

GAP + Ras 1'ralls{ectants Express Hig/ter Levels of DNA
Afe1'a:II! mRNA and Enzymatl'c Actiuity titan GAP Contrais-Ta
dctermine whcthcr expression of Hn-Rus in the GAP trnnsfec­
tunts will rCBult in induction of DNA McTnse nctivity, wc
dctcrmincd DNA MaTuBe nctivity in nudenr extrncts prepured
from GAP und GAP + Rns trunsfcctants us dCBcribed ubove and
undcr "Mntcriuls und Methods." As observcd in Fig. 7A, GAP +
Rns trunsfcctunts express higher levels of DNA MoTase activa
ity rellltive ta the parental GAP line (p < 0.05). The level of
ncLivity observcd in GAP + Rns lines is similor ta the Ic"ol of
tlcLiviLy observcd in YI cclls Cp > 0.4) und the control transfec.
wnts (pZEM). Similur changes were observed when the level of
DNA Mc'fuse mRNA wus qunnlified using u slot blot nnulysis
lIod hybridizlItioll with the 3' DNA MeTlIso probe (Fig. 78) (p '"
0.001 for GAP + Rus vrrsus GAP). These data ure consistent
with the hypethosis that oxpression ef GAP inhibits DNA
MeTuBe expression by inhibiting Rus nctivity. Expression ofan
oncogenic Ha·ras (GIy12·Val) by·passes GAP inhibitien and
reverses the inhibition of DNA MeTnsc expression. In sum·
mury, our rcsult.a ure consistent with the hypothesis that DNA
MeTasc activity and hypcnnethylatien of the geneme in YI
cclls is controlled by Rns.

Expression ofa DNA MeTose Promotel'CAT Construct in YI
Cells Is Depelldent on AP·I alld lnhibited by lnhibitors of the
Ras Sigllalitlg Pathway-The DNA MeTase prometer boars a
number orconsensua AP·l recognition sequences (3). Jun, Fos,
or Ros cnn trnnsnctivnte the DNA MeTuse promoter, and this
trnnsuctivntion iB dependent on these AP·1 sites (5). One pOSa
Bible mechunism for explaining the inhibitien ef DNA methyl.
ution upon inhibition orRas or Jun in YI cells is thnt expres·
sion cf DNA MeTase promoœr in YI œlls is dependent en
activation cf AP·1 by Rns. 'ro test this hypethesis, we cotrnns·
fccted the DNA MeTase S' region·CAT construct inte Yl œlls
with hGAP, il9.Jun, er Asn l7·Rns (39). As observcd in Fig. BA,
hGAP which down·regulutes Rns acUvity, Asnl7·Ras which
inhibits Rns, and il9 which inhibits Jun also inhibit the activity
of the DNA MeTase prometer. Cotrnnsfoctien of pMET CAT+
with Rns cr Jun did not altor the acUvity cf the construct
suggesting that Rns activity in YI œlls is saturated even with·
out adding it cxogeneusly (data not shcwu). To detennine
whcther the prometer activity is dependent on AP·1, we tested
tho ubility cfa construct bearing the two AP·1 sites at -1744
and -1650 juxtaposed 10 the minimal DNA MeTase prometer
(WTIWT) (5) and constructs boaring a site·specific mutatien in
either ef the AP·1 sites (-1744 MUTIWT; -1650 WTIMUT) cr
beth sitos (MUTIMUT) 10 direct CAT transcription. The CAT
assay presented in Fig. SB demonstrates that expression of
pMET CAT in YI cells is inhibited when either AP-1 site is
mutated. In summnry, the CAT ussays presented abcvo sup­
port the hypcthosis that the DNA MeTase promcter is acU·
vated by AP·1 in YI cclls and is inhibited by down-regulators of
the Rns signaling pathway.

DISCUSSION

\Vhile activation of the methylation machinery in cancer
œlls is woll cstablished (17, 18), and it has boen shown that
overexpression of an exogenous DNA MeTase can lead ta cel·
lular transformation (19), the molecular mechanisms responsi..
bl. fcr this change are uncl.ar. This paper tests the hypothesis
that has heen reœntly suggested that the DNA methylaUon
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FIG. 8. DNA MeTase promoter activity is dependent on the presence of a tunctional Rail .ipaling patbway. A. YI colla ,wcrc
transfected with 10 ILS' of pMET CAT+ (4) (see C for physical map) and increasing concentrations of expression veclol'll expreuing hOAP (28),
a~un (26), or a transd~minant Ras mutant Asn1'7_Ras (39). The total concentration ofDNA trnnsfccLed in aU conditions WBII maintaincd conal8nt
at 20 IJ.G' by adding BK (Stratagene) to rule out nonspecifie effeets ofdilferenees in DNA concentration. Cella were horvcaled of\er 48 h. Ilnd CAT
activitywas determined as deseribed below. Each experiment was repeated nt lcast twice. Each value is presented lUI menn ofthrce deLermlnntiona
:: S.D. B, CAT activity expressed in YI ceUs that were cotransfected with 4 J18' orCAT constructs bearing the 118-bp sequence AP-l region ofthes
DNA MeTase promoter (-1744 and -1650)juxtaposed to the HindIII-Nael fragment (encociing the DNA MeTase promoter) (4, 5). WTIWT beon&
bath sites in the wild type farro, (TGACCTCA at -1744 and TGACTGA ot -1650), MUTIMUT beur.l, both AP·l aiLes in u mut.ated fonn
(TGAGGCA), Wl'IMUT bears the 3' site in Il mutated forro, and MUTIWT bears the 5' site in a mutat.ed fonn. A detai1cd doacription of the
constructs and their activity i8 described in Ref. 5.

which hos the advantage that it is derived from 0 naturally
occurring tumor, bears aD. amplification of an endogenous ras
protooneogene (22) rather than a virally induced oneogene, and
exhibits a stable DNA methylotion pattern in culture. Whereos

it Îs generally hard ta extrapolate from' eventH occurring in
tumor cell lines in culture 10 the situation in vivo, a weIl
characterized model 8uch as YI enables one ta disscct mceha..
nÎsrns and pathways in a manner that is almost impossible 10
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accomplish in vivo, cspccially in the humnn. The predictions
obtuined from 8uch nn nnalysis could be then annlyzed in the
contcxt of observations derived from in vivo situations. The
induction of DNA MeTase nctivity and hypermethylation of
Bpccific loci in cancer in vivo ie a very well cstablished phenom­
enon (16-18) os weil 88 the fnet thnt Ras ie activated in many
cancer cells. Our ex vivo model enublcd UB ta dissect the posai.
bility thnt thcsc events are relaLed and cstablish potentinl sites
through which Ras might control DNA mcthylation. The DNA
Me'rmlC promoter benrs a number of AP·l sites (3) which arc
responsible for ils induction by the Ras.Jun signn1ing pathway
(5) rnising the pOBsibiiity thot ROB enn control the pattern of
DNA rnethylation (4), This paper tests this hypothesis. First.
wc dcmonstrnte thnt expression of GAP in YI cclls, an estab­
Iished down-modulutor of cellular Rns uctivity (25), leads to a
rcduction in the stutc of transformation of the cells (Fig. 1)
supporting the hypothesis that transformation of YI cells is
dependant on high acLivity of the endogenouB Ras. Expression
ofGApl:l:tl also rcsults in a genernl change in DNA methylntion
which supports the hypothesis thatthe methylation pattern is
controllcd by li signaling pnthwny thnt triggcrs tumorigenesis.
Second, changes in DNA mcthylntion occur in genes ofdifferent
ccli type spccificity: muscle (myoD) and adrenal (C21) (Fig. 3).
excluding the model thnt dcmethylation is exclusively an effect
of local ccll~specific changes in gane expression. Third, intro­
duction of n trnnsdominant negative mutant of Jun into YI
cells (26) (Fig. 1) results in reduction of genamie and gene­
spccific DNA methylation levels (Fig. 4). Fourth. inhibition of
Ras by GAP and Jun by a9 results in a reduetion in DNA
MoTase activity and mRNA levels (Fig. 6 and 7). Fil1;h, intro­
duction of lin ancogenic Ha-ras into hypornethylated GAP YI
trnnsfcctnnts induccs morphologieal trnnsfonnation (Fig. 1),
hypcnnethylation (Fig. 6). and induction of DNA MeTase ac­
tivity (Fig. 7). Sixth, the DNA MeTase promater activity in YI
cclls. as detemlined by CAT ass&yS, is inhibited by GAP. a9.
and Asn17-Ras (Fig. SA) and dependent an the presence of
functional AP-l sites (Fig. 88). Our results are consistent with
the hypothesis that Ras controls DNA methylstian by aetivat·
ing Jun which in turn transaetivates the DNA MeTase pro­
moter by interacting with AP-l sites in the promoter (Fig. 9).

,The broad changes in methylation in the GAP and a9 trans­
foctants' DNA and the reveraal of this hypomethylation in the
Ha-Ras·GAP transfectants is consislent with a model suggest·
ing that the Ras signaling pathway controls the general meth·
ylation cnpncity orthe cell. Since it is clear thnt in vivo specifie
regions are hypennethylated in cancer cclls (16), this raises the
interesting question: why are different sites hypomethylated to
n ditTerent extent if hypamethylation. is .a general process?
While there is na dear explanation for this phenonienon, sorne
models have been suggested previously (13). It has been sug­
gested that under conditions of a general reduction in the
methylation capaeity of the ccli. different sites will show dif­
ferent levels of hypomethylation because of differences in ae~

ccssibility to the methylation machinery (13). The results ob­
,tained in this paper with inhibitora of the R8s pathway are
consistent with the model that even when the general niethyl­
atioD capacity of a cell is reduced, sorne site selectivity is
observed. For example. the Hpaii sites flanking the O.36-kb
C21 5' fragment (Fig. SA) are more extensively hypomethyl­
ated than the sites flanking the MyoD 1.06·kb fragment which
undergoes sorne de novo methylation in both GAP and a9 trans­
foctants (Fig. 4B). Similar conclusions can be drawn from the
GAP + Ras transfoctants (Fig. 8). Whereas the general level of
methylation in these transfectants i. similor ta the YI controls,
the pattern of methylation of specifie genes indicates that not
ail gencs returne<! to the original pattern observed in parental
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FIG. 9. Regulation of DNA MeTasc in YI cells by the Rus sig~

naling pathway: B model. Amplification of the ras gene results in
overexpression of Rns (23), whic:h in lum results in induction of Il

cascade ofprotein kinases (for Ras pathway) resulting in tum in acti­
vation and phosphorylation ofJun. Activation ofJW1 results in nctivn~

tion of the DNA MeTase promoler (Fig. 8), induction of DNA MeTnse
activity (Fig. 7). and an încrease in the DNA methylntion cnpncity ofthe
ecU. A change in the methylation cnpacity rcsults in aberrant methyl­
ntion patterns which are invalved in estnblishing or maintnining a
transCormed state by D. yet unknown mechanism. To test this hypothe­
sis, wc have used inhibitors of the pathway at different nodal points:
GAP which· activates Ras-GTPase activity and [l9 which is a transdomi~

nant negative mutant ofJun. Bothmodulators cause hypomethylation,
inhibition of DNA MeTnse activity, and reversaI of transformation.
Introduction of an oncogenic ras whieh by-po.sses GAP rcgulation into
GAP cells results in hypermethylation and induction of DNA McTase
activity. In a separate work, we show that inhibition ofDNA MeTnse by
an antisense can reverse tumorigenesis (20).

YI lines. For example, the C21 (3.8-kb fragment, Fig. 6B)
shows an intermediate level ofmethylation between the paren­
tal YI (Fig. 3B) and GAP (Fig. 3B and Fig. 88). Our results are
consistent with previous observations shawing that even when
the methylation eapacity of 10T1I2 cells is significantly inhib­
ited by sequential rounds of azaC treatment, certain sites will
remain heavily methylated while most of the genome will un­
dergo extensive démethylatian (40). A tenaciaus site ofmethyl­
ation in tlle p53 gene that has been reeeritly analyzed by Jones
and his group (41) is another example ofa site that exhibits an
inherent tendency for hypermethylation. Whereas no specifie
factor that ean modulate the methylation level ofa specifie site
has been yet identüied, the data cited tibove are consistent with
the existence of 5uch factors.

Are the changes in DNA methylation observed following
attenuation of Ras signaling critical for the reveraal of the
transformation process in YI cells? Recent evidence from our
laboratory indicates that inhibition of DNA methylation by
either an antisense ta the DNA MeTase or 5~azadeoxycytidine

reveraes the transfonnation of YI cells (20). Whereas addi­
tionaI experiments are required ta determine whether activa~

tion of Ras in tumors in vivo can induee the DNA MeTase and
whether this induction plays a role in the oncogeme state, the
data presented in this report establish a potentiallink between
DNA methylation, oncogenesis, and the Ras signaling path­
way. One should also emphasize that induction of Ras might
have different efTects on ,DNA methylàtion in different ccU
types sinee other genes which can also influenceDNA methyl~

ation might be induced in different eeU systems. While addi-
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tionai experiments will he required ta addrcss these questions,
the results presented ubave dernonstrate that the pattern of
DNA methylation can he controlled by fi cellular signal trans­
duction pathway thnt cnn lend a cell townrd fi trnnsformed
stute.
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Chapter 3: Expression of Antisense to the DNA

Methy1transferase mRNA induces DNA Demethy1ation and Inhibits

Tumorigenesis. A.R. MacLeod and M. Szyf, J. Biol. Chem. 270, 8037­

8043 (1995).

In the previous chapter we showed the Ras signaling pathway can activate the DNA

MeTase as a downstream target, leading to the stable epigenetic modification of the

genome. This suggests a mechanistic link between known oncogenic signais, DNA

hypennethylation and the transfonned state. The critical question remaining to he

answered is whether indeed the level of expression of the endogenous DNA MeTase plays

a causal role in oncogenic transfonnations induced by naturally occurring oncogenic signal

transduction pathways. To address this question, we developed an antisense approach

allowing us to specifically modulate the DNA MeTase levels in cells derived from a

naturally occurring mouse tumor and to study the effect of trus 'modulation on the

oncogenic potential of these cells.
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Many tumor ceU lines overcxpress DNA methyltrans~

ferase (MeTase) activity; however it is still unclear
whether this incrense in DNA MeTase activity plays a
causal role in natura1ly occurring tumors and ccll lines,
whether it is critical for the maintenance oftransformed
phenotypes, and whether inhibition ofthe DNA MeTase in
tumor cells can reVerse transformation. To add.ress thesc
basic questions, we transfectcd a murinc adrcnocorticnl
tumor cell line YI with a chimeric construct expressing
GOO base pairs from the 5' of the DNA MeTuse cDNA in the
antisense orientation. The nntisense transfectnnts show
DNA demethylation, distinct morphologîcal alterntions,
are inhibited in their ability ta grow in an anchorage..
independent mnnner, and exhibit decrensed tumorigenic.
ity in syngeneic mîce. Ex vivo, cells expressing the nnti..
sense construct show incrensed serum requirements, de-­
creased rate of growth, and induction of an apoptotic
death program upon serum deprivation. 5·Azadeoxycyti.
dine-treated celIs exhibit a similar dose-dependent rever­
sai of the transformed phenotype. Tbese resulta support
the bypothesis that the DNA MeTase is actively involved
in oncogenic transformation.

Vertebrate DNA is methylated at the 5,position of the cyto·
sine residues in the dinucleotide s'equence CpG (1, 2), Twenty
percent ofthe OpG sites are nonmethylated, and these sites are
distributed in a nonrandom manner to generate a pattern of
methylation that is site·, tissue-, and gene·specific (1-3). Meth­
ylation patterns are fonned during development: establish­
ment and maintenance of the appropriate pattern ofmethyla.
tion is critical for development (4) and for defining the
differentiation state ofa cell (5-7). The pattern ofmethylation
is maintained by the DNA MeTase1 at the time of repHcatio~
(8), and the level ofDNA MeTase activity and gene expression
is regulated with the growth state of dilTerent primary (8) and
immortal cell lines (9). This regulated expression of DNA
MeTase has been suggested ta be critical for preserving the
pattern of methylation (8-10).

An activity that has a widespread impact on the gcnome snch
as DNA MeTase is a good candidate ta play a critical role in
cellular transformation. This hypothesis is supported by many
Hnes of evidence that have demonstrated aberrations in the
pattern of methylation in transformed cells, While Many re-

• This paper was supported in part by a grant from the Cancer
Research Society and the NCt (Canada), The costa ofpublication of this
article were defrayed in part by the payment of page charges, This
article must therefore he hereby marked "advertisement" in accordancc
with 18 U.S,C. Section 1734 solely ta indicate this fact,

:j: Scientist of the National Cancer Institute (Canada). To whom cor­
respondence and reprint requests should he addressed. Tel.: 514-398­
7107; Fax: 514-398-6690; E-mail: mcms@mUsica,mcgill,ca.

1 The Bbbreviatillns used are: MeTase, methyltransfcrnse; 5-azaCdR,
S-azadeoxycytidinei bp, base pains); kb, kilobase pains)i PCR, polym­
erase chain reaction.

parts show hypomethylution of totul genOl\\il~ DNA (11) l\:-l wl\1I
us individuul genes in cnncer cen~ (12), other l'l'port...~ lm\'l'
indicutcd thut hypel'Illethylution i~ nn lmport.unt. Chn1'l\ctl\I'i~til'

of cuncer celllil (13). Firsl, lm'Re rl'b"ÎOl\~ of tlll' Renonu' ~\H'h nN
CpG-rich islnnds (14) or l'CRions in chrt.)mosomt..'~ l7p und ~\1l

thnt ure reduced ta hOllloZygosity in hmR und colon l.'nnCllr,
respectively, ure eonsistentl~' hypel'mcthyhlted U5, lm, Sec.
and, the 5' region ofthu retinoblustomu (Rh) und Wilms Tumul'
(WT) genes ure methylutl!d in u suhset uf lumors, und il hnN
been suggested that inuctivntion of these genes in the l'eSIll'~'­

t1ve tumors resultcd from methylntion l'nthcr thun n ImllntÎlm
(17). Third, the short nrm of chromosome 11 is 1'Cb"ÎonuHy hy.
permethylated in certain neoplnstic cclls (15). Seveml tumm'
suppressor genes ure thought ta he clustered in thut m'Cn (Un,
If the level of DNA MeTnse nctlvity ls critienl for mnintnininR
the pattern ofmethylntion us hus been suggested before(H-lO),
one possible explunntion for this obaerved hypel'methylntion iN
the· fnct that DNA MeTuse is drunmticnlly indllced in nmny
tumor cells weil beyond the chnnge in the rate of DNA synthe­
sis (13, 19), The observntion thnt the DNA McTnae promotel'
bears AP·l sites (20) und is uct1vnled by the Ib.U1-AP·18ih'1lUlin~

pnthwny (21) is consistent with the hypothcsis thut. C!levntion or
DNA MeTnse uctivity is an effeet of nctivntion of the Rns·Jun
signaling pathway (22).

Il has recently been demonstrnted thnt forccd expruaaion of
exogenous DNA MeTuse cDNA couacs t.rl1nsformution of NIB
3T3 cells Bupporting the hypothcsis that ovcrexprussion of
DNA MeTase enn cause cellular trunsformntlon (23), The erit~

ieal question that rcmains to bc nnswcrcd is whet.hur indued
the level of expression of the endogcnous DNA MeTntmplnya u
causal role in tumors that are induced by nnturully Dccurring
oncogenic signal trnnsduction pathways. Ta address this queB~

tion, we have ehoscn the adrenoeortieal curcinomn ccli Une YI
as a model system. YI is a cclI Une that is dcrived from u
naturally occurring adrenocortical tumor in LAFI miee (24). YI
cells bear a 30-40-fold amplification of the ras proto-oneogene
(25). Ifthe level ofexpression ofDNA MeTase activity is crltical
for the oneogenie state, then the trnnsformed statc of fi ccli
should be reversed by partial inhibition of DNA methylation.
Wc have previously dcmonstrntcd thnt forced expression of nn .
"antisense" mRNA ta the most 5' 600 bp of the DNA MeTase
message (pZaM) can induce limited DNA demethylation in
IOT1I2 cells (7). To directly test the hypothesis that the tumor­
igenicity of YI cells is controlled hy the DNA MeTase, We
transfected either pZaM or a pZEM control inta YI cells. We
demonstrate that inhibition of DNA MeTasc nctivity comiCS
demethylation ofYI DNA and resulta in reversaI of the tumor­
igenic phenotype suggcsting thnt DNA MeTase plnys li eritical
rolc in tumorigcncsis.

MATERIALS AND METIIODS

CeU Culture and DNA·medialed Gene Trans(er-Yl ccliII wcrc main·
tained as monolaycrs in F·lO medium which WDS 8upplementcd wiLh
7,2590 heat-inactivated horse serum and 2.5% h':Bt-inoctivaLed fetnl
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eounterstoined with uranyl aeetate and lead citrate. Snmples were
onalyzed using ft. Philips 410 elcctron microscope (30).

FIG.!. Ezpression of pZaM in Y1ndrcnocortical cells. To deter­
mine the strand specificity of the RNA trall!lcribed by the pZaM vector,
we employed a reverse transcriptase-PC". analysis using a sense-spe­
cifie primer (lanes laheled SENSE), an,' tisense-specific primer (lanes
labclcd a-SENSE), or no primera (lalles l(lbcled NO RTl. Totol RNA (1
j.J.g) was rcverse-transcribed with either a sense-specifie primer, an
a-sense-specific primer, or no primera. Resulting eDNA wa~ then sub­
jectcd to PCR with the complcmcntnry oligonucleotide (sense or
a-sense) as deseribed under "Materials and Methods," one-tenth of the
peR rencûon was Southem-blottcd and hybridized with a 32P_labeled
oligonuclcotide encoding a sequence included in the nmplified mRNA
rcgion (see "Materinls and Methods" for description of the sequences of
the çrimers). Sense DNA MoTasc (SENSE) is observed in both pZaM
and control pZEM transfeetants us cxpected (475-bp product). An anli­
sense tronscript is secn only in pZaM transfectants. An unexpected
additionol sense nmplifieation product of375 bp ia seen in ail the pZaM
transfectnnts.

RESULTS
Expression ofAntisense to the DNA Methyltransferase mENA

in YI Cells Results in Limited Inhibition of DNA Methyla·
tion-To directly inhibit DNA methylation in Yl ceUs, we in·
troduced either the DNA MeTase antisense expression con·
struct pZaM (encnding 600 bp from the 5' of the DNA MeTase
cDNA in the antisenoe orientation) or a pZEM cnntrol vector (7)
into Yl ceUs by DNA-mediated gene transfer as described
under "Materinls and Methods." Six G418·resistant colonies
wcre isolated and propagated for both constructs. AlI nntisense
transfectants (determined by a preliminary Southem blot anal­
ysis) exhibited distinct morphological differences from the
pZEM transfectants or nontransfected Yl cells, Based on
Northem blot analysis of the antisense mRNA expression.
three independent pZaM transfectants (4, 7,9) were selected
for further characterization.

To verify that the antisense mRNA strand is transcriood in
the pZaM transfectants, we employed reveree·tranecribed l'CR
analysis using strand-specifie primers as described under "JVla·
terials and Methods." The experiment presented in Fig, 1 àem·
onstrates that when thE sense oligonucleotide is used.fbr:re­
verse transcription (transcribing the antisense mRNAstrand),
the expected 0.475- kb amplification product is observed only in
pZaM transfectants, AB expected, the ,mdngenous DNA
MeTase eense rnRNA is amplified· in both pZEM and pZaM
transfectants when the antisense oligonucleotide is used for
reverse transcription (sense). Interestingly, il smaller amplifi.
cation product (0.375 kb) is a1so seen in the pZaM Iines sug·
gesting thot·annther spliee variant of DNA MeTase rnRNA is
transc!'".Ibed in -tiièi;,q, transfectants. The biologica1 significance
of th. induction of tl1e smaller variant in the pZaM transfec­
tarits is unclear.

;'The mechanism responsible for inhibition of gene expression
bY~"antiaense ia stiU unclear; however, sothe modela Buggest
that degradation of the hybrid RNA by RNase H might be
in':olved. To determine whether expression of an antisense ta
t1i. DNA MeTase can lead to a reduction in the steady stata
lovel nf endogenous DNA MeTase rnRNA, we isoJated total
RNA from the antisense transfectants and the pZEM controls.
DNA MeTnse activity is regulated with the state of growth of
cells (8, 9); therefore, ail cultures were maintained at the log­
arithmic phase of growth and fed with fresh medium every 24
h for 3 days prior to harvesting. Total RNA isolated from the

, .
:~. - ~ - , ft' -, . f ./ ~" . ~
" , . . .'. .'

_475 bp
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culfserum (Immunocotp, Montreal) (23). 5·uzaCdH W1l8 from Sigma, nU ~~
olher medin and rcagcnts for ccil culture werc obtnined from Lire 1 7 4 7 9
Technologies, Ine. Yl cellK (1 X 10°) werc platcd on il ISO-mm dish -- ---
(Nunc) 15 h befm'c lrnnllfeclion. The pZaM expression 'YccLor (7) encod·
ing the 5' of the murine DNA rncthyltrnnsfernsc cDNA 00 ILC) WQB

co·introduccd ioto YI cellE wiLh 1 ILC of pUCSVnco DB a sclectable
market by DNA-medl,,-ted gene Lrunsfcr using the calcium phosphate
prot.ocol, und G418-rcsiIlL;mL cells wcrc c10ncd in selective medium (0.25
mg/ml 0418) (26). AnchorDg~indcpendcnt h'l'Owlh in son ognt (l x 10~

cclla) WD8 lUI describtù prcvioUb!Y (27~.

DNA and RNAAna~Y8cs-GcnomicDNA WDS propnrcd from pcllctcd
nuclci, und tolul cellular RNA was preparcd from cytosolîc fructions
uccording t.o stnndord protocole (26), M•.,pl or Hpall restriction enzymes
Woehringer Mannheim) were oddcd ta DNA nt a concentration of 2.5
unitslp.g for 8 h nt 37 oC. At leost three different DNA preparations
isolot.cd from thrce independunt possnges were nssnyed per trnnsfec­
Lunt. To quanlify the relative abundance ofDNA MeTose mRNA, totnl
RNA (3 ,...g) WOII blott.cd onte Hybond N+ using the Bio-Rad slot-blot
appurutue. Thtl ftIt.cr-bound RNA W6S hybridized ta fi 32P_labeled
1.31-kb cDNA probe encoding the pututive catalyt.ic domoin of the
mouse DNA MeTase (3170-4480) (28) und exposed ta XAR film
(Kodak.). The relative amOll.nt oftotol RNA was dctemlined by meneur­
ing the 8ib~ul oblnined nfter hybridizntion te an 18 S RNA-specifie
:f:lP-labeled oligonuelcotidc (29). The nutorndiogrnms were BCIlD", d
wilh 0 Scnnnlytica scunner (one-dimensionol analysia), and the si6_11l1

ul cuch band was detcnnined and nonnalized ta the umount of total
RNA nl the sorne point. Three delerminntions were perfonned per RNA
tmmple.

Nearcst Ncighbor Allalysis-Two ,...g of DNA were ineubatcd at 37 oC
for 15 min with 0.1 unit ofDNnse, 2.5 JÙ of[a.3:1P}dGTP (3000 Ci/mmol
from Ame1'8hnm), 2 Komberg units of DNA polymerase (Boehringer)
were then addod, and the renction was incubotcd for an additional 25
min ot 30 oC. Finy IÙ ofwotcr wero then added 10 the reocllon mixture,
and the nonincorpornted nucleotides wero romoved by spinning through
n Microspin S-300 HR column (Phormacin). The lobeled DNA (20 ,.t.l)
was digcsted with 70 IJ.g of micrococeal nuelense CPharmacia) in the
manufacturers rccommended buITer for 10 h nt 37 oC. Equal amounts of
rudiooctivity were londed on TLC phosphocellulose pintes (Merck), and
the 3' mononucleotidcs were sepnrnted by chromntogrnphy in one di­
mension (isobuLyric acid:H:lO:NH..OH in Lhe ratio 66:33:1). The chro­
mntogrnms werc exposed 10 XAR film (Eastman-Kodak), ond the auto­
rodiogrnms wcre seanned by Bconning laser densitametry (Sennalytics
ono-dimensionol analysis). Spots corresponding ta cytosine and 5-math·
ylcytosine werc quantified.

Assay ofDNA MeTose Activity-To determine nuclear DNA MeTase
levels, ceUs wcre maintuined at a nonconOuent stote and fed with fresh
medium evcry 24 h for at least 3 dnys prior ta horvesting, and DNA
MoTose activity wns DBsayed os described previously (9).

Strand·specifie Reverse·transcribed PeR-Totol RNA (1 IJ.g) pre­
parcd from cach transfoctant was reverse-trnnscribed with either a
sense primer corrcsponding te bases 1-30 in the published mouse DNA
MeTnsn cDNA sequenco (28), 5' GCAAACAGAAATAAAAAGCCAGTT·
GTGTGA 3' ta detoct antisense RNA or an antïsense primer corre­
8ponding 10 bases 475-451, or 5' CCACAGCAGCTGCAGCACCACTCT
3' ta detcct sense DNA MeTase RNA UBing the conditions deacribed
above•. RNA incubated with reverae transcriptase in the absence of
primc1'8 WQ8 uaed as a control. The reaction was terminated by heotïng
10 95 DC for 10 min. The reverae-trâ;.8ctibed cDNA was subjected 10
amplification in the presence of bath ptime1'8 UBing the Hot Tub ampli­
fication protocol conditions described above. The DNA was amplified fol'
40 cycles of 2 min at 95 DC, 2 min at 60 oC, and 0.5 min at 72 oC. The
reaction products were separated on an agarose gel, Southern. blotted
onto Hybond N+. fiUer. and hybridized with a 3:lP·labeled internai
oligonucleotide corresponding ta basC8 190-211: S' AAATGGCAGAC'l'­
CAAATAGAT 3'. The conditions used (40 cycles ofamplification) do not
provide a quantitative DBsessment of the level of mRNA, but were uaed
10 exdude the possibility that smalllevels!Jfaotisense mRNA is present
in tho control transfectanls.

Tumorigenicity Assays-LAF-1 mice (Bar Harbor) (6-8-week-old
moles) were injected subcutaneously (in the Oank area) with 106 cells.
Mico were monitored for the presen~oftumora by daily palpation. Mice
ooaring tumora of greater thon l cm in diameter were sactificed, while
tumor-free mice were kept for 90 days.

Electron Mieroscopy-Cells were flXed in glutnraldehyde (2.5%) in
cacodylate buffer (O.l M) for 1 h and further med in 190 osmium
tetroxide. The samples were dehydrated in aacending alcohol concen·
trations and propylene oxide fol1owed by embedding in Epon. Semithin
sections (l IJom) were cut from blacks with an ultramic~:~~ and
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FIG. 2. DNA McTase expression, activity, und gcnomic mctbyl.
ation lcvcls of pZnM transfectants. Total cellular RNA (lO lig)
prcpared from pZrrM lines (4, 6, 7, aud9), pZEM transfcctants (l and 7)
and from YI controls \Vas subjccted to Northcm blct analysis and
hybridization with n 1.3·kb DNA McTase 3'.cDNA probe (encoding
bases 3170-4480 from the cloned mouse cDNA (27». The tiller wos
strippcd and rehybridized \Vith an 18 S rRNA probe. Relati ....e MeTase
expression WDS detcrmined by dcnsitometric nnnlysis (gec text).

trnnsfectants wns subjected ta n Northern blot analysis and
sequentially hybridized with a probe to the pututive catulytic
domain of the mouse DNA MeTase mRNA (MET 3') and an 18
S rRNA·specific 32P_labcled oligonucleotide probe as described
under "'Materials and Methods." A result of such an annlysis is
presenteJ in Fig. 2. Scanning of the nutoradiogrnm indicates
that the relative abundance of the 5·kb DNA MeTase mRNA
(Fig. 2, top panel) relative to 18 8 rRNA (Fig. 2, bottom ponel)
is rEiduced 2-fold in the three antisense transfectants. Ta quan­
tifY expression of DNA MeTase, the different RNA samples
we...e subjc,=ted ta a slot·blot analysis and sequentilÛ hybridiza­
tion with the DNA MeTase and 18 8 rRNA probes. The relative
level of DNA MeTase rnRNA in the different samples was
determined by scanning densitometry. The results of such an
annlysis show that the pZtïM transfectants exhibit an average
decrease of 45% and a maximal decrease of 58% in the abun­
dance ofDNA MeTase mRNA relative to the pZEM controls (p
< 0.001). The mean value for the control group was 0.480, 8.D.
= 0.104, the rnean for the antisense group was 0.280, 8.D. =
0.066.

We next compared the DNA MeTase enzymatic activity pres·
ent in nuclear extracts prepared from antisense transfe~tants

relative to control pZEM transfectunts using S·[methyl·sH]ade·
nosyl·L.methionine as the methyl donor and a hemimethylated
douhle·stranded oligonucleotide os a substrate. The results of

" two experiments with trlpHcate determinations each indicate
that the three pZaM transfectunts express a lower level ofDNA
MeTase activity than the control transfectants with an average
inlùbition of DNA MeTose activity of 42% and a maximum of
48% relative ta control (p < 0.05).

Whereas ·our experiments demonstrate that the DNA
MeTase antisense transfectunts bear a lower level of DNA
MeTose activity than the control transfeetants, it is important
ta note that we rneasured Druy steady stute levels in the trans·
fectunts, It is hard ta assess the actual level of inhibition of
DNA MeTase activity at the time oftransfection, when a higher
copy number ofDNA MeT~se antisense RNA might have been
present in the cell. Thesteady stute level of DNA MeTase
rnRNA might refiect an equilibrium of different cellular regu·
latary controls over the level of DNA MeTase activity in the
cell. To directly demonstrate that expression of the DNA
MeTase antiseuse leads ta inhibition of DNA rnethylation ac·
tivity in the cell, we detennined whether it leads to a general
reduction in the level of methylation of the genome. We per­
fonned a "nearest neighbor" analysis using [a.32P]dGTP as
described previously (6). This assay enables one tu detennine
the percentuge of methylated and nonmethylated cytosines
residing in the dinucleotide sequence CpG (6). The results of
three such experiments show that the Mean value for the
pZEM controls as a group was 9.7% nonmethylated cytosines,
S.D. = 2.13, the mean value for the :mtisense Hnes as a group

was 23.83'11, c)'tosiae, 8.D. = 5.88. P <: 0.001.
ln summary, our cxperim.ents demom~trntl' thnt l1>:prt.'~~illn

of nn nntisen5c ta the DNA McTasc mRNA Il'ud~ ta }lnrUnl
inhibition ofDNA MeTase mRNA und DNA M~'l'ntlu ~nzyml\ti\~

activities and u ~dgnificnnt reduction in tlw l~",-'l of gl1nOlnil'
cytosine methylntion.

Demethylation of Spl'cific Gt"lt." in YI and pZnM 1'rml::fi'('.
tants-To furthel' \'l~l'ify thnt cxprussion of pZnJ\l l"ct'ult.s ln
demethylation und ta detcl"mhw whether spl'cific ~~'1\ll~ Wtl1\'
demethylnted, wc resorted to n llpa IIIMspl ret'ltl'iction onzymll
nnolysis folll)wcd by Southern blotting und h)'bl"idizI1U1JI\ with
specifie gene probes. Hpall deuvcs the sequence CCGG. n
subset of the CpG dinudeotide ~equence~, only ",hen thc site ia
unmethyluted, while Mspl will douve the snU\l1 sequence il'1"l\_
spective ofita state ofmcthylntion. Uy compnl'ing the pnltCl"H ut'
llpall clenvngc of specifie gencs in. cells oxprotl~lngpZnM \Vith
thut of the pnrentnl YI or cells hUl'bol'Îng only Ulll vector, Wc
determined whethcr. the gcnl'S ure dl'methylntcd in Hm lUlli.
sense trnnsfectnnts. We tirst l1n111yzcd the t'tute ofmethylntiol1
of the stcroid 21.hydro:-:)'lmm gene (C21) (2H, 3n 'l'his glHH~ is
specifienlly expl'cssml und hYPOluclll)'ll1tcd in thc udl't.!1\nl COI'.

tex, but is inactivnted und hypcrmcthyluted iu YI colis (29, al).
Wc hnvc prcviously suggosted thut hypermcthylution 01'021 il\

the Yl cell is part of the trnnsf01'1\\ution progmm thut inc1udut\
the shutdown of certain diO'crcnlinted functions (29). DNA
prepared fl'Om YI, pZ"M (4, 7, 9), aad pZEM (lllad 7) tl'Ilns.
fectants. was subjected to eithcr Mspl 01' Hpall digestion,
Southern blot nnnlysis, und hybridizntion with n 3.8-kb Ruml-ll
fragment containing the body of the C21 genc und 3' sequcncus
(Fig. 3, bottom panel, fol' physical mnp). 1"ull dcmcthylntl0n uf
this region should yield a doublot nt -1 kb, nn O.8·kb frllgment,
and a O.4·kb fragment, us weil' ns fi number ot' low moleculut'
weight fragments nt 0.1-0.4 kb. As obscrvcd in Fig. 3, the C21
locus is henvily methyluted in Y1 c~lls, us weil DS the control
transfectant, as indicnted by the high moleculnr weight l'rog­
ments. Only a relutively wenk digestion product iB Been nt 1.9
kb (Fig, 3). This pattern of hypennethyllltioa of C21 which i.
observed in YI cells und different control transfcclnnta, thnt
were analyzed in our laborntory in the loet 5yeurs, is mnrkcdly
stable. On the other hand, the antisense transfectnnt's DNA ia
significantly hypomethylutcd nt this locus us indicutcd by the
relative diminution of the high moleculnr weight frngments
and relative intensification of the partinl fragment nt 1.9 kb.
The appearance of new partinl fragments in the lowcr molecu.
lar weight range between land 0.4 kb indicntes partinl hypo­
methylation at a large number of Hpall sites contained in the
3' region of the C21 geae (see physical map) (29, 31). The
pattern of demethylntion, indicated by the large number of
partial Hpall fragments, is compatible with a genernl partinl
hypomethylation ruthtù: thon n specifie 1088 ofmethylation in u
distinct region of the C21 gene. v. .

Ta determine whethcr demethylation is'limitci to genes thnt
ure potcntially expres8ible in Yl cells such as the adrennl
cortex·specific C21 gene (29) or if the demethylatioa is widoly
spread in the genome, wc tcsted the methylation Btate of the
MyoD (32) and p53 5' locus. 8pecific demethylation of MyoD
and the p53 fragment was seen in the pZaM trnnsfectnnf.R
(datu not shown).

Morphological Trans{ormation LoBS o{Anchoragc.irnkpcrnknt
Growth and Inhibition o{Tumorigenicity o{YI Cells Expressing
Antlsense .to tM DNA MeTase-As the level of DNA MeTIllI<l
activity is regulated with the stute of growth and is induced in""",
transfonned cells and in tumors in vivo (8, 9, 13, 19), wc d2tcr- .
mined whether expression of the DNA MeTase antiscnPA! con­
struet results in a change in the tumorigenic potentinl oC11 ceilH.
Acomparison ofpZaM transfectants and contrais 8howed~l!!!l.~11~

- --:::'\

- les

- MaTase.....
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FIG. 3; The pattern ofmcthylation of C21 hydroxylase in pZctM transfectants and pZEM controis. Genomic l'NA (la ILg) was extracted

from the transfccted lines and Bubje<:ted ta digestion with, either MspI (M) or Hpall (m, Southem blot transfer,and hybridization with a
:sap·lobclcd DNA probe (3.8-kb genonlic fragment orthe C21 gene, see bottom panel for physical map). The open arrows indicatc Hpall fragments
resulting from dcmethylation of the dilTerent sites in the C21 gene in pZa:M transfectants. Complete digestion orthe region will yield 0.36- and
O.16·kb fragments.

serum dependence. Tumor cells exhibit limited dependence on
serum and areusually capable of serum-independent growth
(33). Factors present in the serum are essential for the survival

pZEM 7

pZaM 9

pZEM 1

pZ<xM 7

" . '..
: .' '

: • ~ ;~'. -l

". '- .
; ...1, • ,

YI

pZaM 4
- ,. .'" , ..; ,

FIG. 4. Morphological transformation of YI cells transfected
with pZaM. Phase "ontrast microscopy at x 200 magnification ofliving
cultures of YI clonaI transfectants with pZaM and pZEM contraIs.
Equal numbers of cells were plated (1 X 105 cells per well in a six-weil
dish), and pictures were taKen 72 h a.fter seeding.

but st8tistically significant reduction in the growth rate of anti·
scnselïnes relative ta thP. YI contraIs esper:ally at higher denai­
_ties (which is statistically significant,p < 0.001). This mayreflect
contnct·inhibited .growth and increased sen.un requirements of
the antisense Iines (data not shown). The morphological proper­
ties of the pZaM transfectants further support this conclusion
(Fig. 4). While contn>' YI and pZEM œlls exhibit limited contact
inhibition and form multilayer foci, pZaM transfectants exhibit a
more rounded and distinct morphology and grow exclusively in
monolaye~,and, in many cases. pZaM cells farro distinct cellular
processes (Fig. 4).
Th~ ability of eeUs 100 grow in an anc:horage-independent

fBahion i5 considcred to he an indicator of tumorigenicity (27).
A soft sgar assay performed in triplicate showed that the pZaM
transfec:tnnt.llil..demonstrate a significant decrease in their abil­
ity to forri\:~loniesin soft agar: pZEM 1 and 7 fonn an average
or38 and 37 colonies, respectively. while pZcrM transfectants 4,
7. and 9 fOl'111ed an average of 12, 15, and 18 colonies, respec­
tively. Morcover, the colonies thst do farm are significantly
smaller and contain fewer cells.

Another indicator orthe state of transformation ofa cell is its
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Ta dcterminc, whcther cells cxpressing unliscnsc lu tho DNA
MeTase exhibit carly morphologicul mnl'kul's of npoplosis, colls
were serum-stnrved for 24 hl hUl'vestcd, und unulY2.ecJ by olee­
tron microscopy, Fig. 5B shows rcprcscntnlivc clcctron micro­
graphs of severnl blacks of control pZEM und pZnM trunsfcc·
tants at vuriOl.lS mngnifientions (1-111). The control cellt! have l\

fine uniform nuclear membrnr.ewherells t.he, pZ('tM cells ox~

hibit' the cardinal murkers of npoptosis (3·1): cond'ünsntiun of.
chromntin and its n\arginntion nl the nuclonr periphory vmtlcls
l und In, chnmmtin condensation (pottclln ouclenr fragt1\cn~

~tion (panel III), formation of npoptotic bodies, und collulnr
fragmentation. Whereas il is stiU unc1cur wheth(lrnpoplosis.,
upon serum. deprivat.ion is dircctly enhanccd by demclhylntion­
or is an indirect. effect of the change in the transfomlCd slute or
the h. nsfectants, the scrum dcprivntion-induccd ccli donth is
anotller indicator of the reversal of cellular transformation by
DNA MeTase anUsense.

To determine whether demethylution can rusull in inhibilion
oftumorigenesis in vivo, we injectcd 1 X IO'i,ceUs for cnch orthe
Yl, pZEM, and pZaM (4, 7, and 9) transrecl.nn18 subcutone­
ously into the syngcneic mouse strain LAF-L The presence of .
tumers was determined by palpation, While a11 t.he animais
h\iected with Yl or pZEM cells forrned tumors, animais injectod
with the pZaM transfectants hud vcry fcw tumors arisc (Fig.
6A; P > 0.005).

One possible explanation for the foct thut n BmaU riumbcr of
tumors did. forro in animais inject.cd with the pZaM trnnsf'}c­
tants is that they are derived from rcvertnnts thut lost expre8~
sion· of the nntisense ta the DNA MeTosc under the sclective
pressure in vivo. RNA was isoluted from tumors ansine from
the pZaM transfectan18, and the level or expression of the
O.6-kb antisense m.essage wascomparcd will1 the trnnsfecto.nt.
Unes in vitro (Fig. 6B), The expression orthe nntiscnscmeSBOge ~

is viriually nonexistent in the tumo~s derived from pZaM'
transfectants even aft.er long exposurc' of thfFi~orthem blots;
supporting the hypothesis that expression of à.D. antîsense me8~

sage ta the,DNA'·:MeTase is incompatiblc.wiih tumor,gr~wth :"' .....
fuv~. ~ . :~!

DNA Demethylation Induced by 5·A2aCdR Result. in Reuer·
sal of Cellular Trans{ormalione.x Vivo-To further verify thal
inhibition of DNAmethylation Tcsults in reversai of cellular
transformation and ta exclude the pOSHibility that t.he effects
observed are nonspeCific resultH of antiscnse expr~8Hion wc
u_ed an inhibitor of DNA methyiation S·.zadeoxycytidine (5·

Fil•. G, In vivo tumorigcnicity of pZaM trnnsroct.nnu.. A, llt\l\ln­
tal YI cells, n pZEM control Une, nnd threo pZtlM trnl\sfccltmttl (.J, 7,
and 9) were testcd for thcir nbiHty lo form tumOnl in synaoncir l.Al''.1
mice. Tumor formation wns lltule8!lcd by pa1pnlion for 2 l1\onUlt~ Unllr
injection, Tho numbcr of mico formin" lumoN! iN tnhu1ut.ed. Thl\ KtutiK­
lienl significnncc of the diOcrencc \llJlween tho control um1 l\lltiKl,lIlKO
tronsfcclnnlil wos dclcrmined lItling n lest; l' :::- 0,001. • indicnlllN lhnt
thcsc tumors weru nccntivc for pZllM cxpreaaioll. B, 101:\1;; of nntiamuhl
DNA Mc'l'nae expression in tumol't\ dcrivtld from tllllÎsCIlKC h'lUINft'c.
tunla, RNA (10 IlC) iso1nted from lhe indicnted tUlUora Wl\K 8ubjl'Clcd tu
Norlhefll blot nnu1ysia und hybridi1.l\tioll wilh the 0,6·kb ME'l' cDNA
probe. Expression of the 1.3-kb ulltiMlmso me8tillgo is SOIlI\ uniy in tlw
originnl ccll Unes pZaM ('1, 7, uud 9) nml ia umtetcclubh, in lUI\\UrK
nrifling from pZnM trnnsfcclnnta 01' Yl cl'lllinell tlvcn uftl\r lOUR lIXIlO­
sure. The filler wus slripped of l'udioncli\'ily und rehybridh~l'd wllh l\

3:!P·lnbe1ed oligonucleotide correspllnding tu 18 S l'RNA (2tn.-

1 21 2

(X44DDl
III

2

probe: random prlmed Vl DNA

(X44DD)
1\

deys ln 1% serum: 1 2

FIG. 5. Survïval and npoptosis of pZEM transfectants in sc­
rum-deprived medium. A, the indicated transfectants were plated in
1% serum-eontaining me(Hum and harvested arter 1 and 2 days.-Tolal
cellular DNA was isolated, separated by agarose gel electrophoreais,
transferred tonitrocellulose membrane, and probed with 3ap·lnbeled Yi
genonlic DNA. A 180-bp intemu~leosomalladdercharacteristic to cells
dying via apoptosis can he 8een in the pZaM transfectants only. B, YI
transfectar.ts were grown in 1% serum medium for 24 h, fu:ed, and
analyzed by eleetron microscopy for carly signa ofapoptotic death; 1-111
are various sections (the magnification iB indicated) orYl pZaM trons­
fectants and pZEM controllines.

B
pZEM 4 (X 61 DO) pZaM 7 (X44DD)

1

of many nontumorigenic eeUs. As observfttion of the ~pZaM

transfectanta indicated that they expressed enhanced depend­
ence on serum and lîmited survivability unà.6t' serum-deprived
conditions, we determined whether tbis limited survivability
involved an enhancement or induction ofan apJptotic program.
While the control cells exhibited almost 100% viability up to 72
h after transfer into serum-deprivedmedium, al1,,:,,'!:~·M trans­
fectanta showed up to 75% loss of vir.bility at 48 i.' 1

Ta test whether the senlm-deprived pZaM cells were dying
as a result of an activated apoptotic death 'Program, cells were
plated in starvatiOtl-Îi1edium and harvested at 24-h intervals,

. and total cellular DNA "';,'s isolated from the cells and analyzed
by agarose gel electrophoresis. After 48 h in serum-starved
conditions, pZaM transfectants exhibit the characteristic
180-bp intemucleosomal DNA ladder while the control pZEM
transfectants show no apoptosis at this time point (Fig. SA).
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FIt:. 7. MorJlholol.ricnl change in Yi ccUs trcnlcd with 5-uzu­
edit. YI L'Clis wcre lreuled with concentrations of 5·nznCdR rungîng
frulll 0-10 p.M c"cry 12 h for 72 h. PhU8C contrusl r:.icroscopy nl X 200
lUllgnificlllion of living cultures of the trculcd ,,:.118 is prescnlcd.

aznCdR) that nets nt a diITcrcnt site than nntisensc RNA (35).
5-uznCdR is n dcoxycytidine analogue that inhibits DNA meth·
ylution once it.is incorporntcd ioto DNA. lt has becn suggcsted
thnt nn irreversible complcx is formcd between the DNA
Me'rllsc enzyme nnd the C-G position of the cytosine moiety
(36). Wc trcntcd Yl cells with concentrations of5-azaCdR rang~
ing from 0 to 10 IL'" every ]2 h for 72 h. 5·azaCdR increases the
proportion of cytosine to methylcytosine in the DNA by 1.5·fold
in a dosc-dcpcnde'nt manner (Q~.O· IlM) as· determined by a
ncurcal ncighbor unul,Ysis. Ovel' the same concentration range,
ceH vinbility in low serum is reduced from 80% to -40%, and
the nbility of cells to form colonies in soft agnr lS reduced by
-50-fold. No differcnces wcrc sccn in the nbility of cells to form
colonies on rcgulnr plastic dishes. The 5-azaCdR-treated cells

, cxhibited do'se-dcpendent' morphological changes similar to
thosc observed in the pZaM trnn5fectants (Fig., 7). ThiB exper­
iment suggcsts that 5-azaCdR trentment reversed the trans­
formed phenotype of YI cells but did not aITect their viability.

DISCUSSION

Titis papel' tèsts the hypothesis· that overexpression of the
DNA McTnse plays c. causal role in cellular transformation by
cxprcssing an antisenae massage ta the DNA MeTase in an
adrcnocortical carcinoma ecU Hne. Expression of an antisense
DNA MeTase (Fig. 1) leads la: (i) a Iimited reduction·in DNA
McTase stendy stnte mRNA and protein levels (Fig. 2), m) n
gonaral but Hmitcd rcduction in the methylation content of the
gcnome (Fig. 2), (Hi) demethylation ofregions aberrantly meth­
ylated in ~hi8 cell Hne such as the adrenai specific 2l-hydrox­
ylnse gcnc (Fig. 3), (iv)· morphological changes indicative of
inhibition of thc transformed phenotype, (v) inhibition of an­
chorng'e-indcpendent blTOwth as determined by soft agar as­
says, -(vi) inhibition of sèrum-independent sûrvivability and
induction of apoptosis under serum-deprived conditions, as

,- weIl as (vii) inhibition oftumorigenesis in syngeneic mice (Fig.
6) and (viii) inhibition ofDNA methylation by S·azaCdR, which
nets at a site completely ditTcrcnt from anUsense to the DNA
McTasc, also results in reversai oftrunsformation indicators ex
vivo. The fuct that l} 2-fold inhibition in DNA MeTase expres­
sion ia sufficient to induce such profound changes in the state
of trnnsfonnation of Yl cells is in accordance with previously
publislied data showing that a 2-3·fold elevationin DNA
MeTase activity by forcedexpression of an exogenous DNA
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MeTuse in NIH 3T3 can induce cellular transformation ofthese
cells (23). Wll.'~reas antisense expression is considered one of
the most direct means to inhibit gene expression, no experi­
mental method is devoid of potential complications. 5-azaCdR,
which is the IDost cammonly used DNA methylation inhibitor,
has side effects (36, 37). However, the fact thut bath inhib~+ors

had similar cfTects strongly validates our conclusions. The faet
that 5-azaCdR inhibited transformation indicators but not the
survivai of the cells and their ability to form colonies, and the
faet thot the reversaI of transformed phenotype was expressed
wecks after the inhibitor had been removed is cIJdsistent with
the model thut 5-azaCdR triggered a change in the cellular
progrnm rather than a cytotoxic or cytostatic effect. It stands ta
renson that titis change in program was triggered by the initial
demethylation event ~aused by the drug.

Our experiments support a previously proposed hypothesis
that overexpression of DNA MeTnse is an important compo­
nent of an oncogenie pnthwny(s) (22). Bince Yl is a line derived
from a naturally occurri~g tumor (24) which bears amplificd
copies oCRas (25), it is possible that hyperactivation of the DNA
MeTase is triggered by the Ras-Jun signaling pathway (21, 22).
The DNA MeTase promotcr bcars n number of AP-l sites (20),
and we demonstrated that the activity of the DNA MeTase
promoter is dependent on binding of AP·l (21) and that down·
regulation of the the Ras-Jun pathwny in YI ceUs results in
inhibition of DNA MeTase activity, hypomethylation, and re­
versai of the transformed pheno~.:2Our data might explain
previous observations demonstrating an increase in DNA
MeTase activity (13, 19) in cancer ceUs by suggesting that this
increaseis cntical for the transformed state.

VJhat is the possible mechanism by which hypermethylation
can cause cellular transformation? The answer ta this question

.is still elusive and' could not he resolved by the data prese'"'.ted
in this papcri however. several hypotheses have been pr~vi­

ously suggested. Ont! plausible explanation that has been pre·
viously suggested by Baylin and his colleagues (38) is that
methylation may establish abnormalities of chromatin organi­
zation which in turn Mediate the progressive, lasses of gene
expression- associated with tumor development. One interest­
ing cIass of genes that. might be affected are the tumor sup­
pressor genes. There is evidence that ectopic inactivation of
tumor suppressor genes by methylation contributes ta cancer
(39,40). The promoter region of the RB·l gene was found to be
methylated in 6 of77 retinoblaslamas (17), and the S' region of
the WT-:l gene wes methylated in 2 out of 29 Wilms tumors
(40), while the gene methylated was otherwise grossly normal.
However. there i5 no evidence that tumor suppressor genes are
the critical tnrgets for hypermethylation in cancer cells or that
tumer suppressor genes are selectively demethylated in the
DNA MeTaseantisense .transfectants. Also, our unpublished
data do not suggest any induction in the level of expression of
these genes in the pZaM transfectants.

Another interesting mechanism that has been suggested by
Jones and his colleegues is that methylated CpGs are hot spots
for mutations by deamination of the methylated cYtosine into
thymidine (41). This kind of change induced by methylation
will not be reversible, the fact that we could reverse transfor­
mation by inhibiting DNA MeTase suggests that other mech·
anisms must be involved. While inhibition of gene expression
by methylation is the be.t analyzed function of DNA methyla·
tion, one should betir in mind that any fonction of the genome
might be modilied by methylation. Si~s that are especially
sensitive to changes in methylation might be eontrolling DNA
funetions such as repair, replication, and susceptibility ta

2 A. R. MacLeod. J. Roleau, and M. Szyf. unpublished rcsults.
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death program-relnted endonucleases.
One question that remains ta be answered is how ta explnin

the contradiction between the fnet thnt DNA MeTnse is over­
expressed in cancer cells and the observed regional hypometh­
ylation of the genome of Many cancer cells (11, 12). Howcver.
there are no data at this stage ta resolve this apparent contra­
diction. While additionsl experiments will he required ta ad­
dress these questions, this paper demonstrates thnt inhibition
ofDNA methylation lends ta a reversaI orthe transformed stnte
and that DNA methylation ploya n eritieal role in cellular
transformation.
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Chapter 4: Expression of antisense mRNA to the DNA

Methyltransferase inhibits v-Ha-Ras initiated transtormation of C2C12

cells. A.R. MacLeod, V. Bozovic, 1. Rouleau and M.Szyf. (Submitted

manuscript).

The results presented in the previous chapters demonstrate that induction of the DNA

MeTase by Ras is critical for maintaining the transfonned state of YI ceUs. Here, we

address the hypothesis that the DNA MeTase is actively involved in the initiation of

transformation of C2CI2 myoblast ceUs by v-Ha-Ras, and that DNA hypermethyIation is

involved in the inhibition of differentiation of v-H-Ras expressing C2C12 cells.
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ABSTRACT

Many tu mol' cell Iines overexpress DNA methyltransferase (MeTase)

activity and forced expression of an exogenous DNA MeTase cDNA leads

to transformation of NIH 3T3 cells. Recently it has been shown that the

Ras signal transduction pathway can trans-activate the DNA MeTase

promoter. Here we test the hypothesis that transtbrmation of C2C12 cells

initiated by oncogenk 'Y-H-ras can be inhibited by coexpression of an

antisense to the DNA MeTase mRNA. C2C12 cells Iransformed by v-H­

ras expression show increased DNA MeTase mRNA, DNA MeTase

enzymatic activily and DNA hypermethylation at both the MyoD and p53

loci. C2C12 cells coexpressing v·H-ras and an antisense to the DNA

MeTase have DNA MeTase levels similar to parental C2Cl2 cells, do not

exhibit DNA hypermethylation at either MyoD or p53 locus and retain their

non transformed phenotype. C2C12 cells expressing v-H-ras and DNA

MeTase antisense also show delay in appearance of tumors as weil as

l'educed tumor load when injected into syngeneic C3H mice compared to v·

H·Ras transformed C2C12 cells. These results support the hypothesis that

the DNA MeTase is a critical component in oncogenic transformation

initiated through the Ras signal transduction pathway.
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INTRODUCTION

Tenninal differentiation and cellular transfonnation have been shown in many cases to he

a mutually exclusive processes (1-3). In facto the progression of the tI".Ulsfonned state is

characterized by sequential changes in normal gene expression profiles and the inactivation

of differentiation specific functions as weil as by loss of cell cycle control (4).

In muscle cells. tenninal difî=ntiation requires the activation of sever.ù of muscle­

specific genes (including a-actin, myosin heavy and Iight chains, and acetylcholine

receptors). The transcription of some of these muscle-specific genes is activated by the

products of the MyoD gene family (including MyoD,MyoH and myogenin) (5). However.

expression of the activated ras oncogene in these cells inhibits their ilifferentiation, most

probably by transcriptional silencing ofregulatory control loci such as MyoD1, myf5 (6).

What are the molecular events initiated by ras that lead to the inactivation of such control

loci and u1tirnately to transformation? Recent data has suggested that one possible

downstrearn.effecter of RAS-trlggered cellular transformation is the AP-1 transcription

transactivation complex 0). We have recently shown that ras can lead to activation of the

DNA methyltransferase (DNA MeTase) gene through consensus AP-1 sites contained in its

5' regulatory region (8). The DNA MeTase is responsible for methylation of cytosine

residues located in the dinucleotide sequence CpG (9,10). Methylation of CpG sequences

in the body or regulatory regions of a gene is generally thought to be a potent

transcriptional inactivation signal. The fact that genes can be inactivated by methylation as

weil as that wide areas of the genome, such as CpG islands, are methylated specifically in

cancer cells is weil established (11,12). A CpG-island rich area on chromosome 17p,

which is reduced to homozygocity in lung and colon cancer, as weil as regions of

chromosome 3p, that are consistently reduced to homozygocity in lung cancer, are

hyperrnethylated (13). Interestinglya CpG island contained within the f11'st exon of the

MyoD gene itself is unrnethylated in ail somatic tissues but is extensively methylated in

severa! tumor celllines, except those expressing myogenic genes (14). One possible

explanation for these changes in the DNA methylation pattern is the drarnatic elevation of

DNA MeTase activity observed in many cancer cells (15,16). Recent evidence a1so
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suggesls thal forced expression of an exogenous DNA MeTase cDNA can transfonn Nlli

3T3 cells (17).

We reasoned thal iftransformalion by the Ras oncogene ismedialed by induction of the

DNA MeTase, then ex.pression ofv·H-Ras in C2C12 cells should lead to induction of the

DNA MeTase then DNA hypennelhylation and that inhibition of DNA MeTase by

expression of antisense 10 the DNA MeTase in these transfonned cells should cause both

DNA hypomelhylalion and suppression of the transformed phenotype.
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MATERIALS AND METHODS

Cell culture and DNA mediated gene transfer. C2C12 ceUs were maintained us

mono1ayers in Dubelcco's modified Eagle's medium which was sllpplemented with 20%

(v/v) heat inactivated fetal calf serum (lmmunocorp. Montreal). Ali oilier media and

reagents for cell culture were obtained from GIBCO-BRL. C2C12 ceUs (lX106) were

plated on a 150 mm dish (Nunc) 15 hours before transfection. 111e pZEM ms expression

(lOJlg) vector (8) encoding v-Ha-Ras and 10Jlg of ilie pZaM expression vector encoding

the 5' of ilie murine DNA MeTase cDNA (27) were cointroduced into C2C12 cells with 1

Jlg ofpUCSVneo as a selectable marker by DNA mediated gene transfer using the calcium

phosphate protocol (18). Anoilier set of cells was cotransfected with pZEM ms and

pUCSVneo. Selection was initiated 48 hours after tmnsfection by adding 0.4 mg/ml

G418 (GIBCO-BRL) to the medium.

Sort Agar assay. Parental C2C12, pZEM, pZEM Ras and pZEM Ras + pZaM

transfectants were seeded in triplicate onto 30 mm dishes (Falcon) at a density of 1xI03

cells/well with 4 ml of Dubelcco's modified Eagle's medium which was supplemented

.with heat inactivated fetal calf serum, 0.4 mg/ml G418 (for transfectants) and 0.33% agar

solution at 370C. Cells were fed with 1 ml of fresh medium and G418 every two days.

Growth was scored as colonies containing >10 cells, 21 days after plating.

[3H]Thymidine incorporation assay. C2C12 controls, pZEM, pZEM ras and

pZEM ras + pZaM were plated at a density of lX104 cells/well in a 24-weU plate (Nunc)

in Dubelcco's modified Eagle's medium supplemented wiili20% (v/v) heat inaclivated fetal

calf serum. After 6hrs cells were lransferred to Dubelcco's modified Eagle's medium

containing 0.5% (v/v) heat inactivated fetaI calf serum. 24hrs 1ater 1JlCi of 3H-Thymidine .

(Dupont) was added to each well and 1eft for an additional6hrs. Cellswere washed with

PBS and 1ml of lO%TCA was added to each weil and left for Ihr at 40C after which 0.2

ml of the 10% TCA was left on ilie cells; this procedure was repeated anoilier lime. 0.5ml

of a lM NaOH-1 %SDS solution was added to each well and incubated at 370C for lhr.

The supernatant was then assayed for [3H]-Thymidine incorporation by liquid scintillation
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counting.

Assay of DNA MeTase activity. To determine nuclear DNA MeTase levels, cells

wcre maintained at a noncont1uent state and fed with fresh medium every 24 hours for at

least three days prior to harvesting. Nuclei were isolated from 1x107 cells by incubating

the cellular pellet for 15 min. at40C in a buffer containing 10 mM Tris-HCI (pH 704), 1.5

mM MgCI2, 15mM CaCI2, 0.5 mM DIT, 0.2 mM PMSF and 0.5% Nonidet P40 (BDH).

Following centrifugation at2 000 g for 15 min. the supernatant was separated from the

nuclear pellet for total RNA extraction using the RNAzol preparation method (19). Nuclear

extl1lct was prepared by incubating the nuclear pellet in a buffer containing 20 mM Tris­

HCI (pH 8.0),25% glycerol, 1,5 mM MgC12, 0.5 mM PMSF, 0.2 mM EDTA, 0.5 mM

DIT and OAM NaCI followed by centrifugation at 10 OOOg for 30 min. DNA MeTase

activity (3Ilg) was assayed by incubating 3 Ilg of nuclear extract with a synthetic

hemimethylated double-stranded oIigonucleotide (20) substrate and S-[methyl-3H]-S­

adenosyl-L-methionine (78.9 Ci/mmol, Amersham) as a methy1 donor for 3 hours at 370C

as previously described (20). To subtract non DNA dependent MeTase activity, each

extract was incubated under the same conditions in the absence of the DNA substrate. The

level of incorporation of methyl-3H into DNA was determined by 10% TCA precipitation,

.followed by GFC (Fisher) fùtration and Iiquid scintillation (OptiPhase Hisafe Fison

Chemicals) counting. Each assay was performed in triplicate. The no-DNA controls

typically gave readlllgs in the range of lx104 dpm while the DNA samples gave readings in

the range of 6x104 per 3 Ilg:

DNA and RNA analyses. Geriomic DNA was prepared from pelleted nuclei and total

cellular RNA \Vas prepared from cytosolic fractions according to standard protocols (18).

MspI or HpaII restriction enzymes (Boehringer Mannheim) \Vere added to DNA at a

concentration of 2.5 units/Ilg for 8 hrs at 370C. At least three different DNA preparations

isolated from three independent passages \Vere assayed per transfectants to ex-;lûde

variations between different DNA samples andverify the stability of the DNA methylation

panerns. Radionucleotides (3000 mCilmmol) \Vere purchased from Amersham and the

probes \Vere labelled by random prime method (Boehringer Mannheim). To determine

expression of Ras in stable transfectants total cellular RNAwas prepared from cytosolic
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supernatants by the RNAzol preparation method, fractionated on an 1.3%

agarose/forrnaldehyde gel and Northern blolled onto Hybond-N+ (Amersham) in 20xSSC.

The filter bound RNA was fixed with 40 mM NaOH as recommended by the manufacturer.

The Northern blot was hybridized with a RJ" piùbe generated by cutting pZEM ras with

Psù and HindIli (Boehringer Mannheim) to generate a 0.7 kb fragment which was

subsequently labelled according to procedures described above. and exposed to XAR film

(Kodak). To determine expression of antisense to the DNA MeTase in the pZEM Ras +

pZaM transfectants and to quantify the relative abundance of DNA MeTa,se mRNA,

RNAase protection analysis was perforrned using probe A as previously described (21).

The relative amount of total RNA was determined by measuring the signal obtained after

RNAase protection against an 18S riboprobe (Ambion) which protects an 82 bp fragment.

The autoradiograms were scanned with a Scanalytics scanner (one D analysis) and the

signal at each band was determined. The Sig:1UI obtained al each point was nonnalized to

the amount of total RNA at the same point.

Generation of p53 S' probe by PCR. Oligoprimers for the 5' region of the mouse

p53 gene were selected from the published genomic sequence (Accession number:

X01235) (22) using the Primer selecting program (pC Gene). The 5' primer

corresponding ta bases 154-172: 5'TCC GAATCG GTT TCC ACC C3' and the 3'

primer corresponding to bases 472-492: 5'GGA GGA TGA GGG CCT GAA TGC3' were

~dded ta an amplification reaction mixture containing 100ng of lTlouse DNA (from C2C12

cells) using the incubation conditions fP...commended by the manufacturer (Amersham Hot

tub) (1.5 mM MgC12) and the DNA amplified for 40 cycles of 2 minutes at 950C. 2

minutes at 550C and 0.5 minutes at 72oC. The reaction products were separated on a low­

melt agarose gel (BRL) and the band corresponding to the expected size was excised and

extracted according to standard protocols (18).

Tumorigenicity assays. C3H lTlice (6-8 week old males, Clarles River) were injected

subcutaneously (in the flank area) with 106 cells. Mice were monitored for the presence of

tumors by daily palpation. Mice bearing tumors of greater than 1 cm in diameter were

sacrificed by asphyxiation with C02. tumors were removed by dissection and weighed.
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RESULTS

Morphological transformation and anchorage independent growth of

C2C12 cells transfectcd with pZEM ras is inhibited by antisense to the

DNA Methyltransferase. A remarkable feature of transformed ceUs is their ability to

form multilayer foci, to grow in low serum (23,24,25) and in anchorage independent

fashion (26). Since RAS has been shown to transactivate the DNA MeTase promoter (S)

we determined whether RAS could induce DNA MeTase in C2C12 ceUs and whether this

induction is critical for cellular transformation. C2C12 myoblast ceUs were transfected

with eiùler pZEM ras, an expression vector encoding the oncogenic viral gene V-(gly 12­

val) H-ras, or with pZEM ras together with an expression vector encoding an antisense

mRNA to the DNA MeTase (pZEMras/pZuM), construction of pZEM ras and pZaM has

been described previously (S,27).

NOrùlem blot analysis revealed limited expression of the oncogenic form of H-RAS in

pZEM ras clones 5 and 10 as weU as in pZEM ras/pZaM 3,6 and 23 (arrow indic~ltes H-

RAS expression at 2 kb) endogenous N,K,and H-RAS all hybridize to the probe used and

give rise to the bands around 1kb (Fig. 1C). These clones were selected because the

limited expression of H-ras observed was ideal to test the ability of DNA MeTase antisense

to inhibit the RAS initiated transformation. RNase protection analysis verified the

expression of the antisense mRNA in three independent pZEM ras/pZaM clones (Fig. ID).

Quantitative analysis of antisense expression was not determined. In culture, control

C2C12 cells grew exclusively as a monolayer and showed the ability to fuse and form

multinucleated myotubes spontaneousli(Flg.lA), pZEM ras transfectants exhibited limited

contact inhibition and formed multilayer foci consistent with a transformed phenotype (6).

Cells coexpressing antisense to the DNA MeTase along with oncoger.ic ras (pZEM ras

/pZaM transfectants) did not form multilayer foci but kther grew mosùy as a monolayer

(fig 1A), and exhibited a myogenic phenotype sirnilar to p;uental C2C12 cells, suggesting

that inhibition of the DNA MeTase by antisense expression could negate the Ras initiated

Macleod et al. 8



changes in morphology.

To further test whemer expression of antisense to me DNA MeTase could inhibit the

transformed phenotype initiated by Ras, we detennined the ability of the various

transfectants to grow in an anchorage independent fashion, which is considered an in vitro

indicator of tumorigenicity. Nontransfected C2C12 and C2Cl2 cens transfected with

vector sequences aIone (C2 pZEM) served as controls. Transfectants were plated in

triplicate in soft agar and foci were counted visually after 21 days (see materials and

methods for details). Representative photomicrographs shown in figure lB were taken2l

days aiter plating. As expected non-transfected C2C12 or pZEM controls did not fonn

colonies in soft agar while the pZEM ras transfectunts (5 and 10) were able to grow in

anchorage independent fashion, while pZEM ras IpZaM tnmsfectants lose their ability to

form colonies in soft agar and only aggregates of a few cens were visible when evaluated

by light microscopy (Fig. lB) Graphical representution of this data is shown in Figure

2A. Anomer indicator of the stute of transformation of a cen is ils serum dependence.

Tumor cens exhibit limited dependence on serum and are usually capable of serum

independent growm, whereas factors present in the serum are essential for the survival of

many nontumorigenic cells. To further test the ability of antisense to the DNA MeTaseto

inhibit transformation initiated by H-ras in C2C12 cells, we detennined the ability of mese

cells to initiated DNA synthesis in the absence of serum by [3H]-Thymidine incorporation

assays. Transfectants and C2C12 cens were transferred from their growth medium

containing 10% heat inactivated fetaI calf serum to medium containing 0.5% heat

inactivated fetaI calf serum and assayed for meir ability to incorporate [3H]-Thymidine into

newly replicating DNA. As expected nontransformed C2C12 and pZEM controis do not

initiate DNA synthesis in lùw serum. The pZEM ras transfectants (5 and 10) show a

significant increase in the incorporation of [3H]-Thymidine suggesting mat DNA

replication occurs despite theJ~çk of serum. However, when C2C12 were transfected wim

pZEM ras IpZaM, [3H]-Thymidine incorporation was comparable to nontransfected

C2C12 controls (Fig.2B). In summary, the above set of experiments show that the

expression of an antisense to the DNA MeTase in C2C12 cens can inhibit sorne

Macleod et al. 9



characteristic indicators of the transformed state initiated by oncogenic Ras.

C2C12 eeUs transfeeted with Ha-ras show an inerease level of DNA

Methyltransferase rnRNA and aetivity. 111e DNA MeTase activity in the cell is

Iimiting and therefore regulates the pattern of DNA methylation (28). Deregulation of

DNA MeTase may therefore result in widespread changes in DNA metllylation such as

those common to cancer cells. The above results show that transformation of C2C12 by

Ha-ras can be reverted by an antisense to the DNA MeTase suggesting that DNA MeTase is

a downstream effecter of the Ras signaIIing pathway. Transformation by Ras should

therefore lead to an elevated level of DNA MeTase both at the mRNA and enzymatic

activity levels. To test this hypothesis we performed both RNAase protection assays and

DNA MeTase activity assays on the vanous C2C12 transfectants. Total cellular RNA was

prepared from expom:ntially growing celllines and subjected to RNase protection assay

for DNA MeTase mRNA using probe A, (see materials and methods). Protection of three

fragments ranging from 90 to 99 is consistent with known initiation sites of the mouse

DNA MeTase (21) (Fig. 3A). Normalization against the 82 bp protected fragment from an

18S ribonucleotide probe and quantitation of these results demonstrates that pZEM ras

transfectants have an elevated level of DNAMeTase mRNA when compared to pZEM

controls and that pZEM ras IpZaM transfectants (3 and 6) show DNA MeTase mRNA

levels similar to controls (Fig. 3a bottom panel). Relatively high expression of DNA

MeTase mRNA in the antisense clone 23 is not inconsistent with a functional antisense

effect as the mechanism of antisense action on gene expression remains controversial.

Furthermon-c';\'e demonstrate thatthe DNA'MeTase protein activity in this clone is

significantly inhibited (Fig.3B), suggesting that translational arrest and not transcriptional

arre~t nor RNAse H dependent duplex degradatio~~s the dominant mechanism of action of

antisense in this clone. This mechanism of antisense action is supported by severallines of

evidence (29,30). To determine if this increase in steady state mRNA level seen in me Ras

transfectants translates into an increased level of DNA MeTase activity we resorted to

enzymatic assays. DNA MeTnse activity is regulated with the stat~~fw~wihof cells,

therefore all cultures were rnaintained at the exponential phase of growthand fed with fresh
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medium evr,ry 24 h for three days prior to harvesting, DNA MeTase activity in the

different nuclear extracts was assayed using [3H]-S-adenosyl-methionine as the methyl

donor and a hemimethylated double stranded oligonucleotide as a substrate as described in

Materials and Methods. Results of a representative experiment are shown in Figure 3B.

Ras o'ansfectants incorporate significantly more tritiated CH3 inlo hemimethylated DNA

than do the pZEM or C2C12 controls. Expression of antisense to DNA MeTase in the Ras

transfectants resulted in a red'Jction in DNA MeTase activity down to controllevels. These

results suggest L'lat expression of Ras in C2C12 cells results in an increase in the steady

state DNA MeTase mRNA level which translates into increased DNA MeTase activity.

Gene specifie hypermethylation in C2C12 transfected with Ha-ras is

inhibited in pZEM ras IpZaM transfectants. To further verify that Ha-ras

transformation of C2C12 results in an increased activity of DNA MeTase we tested the

possibility that specifie genes would be hypermethylated in these lines and that this could

be reverted by antisense to the DNA MeTase. To determine whether specifie genes were

hypermethylated, we resorted to MspI/Bpall restriction analysis followed by Southern

blotting and hybridization with gene specific probes. Hpall cleaves the sequence CCGG, u

subset of the CpG dinucleotide sequences, only when the site is unmethylated while MspI

.cl\vill cleave the sume sequence irrespective of its stute of methylution. By comparing the

pattern of Hpall cleuvage of specifie genes we determined whether these genes huve

undergone uny changes in their methylation state. The first locus to he unulyzed wus the.

muscle specifie gene MyoD. The MyoD gene is ideal for this unalysis becuuse it contains

a CpG island which is heavily methylated only in transformed cells (14). MspI/Bpall

southern blot analysis of the MyoD locus in IWO independent pZEM Ras transfectunts (5

and 10) as well as IWO pZEM ras /pZaM transfectants (3 and 23), reveaied

hypermethylation in both the pZEM ras transfectants. This hypermethylation is seen as an

increase in the relative abundance of high molecular weight fragments in Hpall digested

lanes (those above the 0.8 kb fully non methylated fragment) ofpZEM ras clones 5 and 10

(Figure 4A). The relative diminution in intensity of the 0.8 kb band in pZEM ras 10 ~~o

Macleod et al. 11
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indicates that this fragment has undergone hypennethylation thus Hpall digestion gives rise

to the higher molecular weight fragments ( 1.5, 2.0 and 3.0kb respectively). pZEM ras

/pZaM transfeGtants do not exhibit any hypenneùlylation in the MyoD gene. The

diagnostic 0.8 kb fragment is fully demethylated (intensified in the HpaII lanes) in both

clone 3 and 23, to a level similar to pZEM controls. Moreover demethylation of the 630 bp

fragment was observed in clone 23. Another class of genes that might have undergone

hypennethylation includes the tumor suppressor genes. Loss of these gene products has

been shown to lead to deregulation of the cell cycle and neoplasia (31). We therefore

detennined the state of methylation of the p53 5' region (Fig 4B). The: p53 locus was

studied using a 0.3 kb fragment from the 5' region 300 bp upstream to the initiation site as

a probe as described in Materials and Methods. Cleavage of the C2C12 p53 loci (the

mouse genome also contains a p53 pseudogene) with MspI and BarnHI yields fragments

with molecular weight of 0,4, 1.9, 6.0, 8.0 and 9,4 kb (Fig 4B. MspI lanes). Expression

of pZEM ras in C2Cl2 cells results in hypennethylation of this locus as can he seen by

loss of the 6.0 kb band, diminution in int<:nsity of the 8.0 kb band and the relative

intensification of the high molecular weight '9.4 kb band in the pZEM ras 5 and 10 HpaII '

lanes. Coexpression of antisenseto the DNA MeTase results in a decreased

hypennethylation of the p5310ci initiated by Ras as indicated by the reappearance of the

.6.0 kb band and the loss in intensity of the 9,4 kb fully methylated band. Although not ail

transfectants showed the same degree of hypennethylation of the MyoD and p5310ci,

possibly due to clonai variability, ail Ras tranÙectants analysed were hypennethylated
\'-..-­

when compared to controls, consistent with the idea that Ras causes DNA

hypennethylation through superinduction of the DNA MeTase.

C2C12 cells transfected with pZEM ras IpZaM show decreased

tumorigenicity in vivo when compared to pZEM ras transfectants. To

detennine whether demethylation can result in inhibition of tumorigenesis initiated through

the Ras signalling pathway, we injected lx106 cells of theC2CI2, pZEM, pZEM Ras or
~ ..~ -

pZEM ras /pZaM transfectants subcutaneously into the syngeneic mouse ~ti-ain C3H. The

MacLeod et al. 12'



presence of tumors was determined by palpation. While none of the animaIs injected with

C2C12 or pZEM cells formed tumors, animaIs injected with pZEM ras transfectants did

form tumors. Animals injected wilh pZEM ras /pZaM transfectants did fonn tumors but

showed a delay in appearance compared to tumors in the pZEM Ras animaIs. AnimaIs

injected with pZEM Ras transfectants showed tumors within 4 to 10 days of injection

whereas animals injected with C2C12 cells transfected with pZEM ms/pZaM were tumor

free up to between days 32 and 36 after injection. In addition the tumors that did foml in

pZEM Ras/pZaM were ail of smaller size than their pZEM ras counterparts (mean of 0.84

grams, SD= 0.28 for pZEM Ras, and mean of 0.246 grams, SD= 0.21 for pZEM

Ras/pZaM).

One possible explanation for the fact that a small number of tumors did fonn in animaIs

injected with pZEM mslpZaM transfectants is that thr.y are derived from revertants that lost

expression of the antisense to the DNA MeTase under strong negative selective pressure in. .

vivo. In fact we recently showed that tumors isolated from LAF-l mice injected Witll YI

adrenocortical tumor cells expressing antisense to the DNA MeTase lost the expression of

the antisense message (32), supporting the hypothesis that expression ofan antisense

message to the DNA MeTase is inrompatible with tumor growth in vivo.

"
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DHiCUSSION

Activ<lting mutations in the Ras protooncogene gene are seen in approximately 50% of al!

human cancers (33). The induction of DNA MeTase activity and hypermethylation of

specific loci is also a very common feature of cancer ceUs. Recent work by our laboratory

suggests that a mechanistic Iink exists between these two observed phenomena (8,34).

Therefore this study was designed to deteffiÙne whether the DNA methylation machinery is

an essential downstream component of Ras mediated oncogenic transformation using

C2Cl2 ceUs as a model system. Although it is generally hard to extrapolate from events

occurring in tumor cenlines in culture to the in vivo situation, it remains that ceUlines offer

the best possibility to dissect mechanisms and pathways in a manner that is almost

impossible to accomplish in vivo, especiaUy in the human. To test the hypothesis that

DNA MeTase was causal to the active transformation of C2Cl2 myoblasts we transfected

these ceUs with an expression vector encoding viral H-Ras, (pZEM Ras) while a second set

. of C2Cl2 ceUs were cotransfected with v-H-Ras and an expression vector encoding an

antisense to the DNA MeTase (pZEM ras/pZaM). Morphologically, pZEM Ras

transfected cens grow as multilayer foci while the pZEM Ras/pZaM cens grew exc1usively

as monolayers and do not fOITll ioci. C2Cl2 cens transfected with pZEM Rrs/pZaM retain

morphological features similar to their nontransformed myogenic parenta1line whereas

pZEM Ras transfectants have lost this phenotype. This study focuses on the role of DNA

methylation in oncogenic transformation therefore its potential role in myogenic

differentiation however interesting is open to investigation. Soft agar assays demonstrated

that coexpression of antisense to the DNA MeTase and Ras results in cens that have lost the

ability to grow in an anchorage independent fashion. To further support the claim that

DNA MeTase is involved in initiation of transformation, [3H]-Thyrnidineincorporation

assays were performed and demonstrated that the pZEM Ras but not pZEM Ras/pZaM

transfectants nor controls have the ability to initiate DNA synthesis in low serum. Next we

asked whether Ras could induce an increase in the steady state level of DNA MeTase.

RNAase protection analysis demonstrated a 2 fold increase in the level of DNA MeTase .

Macleod et al. 14



mRNA in pZEM Ras transfectants when compared to controls. this level of inducùon is

consistent with levels required to transform NlH 3T3 fibroblasts by forced expression of

exogenous DNA MeTase (17). Expression of antisense to the DNA MeTase resulted in li

decreased DNA MeTase mRNA level in aIl but clone 23. This could be explained by the

fact that antisense is not a complete Knockout and variability exists with this method of

gene modulation. Several observations have shown dramatic inhibition of gene expression

at the protein level without inhibition at the mRNA level when using antisense technology

suggesting a mechanism of translationa1'!Lrrest (29,30). Other anùsense strategies have

been shown to inhibit gene expression simultaneously by independent mechanisms acùng

at different points in the expression of a gene (35). The inhibition seen in pZEM

Ras/pZaM clone 23 seems to be working by a mechanism a translaùonùl arrest since the

DNA MeTase enzymatic acùvity is significantly inhibited while mRNA levels remain

unaltered. To determine if th( ncrease in steady state mRNA, resulting from forced

expression of Ras, resulted inulcrease activity of the DNA metllylation machinery we

measured the rate of incorporation methylgroup, using [3H]-S-adenosyl-methionine as the

methyl group donor, into a hemimethylated double 'tranded oligonucleoùdc subslrJ.te. Ali

Ras transfectants showed an increase DNA MeTase activity when compared to pZEM

while pZEM RawpZaM ceUs had activities significantly reduced from the Ras lines. Taken
~ .. .

together these experiments demonstrate that Ras has the ability to upregulate steatly state

levels ofDNA MeTase rnRNA as weU as enzymatic acùvity of the DNA methylaùon

machinery and since antisense to the DNA MeTase can alleviate these effects it strongly
~- ..., '<

suggests that DNA MeTase is a downstream effecter of the Ras signalling pathway and is

actively involved in the transformation process.

To demonstrated that tbis increase in steady state rnRNA levels and enzymatic activity of. .
DNA MeTase results in hypermethylation of specifie genes we tested the muscle specifie,"

'.'.

MyoD and the 5' region of the ubiquitously expressed tumor suppressor p53. The MyoD

is unmethylated in aIl somaùe tissues but is extensively methylated in severa! tumor eell

lines exeept those expressing myogenie genes,'the MyoD gene also beeomes denovo

methylated during immortalization of cells (14). The p53 loeus is of obvious important in
'-::,
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light of the facts that inactivation of this gene predisposes one to neoplastic disease (31)

and that DNA methylation is one mechanism suggested in the inactivation of the turnor

suppressor gene Rb (36). Both of these genes showed hyperrnethylation in the Ras

transforrned C2CI2 lines and this hypermethylation couId be inhibited by the coexpression

of antisense to the DNA MeTase (Fig 4A and B).

To test the ability of an antisense to the DNA MeTase to revert initiation of Ras

transfonnation in vivo, we injected mice with the different clones and demonstrated that

although ail transfectants (with the exception ofpZEM controls) eventual!y forrned tumors,

the pZEM ras IpZaM forrned tumors significantly later than their pZEM Ras counterparts.

The fact that tumors appear in the pZEM ras IpZaM transfectants although these clones

don't have the ability to grow in soft agar can be due to the fact that their exists a strong

negative selective pressure in vivo against expression of the antisense whereas in tissue

culture positive selective pressure is maintained by the addition of selection media

containing neomycin.

Results presented above demonstrate that the DNA methylation machinery can \y~

activated by the Ras signal transduction pathway and that activation of this downstream

target of Ras is a critical initial event involved in leading a cel! towards the transforrned

state.
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Fig. 1. Morphological transfonnaùon of C2C12 cells tmnsfected with oncogenic ms is

reversed by antisense to the DNA MeTase. A. Phase contmst microscopy at 200X and

lOOX magnificaùon of living cultures of C2Cl2 cells and C2C12 clonaI transfectants with

pZEM ras and pZEM ras /pZaM. B. Anchorage independent growlh assay: C2C12

controls. pZEM ras (clones 5 and la) and pZEIVI ras+ pZaM (clones 3 and 6) transfect:1I11S

were plated in triplicate at a density of 1X103 cells per well and grown in 0.33% soft agar

for 21 days as described in material and methods. Photos show representalive regions of

the plates 21 days after plaùng cells.

C. Northem blot analysis of C2C12 cells trunsfected with pZEM ms or pZEM ras/pZaM.

Total cellular RNA was prepared from the indicated clones and subjected to northem blot

analysis and hybridized with 0 0.7 kb Ras probe described in materials and methods.

Arrow indicates the limited expression of v-H ras in these tl".lIlsfectants. D. Anùsense

expression to the DNA MeTase was verified using RNase protecùon assay. Protection of

the expected fragment was seen in three independent pZaM lines.
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Fig. 2. in vitro indicators of the transforrned phenotype.

A. Graphical representation of anchorage independent growth assay shown in fig.l A.

B. Graphical representation of Thymidine incorporation assay. C2Cl2 controls, pZEM,

pZEM ras and pZEM ras + pZaM were plated at a density of IXI04 cells/well in a 24-

well plate in medium containing 0.5% (v/v) heat inactivated fetal calf semm and assayed

for their ability to incorporation [3H]-Thymidine into newly replicated DNA (see materials

and methods for details).
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Fig. 3.

A. Analysis of DNA MeTase message in C2Cl2 cells transfected with pZEM ras or

pZEM ras+ pZaM. RNAse protection assays were performed on total cellular RNA from

exponentially growing C2Cl2 clones. The probes were derived from mouse DNA MeTase

genomic clone (300 bp NaeI/HindII fragment) and mouse 18S genomic clone (Ambion)

see materials and methods for details. DNA MeTase arrows indicate the protected

fragments corresponding to the known initiation sites for the mOlJse DNA MeTase (21).

Protection by 18S probe was done simultaneously in the sarne reaction to control for

amount of RNA used. B. DNA MeTase activity in nuclear extracts prepared from the

indicated C2C12 transfectar.!s was determined using a synthetic hemimethylated double-.
stranded oligonucleotide substrate (see materials and methods for details). T.le results are

expressed as dpm [methyl-3H] incorporated into the substrate oligonucleotide per 3 Ilg

nuclear protein for 3 h a1370C.
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Fig. 4. The pattern of methylation of specifie genes in pZEM ras and pZEM ras+pZaM

transfectants. A. State ofmethylation of the MyoD gene. Genomic DNA (lOug) extracted

in duplicate from the indicated lines was subjected to MspI/HpaII digestion followed by

digestion with BarnHI, Southern blot transfer and hybridization with a 32P labelled DNA

probe encoding the complete mouse MyoD cDNA (14) (an EcoRi fragment isolated from

the plasrnid pEMClls a kind gift of Dr. Weintraub). The filled arrows indicates the

position of a fragments in HpaII IU/;es that change in relative intensity due to

hypermethylation, the open arrow indicates bands arising from demethylation events. B.

State of methylation of the p53 5' region. Genomic DNA (lOug) from the indicated lines

was isolated in duplicate and digested with MspI/HpaII and Barn HI as above, subjected to

Southem blot transfer and hybridization with a 32P labelled PCR fragment corresponding

to the 5' region of the p53 gene (154-472 from the sequence published in reference 22 and

arnplified as described in the Materials and Methods). The fl1led arrows indicate a loss of

lower molecular weight bands or the intensification of the higher molecular weight bands

due to hypermathylation in the pZEM ras clones. Open arrows indicale the reappearance of

demelhylaled bands in the pZEM ras/pZaM transfectants.
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Chapter 5: Antisense oligonucleotides to the DNA

Methyltransferasc inhibit tumor growth in vivo. A.R. MacLeod, V.

Bozovic, E. Van Hoffe and M Szyf. (manuscript in preparation).

The previous chapters have defined DNA methylation and the DNA MeTase itself as

causal components to certain oncogenic transformations. This mises the possibility that

specifie inhibitors of the DNA MeTase can be' used as anticancer drugs. To test the

'therapeutic potential of specifie inhibition of the DNA MeTase, we designed a series of

DNA MeTase antisense and control phosphorothioate oligonucleotides that could be

administered subcutaneously to tumor bearing animais.
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Many tumor cell lines overexpress DNA meth)'ltnmsferuse (MeTusel

uctivity. Recently we bave shown that expression of GIlII bp from the S' of

the DNA MeTase cDNA in the antisense orientation could render YI

adl'enocortical ceUs non.tumorigenic. To determine the therupentic

potential of antisense to the DNA MeTase we designed modiried antisense

oligonuc1eotides that could be delivered to tumor bearing mice b)'

subcutaneous injection. CeUs treated with the DNA MeTase antisense

oligonuc1eotides in vitro demonstrate a reduction in DNA MeTase activily,

a general dccrease in genomic methylation and diminished ability to grow

in an anchorage independent manner. Tumor bearing mice treuted with

DNA MeTase antisense oligonuc1eotides showed a significunt decrease in

tumor growth comparcd to mice treated with control oligonucleotides.
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The methylation of vertebrate DNA al the 5 position of the cytosine residues in the

dinucleotide sequence CpG is the most common DNA modification known (1,2). Twenty

percent of CpG sites however are nonmethylated and these sites are distributed in a non­

random manner forming patterns of methylation that are both tissue and gene specific (1­

3). Establishment and maintenance of the appropriate pattern of methylation is critical for

development (4) and for maintaining the differentiation state of a cell (5-7). DNA

methylation is known to influence gene expression such that an inverse correlation exists

between the level of DNA methylation and transcriptional activity of a gene (8). The

enzyme that catalyse the methylation ofcytosine in DNA is the DNA Methyltransferase

(DNA MeTase). The DNA MeTase activity is tightly regulated with the growth state of

cells (9,10) and previous models have suggested that the cellular 1evel of DNA MeTase

activity can play an important role in determining the pattern of methylation (11,12). An

enzyme with such a widespread impact on genome f~hction as the DNA MeTase is a good

candidate to play a critical role in cellular transformation. This hypothesis is supported by

many lines ofevidence that have demonstrated aberrations in the pattern.of methylation in

cancer cells. While many reports show hypomethy1ation of both total genomic DNA (13)

as weIl as individual genes in cancer cells (14), other reports have indicated that regional

hypennethylation is an important fealUre of cancer cells (15-18). Consistent with the role

of hypennethylation in cancer are the fmdings that lUmor suppressor loci such as the 5'

region of the retinoblastoma (Rb) and Wilms Tumor (WT) genes are methylated in a subset

of tumors, and that inactivation of these genes in the respective lUmors seems to result from

methylation rather than from mutation (19). The short arm ofchromosome 11, where

severa! tumor suppressor genes are thought to be clustered (20), is also regionally

hypermethylated in certain neoplastic cells (17).

One possible explanation for the changes in DNA methylation patterns is the dramatic

elevation of DNA MeTase activity seen in many cancer cells (15,21). Recent work from

our lab shows that overactivation of the Ras signal transduction pathway can trans-activate

the DNA MeTase gene (22) and lead to DNA hypermethylation and transformation (23).

Il has been shown thal forced expression of an exogenous DNA MeTase cDNA can

• Macleod et al. 3



transfonn Nlli 3T3 cells (24) and recently that inhibition of DNA methylation by

transfection of a construct expressing 600 bp from the 5' of the DNA MeTase in the

antisense orientation into YI adrenocortical carcinoma cells results in reversion of their

transfonned phenotype (25). In accordance with this model, mice heterozygous for the

multiple intestinal neoplasia (Min) mutation of the adenomatosis polyposis coli (Apc) gene

show a dramatic inhibition in the incidence of intestinal neoplasia when crossed with mice

heterozygous for the DNA MeTase null mutation (26). Suggesting that high levels of DNA

MeTase are required for the development of the Min phenotype.

Here we explore the possibility that modified antisense oligonucleotides to t11e DNA

MeTase can be used to effectively inhibit DNA MeTase activity and to inhibit tumorigenesis

of YI adrenocortical carcinoma cells i/l vivo.

YI is an adrenocortical tumor cellline that was isolated from a naturally occurring

adrenocortical tumor in an LAFI mouse (27) and bears a 30 to 60 fold amplification of t11e

cellular protooncogene c-Ki-ras (28). This cellline also shows tumor specific DNA

hypennethylation (23,25,29) and therefore serves as an excellent model system to test the

antitumorigenic potential of DNA MeTase antisense oligonucleotides.

YI cells growing in culture were treated with 20~ of either DNA MeTase antisense

oligonucleotide or control (scrarnbled sequence) oligonucleotide (30) every 24 hrs for 9

days. YI cells treated with antisense oligo grew to be much larger than control treated cells

and adopted a very flat morphology (Fig. lA) that has been shown to be consistent with

growth arrested-non lransformed cells (31). Control treated cells remained

morphologically unchanged from untreated cells. Electronmicroscopic analysis of

oligonucleotide treated cells (Fig. lB) reveals the dramatic increase in size and :he flat cell

morphology of the antisense treated celis as weli as the presence of lipid vacuoles unique to

the antisense group (one hundred celis were scanned by electron microscopy most of the

antisense treated cells had large accumulation of lipid vacuoles whereas non of the controis

show this phenotype).

The ability of cells to grow in an anchorage independent fashion is considered as an in

vitro indicator of tumorigenicity (32). A soft agar assay perfonned in triplicate showed

Macleod et al. 4



that the antisense treated cells showed a dose dependent decrease in their ability to fonn

colonies in soft agar (Fig. le) with the most dramatic effect seen at 20~M where antisense

treated cells were inhibited by 94 % in their ability to grow under anchorage independent

conditions over control oligo treated cells. To determine whether the ill vitro treatment of

YI cells with the antisense oligonuc1eotide leads to a reduction in DNA MeTase steady

state rnRNA levels we perfonned RNase protection assays (33) . Total cellular RNA was

isolated from cells treatOO for 9 days with concentrations of antisense or control oligos

ranging from 0-20~M. The RNA samples were protected simultaneously with two

probes, one for the DNA MeTase and one for 18S ribosomal RNA as an internal control

for amount of RNA 10adOO (33). Results of the RNase protection analysis indicate a

maximal reduction of 75% in the steady state level of DNA MeTase rnRNA when cells

were treated with 20~ of antisense oligo for 9 days (as determined by densitometric

scanning) (Fig.2A). Prolonged treatment up to 13 days with 20~M of oligo further

inhibited the DNA MeTase rnRNA to an almost undetectable level (Fig.2B). DNA MeTase

mRNA levels remained relatively constant at a11 concentrations ofcontrol oligo. We next

compared the DNA MeTase enzymatic activity present in nuc1ear extracts prepared from

cells treatOO with control oligo (scrambled) (30) or the antisense oligos using a
'\ l\

hemimethylated double-stranded oligonuc1eotide ~hî substrate as described previously

(25). DNA MeTase activity was inhibited by as rnuch as 84% in cells treated with20~

antisense oligo for 13 days relative to cells treated with control oligos (Fig.2C). To

determine whether the inhibition of DNA MeTase activity observOO 100 to demethylation of

the YI genome and to explore the nature of these demethylation events we resortOO to

MspIIHpalI restriction enzyme analysis followOO by Southern blotting and hybridization

with gene specifie probes. HpalI cleaves the sequence ccgg only when the CpG

dinucleotide is unmethylated, while MspI will cleave the same site irrespective of its state

of methylation. We flfSt analysed the state of methylation of the MyoD gene using a MyoD

cDNA probe in cells treated with antisense or scrambled oligo (0-20~ as above). This

Macleod et al. 5



gene is unmethylatcd in ail somatie tissues but is extensively methylatcd in sever<ù tumor

celllines, except those expres"Sing myogenic genes (34). The MyoD gene is heavily

methylatcd in YI ceUs as indicated by the presence of the high molecular weight bands at

2.8 and 2.0 kb in HpaII digested lanes (see map for MspI/HindIII, and HpalI/HIII

patterns). The treatment of YI cells with antisense oligonucleotides to the DNA MeTase at

concentrations of 10 IlM and 20llM results in the demethylation of the MyoD gene as can

be seen by the diminution in intensity of the methylated 2.8 and 2.0 kb fragments (open

arrows) and the relative intensification of the 0.73 kb band and the appearance of the fully

demethylated 0.58 and 0.3 kb bands (filled arrows) (Fig.2D).

The above findings indicate that antisense oligonucleotides to the DNA MeTase can inhibit

the DNA Methyltrunsferase and lead to DNA demethylation and cause a reversion of the

trunsformcd pt:notype in YI adrenocarcinoma cells il! vitro. The therapeutic potential of

such an antisense approach however relies on its ability to exert antitumorigenic effects in

vivo. To test this il! vivo potential, we injected 15 LAF-l JlÙce (5 per group) with 2XI06

of the syngeneic YI cells subcutaneously in the flank to generate controllcd tumor bearing

animais. Oligonucleotides (20 mg/kg) of either antisense or IWO control sequences

(scrarnbled, reverse) were administered intraperitoneclly every 48 hrs until tumors were '.

visible in the flank of the animal then every 48 hrs subcutaneously at the site of the tumor.

Animais were sacrificed 30 days after injection of the cells when tumor burden was

deterrnined and toxicity studies were performed. Two of the 15 JlÙce failed to form any

visible tumor. 13ecause this study attempts to detèrrnine the effect of the treatrnents on

existing tumors these JlÙce were excluded from further analysis. Animais treated with

DNA MeTaseantisense oligonucleotide showed a statistically significant rcduction in tumor

load when compared to control groups (p<0.001) (Fig.3). Reverse group had an average

tumor weight of 2.91g (5D=O.218), scrambled 2.98 g (5D= 0.98) and antisense group

0.693 g (5D=.797). Toxicological studies revealed no adverse effects due to DNA

MeTase antisense or control oligo treatrnents: mouse body weight remained stable

throughout the experiment (data not shown). Hematological evaluation demonstrated

higher Hernatocrit and % hemoglobin levels,lower platelet counts and higher red blood cell

MacLeod et al. 6
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counts in the antisense treated mice compared to the control groups (table n. These results

are consistent with antisense treated animais being of generally better health than control

groups, probably due to decreased tumor load. It is not surprising that inhibition of DNA

MeTase by antisense oligonucleotides does not shows toxic effects as mice heterozygous

for the DNA MeTase null mutation have decreased DNA MeTase yet are indistinguishable

from wild type mice (4).

The results presented here support the recent hypothesis that deregulation and

overexpression of the DNA MeTase and DNA hypermethylation is causal to certain

oncogenic transformations (22, 23, 24) and demonstrates that inhibition of this target by

antisense oligonucleotides has strong therapeutic potential. Future efforts will be aimed al

developing antisense oligonueleotides Wlth greater affinity to the DNA MeTase and the

inhibition of DNA MeTase in various human cancers.

• Macleod et al. 7
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FIGURE LEGENDS

Fig.!. Morphological changes in YI ceUs treated with DNA MeTase antisense

oligonucleotides. (A) Phase contrast microscopy at X200 magnification of living cultures

of YI ceUs treated for 48 hrs with 2011M antisense or scrambled control oligo. (B) Electron

rnicrographs at X2124 magnification of YI ceUs treated for 48 hrs willl 2011M antisense or

scrambled control oligo. Arrow indicates the presence of vacuoles specific to the antisense

treated group. (C) Anchorage independent growth assay (25): YI ceUs (IXI03) treated

with the indicated concentration of oligonucleotide for 9 days were then plated in triplicate

in soft agar and colonies were counted visually after 21 days of growth. The data points

represent an average of three determinations.

• Macleod et al. 10
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Fig.2.(A) Analysis of DNA MeTase mRNA, activity and DNA m~thylation in YI cells

treated with antisense or control oligo. RNAse protection assays (33) were perfom1ed on

total cellular RNA from YI cell treated with the indicated concentration of oligo for 9 days.

DNA MeTase arrows indicate the protected fragments corresponding to the known

initiation sites for the mouse DNA MeTase (22). Protection by 18S probe was done

simultaneously in the same reaction to control for the amount of RNA used. (B)

Quantification (by densitometric analysis of autoradiograms using Scanalytics MasterScan

software) of relative MeTase expression (MeTase/18S) in YI cells treated with 20~M oligo

for the indicated times. (C) DNA MeTase activity in nuclear extracts prepared from YI

cells treated with 20~ of the indicated oUgo for the indicated times, using a synthetic

hemimethylated double-stranded oligonucleotide substrate (25). The results are expressed

as dpm [methyl-3H] incorporated into the substrate oligonucleotide per 3 ~g nuclear

protein after 3 h at 370 C.(D) State of methylation of the MyoD gene. Genomic DNA (10
'1,

~g) extractt:d. from cells treated with the indicated oligo was subjected to MspI or HpaII

digestion followed by digestion with HindIII, Southem blot transfer and hybridization with

a 32p labelled DNA probe encoding the complete mouse MyoD cDNA (33) (an EcoRI

fragment isolated from the plasmid pEMCIIwas a kind gift of the late Dr. H. Weintraub).

The open arrows indicates the position of bands that have been lost or decrease in relative

intensity due to demethylation events, the filled arrows indicates new bands or relative

intensification of bands arising from demethylation events.

Macleod et al. 11
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Fig.3. Inhibition of tumor growth by subcutaneous injection of DNA MeTase antisense

oligonucleotide. 2X1Q6 YI cells were injected subcutaneously in the flank of syngeneic

LAFI mice (10 week old males). 100llL of a 8mg/ml solution (20mg/kg of mOllse body

weight) of the various oligos was injected intraperitoneally every 48 hrs until tumors were

visible in the flank of the animal then every 48 hrs subcutaneously. Graphical

representation of !Umor weights is shown.
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Table 1. Hematological analysis of LAF-l mice treated with antisense or control

oligonucleotides (20 mg/kg) for 30 days. The numbers represent the mean and standard

deviations in brackets, within the groups for the various parameters.
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Table 1

Treatment Hematocrit %Hemoglobin WBC RBC Platelets

REVERSE 17.2 (9.2) 6.40 (3.3) 59.6 (29.8) 3.40 (2.19) 514.0 (291.0)

SCRAMBLED 16.1 (2.5) 6.16 (0.9) 71.8 (21.9) 2.99 (.450) 503.2 (104.0)

ANTISENSE 21.9 (9.5) 7.44 (3.8) 50.7 (33.0) 4.40 (1.80) 302.0 (95.0)

White blood cell count (WBC), red blood cell count (RBC), hematocrit in g/dcl.
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Summary and General Discussion

In vertebrates, DNA methylation is the covalent modification of the cytosine moiety in

the dinucleotide sequence CpG. This methylation of DNA is cat,ùysed by the enzyme DNA

methyltransferase (DNA MeTase). This enzyme is highly conserved in evolution however

its biological importance has only recently gained significant attention. The finding that

IJÙce homozygous for the DNA MeTase null mutation are non viable (Li et al., 1992)

demonstrates its importances for proper development and has sparked renewed interest in

the field. Other important observations include the aberrant DNA methylation patterns and

the superinduction of DNA MeTase activity common to many cancer cells, suggesting that

it may be a player in oncogenic transformation. Although interesting, these tïndings do

not provide conclusive evidence for the role of DNA methylation in the generation of

cancer. 1'0 truly understand a biological system one has to be uble to intervene ina

controlled and specifie manner, make predictions and interpret the results in light of those

predictions. My work was designed with this in mind.

The data presented in this thesis is consistent with the hypothesis that overexpression of

the DNA MeTase and hypermethylation of DNA is causal to oncogenic transfonllutions, it

also provides a mechanistic link between known oncogenic signal transduction puthwuys

and DNA hypermethylation and demonstrates the potential of DNA MeTase inhibitors as

possible cancer therapeutics. In addition to the therapeutic implications of DNA MeTuse

inhibitors it was clear that such specifie inhibitors would yield definitive unswers to basic

biological questions that were elusive for sorne time. As mentioned above, much of the

data regarding the biological role of DNA methylation was based on correlations suchs as

those between methylation state and the state of activity of a gene. Attempts to modulute

DNA MeTase activity relied on the nucleoside analog 5-azaC to inhibit the DNA MeTase,

but because of its many other known and unknown side effects, results were often difficult

to interpret. In an attempt to achieve the greatest specificity possible we employed an

antisense strategy to downregulate the DNA MeTase mRNA and thus DNA MeTase

activity. The strategy was successful and allowed us to ask questions about the role this
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enzyme was playing in the genesis of cancer and the mechanisms involved.

The diseovery of specific short DNA sequences elements (API clements) in the promoter

of the mouse DNA MeTase gene was striking in that these are known to be regulated by

mitogenic stimuli, and suggested the possibility that oncogenic stimuli might transactivate

the DNA MeTase gene, and induce cellular transformation. This was in direct conflict with

existing theories that proposed inhibition of the DNA MeTase resulting in DNA

hypomethylation would be oncogenic. These short DNA elements provided the clues

which led us to test the biology and then further to testing potential therapeutics in animal

models. Obviously the DNA is not the only level of regulation in biological systems,

however the genome holds many important clues to cellular functions that if pursued can

lead to greater understanding of biology and to effective therapeutics. It is for these

reasons that Molecular Biology and initiatives like the Human Genome Project are gaining

much interest in the fields of drug discovery and modern pharmacology,

Summary of results, implications and future directions.

Chapter 1: Regulation of the DNA Methyltransferase by the Ras-AP-1 signaling

Pathway. J. Rouleau. A.R.MacLeod and M.Szyf. J. Biol. Chem . 270. 1595-1601

0995),

This study began with the sequence analysis of the rnouse DNA MeTase promoter. This

. analysis revealed severa! potential cis-elements that could play a role in the transcriptional

regulation of this gene. The DNA MeTase 5' region was found to have three consensus

binding sites for the AP-1 transactivation complex. The AP-1 complex can be composed of

either Fos/Jun heterodimers or Jun/Jun homodimers and is activated by the Ras signal

transduction pathway (Angel and Karin, 1991). This observation led us to propose the

.transactivation of the DNA MeTase bY this cellular signaling pathway and to test the

biological function of these sites. De1etion analysis and site directed mutagenesis combined

with reporter gene experiments as weil as other experimental approaches demonstrate that:
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1) The DNA MeTase can be transcriptionally activated by exogenously expressed Ras or

Jun.

2) Transactivation of the DNA MeTase promoter is mediated by a direct physical

interaction of the AP-1 complex on the promoter.

3) AP-1 transactivation can be inhibited by the glucocorticoid receptor in a ligand

dependent manner although DNA MeTase promoter does not contain a consensus GRE.

Inhibition is probably the result of the formation of inactive AP-1-GR complexes (Muller

and Renkawitz, 1991).

4) Ha-Ras expression induces transcription and an increase in the steady state level of

DNA MeTase mRNA.

Regu1ated expression of DNA MeTase has been suggested to be critical for preserving

the pattern of methylation (Szyf, 1991). Aberrant induction of DNA MeTase is a good

candidate to play a r01e in cellular transformation as cancercells have altered methylation

patterns. This hypothesis is supported by many lines of evidence demonstruting high

levels of DNA MeTase activity in transformed cells (Kautiainen and Jones, 1986) and the

hypermethylation of specific genes (Antequera, 1990, Makos et al., 1992). Thus

regulation of the DNA MeTase by a major oncogenic signaling pathway provides the first

mechanistic link between oncogenic signaling pathways and the dramatic elevation of DNA

MeTase activity seen in many cancer cells.

DNA MeTase has been shown to be regulated in a cell cycle dependent manner, this .

regulation is at the post transcriptionallevel (Szyf et al., 1991). Il is clear l'rom this study

that the DNA MeTase can also be regulated at the transcriptionallevel. Therefore, DNA
"

MeTase gene expression is regulated at a number of leve1s ta respond to different classes of

signais. Expression is maintained at lirniting levels under normal conditions while

responding to needs to increase DNA methylation in response to other stimuli such as

proliferative or difi'erentiation signals .

Activation of the Ras pathway can induce cellular proliferation and transformation but it

can also induce cellular differentiation in sorne celilines such as PC12. (de Groot, R.P., et

al 1990). Interestingly then, DNA methylation may also iJe involved in cellular
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differentiation as weIl as transformation. Consistent with this idea are the findings that

inhibition of DNA methylation by antisense to the DNA MeTase can induce differentiation

of IOTl/2 fibroblasts into myocytes and adipocytes (Szyf et al, 1992) and as mentioned

previously that inhibition of DNA methylation by 5-azaC can induce terminal differentiation

of malignant T cells. Nerve growth factor can activate the Ras pathway through interaction

with its cell surface receptor trkA, in PC12 cells this induces differentiation to a neuronal

phenotype (Haubruck and McCormick, 1991). 1 initiated experiments to investigate the

role of DNA Methylation in NGF induced differentiation of PC12 cells however time

constraints did not allow me to complete this study.

How can the Ras signalling pathway induce both differentiation and transformation?

The answer clearly lies downstream of AP-l activation as this transcription complex is

induced in bath processes. An interesting model to explain the "switch" from proliferation

to differentiation was proposed by Szyf (1993) and postulates that at least two classes of

AP-l responsive genes exist. Namely, those associated with mitogenic response and those

induced under differentiating stimuli. Nuclear factors that modulate the accessibility of the

activated AP-l complexes to these genes would determine whether differentiation or

proliferation AP-lresponsive genes are transactivated. Such nuclear factors could interact

with the AP-l complex directly modulating its binding to DNA or might act by binding

sequencesjuxtaposed to AP-l elements themselves to the alter gene expression prograrn of

the cell. Another interesting possibility is the finding that Ras can induce a DNA

demethylase activity (Szyf et al., 1995). The selective activation of a demethylase versus a

methylase may help explain the dual action of Ras.

The Ras-AP-l signal transduction pathway is not likely to he the only one to regulate the

DNA MeTase. A more detailed analysis of the promoter is currently been done in the lab

by Marc Pinard. This work involves linker scanning mutagenesis of the promoter to

uncover important regulatory elements controlling this gene.

49



•

•

•

Chapter 2: Regulation of DNA Methylation by the Ras Signaling Pathway. A.R.

MacLeod. J. Rouleau and M. Szyf. J.Biol.Chem. 270. 11327-11337 (995),

The progression of the transformed state has IWo defining characteristics: first is the 10ss

of cell cycle controlleading to uncontrolled proliferation and second is the sequential

changes in normal gene expression profiles and the inactivation of differentiation specitïc

functions (Nowell, P.C., 1986). Consistent with this is the observation that terminal

differentiation and cellular transformation have been shown in many cases to be a mutually

exclusive processes (Beug H. et al 1982, Copola J.A. et al 1986, Freytag S.Q. et al 1988).

Could a single transforrning event trigger both these alterations seen in cancer cells'? The

YI adrenocortical cellline is ideal to study this question because it is an aggressive cancer

and it exhibits weil characterized tissue specific gene inactivation.

To test the hypothesis that the Ras signal transduction pathway contrais DNA MeTase

activity and that this contrais the state of methylation of the genome and the state of cellular

transformation, we used YI cells as a model system. YI is an adrenocortical tumor ccll

line that was isolated from a naturally occurring adrenocortical tumor from an LAFI mouse

(Yasumura et al., 1966) which bears a 30 to 60 fold amplification of the cellular

protooncogene c-Ki-ras (Schwab et al., 1983). It stands to reason that c-Ki-ras plays an

important role in triggering the transformed state of YI cells. This cellline expresses many

adrenal specific genes but has specifically repressed, by acis-modification event, the 21­

hydroxylase gene (C21) (Szyf et al.,1990). This repression is associated with heavy

methylation of the C21 gene locus and the cells possess the capacity to specifically de novo

methylate a transfected C21 gene (Szyf et al., 1989). We therefore suggested that DNA

methylation may be involved in both the proliferation and gene repression events

associated with the oncogenic process (see FigA) and used the YI system to dissect the

molecular mechanisms responsible for these events.
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ln this paper 1demonstrate thal:

1) Downregulation of the Ras pathway by for;:ed expression of human Ras GTPase

activating protein , or downregulation of Jun by expressing the Jun transdominant mutant

àD9-Jun in the YI adrenocortical carcinoma celilinc leads to inhibition of 'expression of

DNA MeTase rnRNA and decreased DNA MeTase activity.

2) Downregulation of the Ras-AP-l pathway ir, YI cells leads to stable genome wide DNA

hypomethylation aswell as hypomethylation of specific genes.

3) Inhibition of DNA MeTase resulting in DNA hypomethylation was coincident with the

inhibition of cellular transformation.

4) Overexpression of oncogenic Ras leads to induction of DNA MeTase activity and

hypermethylation of DNA and induction of cellular transformation.

5) Modulation of the Ras pathway alters the nature and the level of AP-l binding activities

in YI cells.

The demonstration here that DNA MeTase activity and DNA methylation patterns can he

altered by extracellular and central cellular signals raises the possibility that methylation

patterns exhibit more plasticity in developed somatic tissues than previously thought. If

this is \rUe, we should revise our thinking of the biological role of methylation patterns

from the static maintainers of epigenetic information to dynarnic regulators of the genome

which are constantly responsive to extracellular and intracellular signals. As mentioned in

the previous section detailed deletion analysis of the DNA MeTase promoter is being

performed, this work should yield clues into other potential signaling systems regulating

this gene. However, an essential component of such a study would be to test the

functionality of the pathway, that is, can modulation of the pathway lead to stable changes

in the methylation status of the genome. Making use of dominant negative mutant proteins
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such as those of the PKC family, the CREB family and others to downregulate pathways

could help answer these questions. Also of interest is the potential cross talk of such

signaling systems and how they might integrate to influence the final DNA Methylation

pattern of the genome.

As suggested earlier, hypermethylation in cancer cells is a common feature and appears

to demonstrate sorne site specificity, that is targeting specific group of sequences, while

other sequences are protected from methylation. CpG rich island sequences which are

usually found in the 5' region of housekeeping genes and are genemlly hypomethylated in

most normal somatic tissues (Bird et al., 1985) but are often hypennethylated in cancers

(Antequem et al., 1990). Jones et al have shown that hypermethylation of the MyoD CpG

island occurs in transformed cell lines (Jones et al.,1990) and methylation proceeds

progressively along with cellular transformation (Rideout et a\., 1994). Consistent with

this we show here that down regulation of the Ras pathway leads to demethylation of

specific sites within the MyoD gene supporting the idea that aberrant methylation of this

CpG island is a marker of the transformed stute. Hypermethylation ofCpG islands is also

associated with oncogene-induced transformation of human bronchial epithelial cells

(Vertino et al., 1993). The CpG islands of the estrogen receptor gene is hypennethylated

in human breast cancer cells the 10ss of this receptor is associated with hormone resistance

(Ottaviano et al., 1994) making traditional chemotherapy that targets this receptor

ineffective. The other class of genes known to undergo specific hypermethylation is the

tissue specific genes that characterize the differentiated stute of the normal parental cell and

are inactivated in the dedifferentiated cancer cell type. A good example of this and the one

used in this study is the adrenal specific 21-hydroxylase gene (C21) which is

hypomethylated and express,ed in the adrenal cortex and is hypermethylated and inactivated

in the adrenocortical carcinoma cellline Y1 (Szyf et al., 1989, 1990). When an exogenous

C21gene is introduced into Y1 cells it is specifically de nova methylated, suggesting that

the cancer ceIl maintains an elevated capacity to specifically recognise this gene and target it

for de nova methylation (Szyf et al., 1989). As mentioned above, Szyf 1990 proposed the

existence of DNA cis-acting elements that regulate the methylation of neighbouring

sequences. Recent studies by Turker's group have revealed a cis acting "de nova
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methylation center" in the upstream region of the mouse APRT gene (Turker et al., 1991;

Mummaneni et al., 1993) this sequence can lead to inactivation of the APRT gene

supporting the hypothesis that centers of methylation also function as centers of inactivation

(Mummaneni et al., 1995). Additional cis-acting methylation inducing sequences have

since been identified in exon 7 of the p53 gene (Magewu and Jones, 1994) and the Œ­

fetoprotein control region (Hasse and Schulz, 1994). Playing an opposing role are cis

acting signais that protect juxtaposed sequences from de novo methylation, to date these

"hypomethylation signais", include those found in the CpG island of the thy-1 gene (Szyf

et al., 1990) and HPPRT (Brandeis et al., 1994), and recently the DNA binding site for

the transcription factor ':p1 has been shown to possess such activity (Brandeis et al.,

1994).

What are the mechanism responsible for regional site-selective de novo methylation or

protection from de novo methylation? A model proposed by Szyf suggest that DNA

methylation like transcription and other genome functions involves transacting factors that

interact with cis acting DNA elements such as thy-1 and SPI elements and target

juxtaposed sequences for methylation or protection from methylation. These factors may

~e ubiquitous like sorne of the histone proteins such as Hl (Higurashi and Cole, 1991;

Johnson et al., 1995) or nonhistone proteins such as HMGs (paranjape et al., 1994).

Another class of "modifying proteins" has to he cel! and sequence specific to explain the

cel! specific methylation of certain sites (Szyf, 1989). The cel! specific proteins could

induce a general repressing mechanism such as histone binding and nucleosomal

condensation. For example, a cel! specific repressor can cause the precipitation of an

inactive chromatin structure and this in turn can trigger DNA methylation by a general

mechanism that attracts the DNA MeTase to inactive chromatin structure sites. The

identification and characterisation of such putative factors will he a major advance in the

understanding of the generation and function of DNA methylation patterns. In addition to

the regulation of DNA MeTase by the Ras oncogene it will he of interest to determine

whether other transforming stimuli can induce the DNA MeTase. Recent data showing that

stabilisation of DNA MeTase levels and CpG is1and hypermethy1ation precedes SV40
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induced immortalisation of human fibroblasl~ sllggests that this might he the case (Vertino

et al.. 1994). The SV40 large T antigen appears to inhibit the fllnl·tion of the

retinoblastoma tumor suppressor protein which is a regulator of ccll l'ycle progression

(Riley et al., 1994). It is tempting to speculate that tumor suppressors sueh as the Rb

protein play an inhibitory role in controlling DNA MeTase activity.

An interesting consequence of downregulating the Ras pathway in YI cells was the

change in composition of the AP-l DNA binding complexes observed. Future llxpllrimel\ls

will be aim at determining the components of these different cl1lnpkxes using various

antibodies and supershift assays, and how modulating the pathway altllrs the fonnation of

these complexes.

The all important question remains, are the changes in DNA methyllltion observcd

following the attenuation of Ras signaling cntical for the reversaI of the tmnsfonnution

process in YI cells or is this nlerely a misleading coincidence'l Addressing this question

necessitates inhibition down stream of the Ras pathway at the level of the DNA MeTase

itself. The following chapter discusses our strategy to gain specitïc inhibition of the DNA

MeTase and its biological consequences.

Chapter 3: Expression of Antisense to the DNA Methyltransfemse mRNA jnduces

DNA Demethylation and Inhibits Tumorigenesis. A.R. MacLeod und M. Szyf. J. Biol.

Chem. 270, 8037-8043 (1995).

In the previous chapter we showed that a common oncogenic signalling pathway can

activate the DNA MeTase as a downstream target, leading to the stable epigenetic

modification of the genome. This suggests a mechanistic link between known oncogenic

signaIs, DNA hypermethylation and the transformed state. The cntical question that

remained to be answered was whether indeed the level of expression of the endogenous

DNA MeTase plays a causal role in tumors that are induced by naturally occurring
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oncogenic signal transduction pathways. To address this question, we again used the

adrenocortical carcinoma cellline Y1 as a model system. As mentioned above, YI is a cell

Hne that is derived from a naturally occurring adrenocortical tumor in an LAFI mouse

(Yasumura et al., 1966), therefore oncogenic transformations were initiated il! vivo. We

hypothesised that if the level of expression of DNA MeTase activity is critical for the

oncogenic state, then the transformed state of a cell should be reversed by partial inhibition

of DNA methylation. Previous attempts to modulate the DNA MeTase relied on the drug 5­

azaC, this nucleoside analog has many cellular targets other than the DNA McTase itself,

therefore its usefulness in elucidating the specific role of DNA methylation in cancer is

limited. To circumvent this problem we designed an antisense strategy to inhibit the DNA

MeTase. The lab has previously demonstrated that forced expression of an "antisense"

mRNA to the most 5' 600 bp of the DNA MeTase message (pZa.M) can induce limited

DNA demethylation in 10Tl/2 cells (Szyf et al., 1992). To directly test the hypothesis that

the tumorigenicity of YI cells is controlled by the DNA MeTase, we transfected either

pZo.M or a pZEM control into YI cells.

In this work we have demonstrated that:

1) Expression of the antisense construct leads to a stable reduction in DNA MeTase

mRNA, protein activity and to a limited reduction in DNA methylation content of the

genome and hypomethylation of specific sites aberrantly methylated in YI cells.

2) YI cells with reduced DNA MeTase have slowed growth rates and an increased

dependence on serum for survival.

3) Serum deprivation of the antisense expressing cells causes them to initiate an active cell

death program (apoptosis).

4) Expression of the antisense construct results in the appearance of a Iower molecular
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weight DNA MeTase mRNA species, possibly by inducing a1temative splicing.

5) Demethylation of YI DNA by DNA MeTase antisense expression resll\ts in reversul of

the tumorigenic phenotype suggesting that DNA MeTase p\ays a critical raie in

tumorigenesis.

Whereas there is no question that methylation pattems are changed in cancer cells. the

true meaning of these changes has baffled the field for the last two decades. Since the

acceptable dogma was that demethylation induces gene expression and thut cuncer involves

activation of oncogenes, it was logical to propose that hypomethylution is involved in

carcinogenesis, and in fact many cancer cells exhibit genome wide hypomethylation

(Feinberg and Vogelstein, 1983). The pharmacological implication of this model wus thm

inhibiting the DNA MeTase with agents such as 5-azaCytidine , 5-deoxyazacytidine or an

antisense approach would be carcinogenic and therefore should not be lIsed in thcrapy.

Since the mechanism responsible for hypomethylation in cancer wus unknown and since

most of the field focused on correlative studies, the pharmacological potential of DNA

methylation modifiers was left untouched for more than Iwo decades. The main activity in

the field was to provide direct evidence that hypomethylation agents sllch ,l~ 5-azaCytidine

wOlild lead to cancer. Whereas chronic injection of 5-azaCytidine led lo increased cancer in

male Fischer rats (Carr et al., 1984), injection of the deoxy azacytidine analog which is a

more specific and more effective inhibitor of DNA methylation led to reduction of

tumorigenicity wel1 below control levels (Carr et al., 1988). These latter results were

overlooked because of the prevailing hypothesis that hypomethylation is involved in the

carcinogenic process. Since our demonstration here that inhibition of DNA MeTuse can he

antitumorigenic it has been shown that 5azadC treatment can prevent the initiation of

neoplasia in a mouse modei of APC (adenomatosis polopus coli) supporting our hypothesis

that hypermethylation plays a role in neoplasia and nul1ifying the hypothesis thal

hypomethylation can Iead to neoplasia (Laird et al., 1995). Whereas the experiments by

Laird and Jaenisch show that initiation of neoplasia could be inhibùed by 5-azadC, our

results suggest that the transformed state of the YI adrenocortical cell could be reversed by
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inhibiting the DNA MeTase by antisense RNA or by 5azadC at concentrations that are not

cytotoxic. The experiments by Laird and Jaenisch also show that chronic and systemic

administration of a hypomethylation drug is not toxic, these results have very important

therapeutic implications for future use of methylation inhibitors as anticancer agents.

Furthermore, our experiments suggest that inhibition of the DNA MeTase by only 2-fold is

sufficient of alter the transformed state, this is consistent with previous reports showing

such an induction in the DNA MeTase could transform NIH 3T3 fibroblasts CVVU, J., et al

1990).

Because of the "differentiating" potential of 5-azaCytidine (Jones, 1985; Taylor, 1993) it

was considered as a potential therapy for leukemias that were blocked in their

differentiation program (Taylor, 1993). A recent supplement of the journal Leukemia has

been dedicated to sorne of the preclinical and clinical results obtained with 5-aza-2'­

deoxycytosine (5-azaCdR) in leukemias and the results were encouraging (Leukemia, 1993

supplement). However, in sorne of these treatments the classic side effects of nucleoside

therapy were observed such as inhibition of myelogenesis and resistance. Experimental

evidence and clinical trials with 5-azaCdR provided sorne indication that demethylation

might be of advantage in anticancer therapy and are consistent with the hypothesis that

hypermethylation plays a causal role in cancer. One should he very careful in ascribing ail

. the effects of 5-azaCdR to the inhibition of the DNA MeTase because as previously

mentioned it is known to have many other cellular functions. A detai1ed account of these

side effect is warranted. Ficst, 5,azaCdR is incorporated into the genome, the effects of the

presence of nucleoside analogues such as 5-azaCdR on genomic functions is still

unknown. For example, can it have an impact on genomic stability and the ability of

different DNA binding proteins to internet with a DNA containfug 5azaCdR rather than C in

the recognition sequence. Second, Jutterman et al have recently shown that incorporation of
1 )'.' '

5-azaCdR into DNA causes trapping of bulky DNA MeTase,molecules onto .the DNA
, .

which might be responsible for the toxicity of the drug. (Juttennan et al., 1994). Third, 5-

azaCdR is a nucleoside analogue that might have apotential'inhibitory effect on enzymes
• '.', 1 •

utilising cytidine and its different phosphorylated ornetaholites ~uch as cytidine kinases and
, ,: ,'.' l" " . ' ," ,~ . ,

DNA polymerase. Fourth, 5-azaCdR cotild he conyerted to the riboazaC form andinhibit
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RNA methylation in addition to DNA methylation. Inhibitors of DNA 1"leTase that do not

require additional metabolism in the cell and are not incorporated into DNA are necessary.

Different strategies could be utilised to develop such inhibitors. In the attempt to inhibit the

DNA MeTase in the most specific means possible we employed the antisense expression

system previously shown to lead to limited demethylation in 10Tl/2 cens (Szyf. 1992).

The implication of the present study is that increased DNA methyllltion capacity is in fact

required to maintain the transformed state of YI cens and that by modulating the level of Ùle

DNA MeTase the state can be reversed to a less lethal one. What are the mechanisllls by

which DNA hypermethylation exerts its oncogenic effect? Baylin lms previously suggested

that an imbalance of DNA methylation involving regional hypennethylation result in

abnormalities of chromatin condensation which in turn lead to inactivation of genes,

predisposition to mutations and allelic deletions which are associated with Ùle progression

of tumorigenesis (Baylin, 1991). The inactivation or loss of criticalloci involved in tUlllor

suppressor functions could mediate transformation. An alternative hypothesis that has been

suggested by Jones and his colleagues is that methylated cytosine are mutation hot spots

since methylated cytosines can be transformed by spontaneous or enzyme catalysed

deamination into thymidine, which following replication will result in mutation of the

original C-G base pair into a T-A pair (Jones et al., 1992). It has been suggested that 30 to

40% of all human gerrnline point mutation occur at methylated CpG sequences. Jones and

his colleagues have shown using direct genomic sequencing that three sites which are

known to be hotspots for mutations in the p53 gene were found to be Illethylated in target

human tissue exarnined (Rideout et al., 1990). Hypermethylation can result in an increase

in the number of deaminated CpGs which might strain the mismatch repair machinery that

is normally responsible for removing G T mismatches. Another exciting and surprising

result by Jones's group which provides a biochemical basis for the proposed increase in

dearnination of methylated cytosines in cancer shows that the DNA MeTase enzyme itself

might catalyse the deamination of methylated cytosines (Shen et al., 1992). If the DNA

MeTase can catalyse the dearnination of 5-methyl Cytosine in addition to methylation of

cytosines, the observed increase in DNA MeTase activity in cancer cens (Kautien and Jones

1986: EI-Deiry et al., 1991) can result in an increase in the rate of C to T transitions (Shen
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et al., 1992; Laird and Jaenisch 1994).

Another provocative finding was that DNA demethylation led to the initiation of an

apoptotic death program when YI cells were deprived of serum. Apoptosis is known to

involve the induction of endonucleases that degrade the DNA into the characteristic 180 bp

internucleosomal ladder (Wyllie, et al., 1981). It is tempting to speculate that

demethylation of critical sites allows access of these death-program reiated endonucleases

to the genome of the targeted cell.

If the critical transforming function of hypermethylation is an increase in the rate of

mutagenesis, then then damage incurred by hypermethylation should not be reversible.

Our results however support the hypothesis that DNA MeTase inhibition can reverse the

transformed phenotype. This is of obvious importance should DNA MeTase inhibitors be

developed as cancer therapeutics.

One questions that remains to be answered is why cancer cells overexpressing the DNA

MeTase often exhibit genome wide hypomethylation in addition to regional

hypermethylation. Recently, Szyf identified a general demethylase activity and

demonstrated its induction by Ras (Szyf et al, 1995). If both DNA MeTase and

demethylase are induced by oncogenic signaling pathways, demethylation and

hypermethylation of different sites cold occur at the same time provided the two enzymes

show different substrate specificity. One possible example of two distinct subsets of

methylation sites that show opposite propensities to be methylated are the CpG rich islands

(Bird et al., 1985) (regions of DNA usually at the 5' of housekeeping genes that are

nonmethylated in most tissues) versus CpG sites positioned around tissue specific genes

(Yisraeli and Szyf, 1984; Razin and Kafri, 1994). In early embryonic stem cells, CpG

islands are demethylated (Frank et al., 1991) and protected from de novo methylation

whereas other sites are de nova methylated (Szyf et al., 1990). In cancer cells on the other

hand CpG islands are de novo methylated (Jones et al., 1990; Rideout et al., 1994; Baylin

et al., 1986) whereas other sites are hypomethylated (Feinberg and Vogelstein, 1983).

Two alternative hypotheses can explain this switch in the methylation state of these classes

of CpG sites. One possible hypothesis is that different MeTases or demethylases are

induced in early embryogenesis versus cancer. Alternatively, the switch in methylation
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specificity is determined by a change in transacting factors interacting with cis-acting

signais that determine the accessibility of these sites to the methylation or demethylution

machinery. One such exumple is the cis-ucting signallocuted in the CpG island of the thy-I

promoter and HPRT gene (Szyf et al., 1990; Brandeis et al., 1994) which can protect CpG

sites from de novo methylation in early embryogenesis. Differentiai expression of the

factor(s) interacting with these sequences can explain the differences in CpG island

methylation observed in cancer cells versus eur1y embryonic cel1s. The model that

demethylation is modulated by local signuls und proteins interucting with them could also

explain the discrete site specific demethylation of tissue specific genes during development.

Chapter 4: Expression of antisense mRNA to the DNA Methyltransferase inhibits v~

Ha-Ras initiated transformation of C2Cl2 cel1s. A.R. MacLeod. V. Bozoyjc. J. Rouleau

and M.Szyf. CSubmitted manuscript).

The picture that emerges from our studies is that DNA methylation patterns are un

important element controlling genomic programs. Cancer is one example of the loss of

cellular control over such progrums. If the level of DNA MeTase activity is one critical

control of the pattern of methylation,partial inhibition of DNA MeTase activity should

result in a switch in genomic programs. The nature of the newly adopted program will be

dictated by ail the other components currently present in the cell. Therefore, demethylation

will activate only functions that were preprogrammed to be expressed by existing

transcription factors but were inhibited by aberrant or progrummed methylation. This can

explain why partial inhibition of methylation in predifferentiated cells does not result in a

chaotic change in phenotype but rather a programmed move to the next stage in

differentiation (Jones, 1985; Szyf et al., 1992). Moreover, since the pattern of methylation

is deterrnined as suggested by signais in the DNA and proteins that interact with these

signais (Szyf, 1991), the pattern of methylation would probably be restored to the original

state in most sequences. It is therefore expected that systemic demethylation will have
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minor effect on programmed somatic cells. However, it should be effective in reactivating

latent programs or bringing a cell to a natural differentiation state that it is otherwise

blocked from attaining. In such cases, the necessary transcription machinery is present in

the cell. The concept that the level of DNA MeTase expression can control a genomic

program is especially critical in cancer where terminal differentiation is often repressed in

favor of the oncogenic state. This idea is exemplified in the study of myogenic

differentiation and transformation. In muscle cells, terminal differentiation requires the

activation of severa! of muscle-specific genes (including a.-actin, myosin heavy and light

chains, and acetylcholine rereptors). The transcription of sorne of these muscle-specifie

genes is activated by products of the MyoD gene family (including MyoD,MyoH and

myogenin) (Weintraub et al., 1991). These proteins are called master regulatory proteins

and are thought to be responsible for initiating the direction of the cellular program.

However, expression of the activated ras oncogene in these cells inhibits their

differentiation, most probably by transcriptional silencing of regulatory control loci such as

MyoDl, myf 5 (Lasser, et al., 1989). In light of our observations that Ras can induce the

DNA MeTase and that this activity has potential gene repressing function, we hypothesised

that inhibition of differentiation and transformation of C2C12 myoblasts by Ras may be

mediated by induction of the DNA MeTase.

In this paper we show that:

1) Expression of v-Ha-Ras in C2C12 cells increases DNA MeTase steady state mRNA

levels and protein activity levels.

2) Expression of v-Ha-Ras in C2C12 cells leads ta gene specifie hypermethylation of the

MyoD and p53 loci.

3) Minimal expression of v-Ha-Ras causes cellular transformation and loss of the

differentiated phenotype of C2C12 cells.
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4) Coexpression of antisense mRNA to the DNA MeTase along with v-Ha-Ras inhibits

Ras initiated increase in DNA MeTase, tmnsfonnation und DNA hyp~nn~thylation.

The results presented in this work complements our previous findings and demonstratc

the DNA MeTase is not only involved in maintaining the transfonn~d slale bUI is uctively

involved in the initiation of transfonnation by v-Ha-Ras. Here, we aClively transformed

the myoblast cellline C2CI2 with v-Ha-Ras whereas the YI ceUs used in the previous

studies were isolated from a naturaUy occurring mouse tumor and are thus alreudy

transfonned.

A caveat when using transfected vectors to express the desired antisense mRNA is that

the trunsfection and selection procedure may select against the clones of interest. For

example if the desired phenotype is a nontransfonned cell then isolating relatively fast

growing clonal populations obviously undennines this attempt. In addition, there may be

regulated expression or progressive inactivation of the transfeeted gene, in this case the

steady state expression in the cellline may not reflect the level of expression at the time of

transfection. This is of primary importance when you are modlilating an activity with

lasting effects such as the covalent modification of the genome by the DNA MeTase. With

this and its potential as a therapeutic in mind we have developed antisense oligonucleotides

to inhibit the DNA MeTase. These drugs can then be administered to cells in culture to

monitor the immediare and long term effects of DNA MeTase inhibition. Future

experiments will inclllde treating v-Ha-Ras transfonned C2C12 cells with such inhibitors

and monitoring the changes in methylation patterns as well as gene expression profiles.

Reestablishment of the proper myogenic program to v-Ha-ras transformed C2C12

myoblast should involve transcriptional activation of genes in the MyoD family.

Preliminary evidence sllggests that MyoD expression lost in the v-Ha-Ras C2C12

transfectants is induced in the antisense expressing ceU lines, however more

experimentation is required for a defmitive result.
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Chapter 5: Antisense oligonucleotides to the DNA Methyltransferase inhibittumor

growth in vivo, A.R. MacLeod. V. Bozovic. E. Van Hoffe and M Szyf, Csubmitted

manuscriptl.

Il was the discovery of simple DNA sequences elements in the promoter of the DNA

MeTase gene that inspired questions about the complex cellular regulation of the gene and

then to investigating its potential deregulation in cancer. Understanding the biochemical

mechnnisms involved in the regulntion of DNA methylation would be of great interestto

biologist, along with this however, is the ultimate goal of developing effective anticancer

therapeutics. If inhibition of the DNA MeTase by antisense technology is to be a cancer

therapy it is clear that sorne means other than expression from a transfected vector will be

necessary. As described in the introduction, modified DNA oligonucleotides that can

penetrate cells are gaining support as effective agents used to modulate gene expression.

Therefore, to test the therapeutic potential of specific inhibition of the DNA MeTase, a

series of DNA antisense phosphorothioate oligonucleotides complementary to the sequence

flanking or near the translation initiation codon of the DNA MeTase mRNA were

synthesised. Because we have extensively characterized the YI adrenocortical cellline in

terms of transformation state, morphological phenotype and DNA methylation promes we

tested the ability of the various oligos to inhibit the endogenous DNA MeTase in YI cells

and the resulting effect on cellulàr transformation in ex vivo. ;The oligo with the best

antitumorigenic potential in the ex vivo studies was then used for the in vivo experiments

on tumor bearing mice.

In this study we show that:

1) Antisense treatrnent of YI cells reduced the steady state level of DNA MeTase rnRNA

and protein activity and lead to DNA hypomethylation whereas control oligos with

scrarnbled sequence had no effect.

2) YI cells treated with DNA MeTase antisense oligonucleotides in culture show
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morphological characteristics consistent with non transfonned, growth arrested cciI.

Control oligonucleotides do not induce such change in YI ceUs.

3) Electron microscopic analysis revealed the accumulation of lipid vacuole~ in YI ceUs

treated with antisense oligonucleotides and not in those treated with control

oligonucleotides.

4) Cell cycle analysis demonstrated that cells treated with antisense oligonucleotides

accumulated in the GO and G2/M compartments (data not shown).

5) Cells treated with antisense oligonucleotides lost their ability to grow in an anchorngc

independent fashion.

6) Antisense oligonucleotides to the DNA MeTase administered subclltaneously inhibited

the growth of YI cells into tumors when injected into the syngeneic mouse strain LAF-l .

This study demonstrates that antisense phosphorothioate oligonllcleotides to the DNA

MeTase can inhibit the DNA MeTase and have potential as an antitumorigenic thempy. As

discussed previously an increase in DNA methylation activity may lead towards cancer by a

prograrnmed methylation of a large number of tumor suppressor loci and that inhibition of

methylation by a means such as antisense may reverse this process. The finding that

inhibition of DNA MeTase by antisense oligonucleotides leads to an increase in the

population of YI cells residing in the GO and G2/M compartments (data not shown)

suggests that hyperactivation of DNA MeTase might aIso he directly involved in control of

the cell cycle. In support of such hypothesis are results by Tasheva and Routa showing

hypermethylation of an ongin of replieation in growing cells and hypomethylation of the

same sequences in arrested cells (Tasheva and Roufa, 1994). This might suggest a direct

role for hyperactivation of DNA MeTase in the loss of growth control in cancer cells:' Szyf

has proposed a model implicating the DNA MeTase in the control of origins of replication
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(see Fig.?): Methylated origins initiate replication (Tasheva and Roufa, 1994). In non

replicating cells DNA MeTase activity is low as has been shown before (Szyf et al., 1991)

and origins are therefore maintained in a hypomethylated state (Tasheva and Roufa, 1994).

Induction of DNA MeTase activity at the G1-S boundary (Szyf et al., 1991) initiates the

methylation of origins of replication and the origin rrres. Once replication is initiated, the

origin becomes hemimethylated, that is the nascent strand is not methylated. The origin

remains inaccessible to the DNA MeTase throughout S phase possibly by its association to

the putative fixed "replication factories" (Coverely and Laskey, 1994) as is the case in

E.coli (Campbell and Kleckner, 1990). Once one round of replication has been completed,

the origin is again accessible for methylation and a new round of DNA replication can be

accomplished. Tasheva and Roufa suggested that when a cell retreats from the cell cycle, a

demethylase removes the methyl groups from the origin (Tasheva and Roufa, 1994).

Aberrant induction of the DNA MeTase by activation of the Ras signaling pathway might

result in methylation of origins and the aberrant initiation of DNA replication. Such

overexpressioll of DNA MeTase in cancer cells may induce the premature methylation and

firing of norrnally sHent origins leading to the chromosomal abnormalities observed in

cancer cells.

The methylation of origins observed by Tasheva and Roufa is interesting because it is

not limited to the dinucleotide sequence CG and in fact methylation of cytosine in

dinucleotides CA,CT,CC and CG is found. The question that begs experimentation is

whether the CpG DNA MeTase is also responsible the methylation of the other

dinucleotides in the origin of replication or as has been suggestedbefore, other DNA

methyltransferases exisl Recent purification and expression in a baculovirus system of the

murine DNA MeTase from erythroleukemia cells (Glickman and Reich, 1994; Xu et al.,

1995) demonstrated the presence of a single protein encoding the murine DNA MeTase in

these cells suggesting that previous reports of more than one forrn of MeTase in murlne

erythroleukemia cells (Bestor et al., 1983) could be explained as proteolytic digestion

products of the 190kOa protein (Xu et al., 1995). Homologous knockouts of the DNA

MeTase resuIted in dramatic but not complete inhibition of the DNA MeTase activity in
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homozygote embryos supporting the hypothesis that other DNA MeTases exist (Li et al.,

1992). The cloning and characterisation of the 5'genomic sequences of the DNA MeTase

revealed sorne putative alternative splice sites as weil as alternative initi'ltion site that might

encode different proteins from this one gene. If these putative splice variants of the DNA

MeTase exhibit different substrate specificities, this could explain the methylation of DNA

other than that restricted to the CpG dinucleotide. This is an interesting possibility howevcr

repeated efforts to clone more mammalian DNA MeTases have failed.

If antisense oligonucleotides directed against the DNA MeTase are ever to reach the

clinic, progress will be needed in the area of efficacy. Il is my opinion that concentmtions

used in my in vivo experiments are too high to be of clinical lise mainly due to cost

ineffectiveness. Chemical modifications increasing delivery, enhallcing stability and

perhaps increasing degradation of the target will help increase efficacy. Antisense may not

turn out to be the drug of choice to inhibit the DNA MeTase in cancer therapy, however, it

has provided the biological understanding required to design any effective drug.

Therefore any approach that can inhibit DNA methylation with minimal side effects has

potential as an antitumorigenic treatment. Among other approaches are the lise of

analogues of the substrates of the DNA MeTase; (S-adenosylmethionine) SAM and CpG

containing DNA. The availability of the crystal structure of the bacterial HhaI CpG MeTase

(Cheng, et al., 1993) and the striking homology between mammalian and bacterial CpG

methylases (Bestor et al., 1988) should enable the rational design of such inhibitors. SAH

(s-adenosyl homocysteine) an analogue of SAM and one of the products of the methylation

reaction is an inhibitorofDNA methylation (Mixon and Dev, 1983). However, SAH will

inhibit a large number of different methylation reactions in the cell and must have

nonspecific effects (Vedel et al., 1978). An additional approach that has been shown to be

effective in inhibiting DNA methylation is the use of inhibitors of SAH hydrolysis such as

periodate-oxidized adenosin (liteplo and Kerbel, 1986). Again, nonspecific effects are

expected because of the predicted effect on ail cellular methylation reactions. Another

potential inhibitor is a double stranded oligonucleotide bearing 5-fluorocytidine replacing

cytidine in the CG recognition sequence which is a weil characterised mechanism driven

inhibitor of the DNA MeTase (Osterman et al., 1988). This oligo has yet to he tested in
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vivo and it stands to reason that the presence of the fluoride molecule also might have

deleterious effects. It is therefore clear that while the study of the regulation of DNA

MeTase provides us with general direction as to the potential candidates for DNA MeTase

inhibitors, future work will be required to develop this family of drugs. These drugs

would probably have a wide range of therapeutic application in cancer therapy and other

genetic diseases.

OTHER TARGET DlSEASES

Arguments presented abave suggest that a general inhibition of DNA MeTase can result

in specific changes in methylation patterns and modulation of gene expression profiles.

Potentially any disease involving aberrant gene expression is a target for treatment with

DNA Methylation modulators. Other examples of such diseases include thalassemia and

sickle cell anemia. In these situations the adult mature ~-globin protein is rendered

defective by a point mutation resulting in defective red blood cells (Ingram, 1952; Orkin et

al. 1982). Mammals bear a set of fetal globin genes that are switched off at birth and

methylation is possibly one mechanism of stabilising the repressed state (Shen and

Maniatis, 1980; Busslinger et al., 1983). Demethylation could be used to reactivate the

fet'll y-globin which is structurally normal in these patients. Reactivation of fetal globin

genes will result in a fraction of red blood cells that express non mutated biologically

functional hemoglobin chains. 5-azaCytidine and 5-deoxyazacytidine were successfully

used in the past to activate the fetal globin genes in primates (Desimone et al., 1982) and

sickle cel! anemia patients (ley et al., 1982). These clinical trials were discontinued because

of the toxic effects of 5-deoxyazacytidine. Recently hydroxyurea (an inhibitor of

ribonucleoside diphosphate reductase) has been effectively used in sickle cel! anemia

patients which is suggested to activate fetal globin by a different mechanism, possibly by

induction of reprogramming of red blood cel! maturation. Since hydroxyurea is a cytotoxic

agent with a wide range of side effects it will be of advantage to have at hand agents that
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can specifically inhibit DNA methylation with Iimited cytotoxicity. Anothcr clinkally

relevant situation where gene reactivation is of interest is genctic discases involving

parentally imprinted genes. Parentally imprinted genes are differcnt l'rom most of our

genome since only one allele is expressed. Mutation of the active allcle will result in

complete loss of function even though the other allele is genetically intact but rcprcsscd by

methylation. It stands to reason that in many cases of parentally imprintcd genetic discasl's

demethylation could activate the parentally silenced alIele.

Exogenously introduced genes, for example viruses, are targets for inactivation that

involves de novo methylation. Doerfler has suggested that de nova methylution might be

an immune response at the cellular level aimed at protecting cells l'rom introduction of

foreign genetic material (Doerfler, 1991). Adenoviruses and retroviruscs (Chalitla and

Kohn, 1994) have been shown to undergo de IIOVO methylation in l'il'o. However, the

repression of retroviral vectors is problematic when retroviral vectors arc used for in vivo

delivery of genes in gene therapy protocols (Chalitta and Kohn, 1994). Challita and Kohn

have recently shown that such an inhibition is associated with methylation ill vivo of the

retroviral vector (Challita and Kohn, 1994). As discussed previously, cis acting sequences

directing de novb methylation and those imparting protection from such methylation exist,

these signais must interact with factors that mediate methylation or protection, Therefore,

two different strategies can be envisioned to overcome this problem. Cis-siglUlls that

protect adjacent sequences l'rom methylation (Szyf et al., 1990) could be engineered into

the delivery vectors in addition to deletion of negative control regions (Flanagan et al.,

1989). Such an approach has been recently shown to increase expression and decrease

DNA methylation of MoMulv LTR driven neomycin resistance gene in F9 embryonic

carcinoma cells (Challita et al., 1995). Similarly, future developments of gene therapy

mediated therapeutics might also involve generating modified vectors that had deleted the de

novo methylation signais and containing a number of cis-hypomethylating signais.

Targeting the specifie transacting factors mediating the methylation or protection of specifie

sites provides another potential strategy. The latter is a long term goal as the these

"methylation modulating factors" have yet to he discovered.

In summary, it seem clear that DNA methylation plays important l'oies in many biological
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processes and that its deregulation is involved in oncogenesis. Future work should be

aimed at improving compounds used to inhibit or modulate this activity to realise their

potential as therapeutics.
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