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PREFACE

discovered it almost six decades ago (Hotchkiss RD]J. Biol Cem
1948; 175:315-332). The fact that the chemical structure of our
enome consists of two components that are covalently bound, the genetic
information that is replicated by the DNA replication machinery and DNA
methylation that is maintained by indepencf:ent enzymatic machinery, has
f)redictably stimulated the imagination and curiosity of generations of mo-
ecular biologists. An obvious question was whether DNA methylation was
a bearer of additional information to the genetic information and what was
the nature of this information? It was tempting to speculate that DNA me-
thylation applied some form of control over programming of the genome’s
expression profile. Once techniques to probe dge methylation profile of whole
genomes as well as specific genes became available, it became clear that DNA
methylation patterns are gene and tissue specific and that patterns of gene
expression correlate with patterns of methylation. DNA methylation pat-
terns emerged as the only component of the chemical structure of DNA that
exhibited tissue and cell specificity. This data seemingly provided an attrac-
tively simple explanation for the longstanding dilemma of how could one
identical genome manifest itself in so many different forms in multicellular
organisms? The DNA methylation pattern has thus become the only known
factor to confer upon DNA a unique cellular identity. This important set of
data provided strong support for the hypothesis that DNA methylation played
an important role in controlling tissue specific gene expression. However,
the naive early models that predicted that DNA methylation would ulti-
mately explain cell specific gene expression programs were later replaced by
confusing and complex sets of data, cynicism and sarcasm. The fact that
lower organisms such as flies and nematodes developed elaborate gene ex-
ression programs in the absence of any detectable DNA methylation has
ﬁlrther shaken the belief that DNA methylation played any role in gene
regulation. It became clear that proteins such as transacting and trans re-
pressing factors interacting with cis acting factors in DNA as well as chroma-
tin, chromatin modifications and the proteins that modify histones were
principally responsible for cell specific gene expression profiles. However,
recent advances in the field of chromatin modif})cation and the discovery of
methylated binding proteins are starting to clarify how DNA methylation is
integrated with other epigenomic factors in regulating programmed gene
expression. This clearer picture of the factors involve§ in regulating gene
expression has brought DNA methylation back to the forefront of molgecu-
lar biology. The first two chapters of the book by Razin and by Robertson
will provide a review of our current understanding of how DNA methyla-
tion is integrated with the complex machinery, which controls gene expres-
sion in vertebrates.

An additional issue that is obviously coupled with the question of the
functional role of DNA methylation is to understand the mechanisms re-
sponsible for generating and maintaining the DNA methylation pattern.
The fact that gene expression and DNA methylation patterns correlate does
not necessarily imply that there is a causal relation between DNA methyla-
tion and gene expression. The reverse possibility that DNA methylation is

D NA methylation has bewildered molecular biologists since Hotchkiss



directed by gene expression or that a common factor determines both DNA
methylation patterns and gene expression is also consistent with such a cor-
relation. To address this issue we need to understand what defines DNA
methylation patterns. This obviously has important implications for our un-
derstanding of the changes in DNA methylfation seen in cancer as will be
discussed below.

The first unresolved question is the enzymology of DNA methylation.
A number of DNA methyltransferases were cﬁscovered and cloned as will be
discussed by Robertson. {"he presence of an enzyme that reverses the DNA
methylation reaction has been extremely controversial. It has been long be-
lieved that DNA methylation is an irreversible reaction and that an enzyme
that truly demethylates DNA and reverses the methylation reaction does
not exist. The reason behind this strong dogma is that the bond between the
methyl moiety and the cytosine ring is considered to be a strong bond that
could not betgroken by an enzymatic process. Our entire understanding of
DNA methylation is gased on this assumption. I will discuss recent data
suggesting that DNA methylation is a reversible reaction and that the steady
state DNA methylation pattern is an equilibrium of DNA methylation and
demethylation reactions. This clearly changes our conception of DNA me-
thylation patterns and how they are formed and maintained.

It is clear that none of the enzymes that catalyze either DNA methyla-
tion or demethylation show distinct specificity. Tﬁs raises the question of
what determines the specificity of the DNA methylation reactions. New
data suggests an important relation between the chromatin modifying pro-
teins amf enzymes that catalyze either DNA methylation or demethylation,
which could ‘also explain the correlation between DNA methylation and
chromatin structure. This will be discussed in Robertson’s and my chapter.

The tight correlation between DNA methylation and programmed
gene expression begs the question whether DNA methylation aberrations
play a role in cancer. There is now overwhelming data supporting the con-
clusion that alterations in DNA methylation are a hallmark of cancer. This
has both diagnostic and therapeutic applications, which will be discussed in
this book. Four chapters in this book will focus on discussing the nature of
DNA methylation alterations in cancer. The paradox of DNA methylation
Eatterns in cancer is the coexistence of global hypomethylation and regional

ypermethylation. The chapter by Ehrlich will focus on this issue. Three
other chapters by Schulz et al, by Jass et al, and by Esteller et al will discuss
specific methylation aberrations observed in cancer.

Another aberration of the DNA methylation machinery observed in
cancer is the deregulation of expression of DNA methyltrans?erases, which
will be discussed by Detich. Demethylases and their potential clinical appli-
cation will be discussed. Caiafa et a{ will discuss the possible role of poly
ADP ribosylation in hypermethylation.

The changes in Ig A metgylation observed in cancer have potentially
important implications in therapeutics as well as diagnostics in addition to
challenging us scientifically. The diagnostic applications of DNA methylation
in cancer will be discussed as well as novel methods to measure global and
regional hypermethylation in cancer. Niveleau et al will discuss immunochem-
istry approaches whereas Wei et al and Haefliger et al will discuss the use of
new microarray technology and bioinformatics to unravel profiles of DNA
methylation that can potentially serve as diagnostic tools for cancer, cancer
stages and predictors of clinical progression of the disease.



The last part of the book will focus on preclinical and clinical attempts
to target the DNA methylation machinery in cancer therapy. Seley et al will
discuss the synthesis of novel DNA methylase inhibitors. Mompatler will
discuss the lessons derived from preclinical and clinical trials with the DNA
methyltransferase inhibitor 5-aza-CdR and Scherman and Bigey will dis-
cuss the use of electrotransfer for knockdown of methylated DNA binding

rotein 2.

P DNA methylation patterns and their relation to cancer have confused
and bewildered us on one hand and stimulated our curiosity and enchanted
us on the other hand. Recent advances in DNA methylation enzymology,
methylated DNA binding proteins and chromatin have begun to c{arify éx};
role of DNA methylation in gene expression and cancer. They also raised the
attractive possibility that enzymes of the DNA methylation machinery might
serve as targets for anticancer drugs. More work needs to be done and future
trials will determine whether the pioneering work with DNA methylation
modulators will indeed translate to first-rate anticancer therapeutics. We
hope that this book unravels some of these advances and therapeutic poten-
tiaf of DNA methylation as well as inspires the reader to further understand-
ing of this emerging field in cancer biology and therapeutics.

Moshe Szyf, Ph.D.



CHAPTER 1

DNA Methylation:
Three Decades in Search of Function

Aharon Razin
D NA methylation is an epigenetic mark that is involved in control mechanisms of a

variety of biological processes. Being symmetrically positioned on the two comple-

mentary DNA strands the methyl groups represent a clonally inheritable feature of
the DNA. Once established during embryogenesis, methylation patterns are maintained for
many cell generations by a maintenance methyltransferase. These methylation patterns are
interpreted by proteins that interact with the DNA depending on its state of methylation.
Since methylation patterns provide a universal code for DNA-protein interactions, it is not
surprising that methylation takes part in many biological processes such as: control of gene
expression, DNA replication and cell cycle, DNA repair, imprinting, inactivation of the
X-chromosome in eutherian females and much more. In essence, DNA methylation patterns
fulfill their task by guiding specific proteins to target sites on the DNA.

DNA Methylation in Prokaryotes

My interest in DNA methylation began with the discovery of a single residue of
5-methylcytosine (5-metCyt) in the bacteriophage ¢$X174 genome.! My interest grew further
when it became apparent that this methylation takes place on the viral replicating DNA? by the
cell dem methyltransferase which is induced by the virus.> Subsequent experiments revealed
that the 5-metCyt residue on the phage DNA plays a critical role in the excision of one genome
long $X174 DNA stretch from the rolling circle replicating DNA.* It has been suggested that
the methyl moiety serves as a recognition site for the viral gene A product, the endonuclease
responsible for this excision process.® This demonstration that a specific protein can interact
with methylated DNA to carry out a biological function came at a time when the
restriction-modification phenomenon was under extensive investigation. The observation that
merhylation at specific sequences protects DNA from being cleaved by the restriction endonu-
clease counterpart’ revealed that DNA methylation can promote DNA-protein interaction in
many cases but could sometimes prevent these interactions.

It became gradually evident that DNA methylation in bacteria is involved in biological
processes other than restriction-modification. DNA methylation is clearly involved in post
replication mismatch repair as a device for strand discrimination to distinguish the mutated
newly synthesized DNA strand from the “wild type” parental strand.® Strand discrimination
obviously takes place within the replication fork since only at that stage DNA is hemimethylated.
In this regard it should be noted thar the bacterial genome is generally methylated symmetri-
cally on both strands’ and methylation of the newly synthesized strand lags behind the fork for
not more than 30 seconds (equivalent to an Okazaki fragment). '

Only very few sequences escape the maintenance methylation at the fork. Examples of
sequences that are methylated late include the origin of replication and the promoter of the
dnaA gene. These two adjacent sequences that are required for initiating a new round of repli-
cation stay hemimethylated for 13 min and, as a result, reinitiation of replication does not take
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place more than once in each cell cycle.''? The hemimethylated state of the origin allows its
sequestration within the outer cell membrane and the hemimethylated state of the promoter of
the dnaA gene renders the gene inacrive, thus transiently depleting the cell from the dnaA
protein. This protein is required in substantial amounts, 20-40 molecules per origin, to trigger
initiation of replication. Another important function of hemimethylated DNA had been im-
plicated in activation of transposable elements. Methylation of these sequences also lag behind
the movement of the replication fork."

DNA Methylation in Eukaryotes

In the very early days of DNA methylation research in eukaryotes it was hypothesized that
DNA methylation may play a role in cell differentiation.'*'¢ Although initially these hypoth-
eses were based on very limited experimental data, they gained strong support by a series of
observations that have been made in the early eighties. These years have seen rapid progress in
the isofation and cloning of an increasing number of genes. The new analytical approach based
on digestion of genomic DNA by methylation sensitive restriction enzymes followed by
electorphoretic separation of the restriction fragments and Southern blotting revealed gene
specific methylation patterns that inversely correlate with gene expression.'”? Tt became clear
that once methylation patterns have been established during embryogenesis, they must be
maintained and serve as a memory device.? Transfection experiments revealed that gene spe-
cific methylation patterns are indeed clonally inherited,?>2* possibly by the maintenance
methyltransferase activity that had been shown to prevail in mammalian cell extracts®?% and
to methylate replicating DNA within the fork.?”

The involvement of methylation in the control of gene expression was suggested by trans-
fection experiments with in vitro methylated genes®>° on one hand, and activation of silent
endogenous genes by demethylation, on the other hand.>! For example, genes on the inactive
X chromosome could be activated by treating cells with the potent methyltransferase inhibitor,
Saza-cytidine.*>*® From this point, the DNA methylation field of research developed very
quickly. This is reflected in the fact that while all the existing data by the end of the seventies
could be reviewed in one article,?' it required an entire book in 1984.3

Methylation and Embryogenesis

Although methylation pattetns correlated clearly with gene activity and in vivo experiments
corroborated the possibility that promoter methylation is involved in gene silencing, the role
played by methylation in the regulation of gene expression still demanded direct proof. Progress
towards understanding the function of DNA methylation in regulation of gene activity had
been made when the process of establishing gene specific methylation patterns during embryo-
genesis began to clarify. ¥

Several important principles were discovered in these studies. First, genome wide
demethylation was found to erase the methylation patterns inherited from the gametes. This
demethylation takes place post fertilization resulting in very low genomic methglation levels in
the blastocyst® and in complete demethylation of all gene sequences studied.> Subsequently,
global de novo methylation appeared to take place at the time of implantation before gastrula-
tion. These global methylation changes in the early embryo result in a bimodal pattern of
methylation in which the entire genome is methylated by two de novo methyltransferases
Dnmt3a and Dnmt3b,%”*8 and CpG islands® that are characteristic of promoter/exon 1 re-
gions of housekeeping genes'® remain unmethylated.* The protection of CpG islands from
becomin% methylated had been studied in embryonic cells* and shown to involve Spl ele-
ments. %2 It was suggested that once the bimodal pattern of methylation is established, gene
and tissue specific demethylations take place to activate tissue specific genes in the appropriate
tissues as exemplified by the developmental activation of the phospoenol pyruvate carboxykinase
(PEPCK) gene.43 44 The genome-wide demethylation that is observed postfertilization and the
gene specific demethylations preceding differentiation raised questions concerning the mecha-
nistic aspects of these processes.
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Figure 1. Establishment, maintenance and erasure of methylation patterns. Methylation (lollipops) is of
DNA undergoing dynamic changes in living cells. Replication produces hemimethylated DNA (at the
replication fork). Maintenance methylation performed by a methyltransferase that acts specifically on
hemimethylated DNA restores the symmetric methylation on the two DNA strands. A second round of
replication, if not accompanied by maintenance methylation, produces completely unmethylated DNA.
This process, when taking place in vivo, is called passive demethylation. Unmethylated DNA can also be
obtained by an active demethylase that works in an as yet uncharacterized reaction. Unmethylated DNA
is asubstrate for de novo methyltransferases so that methylation patterns can be regenerated. While de novo
methylation and demethylation are processes that occur predominantly during embryogenesis, mainte-
nance methylation is more specific to somatic cells.

In principle, demethylation could be achieved by either a passive mechanism that involves
several rounds of replication in the absence of concomitant maintenance methylation, or rather
by an active mechanism based on an enzymatic demethylation activity (Fig. 1). The genome-wide
demethylation that was observed in the very early embryo®2° had been shown to take place
also on the parental DNA strand during one round of replication, implying an active
demethylation mechanism.®> Previous observations also suggested the existence of an active
mechanism to demethylate DNA. Induction of the lytic cycle of the Epstein Barr virus (EBV)
is associated with viral DNA hypomethylation preceding viral DNA replication.® Similarly,
no replication was required for the demethylation of the chicken & crystalin,¥ the mouse
myoblast ot actin,®® chick vitellogenin®® and other genes.” All these observations suggested an
active demethylation mechanism and prompted investigators to search for a demethylation
enzymatic activity.

An ecarly study revealed a repair type mode of demethylation that results in replacement of
5 methylcytosine by cytosine residues in cells undergoing demethylation during differentia-
tion.’! In fact, demethylase activity that involves excision repair of 5 methylcytosine was subse-
quently observed in chick embryos.>? This observation and the discovery of a human DNA
glycos?rlase involved in 5 methylcytosine removal® supported the suggested repair type mecha-
nism.”! These observations combined, encouraged investigators to attempt identification, pu-
rification and characterization of enzymatic demethylase activities.

A 5 metCyt-DNA glycosylase activity that causes demethylation of DNA was purified from
chick embryos and shown to require both protein and RNA.> A similar activity was then shown
to participate in the genome-wide loss of DNA methylation during mouse myoblast differentia-
tion.” The possibility that RNA is required for the catalytic activity of a demethylase was also
suggested in another attempt to study demethylase activity in myoblast cell extracts.’® An amaz-
ing demethylase activity that transforms methylated cytosine bases in the DNA to cytosine resi-
dues and methanol had recently been cloned and characterized.””-*® Obviously, these observa-
tions do not allow as yet to draw a universal mode of demethylase activity. Moreover, none of the
demethylase activities described above have been proven as yet to function in vivo.

A milestone in the search of a biological role for DNA methglation was laid by the cloning
of the mouse maintenance methyltransferase gene (Dnmt1)*” and its subsequent targeted
mutation.** Mice deficient in Dnmtl activity showed embryonic defects that caused their
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death at day 8-9 post coitum. This lethality suggested a critical role of DNA methylation in
normal mammalian embryonic development, but the developmental processes that are criti-
cally dependent on DNA methylation were not known. However, DNA methylation had been
implicated in X-chromosome inactivation®! and genomic imprinting,*?

DNA Methylation and Imprinting

Many genes which are involved in mammalian developmental processes do not obey Mendels
rules and are expressed monoallelically in a parent of origin fashion. DNA methylation turned
out to be a critical element in the imprinting process by marking the alleles and establishing a
monoallelic expression pattern of the imprinted genes. Much had been learned about the im-
portance of DNA methylation in imprinting from the Dnmt1 deficient mouse. Loss of methy-
lation of the imprinted Xist gene in Dnmtl deficient cells did not activate Xist.®! This was
surprising in light of the fact that the RNA product of the Xist gene is thought to spread the
inactive state along one of the X-chromosomes in eutherian females. In contrast, the monoallelic
expression of the imprinted genes H19, Igf2 and Igf2r was disrupted in the Dnmtl mutant
cells. This observation established for the first time a causal link between DNA methylation
and gene activity.?

Differentiaily methylated regions (DMRs) in imprinted | genes were found to serve as im-
printing boxes that control the imprinting of the Igf2r gene® and the Prader Willi/Angelman
syndrome domain.® DMRs are also key elements in regulating reciprocal monoallelic expres-
sion of the maternal regulation of the imprinted H19 and Igf2 genes.%® Experiments with
Dnmtl deficient mice revealed that the establishment of DMRs in imprinted genes required
transmission through the germ line. Rescue of the Dnmt! genotype in ES cells did not restore
imprinted meth}rlation of the above mentioned genes while it reestablished imprinting in the
whole animal.%” This is in accord with the fact that methylation of the Snrpn gene on the
maternal allele is established during oogenesis and maintained thereafter.*®

DNA Methylation in Gene Silencing

In all studies on methylation and gene expression which were described above, chromatin
was ignored. This was in spite of the fact that nucleosomal DNA was found very eatly to be
richer in methylation than internucleosomal DNA.® It is even more surprising in light of the
fact that correlation between undermethylation and DNasel sensitivity, a general property of
transcriptionally active regions of chromatin, was demonstrated almost three decades ago.”
For many years it was therefore difficult to explain how methylation in higher eukaryotes
affects such divergent phenomena as genome stability and gene silencing.

Deciphering the mechanism by which methylation affects gene expression was of special
importance since it became clear that methylation is involved in parent of origin specific
monoallelic expression of imprinted genes,”! inactivation of the X-chromosome in eutherian
female cells’? and silencing of tissue specific genes?® and sequences of foreign origin.” A hint
that the effect of methylation on gene expression may involve a chromatin protein was given
when histone H1 had been shown to mediate inhibition of transcription initiation of methy-
lated templates in vitro.”* A recent study in Ascobolus immersus shows, however, that histone
H1 is dispensable for methylation-associated gene silencing in fungi.”

Over the last decade much progress had been made towards understanding the molecular
mechanisms that underlie methylation-dependent processes that result in gene silencing.
Although a correlative interrelationship between DNA methylation and chromatin structure
had been suggested, as mentioned above, a long time ago, it is only recently that these two
epigenetic marks were connected mechanistically.”® The turning point in our understanding
of this important biological issue is attributed to a critical discovery made almost a decade
ago by Adrian Bird and colleagues of two methyl binding proteins MeCP177 and MeCP2.78
MeCP1 was implicated in methylation dependent transcriptional repression,”*®2 but turned
out to be too complex to purify and clone. However, MeCP2 was successfully purified,
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cloned and characterized.®> MeCP2 had been shown to localize to methylation CpG-rich
heterochromatin® and was later shown to contain a methyl binding domain (MBD) and a
transcriptional repressory domain (TRD).%

Further progress had been made when it was found that MeCP2 binds to the methylated
DNA by its MBD and recruits the corepressor Sin3A through its TRD.%%” MeCP2 can there-
fore be considered as an anchor for binding to the DNA a multiprotein repressory complex
that causes histone deacetylation and chromatin remodeling. Two histone deacetylase activi-
ties, HDAC1 and HDAC2 are components of this repressory complex. Transcriptional inacti-
vation caused by this deacetylation could be alleviated by the HDAC inhibitor trichostatin A
(TSA).8588 These observations finally solved the long suspected three—wa%r connection between
DNA methylation, condensed chromatin structure and gene silencing.”

It is now clear that MeCP2 is not the sole methy! binding protein involved in transcrip-
tional repression. A search of EST database revealed four additional methyl binding proteins,
MBD1-4.# Three of them are components of histone deacetylase chromatin remodeling and
repressory complexes. MeCP1, that was discovered thirteen years ago’” and its composition
remained obscure for the entire last decade, turns out to be a histone deacetylase multiprotein
complex composed of ten components that include MBD2.°*! MeCP1 was found to share
most of its components with the Mi2/NuRD histone deacetylase-chromatin remodeling com-
plex that was deciphered earlier.”? One of these components, MBD3, had been shown to play
a distinctive role in mouse development.”

Interestingly, DNA methyltransferases were also found to be components of histone
deacetylase repressory complexes. The de novo DNA methyltransferase Dnmt3a binds
deacetylases and is recruited by the sequence specific repressory DNA binding protein RP58 to
silence transcription.94 The human maintenance DNA methyltransferase (DNMT1) forms a
complex with Rb, E2F1 and HDAC] and represses transcription from E2F-responsive pro-
moters.”” In parallel, DNMT1 binds HDAC2 and the corepressory DMAPI to form a com-
plex at replication foci.”® Although MBD1 has been shown to cause methylation mediated
transcription silencing in euchromatin,””*® it is not known to participate in any of the known
histone deacetylase multiprotein repressory complexes. Nevertheless, its repressory effect can
be alleviated by TSA, suggesting that MBD1 is part of a yet unknown histone deacetylase
repressory complex. For a comprehensive discussion of all methylation associated repressory
complexes, see review by Kantor and Razin.”

It has recently become clear that the flow of epigenetic information may be bidirectional.
DNA methylation affects histone modification which in turn can affect DNA methylation
(Fig. 2). The interaction between these covalent modifications of chromatin may shed light on
the yet unsolved mechanisms concerning the establishment of heterochromatin, its spreading
along large domains of the genome and its stable inheritance. The DNA methylation-hetero-
chromatin cycle described in Figure 2 includes the three epigenetic marks, DNA methylation,
histone acetylation and histone methylation and their interrelations.

DNA Methylation and Disease

The progress made in our understanding of the methylation machinery, its role in impor-
tant developmental processes such as genomic imprinting and X-chromosome inactivation,
the involvement of DNA methylation in the control of the cell cycle, in the process of cell
differentiation, in host defense and gene silencing can now be used in deciphering the molecu-
lar events that lead to disease. Since DNA methylation in cancer is the theme of this book, 1
will not dwell on this important involvement of DNA methylation in disease.

Interestingly, when biological processes that involve DNA methylation go awry,
neurodevelopmental disorders occur. This is true for ATR-X, ICE Rett and Fragile X syn-
dromes and for Prader-Willi, Angelman and Beckwith-Wiedemann syndromes that are associ-
ated with disruption of imprinting processes. Common to all these diseases is mental impair-
ment, suggesting that DNA methylation-associated gene control is particularly important in
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Figure 2. DNA methylation patterns which are clonally inherited by a maintenance methyltransferase
(Dnmtl) create DNA binding sites used to assemble HDAC repressory multiprotein complexes that
deacetylate histones H3/H4. The level of histone acetylation is determined by a balance between the
activities of several histone acetylases (HATs) and histone deacetylases (HDACs).!?? Obviously, DNA
methylation affects specific local alterations in this balance (reaction [1] in Fig. 2). DNA hypomethylation
at specific sequences both in Neurospora'?* and in mammalian cells'? have been reported to be associated
with histone deacetylation followed by methylation of the lysine residue in position 9 (K9) of histone H3.
The rcglaocmcnt of K9 in histone H3 results in canceling the loss in DNA methylation in vivo in Neuro-
spora.’ The complex HDAC/SUV39H1 deacetylates histone H3 and methylates K9 at histone H3
(reaction [2] in Fig. 2). The methylated K9 of histone H3 is recognized by heterochromatin assembly protein
1 (HP1) which can recruit histone methylase to methylate K9 on an adjacent nucleosome. The newly
methylated nucleosomes further recruit HP1, thus spreading the heterochromatization of the domain until
a CTCF boundary is encountered.” This can shed light on the heterochromatin spreading mechanism
(Heterochromatin spreading cycle. Heterochromatin, in turn, can recruit a DNA methyltransferase to
restore and maintain the methylated status of the DNA (reaction [3]).

brain development and function. ATR-X (0t-Thalassemia, mental retardation, X-linked) pa-
tients show severe mental retardation and are known to have methylation defects with high
methyltransferase activity in neurons.'® In mice this high activity of methyltransferase con-
tributes to delayed ischemic brain damage in mice.'®! Methylation pattern defects of hypo or
hypermethylation of repetitive sequences characterize this disease. '

ICF (immunodeficiency, centromeric instability and facial anomaly) syndrome is linked to
mutations in the de novo methyltransferase gene DNMT3B (mapped to chromosome 20q)
affecting its carboxy terminal catalytic domain.'®® Deficiency of DNMT3B in ICF cells affects



DNA Methylation: Three Decades in Search of Function 7

chromosome stability'®* almost exclusively on chromosomes 1, 9 and 16 which contain satel-
lite repeat arrays.!%>1% Satellite sequences, repetitive elements elsewhere in the genome!%” and
single copy sequences on the inactive X-chromosomes'®'% are normally heavily methylated
in the human genome but are hypomethylated in ICF cells. Mice knocked out in Dnmt3b
show similar demethylation and could therefore serve as an experimental ICF model.*® How
DNMT3B deficiency affects brain development remains to be elucidated.

Another syndrome that is manifested in mental retardation and is associated with methyla-
tion dependent gene silencing is the X-linked Rett syndrome.Only recently has it been discov-
ered that the disease results from mutations in the MeCP2 gene.''® Mutations that cause the
disease disrupt the integrity of the methyl binding domain (MBD) or the transcription repressory
domain (TRD) of MeCP2 whose function in gene repression had been discussed above in the
section “DNA methylation and gene silencing”. How MeCP2 mutations lead to developmen-
tal defects in the brain remains to be found.

The most common form of inherited mental retardation after Down syndrome is the Frag-
ile-X syndrome. The X-linked gene that is associated with the disease, Fragile-X mental retar-
dation 1 (FMR1), contains highly polymorphic CGG repeats with an average length of 29
repeats in normal individuals and 200-600 repeats in Fragile-X patients. In addition, the CpG
island at the 5' end of the gene in patients is abnormally methylated and histone deacetylated,
causing silencing of the gene.!'""!'2 The reasons for this de novo methylation and the mecha-
nisms driving this de novo methylation are, as yet, unclear.

As mentioned above, the imprinted genes are characterized by differentially methylated
regions (DMRs) that are critical for the regulation of the imprinting process.%? A number of
neurobehavioral disorders are caused by loss of function of imprinted genes. Such epigenetic
defects within a 2 Mb domain on human chromosome 15q11-q13 cause two different syn-
dromes. Prader-Willi syndrome is caused by loss of function of a large number of paternally
expressed genes''® while silencing of the maternally expressed genes within the domain causes
Angelman Syndrome.!!* The imprinting of this entire domain is regulated by an imprinting
center that constitutes a DMR within the 5' region of the imprinted SNRPN gene. Individuals
with deletions of this region on the paternal allele have Prader-Willi while another sequence
located 35 kb upstream to SNRPN confers methylation of the SNRPN DMR on the maternal
allele thereby inactivating the paternally expressed genes on the maternal allele. When this
upstream region is deleted on the maternal allele, the SNRPN DMR does not become methy-
lated.!!® Consequently, the entire domain on the maternal allele remains unmethylated and all
paternally expressed genes on the maternal allele are activated while maternally expressed genes
are silenced, thus causing Angelman Syndrome. A model had been proposed suggesting that
the upstream sequence, together with the SNRPN DMR constitute a complex imprinting box
responsible for both the establishment and maintenance of the imprinting state at PWS/AS
domain on both alleles.®®

Altered allelic methylation and expression patterns of the imprinted gene IGF2 have been
found in Beckwith-Wiedemann Syndrome (BWS) patients. BWS is a pre and post natal growth
syndrome associated with predisposition for childhood tumors. Translocation breakpoints in a
number of BWS patients map to the imprinted gene KCNQI which is located in the center of
the 800 kb BWS region on human chromosome 11p15.5. The translocations in BWS are
associated with loss of imprinting of IGF2 but not H19.1° It appears that this impairment in
imprinting involves the differentially methylated intronic CpG island in KCNQL. In a small
number of BWS patients, hypomethylation of the KCNQ1 CpG island correlated with biallelic
expression of IGF2.!7118 Deletion of this CpG island on the paternal chromosome 11 leads to
silencing of KCNQ1 antisense transcript and activation of KCNQI, p57KH)2 and SMS4 that
are located downstream on the normally repressed paternal allele. It is therefore possible that
this CpG island is at least part of an imprinting center on human chromosome 11p15.5 and its
orthologous region on mouse chromosome 7.
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Reflections

DNA methylation may have evolved as a luxury device to promote central biological pro-
cesses in a wide variety of living organisms. Methylation may even be dispensable in single cell
organisms such as bacteria'’? or yeast!?® but critical in complex multicellular organisms, with
the exception of Drosophila'®! and C. elegans.'*

The increasing complexity of the mammalian genome with a multi-level hierarchy of gene
expression control may have required the introduction of methylation to drive evolution. As a
result, the mammalian genome became permissive to the invasion of foreign genes that could
now be silenced by methylation.”® Nevertheless, DNA methylation must have been advanta-
geous to mammals, being conserved in evolution in spite of the fact that organisms that use
methylation pay a price in the form of mutations in genes playing central roles in the well being

of the cell.
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CHAPTER 2

Epigenetic Mechanisms of Gene Regulation:

Relationships between DNA Methylation, Histone
Modification, and Chromatin Structure
Keith D. Robertson

Abstract

NA methylation is a post-replicative, or epigenetic, modification of the genome that
D is critical for proper mammalian embryonic development, gene silencing, X chromosome

inactivation, and imprinting. Genome-wide DNA methylation patterns are
nonrandomly distributed and undergo significant remodeling events during embryogenesis.
DNA methylation patterns are also frequently ‘remodeled’ in tumor cells in a way that directly
contributes to tumor suppressor gene inactivation and genomic instability. The mechanisms
for the establishment and maintenance of genomic DNA methylation patterns during devel-
opment and in somatic cells remains a very important and unanswered question in the DNA
methylation field. Emerging evidence suggests that protein-protein interactions between com-
ponents of the DNA methylation machinery (the DNA methyltransferases) and aspects of
chromatin structure such as histone tail modifications and chromatin remodeling, directly
determine which regions of the genome are to be methylated. By studying these mechanisms in
detail we should be able gain insights into how DNA methylation patterns become disrupted
in tumor cells and how these defects may be corrected.

Introduction

Methylated DNA refers to DNA strands containing nucleotide bases modified to contain a
methyl group (-CH3). Early work in the DNA methylation field centered on the study of the
restriction-modification system, a mechanism of bacterial genome protection. In this system, a
restriction endonuclease designed to cleave invading viral DNA is coexpressed with a DNA
methylase. The DNA methylase methylates the bactetial genome at the same sequence cleaved
by the restriction endonuclease, which inhibits cleavage of the host genome and thus selectively
destroys the invading DNA sequence."? It was not surprising that researchers suspected that
similar activities might exist in higher eukaryotes. Beginning in the late 1960s, there were
several reports on the purification of an activity from mammalian sources able to produce
S-methylcytosine.>> Although the biochemical properties of 5-methylcytosine in mammalian
cells were analyzed extensively through two decades, it was not until 1988 that the first cloning
and sequencing of a murine DNA methyltransferase was reported.® This enzyme is now termed
DNMTY1, and our understanding of the players performing on the stage of mammalian DNA
methylation has been growing by leaps and bounds ever since.

From bacteria to humans, DNA methyltransferases are highly conserved during evolution,
and are thus regarded as important regulators of a variety of aspects of cellular function.” There
are three types of DNA methyltransferases, classified by the nucleotide targeted for modifica-
tion, N4-methyladenine, N6-methyladenine, and C5-methylcytosine DNA methyleransferases.

DNA Methylation and Cancer Therapy, edited by Moshe Szyf. ©2005 Eurekah.com
and Kluwer Academic/Plenum Publishers.
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Only one type of DNA methyltransferase is known in mammalian cells, 5-methylcytosine
DNA methyltransferase, which transfers a methyl group to the 5-position of cytosine within
the CpG dinucleotide recognition sequence.® The product of this methylation reaction,
5-methylcytosine, has drawn considerable attention because methylated DNA is believed to be
associated with transcriptional regulation and higher order chromatin structure.”!2

In mammals, DNA methylation patterns are not randomly distributed throughout the ge-
nome, but rather methylated DNA is localized to discrete regions of the genome enriched in
repetitive DNA and transposable elements, imprinted domains, and the inactive X chromo-
some in females.'"!3 In these regions, DNA methylation may serve to suppress sputious tran-
scription, transposition, and recombination. Furthermore, DNA methylation patterns are quite
dynamic during mammalian development, with genome-wide methylation remodeling events
occurring following fertilization and embryo implantation.!* DNA methylation patterns also
change substantially during the process of tumorigenesis and these changes appear to be early
events contributing directly to the transformed phenotype.® Tumor cells exhibit global losses of
methylation from repetitive sequences and region-specific gains in methylation, primarily within
CpG-rich gene regulatory regions known as CpG islands.!®> Promoter region CpG island me-
thylation can silence expression of the associated gene with great efficiency. If the gene is a
tumor suppressor gene then the aberrant methylation can provide the cell with a growth advan-
tage as if the sequence had been deleted.>!® Thus, although DNA methylation patterns are
generally very stable in somatic cells, they can undergo dramatic changes during embryogenesis
and tumorigenesis and these changes have profound effects on cell growth and development.

This chapter will first review what is known about the enzymes that are directly responsible
for methylated DNA modification in mammalian cells—the DNA methyltransferases (DNMTs).
I will then summarize current knowledge of the proteins known to associate with the DNMTs
that may alter their enzymatic activity or nuclear targeting. Finally, I will discuss exciting emerging
connections between DNA methylation and histone modifications and chromatin remodeling
proteins that may soon provide answers to the perplexing question of how cellular DNA me-
thylation patterns are established during development and maintained in somatic cells. These
studies may also shed light on the nature of the defect in the cellular DNA methylation ma-
chinery that contributes to cellular transformation.

The Mammalian DNA Methyltransferases (DNMTs)

Five genes encoding DNMTs (including potential DNMT-like genes that may not be enzy-
matically active) have been identified in mammalian cells, DNMT1, 2, 3A, 3B, and 3L.6:16-18
Each gene is designated by the numbers 1, 2, 3, in the order in which they were identified. For
the members of DNMT?3 family, the additional letters A, B and L were used. The five genes
can be divided into three catagories, based primarily on function: the maintenance DNA
methyltransferase DNMT], the de novo DNA methyltransferases DNMT3A and DNMT3B,
and the DNMT-like proteins DNMT2 and DNMT3L (Fig. 1, Table 1). DNMT1 is referred
to as the maintenance methyltransferase due to its preference for hemimethylated DNA (which
exists as a by-product of DNA replication),'™?? its targeting to replication foci during
S-phase,?!"?2 and its interactions with the replication foci-associated proteins proliferating cell
nuclear antigen (PCNA),? and the retinoblastoma gene product, Rb* (Fig, 1, Table 4). DNMT1
also has several alternatively spliced sex-specific isoforms which appear to be involved in the
establishment of DNA methylation patterns and imprinting in germ cells and the developing
embryo® (Table 2). The de novo DNA methyltransferases, DNMT3A and DNMT3B, have
been shown to be essential for the waves of de novo methylation in embryonic cells following
implantation.”® These enzymes also mediate de novo methylation of newly intregated parasitic
DNA sequences, such as retroviruses, as part of a host cell ‘genome defense system’.!>? Like
DNMT1, DNMT3B has a number of isoforms resulting from alternative splicing events that
are expressed in a tissue-specific fashion and which may alter catalytic activity or DNA binding
(Table 2).17%7 The DNMT-like proteins DNMT?2.'6 and DNMT3L '8 possess all or some of
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Figure 1. Schematic structures of all known mammalian DNA methyltransferases. Important domains are
indicated with boxes and include the nuclear localization sequence (NLS), an HRX-like region, the
lysine-glycine repeat region (linker), the catalytic active site proline-cysteine dipeptide (PC), an ATRX-like
plant homeodomain region (ATRX-like),'” and a PWWP motif®® Proteins known to interact with each of
the DNMTs are shown with brackets to denote the interacting region, where known. A bracket encompass-
ing theentire protein indicates that the interaction domain has not been mapped. Transcriptional repression
domains are indicated with rounded brackets. DNMT3L lacks the PC motif.

the highly conserved methyltransferase catalytic motifs, respectively, but have not been shown
to display enzymatic activity in vitro. Thus their true roles in DNA methylation metabolism
remain unclear.

Targeted inactivation of each of the DNA methyltransferase genes in murine embryonic
stem (ES) cells has been performed and these studies have provided important information
regarding the roles of each DNMT in the establishment and maintenance of genome-wide
DNA methylation patterns. The results of all the DNMT knockout studies, summarized in
Table 3, indicate that all of the DNMTs that have been shown to possess enzymatic activity
in vitro are also absolutely essential for proper embryonic development in mice. DNMT1
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Table 1. Properties of the mammalian DNA methyltransferases

DNA Size of Chromo- mRNA Subcellular Catalytic

Methyl Human somal Expression Localization Activity

Transferase Protein Location Profile in Vitro

(Amino
acids)

DNMT1 1616 19p13.2  Placenta, brain, Nucleoplasm during Strong
lung, heart, cell G1 and G2 phases (preference
cycle dependent®”-88  and replication foci for hemimet

throughout S phase?'??  hylated DNA)'®
DNMT2 391 10p12-  Ubiquitous at Not determined Not detected
10p14  low levels'®®

DNMT3A 912 2p23 Abundant in ES Discrete nuclear foci ~ Weak
cells, ubiquitous throughout the cell (preference for
at very low level in  cycle, however unmethylated
embryos and adult  replication foci DNA)%1
tissues, cell cycle during late-S
independent'”?’ phase? *

DNMT3B 853 20q11.2 Undifferentiated ES  Diffuse nuclear Weak
cells, embryos, and  distribution in NIH3T3  (preference not
testis, cell cycle cells, pericentromeric  precisely
dependent'7?7 heterochromatin determined)??

in ES cells*

DNMT3L 387 21g22.3  Testis and Not determined Not

embryos'® determined

and DNMT3B knockout mice die very early in embryonic development, while DNMT3A
knockout mice die soon after birth.2%?% Knockout of DNMT3L, which is not likely to encode
a functional DNA methyltransferase, resulted in a more subtle phenotype. Homozygous mu-
tant animals of both sexes were viable but sterile and methylation analysis revealed that loss of
Dnmt3L resulted in a lack of maternal methylation imprints in homozygous oocytes. Thus it
appears that DNMT3L contributes to imprint establishment during oogenesis, but not to
genome-wide methylation patterning.? Although DNMT2 possesses all of motifs believed to
be important for catalysis, no enzymatic activity has been detected from DNMT2 and
DNMT2-knockout mice appeared completely normal (Table 3).

Interaction between DNMTs and Other Proteins

As was mentioned in the introductory remarks, genome-wide DNA methylation is not
randomly distributed, yet DNA methyltransferases display little sequence specificity in vitro
other than requiring the CpG dinucleotide recognition sequence. Therefore, recent efforts
have begun to focus on identifying the protein interaction partners of each of the DNMTs.
Emerging evidence suggests that protein-protein interactions dictate which regions of the ge-
nome become methylated and which will be protected from methylation.!! This next section
will discuss a number of the proteins known to interact with DNMT1, 3A, and 3B (summa-
rized in Fig. 1 and Table 4), and describe how these interactions may mediate DNMT catalytic
activity, subnuclear localization, and sequence specificity in vivo.
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Table 2. Splice variants of mammalian DNA methyltransferases
DNA Splice Tissue Size Difference Translatable Catalytic
Methyl- Variants Specificity Compared to Activity
transferase of Expression the Most
Gene ‘Typical’ Form
DNMT1 DNMT1s The most typical 1616 aa (human Yes Yes
somatic form DNMT1)687
(usually referred
to as DNMTT1)
DNMT1b  Somatic tissues +16 aa (human),* Yes Yes
-2 aa (mouse),
alternatively spliced
at exon 4%%°
DNMT1o Oocytes -118 aa (mouse), Yes Yes
alternatively spliced
at exon 12
DNMT1p  Pachytene sperm- -118 aa (mouse), Yes in skeletal Not
atocytes and alternatively spliced  muscle, no in  determined,
skeletal muscle at exon 12568 spermatocytes but most
likely yes
DNMT3A  Short form  Undifferentiated 912 aa (human Yes Yes
ES cells and 10.5 DNMT3A), 4.2-kb
day embryos in murine cells 7
(usually referred
to as DNMT3A)
Long form  Most adult tissues ~ 9.5-kb as murine Not Not
and differentiated  mRNA (possibly determined  determined
embryos, not in containing large
ES cells 5 UTRY)"
DNMT3B DNMT3B1 Undifferentiated 853 aa (human Yes Yes
ES cells, embryos, DNMT3B)
and testis
DNMT3B2 Undifferentiated  -20 aa (human Yes Yes
ES cells, embryos,  and mouse)?®
and testis
DNMT3B3 Undifferentiated -63 aa (human Yes No
ES cells, embryos, and mouse)’®
and testis
DNMT3B4  Testis -109 aa, alternatively Not Not
spliced at C-terminal  determined  determined
region (human)?’
DNMT3B5  Testis -41 aa, alternatively  Not Not
spliced at C-terminal  determined  determined

region (humany?”
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Table 3. Effects of targeted disruption of DNA methyltransferase genes in mice

DNA Methyl- Homozygous Heterozygous Homozygous
transferase  ES Cells Knockout Mice  Knockout Mice
DNMT1 Viable and normal Indistinguishable Failed to develop beyond mid-
morphology, 70% from wild type.  gestation, embryonic lethality.”®
decrease in total
5-methylcytosine.
DNMT10 Viable, characteristics Normal Homozygous mutant males showed
not described normal fertility. Homozygous
in detail. mutant females were infertile.
Heterozygous offspring of homozyg-
ous females showed demethylation
at certain imprinted loci, but not
over the whole genome.*
DNMT2 Viable and normal. Normal No significant phenotype. '®
DNMT3A Viable and normal undif- Normal and Appeared normal at birth, showed
ferentiated morphology. fertile. undergrowth at 18 days and died by
The de novo methylation 4 weeks of age. Retroviral DNA was
activity on proviral DNA methylated at normal levels.?®
was normal. Centromeric-
minor satellite DNA
repeats were normally
methylated.
DNMT3B Viable and normal undif- Normal and No viable homozygous mi
ferentiated morphology. fertile. ce were born. Retroviral DNA
The de novo methylation was slightly undermethylated.26
activity on proviral DNA
was normal. Centromeric-
minor satellite DNA
repeats were substantially
demethylated.
DNMT3A Double mutant ES cells  Not reported. Double homozygous embryos
and DNMT3B completely lacked de showed smaller size at £8.5 and
novo methylation activity died before E11.5. Retroviral DNA
on proviral DNA. Centro- was highly undermethylated.?
meric-minor satellite DNA
repeats were demethylated
to the same level as
DNMT3B-\- ES cells.
DNMT3L Viable, characteristics Normal and Both sexes born normal but sterile.
not described in detail.  fertile. Adult testes had severe hypogonadism.

Females showed a maternal-effect
lethal in that heterozygous progeny
of homozygous females died before
midgestation. Maternal methylation
imprints were markedly disrupted,
while genome-wide methylation
patterns were normal.
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Table 4. Proteins interacting with mammalian DNA methyltransferases

DNA Methyl- Interacting Function of Inter- Possible Role in Vivo

transferase Protein acting Protein

DNMT1 HDAC1/2  Histone deacetylase Modification of chromatin by histone
deacetylation, resulting in chromosome
condensation, targeting DNA
methylation??44246

Rb Tumor suppressor, Sequester DNMT?1 in non-dividing cell,
Cell-cycle regulation  target or modulate DNMT activity at
replication foci??*3”
DMAP1 Co-repressor Recruiting other repressors,
transcriptional repression,*®
PML-RAR  Oncogenic transcr DNA-binding and interaction with other
iption factor transcriptional co-regulators, targeting
methylation.52
MBD2/3  Methyl-CpG Transcriptional repression in methylated
binding proteins regions, possible targeting of DNMT1 to
hemimethylated DNA at replication foci?®®
PCNA “Sliding platform” Targeting DNMT1 to replication foci.??
that can mediate the
interaction of proteins
with DNA, essential
for processivity of
DNA polymerase
p23 Subunit of a progester  Proper protein folding, regulation of
one receptor complex  DNMTT catalytic activity?®
Daxx Transcriptional Connection between DNMT1 and other
repressor? transcription factors, mediate PML —
DNMT1 interaction?®”
DNMT1o Annexin V. Ca-2+ dependent Cytosol-nuclear translocation of Dnmtlo
phospholipid-binding  during ocogenesis via membrane
protein trafficking?®’

DNMT3A HDAC1 Histone deacetylase Moadification of chromatin by histone
deacetylation, targeting DNA
methylation?4344

RP58 Transcription factor Sequence-specific DNA binding, targeting
repression, maybe methylation as welf?*3
PML-RAR  Oncogenic DNA-binding and interaction with other
transcription factor transcriptional co-regulators, targeting
methylation.52

DNMT3B HDAC1 Histone deacetylase Modification of chromatin by histone
deacetylation, targeting DNA
methylation2**

SUMO- Sumo ligase Modification of protein by sumoylation,
1/Ubc9 altered localization or enzymatic activity?®®
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DNA Methylation and DNA Replication
PCNA

PCNA, or the polymerase processivity factor, is an essential protein in DNA replication. Its
heterotrimeric ring-shaped structure allows PCNA to encircle double-stranded DNA and pro-
vide a platform for the assembly of other replication-associated proteins.** PCNA has been
shown to bind to a number of other cellular proteins involved in DNA replication, mismatch
repair, and cell cycle regulation.?’ One of these interacting factors is DNMT1 (Fig. 1).” DNMT1
was shown to bind to and colocalize with PCNA at early S-phase replication foci. PCNA
binding to DNMT1 did not affect its methyltransferase activity, suggesting that PCNA does
not regulate DNMT1 activity directly. Rather, DNMT1 appears to be recruited by PCNA to
foci of newly replicated DNA to allow for remethylation of hemimethylated DNA. This result
is consistent with the traditional model of DNMT1 as a maintenance methyltransferase of
newly replicated DNA (Table 4).

Rb

The retinoblastoma tumor suppressor protein (Rb) controls cell growth by regulating the
expression of genes that promote cell cycle progression. Hypophosphorylated Rb binds to the
transcription factor E2F and represses its activation function by recruiting histone deacetylases
(HDAC:) and histone methylases (HMT5).3234 When a cell is ready to divide, Rb is phospho-
rylated, dissociates from E2F, and transcriptional activation occurs.?® Rb itself, or other mem-
bers of the Rb regulatory pathway, are mutated in nearly all tumor cells, emphasizing the
importance of Rb-mediated growth control in normal cells.* DNMT1 was found to copurify
with Rb and E2F1 and interact directly with Rb (Fig. 1). DNMT1 could enhance Rb-mediated
repression specifically at E2F-responsive promoters and the repression was partially
HDAC-dependent but was independent of the DNA methyltransferase activity of DNMT1.%4
The amino terminal region of DNMT1 containing the cysteine-rich domain was found to
interact with the A/B pocket domain of Rb 2 and later the B/C pocket region as well.*” Inter-
estingly, DNA methyltransferase activity was strongly inhibited by binding to Rb and this
effect appeared to be mediated by interfering with the ability of DNMTT1 to bind to DNA.
This suggested that Rb may modulate DNMT1 activity in vivo, which was confirmed when
Rb was over expressed in cells and a genome-wide reduction in 5-methylcytosine was ob-
served.”” Rb, as well as DNMT1 and PCNA, colocalizes with early S-phase perinucleolar foci
that correspond to sites of active DNA synthesis.”® Therefore, the potential roles of the
Rb-DNMT1 interaction may be to sequester and repress DNMT1 enzymatic activity in non-
dividing cells, !t target DNMT1 to replication foci, regulate the association of DNMT1 with
PCNA, or reduce or inhibit the catalytic activity of DNMT1 specifically at early S-phase rep-
lication foci (Table 4). Interestingly, cancer-specific mutations in the A/B pocket region of Rb
were shown to inhibit binding to DNMT1. Therefore mutations in Rb, or the Rb pathway,
may directly lead to unscheduled or aberrant DNA methylation events in nondividing cells
which would then be copied and spread with each round of cell division.*

Links between DNA Methylation and Histone Modification

HDACI and HDAC2

DNA methyltransferase and histone deacetylase (HDAC) are believed to operate along the
same mechanistic pathway to silence gene expression. DNA methyltransferases establish and
maintain 5-methylcytosines in the context of chromatin and methyl-CpG binding proteins of
the MBD family, such as MeCP2, recognize and bind methylated DNA and recruit the core-
pressot/HDAC protein complex.'? The catalytic unit HDAC can remove acetyl groups from
the core histone tails, leading to assembly of tight-packed chromatin and rendering a promoter
inaccessible to the transcription machinery by increasing the affinity of histones for DNA. It
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has long been known that transcriptionally inactive regions are hypermethylated and enriched
in hypoacetylated histones. Thus the finding that proteins which bind specifically to methy-
lated DNA interact with and recruit HDACs tied these seemingly unrelated observations to-
gether.¥#! However, this still leaves open the question of how the region was targeted for
DNA methylation to begin with. Recent results from several laboratories have revealed that
DNA methylation and histone acetylation may be even more tightly linked than first thought
because DNA methyltransferases and histone deacetylases directly interact.2*4244 In fact HDACs
have now been found to interact with all of the catalytically active DNMTs and DNA methy-
lation and histone deacetylation act synergistically to repress transcription.®’

Initial studies with DNMT1 indicated that the amino terminal regulatory domain could
act as a transcriptional repressor when fused to a heterologous DNA binding domain.*?
DNMT1-mediated transcriptional repression was shown to be comprised of both
HDAC-dependent and HDAC-independent components. The HDAC-dependent component
was defined using the HDAC inhibitor trichostatin A (TSA), which relieves a substantial amount
of the DNMT1-mediated repression.?*42 DNMT]1 was shown to bind HDAC] via a tran-
scriptional repression region adjacent to the HRX-homology domain,* and a direct interac-
tion between the DNMT1 amino terminal regulatory domain and HDAC2 has also been
demonstrated.

Both DNMT3A and DNMT3B are also capable of conferring transcriptional repression
when fused to heterologous DNA binding domains via both HDAC-dependent and
HDAC-independent mechanisms. Yeast two-hybrid studies have shown that DNMT3A and
DNMT3B interact with HDAC] through the PHD region (Fig. 1, Table 4),44 which is not
present in DNMT1. Therefore, it is possible that the repressive capabilities of DNMT1 and
the DNMT3s may be caused by distinct protein-protein interactions, with histone deacetylase
as a common mediator.

The functional significance of the DNMT-HDAC interaction remains unclear, although
possible roles will be suggested here and in the DNA methylation and chromatin remodeling
section to follow. Data from a number of sources indicates that transcriptional silencing occurs
before DNA methylation and this transcriptional shutdown may be mediated by histone modi-
fications (deacetylation and methylation) and chromatin remodeling events. For example, si-
lencing of transcription from the X chromosome destined to be inactivated in female cells and
histone deacetylation occurs before DNA methylation.”? Silencing of transcription from newly
introduced retroviral sequences also occurs before de novo methylation and can occur in the
complete absence of DNMT3A and DNMT?3B, the enzymes thought to mediate retroviral
DNA methylation.*® A useful analogy may be that histone tail modifications as well as chro-
matin remodeling, may ‘close the door” on transcription while DNA methylation is the ‘deadbolt
lock’ which ensures that the door remains closed. This model implies that histone deacetylation
sets the stage, or targets, DNA methylation to a particular region by establishing a particular
chromatin configuration or signature recognized by other DNMT-associated proteins or the
DNMT itself and which promotes DNA methylation of the region. Recent dramatic results
with studies of histone methylation strongly support this notion.

DNA Methylation and Histone Methylation

Histone tail acetylation has received much attention over the last several years as a key
mediator of chromatin structure and transcriptional regulation. The histone tails can also be
methylated on select residues, such as lysine and arginine, and depending on the amino acid
and the histone modified, may exert a stimulatory or inhibitory effect on transcription.***°
Methylation of lysine 9 on histone H3 (H3K9) is associated with transcriptionally silent, het-
erochromatic regions of the genome.”’ Interestingly, H3K9 methylation also occurs before
DNA methylation during X chromosome inactivation.>* More direct evidence of a connection
between DNA and histone methylation comes from two recent fascinating studies in Neuro-
spora and Arabidopsis. In Neurospora, mutation of a H3K9 methyltransferase gene called dim-5
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eliminated all detectable cytosine methylation in the Newrospora genome.> In Arabidopsis,
mutation of a gene homologous to dim-5 termed krypronite, results in substantial losses of
methylation from the CpNpGp sequence, which, unlike mammals, is frequently methylated
in plants.>® In the latter case, it was demonstrated that the plant DNA methyltransferase re-
sponsible for CpNpGp methylation, chromomethylase 3, is targeted to DNA via interaction
with the methylated lysine binding protein HP1.%> Although DNA methylation is dispensible
in Neurospora and mammals do not appear to have chromomethylases, a protein homologous
to dim-5 and KRYPTONITE exists in mammals (SUV39H1) and is cutrently the subject of
intense study.’®>” We should therefore soon find out if histone methylation is a critical media-
tor of DNA methylation in mammals, but regardless of the existence of a homologous system
in mammals, this example further reinforces the notion that chromatin modifications may set
the stage for DNA methylation.

DNMTs As Transcriptional Corepressors

As we described above, DNMTs are associated with transcriptional repression in an
HDAC-dependent manner. This fact, however, is not the only aspect of gene silencing medi-
ated by DNA methyltransferases because they are also involved in transcriptional repression in
an HDAC-independent (or TSA insensitive) manner. In fact all catalytically active DNMTs
possess transcriptional corepression activity that is independent of histone deacetylase activ-
ity.“* Interestingly, the domain responsible for the HDAC-independent repression is differ-
ent between DNMT1 and the DNMT3s. The region of DNMT1 mediating this effect com-
prises the cysteine-rich / HRX homology domain (Fig. 1).*? In contrast, an amino terminal
region, which does not include the cysteine-rich domain, is responsible for the
HDAC-independent repression capability of DNMT3A and DNMT3B (Fig. 1).% Although
the protein-protein interactions responsible for the HDAC-independent repression are not
well characterized, it is clear that mammalian DNMTs are multi-functional proteins capable of
modulating transcription. In the following section, we review the DNMT-associated proteins
that may contribute to the ability of the DNMTs to repress transcription and target methyla-
tion (Fig. 1, Table 4).

PML-RAR

PML-RAR is an oncogenic fusion protein resulting from the reciprocal translocation of the
promyelocytic leukemia (PML) gene on chromosome 15 and the retinoic acid receptor & gene
(RAR) on chromosome 17, and gives rise to acute promyelocytic leukemia (APL). Although
the function of PML in normal cells remains unclear, it appears to be a critical component of
discrete nuclear structures referred to as PML-oncogenic domains (PODs, ND10, or nuclear
bodies).’*6! The PML-RAR fusion protein disrupts the PODs, however they can be restored
by treating cells with retinoic acid (RA) since PML-RAR retains both the DNA and ligand
binding domains of RARO. RA treatment also results in differentiation of APL cells, indicating
that PODs have an important role in promyelocyte differentiation.>®62 A recent study showed
that both DNMT1 and DNMT3A interacted with PML-RAR (Fig. 1, Table 4) and recruited
the DNMTs to a PML-RAR target gene promoter resulting in transcriptional silencing and de
novo methylation.%? In the absence of retinoic acid, conditions where PML-RAR acts as a
transcriptional repressor, HDAC-dependent transcriptional silencing of an RAR target gene
occurred early on, and was then followed by promoter region de novo methylation.%? This
work represents the first example of protein-protein interactions being able to target DNA
methylation to particular genomic regions and again stresses the intimate relationships be-
tween DNA methylation and histone deacetylation.

DMAPI
Yeast two hybrid screens using the amino terminal regulatory region of DNMT1 as bait
identified a novel factor, DNMT1 associated protein (DMAP) 1, that interacts directly with
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the first 120 amino acids of DNMT1 (Fig. 1, Table 4).% 1t was assumed that DMAPI also
acted as a transcriptional repressor and subsequent two hybrid screens with DMAP1 as bait
identified the potent transcriptional repressor, TSG101, as a binding partner of DMAP1. The
interaction of DMAP1 and DNMT1 may be responsible for the HDAC-independent compo-
nent of DNMT1-mediated transcriptional repression. DNMT1 and DMAPI colocalized at
replication foci throughout S-phase, while DNMT1 and HDAC2 colocalized only at late S-phase
replication foci. These results led to the suggestion that DNMT1, DMAP1, and HDAC2 may
participate in the restoration of heterochromatin structure following DNA replication. DNMT1
and DMAP1 would act to restore DNA methylation patterns following replication throughout
S phase while the recruitment of HDAC?2 to late replication foci, when hypoacetylated, tran-
scriptionally silenced regions are usually replicated, may allow for rapid deactylation of newly
deposited histones.

RP58

DNMT3A and DNMT3B were recently shown to interact directly with a protein called
RP58 via the PHD region within the amino terminal regulatory domain (Fig, 1).*? This region
of DNMT3A and DNMT3B also mediates the interaction with HDAC1. RP58 is a
sequence-specific zinc ﬁré§er DNA binding protein and transcriptional repressor associated
with heterochromatin.®*®* The capacity of RP58 to repress transcription was enhanced by
coexpression of DNMT3A, however, this cooperative effect did not require a catalytically ac-
tive form of DNMT3A.% This suggests that DNMT3A acts as a structural component in the
RP58-mediated repression pathway. Nuclear localization studies using a DNMT3A fragment
lacking the catalytic domain also support this notion. The isolated amino terminal domain of
DNMT3A colocalized with heterochromatin-associated proteins like HP1 ot and methyl-CpG
binding proteins like MeCP2.* The colocalization of DNMT3A with other known
heterochromatin-associated proteins therefore suggests that DNMT3A may be an important
component of hypermethylated, pericentromeric heterochromatin.

MBD2 and MBD3

An interaction between DNMTT1 and the methyl-CpG binding proteins MBD2 and MBD3
has been reported (Fig. 1). DNMT1 coimmunoprecipitated with MBD2 and MBD3 and
MBD2/MBD3 demonstrated colocalization with DNMTT at late S-phase replication foci.
Furthermore, the MBD2/MBD3 complex exhibited binding affinity for both hemimethylated
and fully methylated DNA and repressed transcription in an HDAC-dependent fashion.®®
These interactions may have roles in directing DNMT1 to hemimethylated sequences follow-
ing DNA replication, silencing of genes during S-phase, or deacetylation of newly deposited
histones in a manner akin to the previously described DNMT1-DMAP1-HDAC2 complex
(Table 4).

Daxx

The precise function of Daxx remains unclear. Roles for Daxx in apoptosis have been pro-
posed,™ but more recent data indicates that Daxx may be an HDAC-dependent transcrip-
tional repressor.” Daxx has been found to interact with a rather diverse group of proteins in
yeast two hybrid screens, including Fas, CENP-C, Pax-3, PML, and DNMT!1 (Fig. 1).% The
latter two are of interest here, especially in light of the connection between PML, RAR and
DNMT1 described earlier. Daxx interacts with and colocalizes with PML in the PODs and the
interaction with PML, but not the PML-RAR fusion, inhibits the repression function of Daxx.
In cells lacking PML, Daxx resides in regions of condensed chromatin, consistent with a role in
transcriptional repression.®’ The previous study describing the interaction between DNMT1
and PML-RAR % did not determine if the interaction between the two proteins was direct or
indirect. Thus one potential function of the Daxx may be as a bridge between DNMT]1 and
PML-RAR (Table 4).
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Annexin 'V

The amino terminal regulatory domain of DNMT1 interacts ditectly with annexin V' (Fig.
1). It was also reported that this interaction was enhanced by calcium.®” Annexin V is localized
mainly in the cytosol, but has also been detected in the plasma membrane and the nucleus. In
oocytes and four-cell embryos, both annexin V and DNMT 1o, the oocyte specific isoform of
DNMT! (Table 2), colocalize in the cytoplasm.%® Annexin V exhibits calcium-dependent bind-
ing to acidic phospholipids in the cytosol, suggesting that this protein participates in
membrane-related transactions (such as membrane organization, exocytosis, and endocyto-
sis).® Although the function of annexin V is poorly understood, the colocalization of annexin
V and DNMT 1o may help to explain the unique cytoplasmic-nuclear translocation events of
DNMT 1o during oogenesis and annexin V may somehow be involved in anchoring DNMT lo
in the cytoplasm at this stage (Table 4).

DNA Methylation and Chromatin Remodeling

Three highly significant studies over the last few years have revealed additional links between
DNA methylation and chromatin structure other than the previously described interactions be-
tween DNMTs and HDAC:s and histone tail modifications. While covalent modification of the
core histone tails by acetylation, methylation, and phosphorylation is 2 major method of regulat-
ing chromatin structure, another mechanism involves ATP-dependent chromatin remodeling
machines. These remodeling enzymes, or ATPases, use the energy derived from ATP hydrolysis to
directly mobilize or slide nucleosomes on the DNA to permit greater access of transcription
factors to DNA and therefore promote activation. Alternatively, they may reorganize nucleo-
somes into a more regularly spaced, closely packed format which is inhibitory to transcription.”®7?
The ATP-dependent chromatin remodeling enzymes that perform this reaction are members of
the SNF2 family, so named for the first such protein identified in yeast (sucrose nonfermenter).
The SNF2 supetfamily can be divided into three subfamilies, SNF2-like, ISWI, and CHD, based
on the presence of several conserved motifs.”>”> SNF2 proteins are involved in transcription,
DNA repair, recombination, and chromatin remodeling and have been shown to be able to
assemble regularly spaced nucleosomal arrays on DNA in vitro, promote ATP-dependent disrup-
tion of a periodic nucleosomal array, stimulate factor binding, and alter nucleosome spacing.”*”2
I will next review the connections between DNA methylation and chromatin remodeling and
then discuss how these processes may be connected mechanistically.

The first connection between DNA methylation and chromatin remodeling came from
studies in Arabidopsis. Mutation of a gene called DDM (decrease in DNA methylation) yielded
plants with numerous growth defects and a profound loss of genomic 5-methylcytosine. The
growth defects and losses of DNA methylation became progressively greater with increasing
generations of inbreeding.”# Rather than a DNA methyltransferase, DDM1 is a member of the
SNE2 family of ATPases. Further evidence of a connection between DNA methylation and
chromatin remodeling comes from studies of 2 human protein called ATRX. The ATRX gene is
mutated in a human genetic disease called ATR-X syndrome (0-thalassemia, mental retarda-
tion, X-linked).”> ATRX is 2 member of the CHD subfamily of ATPases and has been shown
to associate with transcriptionally inactive heterochromatin and due to its structure, may have
a role in chromatin remodeling. ATRX patients also demonstrated DNA methylation defects,
although they were far more subtle than the DDMI1 mutation, and included both aberrant
hypometléylation and hypermethylation events occurring at several repetitive elements in the
genome.”® Lastly, a recent study made use of transgenic mice to produce a knockout of the
murine homolog of DDM1 termed Lsh (lymphoid specific helicase, Hells, PASG).”””*
Lsh-deficient mice died soon after birth with renal lesions and exhibited 50-60% reductions in
genomic 5-methylcytosine levels that affected repetitive elements, single copy genes, and ge-
nomic imprinting control regions.” Thus inactivation of three putative ATP-dependent chro-
matin remodeling enzymes in plants and mammals has yielded defects in DNA methylation
ranging from subtle to profound.
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The three studies just described, especially the Lsh knockout study, provide compelling
evidence for a connection between DNA methylation and chromatin remodeling. They also
suggest, like the previously mentioned studies of histone methylation, that chromatin remod-
eling events can determine cellular DNA methylation patterns. This implies that chromatin
remodeling takes place before DNA methylation and the DDM1, ATRX, and Lsh results
indicated that both de novo and maintenance methylation, or both, could be affected. How
then might histone tail modifications (such as acetylation), chromatin remodeling, and DNA
methylation be linked? There can be little doubt that the linkage between DNA
methyltransferases and histone deacetylases is direct and that this linkage is common to all
DNMT:. It remains unclear if the AT Pase(s) required for proper DNA methylation patterning
is directly associated with a particular DNMT, or if the remodeling enzyme exerts its effects
transiently, before the DNMT can be directed to its target DNA sites, then departs. Whether
the association of the remodeling enzyme and DNMT is direct or indirect, accumulating evi-
dence strongly suggests that modification of chromatin structure, or the establishment of a
particular chromatin configuration or ‘signature’, must be created for the DNA methyltransferases
t be directed to regions of the genome to be methylated. This system could be operational
during DNA replication, when DNMT1 must access newly replicated DNA to ensure methy-
lation patterns are faithfully copied. It could also be operational during development when
genome-wide DNA methylation patterns are remodeled to first erase parental DNA methyla-
tion patterns, and then de novo methylation events establish the proper DNA methylation
pattern of the developing organism.

Studies with the ISWI chromatin remodeling enzyme have shown that prior histone acety-
lation inhibits the ability of ISWI to bind to and remodel nucleosomes.®® If this is a property of
other remodeling enzymes like ATRX or Lsh, then the interaction of DNMTs with HDACs
would be highly logical. The HDAC would first deacetylate the region to be methylated, the
remodeling enzyme would create a chromatin configuration optimal for the DNMT, then the
DNMT would access and methylate DNA (Fig. 2). Alternatively, the region destined for DNA
methylation may first have to be methylated on histones before the remodeling enzyme and the
DNMT can carry out their functions. These models will likely become testable in the very near
future and may finally provide the answer to the complex and perplexing question of how
DNA methylation patterns are established and maintained. The next important question to be
answered will be then be how the region to be methylated is first targeted for transcriptional
silencing and histone deacetylation (or methylation). This process may also involve chromatin
remodeling®! or may be the default setting in the absence of transcription or promoter-specific
transcription factors.

Answers to these questions should also provide essential insights into the cause of the DNA
methylation defects observed in cancer cells. DNA methylation patterns, chromatin structure,
and histone tail modifications may all become disrupted in tumor cells.?>#* ATP-dependent
chromatin remodeling enzymes themselves have been found to be mutated in genetic diseases
and cancer.3#%° Assuming that DNA methylation, histone acetylation, and chromatin remod-
eling are directly linked as described above, it will be important to determine the relative con-
tribution of aberrations in each of these pathways to the formation of aberrant DNA methyla-
tion patterns. If normal histone tail modifications and chromatin structure become disrupted
in tumor cells, then when do these aberrations occur during the transformation process? Do
they precede the DNA methylation defects? If so then DNA methylation abnormalities may be
the end result of other regulatory problems and be most visible to researchers due to the ex-
tremely efficient and heritable gene silencing afforded by DNA methylation. If histone acety-
lation defects occur very early during tumorigenesis for example, then drugs which affect the
activity of histone deacetylases or histone aceryltransferases (HATs) may be preventative and
the subsequent DNA methylation changes might not occur (Fig. 2). Later stages of tumorigen-
esis, in which aberrations in multiple epigenetic control mechanisms have already occurred,
including DNA methylation changes, may require combination therapies to reverse not only
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Figure 2. Possible pathway for targeting DNA methylation to specific regions of the genome. A gene
destined for long term silencing may first be shut off by histone deacetylation and histone methylation. This
then creates an environment favorable for the binding of a chromatin remodeling enzyme (denoted with
an *). The chromatin remodeling enzyme binds and repositions or slides nucleosomes in such a way as to
directly promote the binding of a DNA methyltransferase or DNMT-associated protein. Alternatively, the
remodeling enzyme createsa ‘signature’ (denoted by black half circle and *), departs, then a DNMT complex
binds and methylates DNA. This results in stable long term silencing of the gene. The DNA methylation
also recruits methyl-CpG binding proteins and their associated corepressor activities (including histone
deacetylase), to further reinforce transcriptional silence and chromatin compaction (not shown). In tumor
cells, transcriptional shutdown of key growth regulatory genes may occur before DNA methylation, as is
the case in several normal cellular de novo methylation processes. HDAC inhibitors (and possibly chromatin
remodeling enzyme and histone methylase inhibitors) can reverse aberrant gene silencing if applied before
DNA methylation occurs. Once the region is methylated, an HDAC inhibitor and a DNA methylation
inhibitor must be applied to reverse the aberrant gene silencing.

the aberrant histone modifications or chromatin structures, but also the DNA methylation.
This is because of the ‘permanence’ of DNA methylation and its apparent dominance over
histone modifications, once established.”> Thus it will be critical not only to develop novel
DNA methyltransferase inhibitors, but also inhibitors of HDACs, HATs, histone
methyleransferases, and ATPases. With these inhibitors in hand it may then be possible to
design novel treatment regimens to reverse the epigenetic defects at various stages in the tum-
origenesis process.
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CHAPTER 3

DNA Hypo- vs. Hypermethylation in Cancer:

Tumor Specificity, Tumor Progression,
and Therapeutic Implications
Melanie Ehrlich and Guanchao Jiang

Abstract

NA hypomethylation associated with cancer is probably as frequent as cancer-linked
D DNA hypermethylation. The hypomethylation of genomic sequences often exceeds

hypermethylation so that cancers frequently display lower levels of genomic
5-methylcytosine than do a variety of normal postnatal tissues. Different types of sequences are
generally targeted for cancer-related decreases and increases in DNA methylation. Some se-
quences appear to be more frequently hypomethylated in certain types of cancers than other
types. DNA hypomethylation sometimes is evident early in tumorigenesis; however, it also can
be associated with tumor progression. Hypomethylation of specific DNA sequences, especially
DNA repeats, may serve as a marker for tumorigenesis or tumor progression, as can
hypermethylation of unique DNA sequences. Cancer-linked DNA hypomethylation can oc-
cur without an association with DNA hypermethylation. Because of this finding and the very
frequent targeting of DNA sequences for this hypomethylation in diverse cancers, genomic
hypomethylation is likely to contribute to carcinogenesis and not to be just a byproduct of
oncogenic transformation. Therefore, caution should be used in development of treatment
schemes for cancer involving DNA demethylation because they might result in increased tu-
mor progression.

Introduction

All vertebrate genomes have genetically programmed meodification of some of their cytosine
residues resulting in a fifth DNA base, 5-methylcytosine (m>C). The methylation of cytosine
residues occurs soon after DNA replication and is mostly, but not only, present in 5'-CG-3'
dinucleotides (CpGs).! The percentage of cytosine residues in the genome that are methylated
is species-specific and tissue-specific.>® The pattern of which CpGs are methylated is also
tissue-specific and can be age-specific, although many (but not all) CpG-rich regions, independent
of tissue type, show little or no methylation when they overlap promoters or high levels of
methylation in unexpressed DNA repeats and CpG-rich intragenic regions.*® Some of the cell
type- or developmental stage-specific differences, especially in promoters, probably play a role
in helping to keep transcription turned off in certain cell types.®4 In addition, DNA methyla-
tion is involved in imprinting, X chromosome inactivation, and silencing of tumor suppressor
genes in a wide variety of cancers.*!>!® Cancers frequently have abnormally high levels of
methylation in an average of a few percent of their CpG-rich promoter regions.'” Often, this
cancer-associated hypermethylation downregulates tumor suppressor gene expression and can
thus contribute to tumor formation and tumor progression.*!¢

DNA Methylation and Cancer Therapy, edited by Moshe Szyf. ©2005 Eurekah.com
and Kluwer Academic/Plenum Publishers.
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It is now clear that DNA hypermethylation is just as important a source of gene dysfunction
leading to cancer formation as are various forms of mutagenesis, namely, point mutagenesis,
gene amplification, deletions, and chromosome 1r¢:arrangements.17’19 However, decreased me-
thylation of DNA (DNA hypomethylation) in human cancer is also very frequent.®?> DNA
hypomethylation in cancer often affects more cytosine residues than does hypermethylation so
that net losses of genomic m*C are scen in many human cancers.”?*%8 In assignments of
either hypo- or hypermethylation of DNA from tumors, appropriate control tissue(s) should
be used for comparison,? and the experiments should not rely only on cell cultures because of
changes in DNA methylation upon in vitro cell propagation.*

The role of DNA hypomethylation in cancer is less well understood than cancer-associated
DNA hypermethylation. Nonetheless, experiments involving DNA methylation inhibitors in
vivo and in vitro and Dnmzl knockout mice?®3'-3 indicate the importance of DNA
hypomethylation to oncogenesis. As described below, the high frequency of cancer-assoctated
DNA hypomethylation, the nature of the affected sequences, and the finding that cancer-linked
DNA hypomethylation can occur without an association with cancer-linked DNA
hypermethylation are consistent with an independent role for hypomethylation of certain DNA
sequences in cancer formation or tumor progression. This review focuses on the specificity of
hypomethylation of DNA in cancer, the questions of whether there is a relationship of DNA
hypomethylation and hypermethylation in cancer and whether DNA hypomethylation can be
correlated with tumor progression, and the implications of cancer-associated DNA
hypomethylation for DNA demethylation-directed cancer chemotherapy.

Are There Tumor-Specific DNA Hypomethylation Profiles Like

the Tumor-Specific DNA Hypermethylation Profiles?

Hypermethylation in cancer has most often been described for the CpG-rich regions (CpG
islands) that overlap many promoters.!”>>% While disparate types of cancer may display
hypermethylation of the same promoters, nonetheless there are highly significant differences in
the methylation frequencies for CpG islands between tumor types.!” As for DNA
hypomethylation associated with cancer, cancer-linked hypermethylation probably involves
much overshooting in terms of targets that function in carcinogenesis. For example, MYOD at
its 5' CpG island is often hypermethylated in some types of cancers, and this is unlikely to be
of functional significance. Cancer-associated DNA hypermethylation seems to predominantly
occur in the non-repeated DNA sequences of the human genome although hypermethylation
of ribosomal RNA genes was found in breast cancer.?”

In contrast to increased DNA methylation in cancer, cancer-associated hypomethylation of
DNA frequently involves repeated DNA elements. The most well-documented interspersed
repeat displaying hypomethylation in various cancers are the LINE-1 sequences.?**! Most of
these human retrotransposon- derived repeats are probably incapable of retrotransposition. 2
They are up to 6 kb in length and comprise about 15% of the human genome. In a study of 73
urothelial carcinomas, about 54% of tumors were hypomethylated in >10% of the LINE-1
repeats compared to normal bladder.®> Hypomethylation of a much lower copy-number
retrotransposon, HERV-K proviruses, significantly paralleled that of LINE-1 repeats.®3 In an-
other study by the same group, 53% of 32 examined prostate adenocarcinomas were found to
have LINE-1 hypomethylation.*! However, no LINE-1 hypomethylation was detected in 34
renal cell carcinomas compared to normal bladder.*? Therefore, LINE-1 hypomethylation ap-
pears to vary in frequency between different types of cancers.

Tandem DNA repeats are also frequently hypomethylated in human cancers, including
satellite DNA sequences, which are found in constitutive heterochromatin. Hypomethylation
of centromeric satellite ¢ DNA (Sattt) and juxtacentromeric (centromere-adjacent) satellite 2
(Sat2) in chromosomes 1 and 16 was demonstrated in various cancers. Sat2 in chromosome 1
was shown to be hypomethylated in 55% of Wilms tumors (29 out of 51 of these pediatric
kidney cancers) in one study® and 51% of another set of Wilms tumors (18 out of 35) in a
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second study.* In breast adenocarcinomas and ovarian epithelial carcinomas, 44 and 63% of
the samples, respectively, were hypomethylated in Sat2 of chromosome 1%% (and M. Ehtlich
and L. Dubeau, unpub. data). In all of these tumors, there was a high degree of concordance in
hypomethylation of Sat2 of chromosome 1 and that of chromosome 16. Sat DNA
hypomethylation in these cancers was defined as less hypomethylation than in any of the exam-
ined postnatal somatic tissues, all of which were highly methylated in this sequence as deter-
mined by Southern blot analysis with a CpG methylation-sensitive restriction endonuclease.
Another group using similar methods found that 69% of hepatocarcinomas (25 out of 36)
displayed hypomethylation in Sat2.# However, in a study of Sat2 hypomethylation in 30
colorectal cancers and 24 stomach cancers, 25% of the stomach cancers were hypomethylated
in both Sat2 (found in the juxtacentromeric heterochromatin of chromosomes 1 and 16) and
Sat3 (found in the juxtacentromeric heterochromatin of chromosome 9) but none of the
colorectal cancers were hypomethylated in either sequence.®® Therefore, while a diverse collec-
tion of examined cancers have Sat2 hypomethylation at high frequencies, there may be some
tumor-specific differences in the incidence of this hypomethylation of constitutive heterochro-
matic DNA repeats.

Hypomethylation of Satq., the major centromeric DNA sequence, was observed in both
chromosome 1 and throughout the centromeres in most examined ovarian epithelial carcino-
mas® (M. Ehrlich and L. Dubeau, unpub. results; M. Ehrlich and Widschwendter, unpub.
results). The controls were a variety of normal postnatal somatic tissues. Similarly, in Wilms
tumors, this hypomethylation was seen in 90% of samples (51 out of 52 tumors) in one study®
and 83% (29 out of 35 tumors) in another.* In the only reported study of Satz hypomethylation
in another type of cancer, breast adenocarcinomas, hypomethylation of this sequence was ob-
served in 19% of the samples (4 out of 21).® Further studies will reveal if there are significant
differences in the frequency of hypomethylation of Sata sequences between tumor types.

An unrelated pericentromeric DNA repeat (either in the centromere or juxtacentromeric
region) that shows cancer-associated hypomethylation is a No#l repeat, Y10752 (GenBank
Accession Number), isolated by Nagai and coworkers.? It is 70% homologous to a previously
cloned DNA sequence displaying hypomethylation in sperm and a high degree of methylation
in postnatal somatic tissues.” As determined by Southern blot analysis with a CpG
methylation-sensitive restriction endonuclease, it was hypomethylated in 75% of hepatocellular
carcinomas relative to normal liver.®” Tt was less frequently hypomethylated in colon and stom-
ach cancers. Y10752 is the same as the sequence NBL2 found by Thoraval et al to be localized
to the pericentromeric regions of four chromosomes and frequently hypomethylated in neuro-
blastomas, but not in glial or lung cancers.”® Importantly, Y10752/NBL2 and Sat2 share the
attributes of being highly methylated in normal postnatal somatic tissues, frequently
hypomethylated in certain types of cancers, and always hypomethylated in sperm DNA and in
somatic cells from patients with the DNA methyltransferase deficiency ICF syndrome (immu-
nodeficiency, centromeric region instability, and facial anomalies).>*%>1-% ICF is associated
with only a small percentage of the genome being hypomethylated (7% less m°C in ICF brain
DNA than in normal DNA *? because of the existence of multiple DNA methyltransferase
genes, only one of which has been shown to be mutated in ICF patients.**>> While cancers
with juxtacentromeric Sat2 hypomethylation frequently have centromeric Sata
hypomethylation, most ICF patients have Sat2, but not Sate, hypomethylation.>? A cancer
predisposition has not been reported for ICF patients, but there are only low numbers of
identified ICF patients (<40), and they frequently die in childhood. The small number and
very short average lifespan of ICF patients would preclude detection of a cancer predisposition
that was not very high and that did not result in tumors rather quickly.

Some tumor- or proliferation-associated genes have been found to be hypomethylated in
human cancers (reviewed in ref. 29). Sometimes, hypomethylation has been shown to be concor-
dant with expression, e.g., the CpG- rich promoter of the HOX11, a proto-oncogene and the 5’
end of pS2, which encodes a pleiotropic factor implicated in the control of cell proliferation.””*®
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However, these genes were studied only in breast adenocarcinomas and normal breast or en-
dometrium and T-cell lymphoblastic leukemia samples and normal bone marrow. Imprinted
genes can also display cancer-associated hypomethylation.>3 It is likely that certain of these
genes or adjacent sequences are preferentially hypomethylated in a tumor-type specific man-
ner, although this remains to be demonstrated.

One DNA hypomethylation-linked superfamily of genes encodes tumor-specific antigens
and includes MAGE, LAGE, and GAGE families. These genes display testes-specific and
cancer-specific expression with no detectable expression in a wide variety of normal postnatal
somatic tissues.**% MAGE-C1, LAGE-1, and BAGE are frequently expressed in melanomas,
bladder, breast, and lung carcinomas but not in colorectal carcinomas, renal cell carcinomas, or
leukemias.5%8 Transcription of these genes can be induced in non-expressing cancer cell lines
or normal cell lines by treatment with 5-azadeoxycytidine. Furthermore, methylation of Ets
motifs in the promoter of MAGE-A! interferes with binding of an Ets family transcription
factor.” The MAGE-A1 promoter is hypomethylated in MAGE-AI-expressing cell lines, but
not in non-expressing cell lines and leukocytes.*#® The CpG-rich promoters and 5' gene
regions of MAGE-A1 and LAGE-1 are highly methylated in a variety of normal tissues and
mostly unmethylated in sperm.® Unmethylated promoter sequences were found for three MAGE
family genes in lung cancers and, to a lesser extent, in surrounding tissue.”® Expression was
significantly correlated with promoter hypomethylation. Therefore, the MAGE/LAGE/ GAGE
superfamily of genes is expressed and probably concordantly hypomethylated in only certain
types of cancers.

Hypomethylation of some gene regions that have no apparent relationship to carcinogenesis
has been described, e.g,, the gene encoding B-globin in colon and breast adenocarcinomas.”"”2
Also, various amounts of hypomethylation of uncharacterized DNA sequences from human
colon, bladder, and prostate cancers compared to analogous apparently normal adjacent tissues
were seen in methylation-sensitive arbitrarily primed PCR used Hpall or Mspl and Rsal for
digestion.”> However, it is not known if the frequency of hypomethylation of these sequences
differs significantly in different types of cancers.

Global hypomethgflation of DNA may be a common attribute of diverse cancers.”? Overall
deficiencies in the m’C content of DNA have been frequently found in many disparate types
of cancer, including ovarian epithelial carcinomas vs. cystadenomas or normal postnatal so-
matic tissues;? prostate metastatic tumors vs. normal prostate;?> leukocytes from B-cell chronic
lymphocytic leukemia vs. normal leukocytes;?® hepatocellular carcinomas vs. matched
non-hepatoma liver tissue;?’ cervical cancer and high-grade dysplastic cervical lesions vs. nor-
mal cervical tissue or low-grade dysplasia of the cervix;?® colon adenocarcinomas vs. adjacent
normal mucosa,” and Wilms tumors vs. various normal postnatal somatic tissues.”> Some
types of cancers, e.g., testicular germ cell seminomas, may display especially latge amounts of
genomic hypomethylation?>7A although this could sometimes be the result of the cell of origin
being unusually hypomethylated in its DNA. In these studies, as in many quantitative studies of
DNA methylation, the percentage of cells from the tumor sample that are contaminating
non-neoplastic cells may vary and affect the results, if the tumor sample has not been
microdissected. This is not an important factor for some types of tumors, like Wilms tumors
and ovarian epithelial carcinomas, which consist mostly of neoplastic cells, but is important for
others, like breast adenocarcinomas.

Is There a Relationship between Cancer-Associated DNA,

Hypomethylation and DNA Hypermethylation?

Hypomethylation of some DNA sequences and hypermethylation of other sequences has been
found in rat hepatocarcinomas and human breast, colon, and prostate adenocarcinomas. 76872
Given the prevalence of both of these types of changes in cancers when they have been studied
individually, they probably coexist in the vast majority of cancers but simply have not yet been
documented to be simultancously present. Hypermethylation of the GST P promoter and
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hypomethylation of LINE-1 repeats were found in some of the same prostate adenocarcinomas
but no significant association was observed between these two types of epigenetic changes in
this kind of cancer.*! Recently, in collaboration with Peter Laird and Emerich Fiala, we have
shown that global DNA hypomethylation, satellita DNA hypomethylation, hypomethylation
of a promoter, and hygermethylation of CpG island-promoters are present concurrenty in
many Wilms tumors.”> Global hypomethylation was significantly associated with Sat2
hypomethylation in the juxtacentromeric heterochromatin of chromosome 1 and with Satcx
hypomethylation throughout the centromeres. However, there was no significant association
between global DNA hypomethylation and CpG island hypermethylation or satellite DNA
hypomethylation and CpG island hypermethylation. These results argue against DNA
hypomethylation being just a bystander during carcinogenesis or just a provoker of DNA
hypermethylation. Therefore, given the prevalence of DNA hypomethylation in cancer, it is
very likely that it plays an independent role in carcinogenests.

The role of DNA hypomethylation in cancer may involve increasing chromosome rear-
rangements®*>>77 and also altering gene expression. Besides standard cis effects when
hypomethylation includes transcription regulatory regions, there may be zrans effects involving
cancer-associated hypomethylation of satellite DNA in heterochromatin. There are precedents
for centromeric heterochromatin interacting with early lymphogenesis genes and the B-globin
locus in a manner that downregulates expression of those genes either directly or by acting as a
reservoir for transcription control proteins that preferentially bind to them as well as to certain
gene promoters.”®% In parallel, it has been suggested that the hypomethylation of
juxtacentromeric heterochromatin of ICF syndrome lymphoid cells interferes with normal
downregulation of certain genes by disrupting heterochromatin-euchromatin interactions in
trans.8! Alternatively, there may be cis effects of hypomethylation of repeated DNA sequences
on neighboring gene regions, which could result in alterations in levels of transcription regulatory
factors or signal transduction molecules and, thus, many downstream effects. Therefore,
hypomethylation of certain repeated DNA sequences in tumors might be another source of
gene dysregulation in cancer, perhaps in conjunction with cancer-linked alterations in expression
from elsewhere in the genome.

Is DNA Hypomethylation, Like DNA Hypermethylation, Sometimes

Associated with Tumor Progression?

Hypermethylation of a subset of CpG islands is progressive in some types of cancer al-
though sometimes this regional hypermethylation occurs very early in tumorigenesis, and other
times it can serve as a significant indicator of survival. 168283 Also, DNA hypomethylation is
sometimes associated with tumor progression as seen in studies of repeated DNA sequences. In
astudy of 31 hepatocellular carcinomas by Itano and coworkers, the degree of hypomethylation
of either of two repetitive sequences was significantly correlated with postoperative recurrence
of hepatocellular carcinoma and was a better predictor than conventional factors. These repeats
were the above-mentioned 1.4-kb Y10752/NBL2 sequence that is found in the pericentromeric
regions of chromosomes 13, 14, 21, and 9°* and a 13-kb repear present in tandem about 200
times on 8q21. Hypomethylation was determined by quantitating the corresponding radio-
active spots relative to reference spots by restriction landmark genomic scanning (RLGS)
involving two-dimensional electrophoresis of DNA doubly digested with the CpG
methylation-sensitive Nol and the CpG methylation-insensitive Pyull. The 1.4-kb Y10752/
NBL2 repeat (CNIC) and the 13-kb repeat (HTRS) were fully methylated at the examined
sites in normal liver. Hypomethylation of Y10752/NBL2 and HTRS was also significantly
correlated with the presence of hepatitis B or C antibodies in the serum. Itano and coworkers
suggest that viral infection could influence the tumors’ malignant potential and tumor recur-
rence indirectly by predisposing to DNA hypomethylation. In an earlier study, this group
showed that the number of spots that appear in RLGS profiles of hepatocellular carcinomas
but not in the profiles of normal liver was also a significant and independent prognostic
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indicator of postoperative occurrence of the discase.®> Their appearance specifically in the
hepatocarcinoma RLGS profile is presumably because they are hypomethylated only in the
tumors.

In a prostate cancer study, LINE-1 hypomethylation had a highly significant relationship
with lymph node involvement for prostate adenocarcinomas.*! Recently, we have shown that
hypomethylation of both Satal centromeric and Sat2 juxtacentromeric repeats is significantly
associated with tumor grade and decreased survival in primary ovarian carcinomas (M. Ehrlich
and M. Widschwendter, unpub. results). In collaboration with Louis Dubeau, we also demon-
strated that there is a significant association of malignant potential and hypomethylation of
Sat2 DNA in the juxtacentromeric heterochromatin of chromosomes 1 and 16 in a compari-
son of benign ovarian cystadenomas, low malignant potential tumors, and carcinomas.*® More-
over, there was also a significant association of Sat2 hypomethylation with global
hypomethylation of the genome in these neoplasms, as determined by Southern blot analysis
for satellite hypomethylation and high-performance liquid chromatography of DNA digested
to deoxynucleosides for global hypomethylation. These studies suggest that one of the
carcinogenesis-promoting advantages of global hypomethylation is that it is often linked to
hypomethylation of satellite DNA sequences. Global hypomethylation mi§ht also be related to
hypomethylation of interspersed DNA repeats, including retroelements. *

Not only is the degree of global genomic hypomethylation in ovarian epithelial neoplasms
associated with the degree of malignancy,? but also it is significantly associated with the grade
of cervical neoplasia,”® with multifocal vs. unifocal hepatocellular carcinomas,® and the dis-
ease stage, tumor size, and histological grade for breast tumors.¥” However, the latter three
studies were done by incorporation of methyl groups in vitro, and it is desirable to see confir-
mation with a direct analysis of m°C levels. A study of global levels of DNA methylation at
Hpall sites in breast cancer, as determined by the extent of smearing of DNA fragments in
Hpall digests upon electrophoresis, revealed no significant association of hypomethylation
with tumor grade although almost all of the tumors were hypomethylated compared to normal
breast tissue.®® The quantitation of DNA methylation by this method might have been com-
plicated by different amounts of degradation of the DNA during isolation.

As for CpG island hypermethylation in cancers, cancer-associated hypomethylation of
certain DNA sequences in some types of cancers occurs early in tumorigenesis and, in others,
only later. Previously, we found that 21 benign tumors from the breast, ovary, uterus, thyroid,
or brain had an average genomic m’C content that was the same as that from all 15 of the
various normal human tissues (0.89 mol%; percentage of the bases as m°C) examined.?? The
analogous values for the 20 metastases and 62 primary tumors were 0.78 and 0.83 mol%,
respectively.

In contrast, there is evidence for the early appearance of DNA hypomethylation during
some types of tumorigenesis. Goelz et al’”* found hypomethylation of 3-4 of 10 examined genes
by Southern blot analysis with CpG methylation-sensitive restriction endonucleases in
adenomatous colon polyps from seven patients. Five of those patients had colon cancers also
displaying hypomethylation of the same genes. In collaboration with Andy Feinberg and Charles
Gehrke, we compared colon tumors and adjacent apparently normal tissue. We found that
there was a reproducible decrease in global DNA methylation levels of about 8% in eight
colonic polyps from colon cancer patients.”® Ribieras and coworkers observed hypomethylation
of the A-y globin gene in two samples of lobular carcinoma in situ, an early stage of breast
cancer.”?> However, we found that only one of 19 samples from abnormal but nonmalignant
breast tissue showed moderate-to-strong hypomethylation of Sat2 compared with almost half
of 25 examined breast adenocarcinomas displaying moderate-to-strong hypomethylation.** The
benign samples were tissues displaying mild or moderate fibrocystic changes, fibroadenoma,
gynecomastia, or benign phylloides tumor. How early DNA hypomethylation can be detected
during tumorigenesis probably depends on the DNA sequence being examined, the type of
tumot, and the individual tumor sample, as is often the case for CpG island hypermethylation.
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Might There Be Deleterious Consequences of Introducing DNA

Hypomethylation in the Genome As a Cancer Therapy?

The DNA methylation inhibitors 5-azacytidine, 5-aza-2'-deoxycytidine (decitabine), and
5,6-dihydro-5- azacytidine have been used as cancer chemotherapeutic agents in clinical trials
on various neoplasms, including refractory acute leukemia;®® myelodysplastic syndrome;* ad-
vanced non-small cell lung cancer;”' malignant mesothelioma;”? accelerated or blast phase of
chronic myeloid leukemia;”® advanced ovarian or cervical carcinoma;**? malignant melano-
mas; and colorectal, head and neck, and renal carcinomas.?® For solid tumors, usually little or
no clinical efﬁcacgr and often no disease stabilization was seen, but many toxic effects were
observed.8°1:94% Combination therapy on malignant mesothelioma, which showed a low
response to 5,6- dihydro-5-azacytidine alon,” did not improve the response rate (17%) and
increased the toxicity.”’ There has been considerable attention recently to testing the efficacy of
treatment of high-risk myelodysplastic syndrome (MDS) with S-azacytidine or
5-aza-2'-deoxycytidine.”®1% Only supportive care is standard treatment for high-risk MDS.
Upon 5-aza-2'-deoxycytidine treatment of 61 high-risk MDS patients displaying cytogenetic
abnormalities, 31% of the patients had major cytogenetic responses.!?! These patients had a
significantly longer mean survival than the cytogenetic non-responders although almost all the
patients died by 34 months after initiation of treatment. Most definitive, although still with
the drawbacks inherent in clinical studies on cancers with poor prognoses,”® was a randomized
Phase I11 study of 191 MDS patients.”® In the group of patients receiving supportive care, only
5% showed improvement during the course of the study. In contrast, 37% of the
5-azacytidine-treated patients were classified as improved; 16%, as partial responders; and 7%
as complete responders. However, there was no significant difference in overall survival be-
tween the 5-azacytidine-treated patients and the control patients.

The best outcomes of treatment with 5-azacytidine or 5-aza-2'-deoxycytidine were seen for
patients with refractory or relapsed acute leukemia.”® The response rates were 33-89%, and
complete remission rates were 27-45%, alone or in combined therapy regimes. In one study on
patients with refractory acute leukemia, 8 out of 11 patients achieved complete remission after
treatment with 5-aza-2'-deoxycytidine in combination with Amsacrine.'%? By digestion of DNA
to deoxyribonucleosides and high performance liquid chromatography, global DNA methylation
levels were determined on bone marrow samples from patients who still had more than 70%
leukemic cells. These samples were taken just before treatment and after 3-6 days of treatment.
Seven days after treatment, there were decreases in global genomic methylation in bone mar-
row samples, but there was no relation between the extent of drug-associated hypomethylation
and the clinical response. 5-Azacytidine and 5-aza-2'-deoxycytidine are DNA replication in-
hibitors as well as inhibitors of DNA methyltransferase activity once they are incorporated into
DNA. These drugs cause various other metabolic disturbances that may be unrelated to their
induction of DNA hypomethylation, but may contribute toward their effectiveness as anti-
leukemia drugs.'%>!

There is insufficient long-term survival data on cancer patients treated with DNA methylation
inhibirtors (either the above three drugs or newly developed drugs, including those based upon
antisense therapy) to evaluate whether there are long-term risks associated with these treat-
ments. Given the evidence for increased chromosome rearrangements associated with DNA
hypomethylation®47-152105-107 31 for significant associations of DNA hypomethylation with
tumor progression, this is a possibility that should not be ovetlooked in developing new proto-
cols for therapeutic DNA demethylation in cancer patients. This is especially pertinent to
patients who do not have a poor prognosis. It may be that studies of DNA methylation changes
in cancer will have their most practical applications in cancer diagnostics and prognostics and
in aiding in the design of transcription theraﬁ?f protocols aimed at transcription factors, chro-
matin proteins, or histone modifications.'%'%
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CHAPTER 4

DNA Methylation in Urological Cancers

Wolfgang A. Schulz and Hans-Helge Seifert

Abstract
rological cancers are a diverse group with different alterations of DNA methylation. In
l | all urological cancers, DNA hypermethylation of specific genes has been described. In
contrast, methylation of repetitive sequences is often diminished, resulting in decreased
overall methylation levels (“global hypomethylation™). Altered imprinting is also found. Tes-
ticular tumors are derived from more or less immature germ cells whose methylation patterns
they often reflect. Subtypes can be distinguished by the extents of global hypomethylation and
hypermethylation. Renal cell carcinomas typically display hypermethylation restricted to spe-
cific genes important for tumor development and progression. By comparison, methylation
patterns are more severely disturbed in prostate and bladder cancers in which hypermethylation
of multiple genes coexists with genome-wide hypomethylation. Causes of altered methylation
may also differ. Hypermethylation could be incidental in renal cancers, but is more likely
caused by primary defects in the methylation machinery in bladder and prostate cancers, which
are still undefined. However, potential influences by diet and by chemical carcinogens need to
be better understood. DNA hypermethylation acts as an important mechanism in the silencing
of tumor suppressor genes. Global hypomethylation often correlates with chromosomal insta-
bility. The mechanism underlying this association is not understood. Hypermethylation of
multiple genes has been detected in urine, ejaculate, blood and tissue biopsies. DNA methyla-
tion assays can improve detection, monitoring, staging and classification of urological cancers
and in the near future could be employed to select patient-adapted therapies. In contrast,
efficacy, application range and risk of inducing tumor progression of drugs targeting DNA
methylation are yet to be determined in urological cancers. The diversity of these cancers re-
quire a carefully adapted approach to optimal exploitation of their DNA methylation alterations.

An Overview of Urological Cancers

Urological cancers constitute a diverse group of tumors different in origin, biology, clinical
course and treatment options (Fig. 1).

Testicular cancers are usually diseases of younger men. Most share a common origin from
germ cells that have become aberrant at different stages of development. Unlike many other
carcinomas, they respond well to chemotherapy.

The more common urological malignancies befall older people. This is most evident for
prostate carcinoma which is now the most prevalent lethal cancer of older men in industrial-
ized countries. This adenocarcinoma is derived from the secretory epithelium of the gland.
Organ-confined cases can be cured by surgical removal of the prostate (prostatectomy) or by
radiotherapy. Since testosterone is essential for the proliferation of normal and many trans-
formed prostate cells, many locally advanced and metastatic tumors respond to androgen dep-
rivation, although this treatment is not curative. Because of the difficulty to clinically distin-
guish organ-confined from nonorgan confined disease, curative treatment fails in up to 40% of
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Figure 1. The male genitourinary tract and its most important associated cancers.

the patients. Therefore goals of prostate cancer research are not only to detect prostate carci-
noma eatly, but also to identify those patients who will definitively benefit from curative treat-
ment options.

Renal cell carcinomas (RCC) are histologically more diverse. Clear-cell carcinoma, the most
common variety, is derived from the proximal tubules, whereas other histological types origi-
nate from other segments of Henle’s loop. Treatment of organ-confined renal cancer by ne-
phrectomy achieves a five-year survival rate of up to 85%, but the prospects for metastatic
disease are dire.

Although most frequently located in the urinary bladder (therefore: “bladder cancer”), tran-
sitional cell carcinoma (TCC) also develop in other segments of the urothelium lining the renal
pelvis, ureter, urinary bladder, and upper part of the urethra. Urothelial carcinoma retains
morphological and biochemical urothelial differentiation to some degree and represents the
main histological type in industrialized countries; the second most frequent type (5% of all
cases) is squamous cell carcinoma. Renal and bladder cancers affect both genders, but are more
frequent in males. Because urothelial carcinomas are heterogeneous in their clinical behaviour,
they may comprise at least two distinct, albeit related diseases. Papillary superficial carcinomas
are encountered in about 80% of diagnosed cases and, although they recur in up to 50-70% of
the patients, rarely progress to higher stages. They can be successfully treated by local transure-
thral surgery, often combined with instillation of cytostatic drugs or BCG, a mycobacterial
strain, to prevent recurrences and progression. Solid carcinomas derive mainly from highly
dysplastic carcinoma in situ and invade the muscular tissue layers underlying the urothelium.
Upon presentation, 30 to 60% have already metastasized to the local or regional lymph nodes.
Treatment comprises radical cystectomy with local lymph node dissection and urinary diver-
sion. Adjuvant chemotherapy improves the survival of some patients with lymph node me-
tastases. In advanced disease, chemotherapy is the treatment of choice with or without palliative
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cystectomy. Thus, as for prostate carcinoma, the challenge is not only to detect the presence of
TCC or monitor for recurrence, but also to predict its clinical behavior as a basis for rational
treatment choice.

Over the last decade, molecular biological analysis has identified many genetic and epige-
netic changes during the development and progression of these cancers. For many changes, it is
already understood how they bear on the biology and the clinical characteristics of the cancer.
Insights into the mechanisms of carcinogenesis are beginning to aid prevention and early de-
tection. New techniques for detection, monitoring, and differential diagnosis are gradually
entering the clinic. For instance, an improved classification of kidney cancers is based on the
pattern of chromosomal alterations.! New molecular markers for detection of bladder cancer
cells in the urine to supplement cytological analysis are now tested in the clinic.> Following
the recognition that mutations in the p53 tumor suppressor gene are decisive for the clinical
course of bladder cancer, an international study investigates the use of adjuvant chemotherapy
according to the p53 status.* Analysis of molecular alterations is helping to identify suitable
targets to improve efficacy and specifity of drug therapy or establish genetic therapies.

Alterations in DNA methylation have been observed in all urological malignancies.” In all
urological malignancies, DNA hypermethylation of CpG-rich promoter regions has been rec-
ognized as a mechanism of inactivation of individual genes. Nevertheless, in many urological
malignancies—although with important exceptions—decreases in overall DNA methylation
were found. This leads to global hypomethylation of repetitive sequences in the genome which
contain most of the methylcytosine in normal somatic cells. Altered genomic imprinting is
another change relating to DNA methylation. It may be particularly important in testicular
cancers. A detailed description of these findings will be presented in the following section. We
will then go on to discuss current attempts at understanding the causes and consequences of
these alterations. A systematic description of DNA methylation changes in human cancers may
become feasible and we will discuss initial studies to recognize patterns of methylation changes
for tumor classification and prognosis. Diagnostics exploiting DNA methylation changes in
individual genes seems even closer and may soon enter the clinic. The final section will argue
that these diagnostic improvements and new agents acting on DNA methylation and associ-
ated changes in chromatin structure hold the promise of improved, rational therapy.

A Description of DNA Methylation Changes in Urological
Malignancies

Testicular Cancers

The most important group of testicular cancers are germ cell cancers (GCC) which can be
classified into seminomas and nonseminomas. Seminomas retain the morphology of spermatogo-
nia but are blocked in their terminal differentiation. Nonseminomas maintain different extents
of pluripotency and present features of various embryonic and somatic tissues, often mixed.
They are accordingly classified into embryonal carcinoma, choriocarcinoma, teratoma etc. Tes-
ticular GCC usually contain aneuploid genomes and—in spite of their histological differ-
ences—share one common chromosomal alteration, i.e., gain of 12p through isochromosome
formation or amplification.®® This leads regularly to overexpression of Cyclin D2 which con-
tributes to aberrant cell cycle regulation and of DAD-R which may suppress apoptosis. Testicu-
lar GCC are clinically important as the most frequent tumors in young adult males. They are
also extremely interesting from a basic science point of view, because of their pluripotency.
Although chemotherapy is very efficacious in these tumors, its molecular basis is not fully
understood. Part of the explanation may be that most testicular tumors retain functional p53.

Seminomas and nonseminomas present clearly distinct DNA methylation patterns.” Semi-
nomas are hypomethylated throughout their genome with rare gene-specific hypermethylation,
whereas nonseminomas usually display a lower degree of genome-wide hypomethylation, but
wide-spread hypermethylation. One of the most consistently hypermethylated genes is CDKN2A
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leading to decreased expression of the cell cycle inhibitor p16™ 44,1 Much work has focused
on imprinted genes, mostly the IGF2/H19 pair.!’"' Very frequently, apparent loss of imprint-
ing has been observed. A plausible explanation for this finding is that GCCs are derived from
stages of spermatocyte development in which old imprints have already been erased and no
new or only paternal imprints are established. Thus, methylation and imprinting patterns of
some GCC may not be truly aberrant, but rather reflect the methylation pattern of the cell of
origin. Indeed, more detailed investigations have revealed imprinting patterns in different GCC
subtypes closely corresponding to various stages of germ cell development.®!* However, LOI
at /GF2 is not only a marker of tcumor development, but also means overexpression of a potent
growth and survival factor. Defects in imprinting and DNA methylation may therefore funda-
mentally contribute to the development of testicular cancers.

Prostate Carcinoma

Prostate adenocarcinoma is regarded as a paradigmatic hormone-dependent cancer. Ad-
vanced disease is palliatively treated by pharmacological or surgical androgen deprivation. This
prolongs survival, but the cancer gradually evolves towards androgen independence, becoming
hypersensitive to residual low androgen levels or activating alternate pathways to permit cell
proliferation.’ In prostate carcinoma, specific chromosomal aberrations recur, e.g., loss of 6q,
7q, 8p, 10q, 13q, 16q and gain of 8q, but few tumor suppressor genes or dominant oncogenes
have been adequately defined.'®

Alterations in DNA methylation seem particularly important in prostate cancer (Table 1).
The most consistent case is hypermethylation of the GSTP! gene. Hypermethylation of the
gene promoter initially discovered by Lee et al'” has been confirmed by several groups world-
wide with all available techniques.’®?! In summary, GSTP! hypermethylation is found in
more than 80% of all prostate cancers, is established eatly in cancer development, probably
even in preneoplastic high-grade PIN (prostate intraepithelial neoplasia) and—unusually—
often affects both alleles. Other genes with confirmed hypermethylation include the CD447224
and the CDHI (E-cadherin) genes™?’ encoding cell surface proteins crucial for cell adhesion
that are down-regulated during invasion and metastasis. Not unexpectedly, methylation of
many genes related to hormone and growth factor response has been found to be altered in
prostate cancer, notably androgen and estrogen receptor genes,”®%* the RARB2 gene encodin
a retinoic acid receptor,33 TIGI also involved in retinoic acid response,34 as well as ARA70,%
BMP-6,%6 NERY RASSF1A® and inhibin o.*® An illustrative case is EDNRB, encoding the
endothelin receptor B, in which methylation is altered, but not in regulatory sequences.*:4!
The growth behavior of prostate carcinomas suggests that initiating events target cell survival
rather than cell cycle regulation. Relevant changes may comprise increased methylation of a
surprise candidate tumor suppressor gene, CAV-1, located at 7g31.1 and encoding caveolin,
and TNFRSF6, encoding the FAS death receptor. Hypermethylation of TNFRSF6 is more
likely a consequence rather than cause of its down-regulation.*> DNA methylation does prob-
ably not contribute to the frequent down-regulation of PTEN.* The most consistent alter-
ation in cell cycle regulation seems down-regulation of p27*'*! during rumor progression, but
this is not caused by promoter hypermethylation or mutation.”® Controversial results have
been reported on the frequency of genetic and epigenetic changes in RB7 and CDKN2A that
are inactivated in many other human tumors. However, all data agree that promoter
hypermethylation of these genes is rare in prostate carcinoma.*”

Global hypomethylation in prostate cancer had been discovered already in the 1980s when
many cases were advanced upon presentation.® Recent studies have clarified that genome-wide
hypomethylation is almost universal in metastatic, androgen-refractory cancers, but lacking in
many early-stage tumors.'*#° Surprisingly, hypomethylation of LINE-1 sequences which re-
flects global methylation, correlated with metastasis, but even better with alterations on chro-
mosome 8 which quite certainly predisposes to systemic disease. Thus, global DNA
hypomethylation may characterize a subgroup of particularly aggressive prostate cancets.
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Table 1. DNA methylation alterations in urological cancers at a glance

Genes Affected by Global Specifics
Hypermethylation Hypomethylation
Tumor As Well In... Specifically
Testicular  CDKN2A Strong in semi- Frequently loss of
Germ Cell nomas; moderate  imprinting at IGF2/H19
Cancers in non-seminomas  a.o.; Gene-specific
hypermethylation
mostly in non-
seminomas
Prostate RARB2, RASSF1A, GSTPT, ER, AR, Pronounced only ~ GSTP1 hypermethyl-
Carcinoma CDH1 CD44, TIG1, in an aggressive ation in >80% of cases;
ARA70, BMP6, subfraction Global hypomethyl-
NEP, Inhibin o, ation possibly
EDNRB, CAV-1, correlated to prognosis
TNFRSF6
Renal Cell RASSF1A, CDH1, VHL Only in cell lines
Carcinoma TIMP3, (GSTP1)
Bladder CDKN2A, RARB2, DBCCRT1, PAX6 Common Imprinting at
carcinoma CDH1, DAPK, IGF2/H19 often
RASSF1A, APC disturbed

The table summarizes the data from the section A Description of DNA Methylation Changes in
Urological Malignancies. Results from “genome-wide screens” are discussed in the section A Global
View of DNA Methylation Alterations in Urological Cancers.

Renal Carcinomas

The crucial genetic change in clear-cell renal carcinoma (CC-RCC) is loss of VHL func-
tion. VHL located on chromosome 3p25 is a bona fide tumor suppressor gene.”® Both copies
are defunct in sporadic as well as hereditary cases, in which one mutated allele is inherited. The
second allele is inactivated in tumors by deletion, point mutation or occassionally promoter
hypermethylation.>! The same mechanisms combine in sporadic cases, but generally one allele
is lost by deletion of chromosome 3p.’ Many breaks take place at the 3p14 fragile site also
destroying the FHIT gene.>® Loss of 3p is consistent enough to allow differential diagnosis of
clear-cell vs. other RCCs.! Very likely loss of 3p targets other genes beyond VAL, FHIT repre-
senting an obvious candidate. Another likely target is RASSF1A at 3p21.3.56 Hypermethylation
and down-regulation of RASSFIA expression are frequent in CC-RCC and several other can-
cers. Further recurrent chromosomal aberrations characterize CC-RCC progression, but few
genes involved are definitely characterized. Loss of E-cadherin may be involved, since LOH on
16q and hypermethylation of CDH! are found.*” Hypermethylation of the metalloproteinase
inhibitor TIMP3 may contribute to invasion.”® In some cases, GSTPI hypermethylation is
observed,” but expression of the related GSTA isozymes is more consistently, down-regulated. %
Several other instances of altered methylation have been reported in renal cancer cell lines, but
have not been corroborated in tumor tissue. Thus, RCC cell lines, but not tumor tissues dis-
play LINE-1 hypomethylation.®! It appears that relatively few DNA methylation alterations
take place in RCC. Therefore, those changes that do occur may be functionally significant. For
instance, the CA9 gene encoding a cell surface and nuclear carboanhydratase is strongly acti-
vated and its promoter hypomethylated in RCCs.®? This activation can be traced to VHL
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inactivation in CC-RCC which causes stabilization of the HIFla transcription factor that
induces CA9 expression.®® Therefore, hypomethylation of this gene probably results from its
constitutive activation.

Bladder Cancer

Two important regulatory systerns are inactivated in almost all advanced bladder cancers.
Regulation of the cell cycle is disturbed by loss of RB1 or p16™¥*A, or by cyclin D1
overexpression. Control of genomic integrity by p53 is compromised by 7P53 mutations,
CDKN2A (p14™F) inactivation, or occasionally overexpression of HDM2. Accordingly, loss
of 13q, 17p, 9p and amplification on 12q are found. Additional recurrent chromosomal alter-
ations include loss of chromosome 9q, 11p and 8p and gains of 5p, 6p, 8q, 20q. Tumor sup-
pressors and oncogenes at these locations are actively sought. Low-grade papﬂlgy tumors con-
tain much fewer genetic alterations, sometimes only losses on chromosome 9.

A wide range of genes have been reported as hypermethylated in bladder cancer.
Hypermethylation can affect both promoters and exon 2 of CDKN2A.% Of note, each of
these changes has different functions. For instance, the frequent hypermethylation of exon 2 is
not related to decreased transcription, whereas exon 1o hypermethylation actually associated
with p16™¥44 down-regulation is much rarer.”®”! Likewise, methylation of the PAX6 intragenic
CpG island is a good tumor-marker, but unrelated to gene silencing,”> Another important
lesson from CDKN2A is that DNA h%permethylation, point mutations and homozygous dele-
tion can equally inactivate one gene.”” Other genes };ypermethylated as well in bladder cancer
comprise RARB2, CDH1, RASSFIA, and APC.”%"47¢ Hypermethylation of DBCCRI, a can-
didate tumor suppressor gene on 9q, may be specific for TCC, but the exact relationship be-
tween hypermethylation and expression requires further investigation.®”8 The proapoptotic
DAPK may be a particularly frequent target in bladder cancer.”"”? Decreased DNA methyla-
tion in the MDRI promoter during chemotherapy of bladder cancer may contribute to drug
resistance.®® Hypermethylation of DBCCRI and CDH1 is also observed in nonmalignant ag-
ing bladder tissues.”%!

Global hypomethylation affecting various repetitive sequences including LINEs, endog-
enous retroviruses and satellites appears at early stages of TCC.61#2 Global hypomethylation
may contribute to disturbed expression of imprinted genes on chromosome 11p15.5, IGF2,
H19and CDKN1C.3% This region, however, is also subject to frequent LOH. More detailed
investigations of this issue are needed.®

A Global View of DNA Methylation Alterations in Urological Cancers

The results presented in the previous section suggest thart although hypermethylation of
some genes (VHL, DBCCRI) occurs only in specific urological cancers, many genes are subject
to DNA hypermethylation in several tumor types (Table 1). Such genes may interfere with
universal properties of tumor cells, such as uncontrolled proliferation (CDKIN2A) or decreased
adhesion (CDHY1). Nevertheless, some genes of general importance in human cancers seem to
become hypermethylated never (PTEN) or rarely (RBI). The molecular basis for this difference
has begun to be addressed by studies on CDKN2A%"¥ and GSTP1.8#°! Moreover, several
genes, like CDKN2A, are inactivated by hypermethylation, point mutation, or homozygous
deletion in different human cancers, but the contribution of each mechanism differs widely.”?
The molecular basis for these differences is also unknown.

Beyond the investigation of individual genes, several new methods developed recently aim
at surveying methylation changes in cancers (see other contributions in this volume). More
comprehensive surveys of DNA methylation in human cancers are expected to provide differ-
ential diagnostic and prognostic information for the clinic. In addition, answering basic ques-
tions such as how many genes are hypermethylated overall and how many are specific for
certain tumors will provide insight into the mechanisms underlying altered methylation (cf.
below). Rapid methods, such as MS-PCR and MS-SNuPE, have already been employed to

64,65
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investigate several genes in the same urological cancer.®®”""77% A larger number of genes can
be studied by array-based techniques, directed at genes deemed important in a cancer or at
CpG-islands.”®%* Restriction landmark genome scanning (RLGS) also mostly identifies changes
in CpG islands, without a priori selection of genes.!%%> Arbitrarily-primed PCR is also largely
unbiased.”®% In a completely different approach DNA methylation inhibitors were combined
with mRNA expression profiling,”’

So far, the data from these more comprehensive methylation analysis techniques largely
confirm that urological cancers differ considerably in the extent of methylation changes, as
suggested by analyses of individual genes. Analysis of DNA methylation in germ cell tumors by
RLGS has confirmed the fundamental difference between seminomas and nonseminomas, i.e.,
global hypomethylation in seminomas vs. hypermethylation of multiple CpG-islands with less
extensive hypomethylation in nonseminomas.'® A comparison of different urological malig-
nancies by a bisulfite-modification based chip technique showed the smallest difference be-
tween tumor and normal tissue in the kidney,” as expected. Conversely, wide-spread and pro-
gressive deterioration of methylation patterns was confirmed by different methods in prostate
and bladder carcinoma. DNA hypermethylation in bladder cancer may affect up to 7000
CpG-islands™ in spite of almost all classes of CpG-containing repetitive sequences being
hypomethylated.*”® Since on average methylation alterations appear to increase in advanced
tumors, attempts have been made to correlate altered methylation indices with prognosis in
bladder and prostate cancers.”"”%%2 This approach deserves to be pursued, but it should be
considered that tumor progression in the same tumor type can be driven by different mecha-
nisms altering tumor suppressor and oncogene function. Tumor progression in different sub-
types of colon cancer appears to be driven preferentially by chromosomal instability, point
mutations or by DNA methylation alterations.”” A DNA methylation index might be most
useful in the last subgroup, designated CIMP+ and exhibiting widespread hypermethylation
together with a particular constellation of genetic changes.!®*!°! Similar subgroups have not
yet been defined in urological cancers, although they may well exist. For instance, the widely
used bladder carcinoma cell line T24 resembles CIMP+ colon carcinomas in displaying exten-
sive hypermethylation, including the p16™NK#A promoter, and a RAS mutation. The same pat-
tern may be present in some bladder carcinoma tissues.

DNA methylation surveys may also yield novel insights. It was already apparent from the
investigation of individual genes that many genes related to steroid hormone action display
altered methylation in prostate cancer (Table 1). More unexpected, a large group of genes
hypermethylated in T24 belonged to the interferon response pathway.”

Causes of Altered DNA Methylation in Urological Cancers

The causes of altered methylation may be distinct in different cancers (Fig. 2). In some
cancers, apparently aberrant methylation may in fact largely reflect the methylation pattern of
the affected stem cell. Thus, different germ cell tumors display methylation patterns at im-
printed genes corresponding to distinct stages of germ cell development.®1%!% Conversely, fail-
ure to set up proper methylation patterns of mature cells may underlie blocked differentiation.
Clear-cell renal carcinomas may exemplify a group of cancers displaying a limited number of
methylation changes. Some of these could be caused by incidental errors for which there is
strong selection during tumor development because they lead to inactivation of crucial tumor
suppressor genes such as VHL. Others such as CA9 hypomethylation®> may be secondary to
alterations in transcriptional activators. In contrast, advanced prostate and bladder cancers are
typically characterized by severely disturbed DNA methylation patterns which most likely are
caused by defects in the regulation of DNA methylation. Of note, each individual DNA me-
thylation alteration in such cancers may influence the tumor phenotype, but does not have to
be essential.

It is obviously of great interest which defects underlie such grossly aberrant methylation
patterns. Presently, four different hypotheses are considered.
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Figure 2. DNA methylation alterations in urological cancers. A simplified summary of the course, causes
and consequences of altered DNA methylation in four major urological malignancies. A) Testicular germ
cell cancers originate from stem cells with decreased methylation levels and stage-specific imprinting. In
cancers, this methylation pattern is maintained and gene expression from hypomethylated (imprinted)
genes may contribute to tumor growth. Further methylation changes occur in nonseminomas including
hypermethylation contributing to theaberrant phenotypeand progression. B) Renal cell carcinomas (clear-cell
subtype) usually develop by genetic or epigenetic inactivation of crucial tumor suppressor genes. Methy-
lation patterns are otherwise little disturbed; in particular, global hypomethylation does not occur. C) In
bladder cancers deregulation of DNA methylation takes place during the initial stages and contributes to
tumor suppressor inactivation by hypermethylation and possibly to genomicinstability by hypomethylation
of repetitive sequences. Methylation at imprinted genes can be altered and further instances of
hypermethylation may be associated with progression. D) Initial development of prostate carcinoma may
be characterized by frequent, but selective DNA hypermethylation; deregulation of DNA methylation
inctuding global hypomethylation is restricted to a aggressive subfraction. In all panels, the background in
the octagon cells signifies global methylation levels (dark = normal; light = lowered); the two small rectangles
symbolize imprinted genes (black & white: diparental, white: uniparental, striped: disturbed either way).
Lightnings indicate aberrant hypermethylation. Stippled arrows designate changes occurring only in a

subtype of the cancer.
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1. Aberrant methylation patterns could be due to dysfunction of enzymes patterning DNA
methylation. Thus far, only DNA methyltransferases have been investigated. DNMT1 seems
to be deregulated in bladder cancer cells!®? and often expressed at levels inadequate for
proliferating cells.’2 This may partly explain the prevalence of global hypomethylation.
Since only moderate increases in the putative de novo methyltransferases DNMT3A and
DNMT3B were found, CpG-island hypermethylation remains unexplained. Very few data
are available for prostate cancer cell lines and almost none on tissues.'%3

2. Aberrant DNA methylation patterns might result from defects in factors directing DNA
methylation (see other contributions). In vitro, neither known DNA methyltransferases
nor demethylases display enough sequence specifity to account for cell-type specific DNA
methylation patterns. DNA methyltransferases interact with other chromatin proteins, no-
tably histone modifying enzymes and methyl-CpG-binding proteins (MBD). Very litde is
known about these proteins in urological malignancies. One interesting protein interacting
with chromatin modulators as well as DNMTT1 is RB1 which is deregulated or even lacking
in almost all bladder cancersé465 and in some prostate cancers.'6 Since RB1 may coordinate
DNMT1 action with DNA replication and chromarin state inheritance,'%4195 RB1 dis-
function might disturb this intricate coordination, favoring global hypomethylation and
progressive DNA hypermethylation.

3. Defects in methyl group metabolism could promote aberrant DNA methylation patterns
by limiting S-adenosylmethionine supply, more precisely, by decreasing the ratio of
S-adenosylmethionine to S-adenosylhomocysteine. This ratio depends on dietary supply
with methyl-providing compounds and vitamins, specifically folic acid. The importance of
methyl group metabolism is well-known from animals experiments, but only recendy dif-
ferent lines of research have converged to provide evidence for its importance in man. Folic
acid deficiency, which is surprisingly prevalent in industrialized countries, is reflected in a
decreased intracellular SAM:SAH ratio which in turn is linked to decreased methylcytosine
in leukocytes.!6:197 In tumor cells, this metabolic misbalance may be exacerbated by rapid
proliferation and insufficient blood supply.!% Inadequate nutrition is known to synergize
with low activity alleles of enzymes of methyl-group metabolism to cause cardiovascular
disease.!%? The best studied and most prevalent polymorphism is 677A/V in
methylene-tetrahydrofolate reductase (M7HFR). A weak association of the less active allele
with prostate cancer was found in a pilot study, although none in bladder cancer.!10:111
Clearly, the interaction between diet and genetic predisposition needs to be investigated in
larger studies. The “methyl group metabolism” hypothesis suggests straightforward means
for prevention of bladder and prostate cancers.!!? Although far from proven, it may already
have elicited changes in the treatment of prostate cancer patients who now often receive
vitamin supplements.

4. There is some evidence that certain carcinogens may affect DNA methylation. These com-
prise acrolein,!!3 monomethyl- and dimethylsulfate,!4 acting directly on DNMT5, or ar-
senic!!> which appears to affect DNA methylation indirectly. Chemical carcinogenesis is
well documented and particulatly relevant in bladder cancer.!1¢

Consequences of Altered DNA Methylation in Urological Cancers

There is general agreement that DNA hypermethylation at CpG-rich promoters funda-
mentally contributes to the changes in chromatin that cause gene silencing. Accordingly, in cell
lines from urological tumors, hypermethylated genes can often be reactivated by DNA methy-
lation inhibitors. Reactivation of hypermethylated cell cycle inhibitor genes, e.g., CDKN24,
by the DNA methylation inhibitor 5'-deoxy-azacytidine (5-dazaC) has been shown to be asso-
ciated with cell cycle prolongation.'” However, since many genes are hypermethylated in ad-
vanced bladder and prostate carcinomas, determining which gene is responsible for cessation
of cell growth is not trivial. In a recent study, about 1% of all genes investigated by microarray
hybridization substantially increased in activity when T24 bladder carcinoma cells were treated
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with the inhibitor, twice as many as in a fibroblast cell line.” Thus, several hundred genes may
be silenced by DNA hypermethylation in T24 and could influence cell growth.

The consequences of global hypomethylation are less well understood.!'® Although it was
initially thought that hypomethylation might reactivate growth-promoting oncogenes, only
few instances of hypomethylation of proto-oncogenes have been reported, e.g., for the MYC
gene in bladder cancer.'? However, DNA methgdation changes in such cases rather seem to
represent a consequence of altered gene activity.®* Whether DNA hypomethylation disturbs
imprinting is also not fully clear.®>#¢ Hypomethylation occurs together with loss of imprinting
in testicular cancers,!? but the relation is likely coincidental rather than causal.

Hypomethylation of repetitive sequences could be more relevant, since DNA methylation
may participate in their repression.’?® Decreases in the methylation of endogenous retroviral
and retrotransposon sequences in tumor cells can be substandal. For instance, the most active
endogenous retro-proviruses in the human genome, HERV-K, are almost completely
demethylated in testicular cancers'?!"1?* and advanced bladder cancers.®! Nevertheless, because
of the tissue-specificity of their LTR they are only expressed in testicular cancer cells.! Al-
though no mature retroviruses are produced, retroviral proteins could be used as serum mark-
ers for seminoma.'?>!2# Since nonl. TR retrotransposons do not contain tissue-specific pro-
moters, their hypomethylation permits expression also in cancers from somatic tissues. In model
experiments, retrotransposition depended on activity of the LINE-1 encoded reverse transcriptase
and endonuclease, and occurred at an up to 1:250 rate per cell generation.!?> The actual fre-
quency in cancer cells is evidently much lower.'?® Another potential adverse effect of retroelement
transcription is transcriptional interference (discussed in refs. 126 and 127). Homologous re-
combinations between repetitive elements in the germ-line are a common cause of genetic
disease, but no good estimates exist for their frequency in cancers.’?® Recombination between
repetitive sequences depends on accessibility controlled by chromatin structure and DNA me-
thylation. The most prevalent sequence families in the human genome, ALU SINEs and L1
LINEs, are highly methylated in normal somatic cells.'* In addition, individual elements
differ by mutations and truncations. These alterations reduce homology and represent a second
obstacle to illegitimate recombination. This obstacle does not exist for CpG-rich satellires'?
which are hypomethylated in many human cancers including bladder cancer. Hypomethylation
of satellites in the human hereditary ICF syndrome, caused by DNMT3B mutations, is associ-
ated with a propensity towards radial chromosome formation, predominantly in cell types with
recombinase activity such as preB cells.!® In urological cancers, satellite demethylation could
therefore also be associated with chromosomal instability. Indeed, there is a good correlation
between the extent of DNA hypomethylation and chromosomal instability in bladder and
prostate cancers,?>7° bur a causal relationship is not established.

DNA Methylation in Diagnosis and Therapy of Urological Cancers

Diagnostic procedures based on altered DNA methylation are expected to soon enter the
clinic. They will be used to detect urological cancers, to provide differential diagnosis and
staging, and to monitor clinical course. Their most immediate application will likely be in the
choice of individualized treatment.

Diagnostics based on DNA methylation alterations has several advantages. DNA is chemi-
cally more stable than RNA and many proteins. DNA from tumor cells can be isolated from
blood, biopsies, and surgical tissue specimens, but in urology also noninvasively from urine
and cjaculate. Assays have become more robust and can be performed on material used for
histopathological diagnosis, with or without microdissection. Moreover, detection of
hypermethylation can be very sensitive due to low—or ideally lacking—methylation at
CpG-islands in normal tissues.

An ideal marker for cancer detection should be highly specific, sensitive and be prevalent in
the risk population. Few markers fulfil all three criteria. In urology, serum markers are cur-
rently used for detection and monitoring of testicular cancers (alpha-fetoprotein, human gona-
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dotropin, and placental alkaline phosphatase) and of prostate carcinoma (prostate-specific an-
tigen, PSA). The testicular cancer markers are specific and sensitive, but cover only a subset of
tumors. HERV-K proteins!?!124 may provide an alternative. PSA serum levels increase in most
prostate cancer patients, but this increase is not very specific. Levels of PSA > 10 ng/ml indicate
a high probability of prostate cancer and levels <2.5 ng/ml (depending on age) of its absence,
but a large ‘grey zone” necessitates additional tests and biopsies. Moreover, PSA levels are only
loosely related to tumor stage and grade. For detection and monitoring of bladder cancer,
traditional cytopathology is becoming supplemented by tests detecting tumor-specific proteins
or cytogenetic aberrations in tumor cells shed into the urine.>? Since sensitivities and specifici-
ties of these assays are still limited, unpleasant and costly cystoscopy must often be performed.
No routine serum or urine assays are available to detect and classify common renal cancers.
Since biopsies are not advisable, subtype and degree of malignancy of renal cancers are often
only revealed during surgery.

The most promising DNA methylation matker in patients with urological malignancies is
GSTPI hypermethylation in prostate cancer, which has even earned its first specialized re-
view.!?® In many respects, GSTPI hypermethylation complements PSA detection which iden-
tifies most cases, if a low cut-off is used, but does not discriminate well berween malignant and
benign tissue changes. GSTP! hlpermethylation is found in 70-95% prostate cancers, but not
in benign hyperplastic tissue.'’*"'*! The GSTPI promoter is only methylated in liver among
normal tissues, although occasionally in other tumors, a.0. renal carcinoma.”? Several assays
and applications to diagnostic samples from various sources have been described. 2021132134 I
is now necessary to test their validity and practicability in clinical practice. Detection of GSTP!
hypermethylation per se does not distinguish different stages of prostate carcinoma, but can
identify prostate carcinoma cells in lymph nodes, blood, bone marrow and metastases of un-
known origin.

Other instances of hypermethylation in urological cancers occur in a smaller proportion of
the tumors and seem not as useful for initial detection. Detection of altered methylation may
rather yield information on tumor stage. For instance, global DNA hypomethylation charac-
terizes a particularly aggressive subfraction of prostate carcinoma.® Likewise, once identified
in a tumor, methylation markers may be used to monitor its recurrence or progression. For
instance, ARFI hypermethylation in primary bladder cancers can be detected in serum of pa-
tients with recurrences.®> Other methylation patterns may predict response to chemotherapy,
e.g., that of the MDRI gene in bladder cancer.®

Detection of multiple methylation markers should yield a more complete molecular profile
permitting cancer classification, staging, subtyping and prediction of clinical course and re-
sponse to various therapies. A pioneer study has indicated that this may be feasible for testicu-
lar cancers.! These results may help to answer one of the most pressing clinical questions in
this tumor, i.e., which patients with stage I disease carry occult metastases. Bladder and pros-
tate cancers can be classified according to the number of methylation changes detectable by
MS-PCR assays.”"”77*92 It needs to be determined whether new subclasses can be defined by
methylation analysis and whether such classification improves on current histological diagno-
sis. DNA methylation chip techniques may simplify such analyses. Even a methylation chip
not specifically developed for urological malignancies allowed to distinguish between different
urological cancers and their corresponding normal tissues.** Distinctions between clinically
relevant subgroups will certainly require more specifically designed chips and algorithms.

Therapy directly targeting altered methylation in urological malignancies seems more re-
mote than diagnosis. Drugs altering DNA methylation or histone acetylation have been ap-
plied in tissue culture and animal models of urological malignancies and reported to be effica-
cious. Bladder carcinoma cell lines treated with 5-aza-dC reexpress the cell cycle inhibitor
p16™K4A and slow down proliferation.'!” In prostate carcinoma cell lines, histone deacetylase
inhibitors may even induce apoptosis.'*>*3? One prelimary phase I1 study was performed with
5-aza-dC.%® Unexpectedly, procainamide was shown to inhibit DNA methylation and diminish
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GSTPI hypermethylation in a prostate cancer xenograft.'*! Thus, DNA methylation inhibi-
tors, probably together with drugs targeting histone modifications, seem useful to treat uro-
logical cancers. Several questions are open, however.

1. The range of urological cancers reacting to drugs targeting DNA methylation is only vaguely
defined. For instance, many renal carcinoma cell lines tolerate >10-fold higher concentra-
tions of 5-aza-dC than those efficacious in the T24 cell line.

2. While drugs under development aim to inhibit DNA methylation,'#? global hypomethylation
is already present in many urological cancers. It is not known, how this affects their ac-
tion.}18 Conceivably, tumors with pronounced hypomethylation could be particularly sen-
sitive, since somatic cells appear to require a minimal level of methylation. Overall methy-
lation in urological cancer cells never falls short of 30% of normal levels. Knocking-out
DNMT1 function in somatic cells causes cell death, which is partially dependent on p53.143
On the other hand, if global hypomethylation indeed promoted genomic instability rather
than was merely associated with it, DNA methylation inhibitors might carry a risk of in-
ducing progression.

3. In clinical practice, DNA methylation inhibitors would likely supplement rather than re-
place existing treatments. Therefore, their interaction with established chemotherapy regi-
mens needs to be addressed, e.g., in bladder cancer.

In spite of these reservations, opportunities for drugs targeting DNA methylation in uro-
logical malignancies are plentiful. In testicular cancers, established chemotherapies are very
efficient. Improvements could be made with regard to toxicity and in the treatment of very
advanced nonseminomas. In bladder cancer, current chemotherapy protocols are only moder-
ately efficacious and could be improved on. Since DNA methylation changes are so prevalent
in prostate cancers, this cancer constitutes a promising target for DNA methylation inhibitors.
Recent improvements in chemotherapy suggest prospects for a fundamental change in prostate
cancer treatment strategy to which DNA methylation inhibitors might well contribute. Fi-
nally, we have previously’ suggested that the most straightforward application of DNA methy-
lation inhibitors in urology might be in those renal carcinomas tumors that display
hypermethylation of VHL.
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CHAPTER 5

DNA Methylation in Colorectal Cancer

Jeremy R. Jass, Vicki L.J. Whitehall, Joanne Young and Barbara A. Leggett

Abstract

n this chapter, it is pointed out that colorectal cancer is a heterogeneous disease. The case is
I made for a ‘serrated pathway’ of neoplasia that would evolve relatively rapidly through the

eatly acquisition of DNA instabilicy. DNA hypermethylation is likely to be of critical im-
portance in driving this pathway. Inhibition of apoptosis is conceived as the first step. Thereaf-
ter, methylation of one of several DNA repair genes would result in a state of tolerated hyper-
mutability. It remains to be shown whether this model applies to a small subset of colorectal
cancers or in fact explains the great majority given the overall low risk of progression for an
individual adenoma initiated by mutation of APC.

Introduction

Colorectal cancer is not only an important disease in terms of its frequency and contribu-
tion to human suffering but also because it provides an instructive model for neoplasia in
general. There are two reasons why colorectal cancer has served as a successful model. First, the
precancerous stages present as mucosal lesions (polyps) that can be identified and removed
with relative ease. Second, the discovery of the genetic mechanisms underlying rare, familial
forms of large bowel cancer has generated insights that are relevant to the common form of the
disease. Specifically, inheritance of a recessive cancer predisposition gene explains familial can-
cer whereas inactivation of precisely the same gene at the somatic level initiates the evolution of
sporadic forms of the same type of cancer.

The most well documented forms of familial colorectal cancer are familial adenomatous
polyposis (FAP)! and hereditary nonpolyposis colorectal cancer (HNPCC).? Both are inher-
ited as autosomal dominant conditions in which affected subjects develop colorectal cancer at
ayoung age. Cancers also are likely to be multiple and affected individuals are prone to develop
cancers in particular sites outside the large intestine. The main clinical difference between the
two conditions is with respect to the precancerous polyp or adenoma. In the case of FAP, many
hundreds if not thousands of adenomas develop in the mucosal lining of the large intestine by
the second decade (Fig. 1). Left untreated, one or more of these will develop into a cancer,
generally by che fourth or fifth decade. In the case of HNPCC, adenomas are only a little more
common than cancers and the time required for an adenoma to convert into a cancer is rela-
tively short. From these observations it has been deduced that the genetic lesion in the APC
gene (responsible for the condition FAP) serves to initiate adenomas whereas the genetic lesion
in the genes responsible for HNPCC acts to accelerate tumor progression. The genes underly-
ing HNPCC are DNA mismatch repair genes of which AMLHI and AMSH2 are the most
frequently implicated.

DNA Methylation and Cancer Therapy, edited by Moshe Szyf. ©2005 Eurekah.com
and Kluwer Academic/Plenum Publishers.
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Figure 1. Close up view of multiple adenomas in colonic mucosa from subject with familial adenomatous
polyposis (FAP) (A) versus a single cancer with no adenomas in a total colectomy specimen from a subject
with hereditary nonpolyposis colorectal cancer (HNPCC) (B).

Relevance of Familial Models of Colorectal Cancer to Sporadic
Neoplasia

In certain respects the conditions FAP and HNPCC provide models that serve only as
‘caricatures’ of sporadic colorectal neoplasm In FAP the ratio of adenoma to carcinoma is
approximately 1000 to 1, in HNPCC it is 1 tol,? whereas in sporadic colorectal cancer it is
around 30 to1.4 To put it another way, an individual adenoma in a subject with FAP is highly
unlikely to develop into a cancer. The opposite is true in HNPCC whereas sporadic adenomas
fall somewhere in between these extremes. These simple clinical observations indicate that
morphologically similar adenomas may be biologically very different. It should be stressed that
the prevailing dogma views all adenomas as being created equal following the advent APC
inactivation. The occurrence of subsequent genetic alterations is then deemed to determine the
timing of progression. It is now clear, however, that: (1) adenomas are not the only precancer-
ous lesions that occur in the colorectum,” and (2) sporadic adenomas may be mmated by
genetic alterations apart from inactivation of APC, for example by K-ras mutation.® In addi-
tion, while it is clear that inactivation of APC is sufficient to initiate an adenoma and allow it to
grow to a certain size,” other coexisting or modifying factors may determine the likelihood of
subsequent malignant conversion.

DNA Microsatellite Instability

The lesson of HNPCC indicates the nature of an additional key factor that modifies the
magnitude of risk of progression. Loss of a DNA mxsmatch repair gene such as AMLHI or
hMSH2 has two outcomes: (1) inhibition of apoptosis,® and (2) generation of mutations at the
DNA level. The term ‘genetic instability’ may be applied to a population of cells that continues
to proliferate in the face of accumulating DNA damage, failure of damage and/or mismatch
repair and the subsequent generation of widespread alterations in the genome. The type of
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genetic instability that occurs in HNPCC is extreme and can be extrapolated to only about
10% of sporadic colorectal cancers. Because DNA microsatellite markers are used to detect
frameshift mutations that arise as a consequence of loss of DNA mismatch repair proficiency,
such cancers are described as microsatellite instability-high (MSI-H).>!® When a panel of
microsatellite markers is used to demonstrate DNA instability in such tumors, it is usual to
detect instability in over 50% of markers with the mean frequency being around 80%.!!

It may be inferred that less extreme forms of genetic instability must be acquired in the case
of most if not all of the remaining sporadic colorectal cancers. One such type of less extreme
instability is also detected with the aid of microsatellite markers and is known as MSI-low
(MSI-L). By using a very large panel of markers it has been shown that MSI-L is distributed as
a nonrandom quantitative trait. That is, some cancers show more instability than would be
expected bY chance whereas others show less instability (or no instability) with this type of
biomarker.'? Some MSI-L cancers may show instability in over 30% of markers, making them
technically MSI-H according to the current NCI criteria.’ However, these cancers differ fun-
damentally from bona fide MSI-H cancers in a number of respects: (1) Instability is rarely
detected in mononucleotide markers which are highly sensitive for MSI-H status, (2) There is
no deficiency with respect to any known DNA mismatch repair gene, (3) Mutation of APC,
K-ras and TP53 is frequent, and (4) Loss of heterozygosity at chromosomes 5q, 17p and 18q is
frequent.’>!* The inappropriate inclusion of such cases amongst the genuine MSI-H cancers
serves as a continuing source of confusion.

It should be pointed out that some have argued that an increased mutation rate is unneces-
sary to explain carcinogenesis in general, that genetic instability is likely to be disadvantageous
with respect to neoplastic evolution (for example by increasing the probability of apoptosis),
and that genetic instability occurs late in the process of neoplastic evolution, if it occurs at all.!
However, these arguments were based on the premise that virtually all colorectal cancers arise
in traditional adenomas that are in turn initiated by an exclusive mechanism, namely inactiva-
tion of APC. As noted above, this premise is incorrect. Most now accept that Darwinian natu-
ral selection is insufficient on its own to explain the stepwise accumulation of key genetic
alterations that underlies malignancy.

Mechanisms Underlying Microsatellite Instability in Colorectal
Cancer

Factors that may contribute to the acquisition of genetic instability include: (1) presence of
DNA damaging agents, (2) lack of mechanisms for repairing damaged DNA, (3) lack of mecha-
nisms for repairing mismatches between template and replicated DNA strands, and (4) lack of
checkpoint mechanisms that would normally trigger cell cycle arrest and/or apoptosis in the
face of abnormal DNA content or abnormal cell function (for example as a consequence of a
mutation). It is clear that generic instability is a two-edged sword. Whilst it will increase the
mutation rate and therefore increase the likelihood of oncogenic mutation it will also predis-
pose to apoptosis (the price of immortality for one cell is the death of many). This is why
genetic instability must involve not merely an increased mutation rate but also the inhibition
of apoptosis.

The term *hyperplasia’ means an increase in cell numbers. Hyperplasia can arise either through
an increase in the rate of cell production or through a reduction in the rate of cell death (or
both). The hyperplasia characterizing colorectal adenomas arises through APC inactivation
leading in turn to increased cellular proliferation. A second type of polyp may occur within the
colorectum that is known as a hyperplastic polyp. There are different mechanisms for initiating
hyperplastic polyps, but inhibition of apoptosis is an important unifying mechanism. K-ras
mutation is a frequent initiating genetic alteration in hyperplastic polyps.® Oncogenic K-ras
leads to the inhibition of apoptosis through, for example, the down-regulation of the apoprosis
receptor Fas (CD95).1° It may be surmised, for the reasons given above, that cell populations in
polyps thatarise through inhibition of apoptosis may be better able to tolerate a state of genetic
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instability than cell populations in polyps that arise through a state of dysregulated cellular
proliferation. Two mechanisms have been identified that not only underlie genetic instability
but also occur selectively within hyperplastic polyps. These are: (1) inactivation of the DNA
mismatch repair gene AMLHI' and (2) inactivation of the DNA repair gene O-6-methylguanine
DNA methyltransferase (MGMT)."® In sporadic colorectal neoplasia, the inactivation of both
genes occurs not by mutation or loss but by the epigenetic mechanism of gene silencing through
promoter hypermethylation.'>?

The Methylator Phenotype in Colorectal Neoplasia

Just as microsatellite markers may be used to establish the presence of the ‘mutator’ pheno-
type in colorectal cancer (and other malignancies), so may anonymous DNA sequences that
are prone to methylation of their cytosine nucleotides be used to establish the existence of a
‘methylator’ phenotype. DNA methylation occurs preferentially within dense clusters of CpG
sites known as CpG islands. Therefore reference is made to a CpG island methylator pheno-
type (CIMP).?! Markers used to establish CIMP have been termed Methylated IN Tumors or
MINTs.? If a panel of MINT markers is employed (for example MINTs 1, 2, 12, and 31)
around 20% of colorectal cancers show extensive methylation (implicating 3 or 4 loci).?

Cancers showing methylation of MINTs will also show methylation and therefore silencing
of tumor suppressor genes. Examples of genes that are silenced by this mechanism in colorectal
cancer are the DNA repair genes AMLH1 19 and MGMT,'® the cell cycle regulator p 1 GINK4a,2!
the apogtosis regulator pI4ARF,?* the angiogenesis factor THBSI,?' the anti-adhesion gene
HPP1,% and the growth regulating gene COX-2.%° This list is not exhaustive, but it does high-
light the existence of a cluster of altered genes within the subset of colorectal cancer showing
DNA methylation that is radically different from the traditional genes highlighted in the
Vogelstein model.?

About 50% of cancers with the ‘methylator’ phenotype also show the ‘mutator’ phenotype.
In this group of MSI-H cancers there is methylation of the DNA mismatch repair gene AMLH1
in the vast majority of cases. Studies in which the MSI-H phenotype is carefully established by
appropriate testing and in which familial examples (HNPCC) are excluded, indeed show that
mutation of the traditional genes of the Vogelstein model, specifically APC, K-ras and TP53, is
rarely observed.' The remaining cancers with the methylator phenotype but lacking both the
mutator phenotype and methylation of AMLH1 are less well characterized, though patterns are
now beginning to emerge. These tumors show frequent methylation of the DNA repair gene
MGMT.® mutation of K-ras5,%? and low-level microsatellite instability (MSI-L).? Inactivation
of MGMT is the likely explanation for the increased frequency of K-rzs mutation and MSI-L.
The DNA repair protein MGMT repairs methylguanine (mG) adducts which are highly mu-
tagenic. When DNA is replicated during the S-phase of the cell cycle, mG is mistaken for A
and this results in mG being mismatched with T. In a second round of cell division (assuming
the mismatch is not repaired), A in inserted opposite T. This will create a G:C to A: T transition
mutation. In cancers in which MGMT is inactivated by promoter methylation, mG:T mis-
matches will be frequent and it so happens that most K-ras mutations are G to A transitions.?’
Similarly, most 7P53 mutations are C to T transitions.>® The explanation for MSI-L probably
lies in the fact that mG:T mismatches are unstable and difficult to repair. The attempts at
excision and resynthesis will yield the same mismatch resulting in so-called ‘futile cycles of
repair’.?! This cycle could be broken in two ways: (1) apoptosis as signaled by the mismatch
repair heterodimer hMSH2-hMSHG6?? or (2) excision of the mismatch with a permanent
deletional frameshift mutation replacing the unstable mismatch. The latter would be detected
as a small deletion and would be particularly common within microsatellite repeats which are
intrinsically prone to aberrant resynthesis (hence the detection of MSI-L) (Fig. 2).

DNA methylation is not restricted to the 20% of colorectal cancers showing extensive me-
thylation of MINT matrkers. Cancers may show methylation of a small proportion of MINT
markers. Additionally, individual tumor suppressor genes may be silenced by methylation in
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Figure 2. The generation of methylG: T mismatches maylead to ‘futile cycles’ of DNA repair. When excision
of the mismatched sequence is followed by deletion instead of futile resynthesis, the unstable mismatch site
is replaced by a stable frameshift mutation. This is detected as MSI-L.

cancers that show no evidence of MINT methylation. This might occur in tumors in which
methylation of specific genes is subject to strong selection pressures. An example would be in
the condition HNPCC in which one copy of the gene AMLH1 is already silenced (through
inheritance of a germline muration) and a major growth advantage would result from the
methylation of the wild-type copy.!! Additionally, methylation of the DNA repair gene MGMT
occurs independently of the status of MINT methylation.?® Certain genes such as ER are
methylated as an age-related phenomenon in normal tissues as well as neoplasms.>* These have
been termed type A genes to distinguish them from type C genes that are methylated in a
cancer-specific manner. This distinction is not absolute insofar as methylation of type C genes
occurs in normal mucosa but perhaps on a sporadic crypt-by-crypt basis.>*

The fact that colorectal cancer is a genetically heterogeneous disease has emerged relatively
recently. The separation of cancers showing microsatellite instability versus chromosomal in-
stability was initially confounded by the failure to distinguish MSI-H from MSI-L status (see
above). Once this distinction was made, the pendulum swung in the opposite direction and
bowel cancer became two nonoverlapping diseases with well-defined clinical, pathological and
molecular differences. It is now clear that this is an oversimplification. For example, as noted
above, the ‘nonMSI-H’ group includes a subset that is as heavily methylated as the MSI-H
group. It has been shown that heavily methylated cancers share a number of morphological
features regardless of MSI status. These features include the presence of round, clear nuclei
with prominent large nucleoli and the production of extracellular mucin.?® Other morphologi-
cal features are not shared, for example extensively methylated nonMSI-H cancers are more
likely to show diffuse infiltration and are less likely to show tumor heterogeneity than MSI-H
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cancers with extensive methylation.® Colorectal cancer can therefore be viewed as a disease
spectrum, bur a spectrum in which particular types of test may reveal discontinuities. Tests that
reveal discontinuities inform us abour key, rate-limiting steps in the evolution of colorectal neo-
plasia. Acquisition of the states of apoptosis inhibition and genetic instability are likely to be two
such fundamental steps. The validity of this concept can be tested by cDNA chip array analysis in
which the test in question is used as an interrogation criterion for hierarchical clustering.

Are Subjects Genetically Predisposed to Methylation of Colorectal

Mucosa?

DNA methylation was originally viewed as an age-related stochastic process and this may
well be correct with respect to genes that are methylated within normal colorectal mucosa.”
Nevertheless, there are grounds for believing that subjects developing colorectal cancers with
the methylator phenotype are genetically predisposed to do so. Extensive DNA methylation is
usually a feature in MSI-H cancers. MSI-H cancers are age-related bur are prone to be associ-
ated with bowel cancer multiplicity and, unlike colorectal cancers in general, are more com-
mon in females Some earlier onset MSI-H cancers develop in a backéround of hyperplastic
polyposis.!” Hyperplastic polyps may in turn show DNA methylation.””> When DNA methy-
lation is found in one hyperplastic polyp in a subject w1th hyperplastic polyposis, it is hkely o
be found in the other polyps from the same individual.®> Such concordance is not seen in the
case of subjects with multlyle adenomas.?® There are instances of hyperplastic polyposis occur-
ring in a familial settmg, 39 although this is not commonly described. Taken together, these
observations are consistent with the hypothesis that the predisposition to DNA methylation
within tumors can be inherited as a relatively weakly penetrant trait that is expressed in older
aged subjects. Environmental and/or additional genetic factors may magnify this trait to ac-
count for the development of multiple lesions, earlier age of onset and/or positive family his-
tory. The underlying mechanism could relate to defective DNA repair within the promoter
region that serves to initiate de novo methylation as a form of reaction to nonrepaired DNA
damage. Alternatively, the defect could apply to genes responsible for the control of mainte-
nance and/or de novo methylation. It would therefore be reasonable to conduct, for example,
association studies for polymorphisms in genes responsible for DNA damage repair and/or the
control of DNA methylation in subjects who develop colorectal cancer with the methylator

phenotype.
Morphologic Counterparts of the Methylator Phenotype

As noted above, colorectal cancers showing mutator and/or methylator phenotypes are dis-
tinguished morphologically (histologically) from cancers lacking these phenotypes. The associ-
ated morphologic features relate to: (1) the nucleus which is round, clear and contains a single
large nucleolus, (2) differentiation which is often either poor and/or characterized by produc-
tion of secretory mucin, (3) presence of intra-epithelial T-lymphocytes, (4) a circumnscribed or
expanding growth pattern, and (5) marked morphological heterogeneity.”® The question arises
as to whether these features are explained by the mutator or by the methylator phenotype?
Some of the features are also seen in HNPCC cancers in which the mutator but not the methy-
lator phenotype is present. Features frequent in both HNPCC and sporadic MSI-H cancers
include: (1) presence of intra-epithelial lymphocyrtes, (2) poor differentiation, and (3) expand-
ing growth pattern. Whilst HNPCC cancers may be mucinous, poorly differentiated and show
tumor heterogeneity, these features are significandy more frequent in sporadic MSI-H can-
cers.'! On the other hand, methylator cancers without the mutator phenotype showed less
tumor heterogeneity and were more likely to show diffuse infiltration than methylator cancers
with the mutator phenotype.?® Tt may be hypothesized that the main features explained by
hypermethylation rather than the mutator phenotype relate to nuclear parameters that are
visible at the light microscopic level and production of secretory mucin. It is reasonable to
suggest that nuclear features may be influenced by the presence of extensive DNA methylation
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either directly or indirectly, but this observation necessitates further research. Another issue
that needs to be explored is whether the morphological appearances of methylator cancers are
presaged by the appearances of the putative epithelial precursor lesions. As noted above, hyper-
plastic polyps (that are initiated by inhibition of apoptosis) may the precursors of lesions driven
by methylation of the DNA repair genes MGMT and AMLHI. Whereas adenomas show a
reduction in expression of secretory mucin, hyperplastic polyps are phenotypically similar to
MSI-H cancers in showing increased expression of both intestinal mucin MUC2 and gastric
mucin MUC5AC.%“#! In addition, hyperplastic polyps have round, clear nuclei with promi-
nent nucleoli whereas adenomas have elongated, hyperchromatic nudlei.

Serrated Pathway of Colorectal Neoplasia

Apart from the observations noted in the preceding section, the evidence linking hyperplas-
tic polyps rather than adenomas to sporadic MSI-H cancers is strong: (1) dysplastic subclones
within hyperplastic polyps show the same spectrum of genetic alteration as sporadic MSI-H
cancers, (2) conventional adenomas and sporadic MSI-H cancers show very different genetic
alterations, (3) residual lesions adjacent to sporadic MSI-H cancers fall within the spectrum of
‘serrated polyps’ (see below) rather than conventional adenomas, (4) h 4perplastic polyps occur
with increased numbers in patients with sporadic MSI-H cancer.!”**2* For the preceding rea-
sons, DNA methylation has been linked to a specific morphologic phenotype characterized by
glandular serration (in which intestinal crypts assume a saw-tooth configuration). The serrated
spectrum includes microscopic aberrant crypt foci (ACF), hﬁ)erplastic polyps, admixed pol-
yps, serrated adenomas and at least some villous adenomas. > #4245

It has been suggested that serration is the result of inhibition of apoptosis and particularly
the type of apoptosis that is triggered by the shedding of surface epithelial cells (anoikis). The
question arises as to whether anoikis could be inhibited by a genetic mechanism involving
silencing of a gene by methylation. Should this be the case it would mean that the early stages
of colorectal neoplasia would (at least in some instances) be driven by the sequential
hypermethylation and silencing first of an anti-apoptotic gene (causing serrated hyperplasia)
and then of a DNA repair gene. This two-step model would then serve as the preferred mecha-
nism for initiation colorectal neoplasia in subjects prone to DNA methylation as a result of
genetic and/or environmental predisposing factors. To answer the question, a genome-wide
search for differentially methylated DNA was undertaken in hyperplastic polyps versus normal
mucosa using arbitrarily—g)rimed methylation-sensitive PCR. This approach led to the cloning
of a gene named HPP1.”> HPPI shows homology with the anti-adhesion gene SPARC and is
expressed by the surface epithelium of normal large bowel mucosa. Loss of expression and
hypermethylation of HPPI is observed in colorectal cancers as well as hyperplastic polyps.?>

Can DNA Methylation Be Reversed Spontaneously?

DNA methylation is regarded as a permanent, heritable state.® It is conceivable that a
particular methylated site may on occasion fail to be transmitted in the methylated form by
one cell to a daughter cell. It is also possible that methylation (for example of MGMT) in the
early stages of neoplastic evolution is advantageous in that it increases the probability of muta-
tion of key cancer genes such as K-ras and 7P53.2%30 Thereafter, however, the progressive
accumulation of DNA damage may be disadvantageous and a cell that does not inherit methy-
lated MGMT may have a selective advantage over the majority that do. This scenario is in fact
likely to occur because methylation is more common in adenomas than cancers.>® Further-
more, it is possible to observe within malignant polyps loss of expression of MGMT in the
benign component and reexpression of the DNA repair protein in the malignant component
(Fig. 3). This means that, unlike the situation as applies to mutated genes, epigenetic alter-
ations may be transitory (‘hit and run’). Therefore, the absence of an epigenetic change in a
cancer does not exclude the possibility that such a change did in fact occur within a precancer-
ous stage of evolution. Since investigators can rarely obtain human lesions in transition from
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Figure 3. Focus of adenocarcinoma arising in a mixed villous adenoma/serrated adenoma (A: Haematoxylin
and eosin). There is loss of expression of MGMT within the nuclei of the adenoma but reexpression of
MGMT within the nuclei of the cancer (B: Immunostaining for MGMT, dlone MT3.1, NeoMarkers).

benign to malignant, this phenomenon would be an example of nature making life exceedingly
difficult for the researcher.

Recently, mutant 7P53 has been linked mechanistically with DNA demethylation.” This
observation provides an elegant model to explain what may be happening at the critical transi-
tion from polyp to colorectal carcinoma. Loss of the DNA repair enzyme MGMT predisposes
to 7P53 mutation.”® This in turn, however, could result in demethylation of MGMT and
reexpression of the protein (Fig. 3). This model would also provide one explanation for the
generally noted negative correlation between 7P53 mutation and DNA methylation.® Such a
mechanism also cautions against the uncritical use of demethylating agents in cancer therapy
since at eatly stages of cancer evolution this approach could be counterproductive.
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CHAPTER 6

CpG Island Hypermethylation of Tumor

Suppressor Genes in Human Cancer:
Concepts, Methodologies and Uses

Michel Herranz and Manel Esteller

Abstract
Q berrations in the DNA methylation patterns are nowadays recognized as a hallmark of

human cancer. One of the most characteristic changes is the hypermethylation of CpG

islands of tumor suppressor genes associated with their transcriptional silencing. The
target genes are distributed in all cellular pathways (apoptosis, DNA repair, cell cycle, cell
adherence, etc.). They are “classical” tumor suppressor genes with associated familial cancers
(BRCA1, hMLH1, pl6INK4a, VHL, etc.) and putative new tumor suppressor genes which loss
may contribute to the transformed phenotype (MGMT, p142%, GSTP1, RARB2, etc.). A
tumor-type specific profile of CpG island hypermethylation exist in human cancer that allows
the use of these aberrantly hypermethylated loci as biomarkers of the malignant disease. The
development of new technologies for the careful study of the DNA methylation patterns, and
their genetic partners in accomplishing gene silencing, may also provide us with new drugs for
the epigenetic treatment of human tumors.

Concepts

Gene Inactivation by Promoter Hypermethylation in Human Cancer:
Overview

The inheritance of information based on gene expression levels is known as epigenetics, as
opposed to genetics, which refers to information transmitted on the basis of gene sequence.
The main epigenetic modification in mammals, and in particular in humans, is the methyla-
tion in the cytosine nucleotide residue (Fig. 1). We can consider that about 3-4% of all cy-
tosines are methylated in normal human DNA. Gross alterations such as the aneuploidy state,
deletions (loss of heterozigosity) or gains (gene amplification) of genomic material, and small
changes (point mutations, small insertions or deletions) in multiple genes are present through
the genome of a neoplastic cell. But the malignant cell has also aquired a different epigenotype.
In a healthy cell, the DNA methylation patterns are conserved through cell divisions allowing
the expression of the particular set of cellular genes necessary for that cell type and blocking the
expression of exogenous inserted sequences.

The presence of the CpG dinucleotide in the human genome is suppressed by a statistical
criterion.! The evolutionary proposed reason for this lack of CpGs in our genome is to avoid
spontaneous deamination in the germline. However, approximately half of the human gene
promoter regions contain CpG-rich regions, known as “CpG islands”.! Although the majority
of CpG islands are associated with “house-keeping” genes, some of them are located in
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and Kluwer Academic/Plenum Publishers.
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Figure 1. Cytosine methylation.

“tissue-specific genes”. It should also be noted that although the most significant proportion of
CpG islands is located in the 5’-unstranslated regions and the first exon of the genes, certain
CpG islands could occasionally be found within the body of the gene, or even in the 3'-region.
CpG islands in these atypical locations are more prone to methylation.> Hypermethylation of
CpG islands located in the promoter regions of tumor suppressor genes is now definitely estab-
lished as an important mechanism for gene inactivation (Fig. 2).

CpG island hypermethylation has been described in every tumor type. Many cellular path-
ways are inactivated by this type of epigenetic lesion: DNA repair (lMLH1, MGMT), cell
cycle (plGINK4a, pl 5INK4b p14ARF ), cell adherence (CDH1, CDH13), apoptosis (DAPK),
detoxification (GSTP1), hormonal response (RARB2, ER). etc.? However, we still do not know
the mechanisms of aberrant methylation and why certain genes are selected over others.
Hypermethylation is not an isolated layer of epigenetic control, but is linked to the other pieces
of the puzzle such as methyl-binding proteins, DNA methyltransferases, histone deacetylases
and histone methyltransferases, but our understanding of the degree of specificity of these
epigenetic layers in the silencing of specific tumor suppressor genes remains incomplete. Care-
ful functional and genetic studies are necessary to determine which hypermethylation events
are truthfully relevant for human tumorigenesis. The development of CpG island
hypermethylation profiles for every form of human tumors has yielded valuable pilot clinical
data in monitoring and treating cancer patients based on our knowledge of DNA methylation.

A Brief History of CpG Island Hypermethylation

The first discovery of methylation in a CpG island of a tumor suppressor gene in a human
cancer was that of the Retinoblastoma (Rb) gene in 1989, only a few years after the first
oncogene mutation (H-ras) was discovered in a human primary tumor. In 1994 the idea that
CpG island promoter hypermethylation could be a mechanism to inactivate genes in cancer
was reborn as a result of the discovery that the Von Hippel-Lindau (VHL) gene also undergoes
methylation-associated inactivation.” However, the true origin of the current period of re-
search in cancer epigenetic silencing was perhaps the discovery that CpG island hygermcthylation
was a common mechanism of inactivation of the tumor suppressor gene p16™"<% in human
cancer.*”® The introduction of powerful and accessible techniques, such as sodium bisulfite
modification’ and Methylation-Specific PCR,? provided keys to start the game. From that
time, the list of candidate genes with putative aberrant methylation of their CpG islands has
grown exponentially.®
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Figure 2. Methylation status in tumor suppressor genes. A) Normal cell; B) Tumoral cell.

Gene Hypermethylation Profile of Human Cancer

We know that cancer is a disease of multiple pathways and genetic lesions and all of them
are necessary to develop a fully established tumor The existence of genetic alterations affecting
genes involved in cellular proliferation and death, such as p53 and K-ras, is one of the most
common features of tumor cells. Recently, the inacrivation of tumor suppressor genes by pro-
moter hypermethylation has been added to this scenario. The presence of CEG 1sland }&rF -
moter hypermethylation affects genes involved in cell cycle (p16™VK4, p15INK4b,

DNA repair (BRCA1L, hMLH1, MGMT), cell-adherence (CDH1, CDHIS) apoptos1s (DAPK

TMS1), carcinogen-metabolism (GSTP1), hormonal response (RARB2, ER), etc. Figure 3
shows the most relevant hypermethylated genes in human cancer reported so far and their
chromosomal localization. In most of cases, methylation involves loss of expression, absence of
a coding mutation and restoration of transcription by the use of demethylating agents.

A profile of CpG island hypermethylation exists in accordance with the tumor type. 3 For
example BRCA1 hypermethylation is characteristic of breast and ovarian tumors,'! but it does
not occur in other tumor types.> hMLH1 methylation-mediated silencing occurs 1n colorectal,
gastric and endometrial neoplasms, but in almost none of the other solid tumors. 3 This cau-
tiously respected pattern of epigenetic inactivation is not only a property of the sporadic tu-
mors, but also neoplasms appearing in mherlted cancer syndromes display CpG island
hypermethylation specific to the tumor type.!! We can call this the “Methylotype”, for the
pattern of analogy with the genetic term “Genotype”. There are also tumor types that have
more methylation of the known CpG islands than others: for example the most hypermethylated
tumor types are originated from the gastrointestinal tract (esophagus, stomach, colon), while
significantly less hypermethylation has been reported in other types such as ovarian tumors.’
There is a clear gradient of the distribution of tumors with different degrees of CpG island
methylation: from tumors with few hypermethylated CpG islands to neoplasms with a very
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Figure 3. Hypermethylated genes in human cancers (black), MBDs (red) and DNMTs (blue). A color
version of this figure is available online at http://www.Eurekah.com/.

high number of hypermethylated islands. This is the rate expected for events occurring ran-
domly and being selected because they confer advantage to the cancer cell, excluding the exist-
ence of any significant methylator phenotype.

Epigenetics Hits in a Cancer Cell

The epigenetic balance of the cell suffers a dramatic alteration in cancer: transcriptional
silencing of tumor suppressor genes by CpG island hypermethylation and histone deacetylation,
global genomic hypomethylation and genetic defects in chromatin-related genes.

Not every gene is methylated in every tumor type. There is a delicate profile of
hypermethylation that occurs in human tumors, but CpG island methylation affects all cellu-
lar pathways. The growing list of genes inactivated by promoter region hypermethylation pro-
vides an opportunity to examine the patterns of inactivation of such genes among different
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Figure 4. Epigenetics and genetics: friend or foe.

tumors. Usually one or more genes are hypermethylated in every tumor type. However, the
profile of promoter hypermethylation for the genes differs for each cancer type providing a
tumor-type and gene specific profile. In each case and tumor type, this epigenetic lesion occurs
in the absence of a ger .clesion

If we look at our gene hypermethylation profile from the tumor type point of view, the
picture is particularly interesting. Gastrointestinal tumors (colon and gastric) share a set of
genes undergoing hypermethylation characterized by p16INK4a, pI14ARE, MGMT, APC and
hMLH1, while other aerodigestive tumor types, such as lung and head and neck, have a differ-
ent pattern of hypermethylated genes including DAPK, MGMT, p16INK4a but not AMLH1
or pl4ARF. Similarly, breast and ovarian cancers be inclined to methylate certain genes includ-
ing BRCAI, GSTPI and p16INK4a. This gene hypermethylation profile of human cancer is
consistent with the data of particular “methylotypes” proposed for single tumor types.

In a cancer cell there is a clear distortion in the expression profiles and the presence of a
dramatic change in the methylation patterns is one of the guilty parts. First, there is a disregulation
in the methylating enzymes. Second, there is a global hypomethylation when compare to a
normal cell; this is achieved due to a generalized demethylation in the CpGs dotted in the body
of the genes and may be involved in causing global genomic fragility and reexpresion of in-
serted viral sequences. And third and finally, there are local and discrete regions normally de-
void of methylation that suffer an intense hypermethylation.

Hypermethylation and Mutation: A Love and Hate Relation

When the first genetic mutation was discovered in a human cancer, the idea that a large
number of genes would be found mutated in all tumors was everywhere. However, twenty
years later only two genes, the oncogene K-ras and the tumor suppressor p53 have found to be
consistently mutated in a high proportion of tumors. This concept of how to transform expec-
tations to reality could also be applied to CpG island hypermethylation.

One of the most critical steps in giving CpG island methylation its accurate value is the fact
that it should occur in the absence of gene mutations. Both events (genetic and epigenetic)
abolish normal gene function (Fig. 4). The selective advantage of promoter hg;ﬁermethylation
in this context is provided by multiple examples. The cell cycle inhibitor p16™ <4 in one allele
of the HCT-116 colorectal cancer cell line has a genetic mutation while the other is wild-type:
p16INK4a hypermethylation occurs only on the wild-type allele, while the mutated allele is
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kept unmethylated.'? Examples like that put CpG island hypermethylation evenly balanced
with gene mutation for accomplishing selective gene inactivation.

A subset of human tumors display a bizarre genetic phenotype defined by the microsatellite
instability (MSI) phenomena. MSI+ tumors are defined because they show aberrant insertions
or deletions of mono- or dinucleotides repeats when the tumors are compared with their nor-
mal counterparts. The tumor types mainly involved in the disease are colorectal, endometrial
and gastric carcinoma. In these HNPCC families the defect is attributed to germline muta-
tions in the DNA mismatch-repair (MMR) genes, mainly AMLHI and hMSH2, while other
components of the MMR pathway such as h(MSH3, hMSH6, hPMS1 and hPMS2 seem to
play a minor role in the disease. MSI positive tumors were also observed in spontaneous cases,
however, MMR mutations were found in less than 10% of sporadic MSI+ tumors. The expla-
nation of this data is that the presence of MSI is due to transcriptional inactivation of AMLH1
by promoter hypermethylation.'*4

Other exciting example of how promoter hypermethylation affects the genome of the can-
cer cell is provided by the DNA repair gene O°-methylguanine DNA methyltransferase
(MGMT). The DNA repair gene MGMT is transcriptionally silenced by promoter
hypermethylation in primary human tumors.'> These tumors then accumulate a considerable
number of G to A transition mutations affecting key genes such as p53 and K-ras, in a similar
way that loss of the AMLH] mismatch repair gene by methylation targets other genes.

Two more genes related to potential DNA lesions undergo inactivation by promoter
hypermethylation, the glutathione S-transferase P1 (GSTPI) and the breast cancer familial
gene BRCAI. Changes of GSTPI expression may prevent DNA damage, but its cause was
imprecise until aberrant methylation of the GSTPI CpG island in prostate, breast and kidney
carcinoma was reported.'®!7 The case of the tumor suppressor gene BRCAI gene, responsible
for almost half of the cases of inherited breast cancer and ovarian cancer, is also relevant. BRCA7
promoter hypermethylation leading to BRCA1 loss of function is present in breast and ovarian
primary tumors and cell lines.'®!! What are the links between changes in BRCA! protein levels
and DNA damage? Two hypothesis were defended: BRCA1 cooperates with the RNA helicase
A and the histone deacetylase complex in the transcriptional regulation of DNA integrity main-
tenance genes and BRCAI plays an important role in DNA repair forming supercomplexes
with proteins like ATM, RAD51 and hMSH2.

Now, let us check the other side of the coin. We could mention different examples where a
link between a genetic modification and epigenetic fluctuations is established: ATRX, ICF syn-
drome, PML-RAR fusion protein and Methyl-group Metabolism genes. Mutations in ATRX give
rise to characteristic developmental abnormalities including severe mental retardation, facial
dysmorphism, urogenital abnormalities and alfa-thalasaermnia. Mutations in ATRX give rise to
changes in the pattern of methylation of several highly repeated sequences. ATRX is localized to
peticentromeric heterochromatin and might exert chromatin-mediated effects in the nucleus and
act as a transcriptional regulator through an effect on chromatin. A human genetic disorder (ICF
syndrome) has been shown to be caused by mutations in the DNA methyltransferase 3B
(DNMT3B) gene. A second human disorder (Rett syndrome) has been found to result from
mutations in the MECP2 gene, which encodes a protein that binds to methylated DNA. Global
genome demethylation caused by targeted mutations in the DNA methyltransferase-1 (Dnmtl)
gene has shown that cytosine methylation plays essential roles in X-inactivation, genomic im-
printing and genome stabilization. The leukemia-promoting PML-RAR fusion protein induces
gene hypermethylation and silencing by recruiting DNA methyltransferases to target promoters
and that hypermethylation contributes to its leukemogenic potential.'*?® Retinoic acid treat-
ment induces promoter demethylation, gene reexpression, and reversion of the transformed phe-
notype. Furthermore, germline variants in the methyl-group metabolism genes involved in the
regeneration of the universal methyl-donor SAM (S-adenosyl-methionine) are also associated
with different DNA methylation patterns in the cancer cell.?! These results establish a mechanis-
tic link between genetic and epigenetic changes during transformation and suggest that
hypermethylation contributes to the early steps of carcinogenesis.
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Why Do CpG Islands Become Hypermethylated?

The CpG island are usually unmethylated in all normal tissues and span the 5’ end of genes.
If transcription factors are available and the island remains in an unmethylated state with open
chromatin configuration-associated with hyperacetylated histones, transcription will occur.
Certain CpG islands are normally methylated: imprinted genes and genes of one X-chromosome
in women. DNA methylation has also a role in repressing parasitic DNA sequences.

In the transformed or malignant cell certain CpG islands of tumor suppressor genes (real or
putative) will become hypermethylated.?>?3 This is probably a progressive process, in contrast
to the sudden appearance of a gene mutation. Perhaps several “steps” of disregulated methyla-
tion will be necessary to produce the dense hypermethylation necessary for transcriptionally
silencing that particular promoter anchored in the CpG island. Two obvious theories can be
postulated for this aberrant de novo methylation. First, the cancer methylation spreads from
normal methzrlation—centers surrounding the methylation-free CpG island, for example from
Alu regions.?* Second, a basal status of methylation exists and certain single CpG dinucleotides
in the island became methylated and subsequently this attracted more methylation. This pro-
cess has a positive cooperative effect until hypermethylation is achieved. A model that com-
bines prior gene silencing with “seeds” of methylation has been proposed for the GSTP1 in
prostate cancer.”> Both hypotheses are plausible and compatible. However, there is not defini-
tive support for either.

Another question is why certain CpG islands become hypermethylated in cancer. It has
been known for a long time that an overall increase in the enzymatic DNA methylcransferase
activity occurs in tumors versus normal tissues (reviewed in ref. 23). This finding has been
supported as a result of the molecular characterization of the genes encoding several DNA
methyltranferases (DNMT1, DNMT3a, DNMT3b, DNMT3L and DNMT?2), which has
shown that the mRNA transcripts of DNMTT1 (the classical methylation maintenance en-
zyme) and DNMT3b (the de novo methylation enzyme) are increased in several solid and
hematological tumors.2®

However, the most critical question is still unclear: why do certain CpG islands become
hypermethylated while others remain unmethylated in a cancer cell? Certain CpG islands be-
come hypermethylated rather than others because they confer a selective advantage for the
survival of that particular cancer cell. For example BRCA1 undergoes promoter hypermethylation
only in breast and ovarian tumors>'® because only in these tumors types does the lack of this
transcript have important cellular consequences. This Darwinian concept is supported by the
classical genetic studies of familial tumors: carriers of BRCA1 germline mutations develop
predominantly breast and ovarian tumors and carriers of AMLH1 germline mutations mostly
develop colorectal, gastric and endometrial tumors. There is a perfect match between the ge-
netic and epigenetic worlds.

DNA Hypomethylation in the Context of CpG Island Hypermethylation

CpG islands become hypermethylated but the genome of the cancer cell undergoes a dra-
matic global hypomethylation: 20-60% less genomic 5SmC resulting from the hypomethylation
of the “body” of genes and repetitive DNA sequences. Global DNA hypomethylation may
contribute to carcinogenesis causing chromosomal instability, reactivation of transposable ele-
ments and loss of imprinting. .

The presence of alterations in the profile of DNA methylation in cancer was initially thought
to be exclusively a global hypomethylation of the genome? (reviewed in ref. 28) that would
possibly lead to massive overexpression of oncogenes whose CpG islands were normally
hypermethylated. Nowadays, this is considered to be an unlikely or, at best, incomplete sce-
nario. The idea that the genome of the cancer cell undergoes a reduction of its 5-methylcytosine
content in comparison to the normal tissue from which it originated is essentially correct, and
is also corroborated in a large survey of sporadic and inherited breast and colon tumors.!!
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The popularity of the concept of demethylation of oncogenes leading to their activation is
in clear decadency. The first experiments supporting this hypothesis effectively demonstrated
DNA hypomethylation, but as only certain methyl-sensitive restriction sites were used a sig-
nificant amount of this “demethylation” was present in the “body” of the genes (internal exons
and introns) rather than in the canonical CpG island. In fact, the vast majority of CpG islands
are completely unmethylated in normal tissues (reviewed in ref. 1), with the logical exceptions
of imprinted genes and X-chromosome genes in females.

How Does CpG Island Hypermethylation Lead to Transcriptional Gene
Silencing?

Throughout the last twenty years research on cell signaling has carefully characterized the
components involved in the transmission of signals. The same molecular dissection should
now be applied to elucidate how CpG island hypermethylation leads to transcriptional gene
silencing. Perhaps, each step of this chain is specific to each gene or group of genes. One clue to
unscrambling the enigma was the discovery that DNA methylation results in the formation of
nuclease-resistant chromatin and the subsequent repression of gene activity.”’

Nowadays the most widely accepted explanation of events starts with the binding of certain
methyl-binding proteins (MBDs) to the methylated CpG dinucleotides of the densely
hypermethylated CpG island. The search for proteins with different binding properties for
methylated and unmethylated DNA initially yielded two activities which were named MeCP1
and MeCP?2, the first being a complex of proteins and the second a single polipeptide.?* Fur-
ther database searches revealed novel MBD-containing proteins, MBD1, MBD2, MBD3 and
MBDA4. A new question then arises: are there MBDs specific for subgroups of hypermethylated
CpG island of tumor suppressor genes in cancer? Different methylation densities may attract
different MBDs for example. Two recent reports have addressed this problem in one of the
most interesting epigenetics spots in the human genome: the p15™<4/ p16INK4a/p 1 4ARF [y
in the 9p21 chromosomal region. These studies demonstrate that MeCP2? and MBD2?! bind
to the hypermethylated CpG islands of p14**F and p16™K%, If we improve the instrumental
tools, it will signal that it is time to start mapping all the CpG island promoters of tumor
suppressor genes for their MBD binding patterns.

Another critical result was the association of MeCP2 and histone deacetylase (HDAC) ac-
tivity in repressing transcription,*>**The remaining MBDs have also proved to be members of
similar HDAC complexes. Thus, the current model propose that MBDs recruit HDAC activi-
ties to methylated promoters which, in turn deacetylate histones, leading to a chromatin-repressed
state of gene transcription. Considering the CpG islands that undergo hypermethylation in the
cancer cell, the association of hypoacetylated histones H3 and H4 with a hypermethylated
CpG island has now been demonstrated for the p16™NK%, p14ARF BRCA1, COX-2 and TMS1
genes. Thus, CpG island hypermethylation and histone hypoacetylation seems to be firmly
associated.

Methodologies
Study of CpG Island Methylation in Cancer Cells

The epigenetic alteration has become a centre of scientific attraction, especially due to its
relation to gene silencing in disease. The first aim of the researcher should be the study of
funcrional methylation, which is normally assumed to be dense CpG istand hypermethylation
associated with transcriptional silencing. The presence of 5-methylcytosine (mC) in the pro-
moter of specific genes alters the binding of transcriptional factors and other proteins to DNA.
It also attracts methyl-DNA-binding proteins and histone deacetylases that close the chroma-
tin around the gene transcription start site. Both mechanisms block transcription and cause
gene silencing.”™ Thus, methylation of C residues in genomic DNA plays a key role in the
regulation of gene expression.®
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Figure 5. DNA methylation methods.

Quantitative and Qualitative Information on Genomic DNA Methylation

There is currently a wide range of methods designed to yield quantitative and qualitative
information on genomic DNA methylation (Fig. 5). Particularly, optimisation of the methods
based on bisulfite modification of DNA permits the analysis of limited CpGs in restriction
enzyme sites (COBRA, SnuPE), the overall characterisation based on differential methylation
states (MSP, MS-SSCP) and, allows very specific patterns of methylation to be revealed (bisulfite
DNA sequencing).

To gain a deeper understanding of the DNA methylation patterns of the CpG islands the
use of bisulfite-modified DNA is nowadays necessary.” Bisulfite converts unmethylated cy-
tosine to uracil, while methylated cytosine does not react. This reaction constitutes the basis for
differentiating between methylated and unmethylated DNA.

The Bisulfite Based Methods

Sequencing
In general, after denaturation and bisulfite modification, double-stranded DNA is obtained

by primer extension and the fragment of interest is amplified by PCR.? Standard DNA sequenc-
ing of the PCR products may then detect methylcytosine. This approach has been helpful in the
study of the DNA methylation of genes associated with cancer, such as APC* and Rb.*
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Methylation-Specific PCR (MSP)

MSP is the most widely used technique for studying the methylation of CpG islands.
The differences between methylated and unmethylated alleles that arise from sodium bisulfite
treatment are the basis of MSP. Primer design is a critical and complex component of the
procedure. The great sensitivity of the method allows the methylation status of small samples
of DNA, even those from paraffin-embedded or microdissected tissues. MSP has been widely
proposed as a rapid and cost-effective clinical tool of use in the study CpG island
hypermethylation in human cancer. For examFle, MSP has been successfully used to detect
tumoral DNA in the serum of cancer patients.'

3,10

Other Bisulfite-Based Techniques

1. Combined bisulfite restriction analyses (COBRA)? constitute a highly specific approach
releasing on the creation or modification of a target for restriction endonuclease after bisulfite
treatment.

2. Methylation-sensitive Single nucleotide Primer Extension (Ms-SnuPE) employs bisulfite/
PCR combined with single-nucleotide primer extension to analyze DNA methylation sta-
tus quantitatively in a particular DNA region without using restriction enzymes.

3. Methylation-Sensitive Single-Strand Conformation Analysis (MS-SSCP). Bisulfite modifi-
cation of DNA generates sequence disparities between methylated and unmethylated alle-
les, which can be resolved by SSCP3?

Quantification of Global Methylation

Levels of methylcytosine occurrence in the genomic DNA can be measured by
high-performance separation techniques or by enzymatic/chemical means. When separation
devices are available, high-performance capillary electrophoresis (HPCE) may be the best choice
since it is faster, cheaper and more sensitive than HPLC.***! By means of labelled
anti-methylcytosine antibodies, DNA methylation can be monitored in metaphase chromo-
somes, hetero/euchromatin and, most importantly, on a cell-by-cell basis within the same sample.
The latter alternative, which generally yields qualitative results, is of great interest in cancer
research as it can reveal methylation differences between normal and tumour tissues in the
same sample.

HPLC-Based Methods

Relative mC contents of genomic DNA can be analysed by chemical hydrolysis to obtain
the total base composition of the genome and subsequent fractionation and quantification of
hydrolysis products using HPLC technologies. The degree of DNA methylation of several
samples has been quantified by this method, but at least 2.5 pg DNA are generally required to
quantify 5-methylcytosine with a low standard deviation for replicate samples. Sensitivity of
the system can be increased with mass spectrometry detection, which has a detection limit 10°
times the limit of absorption spectroscopy detectors.

HPCE-Based Methods

The development of high performance capillary electrophoretic (HPCE) techniques has
given rise to an approach to research that has several advantages over other current methodolo-
gies used to quantify the extent of DNA methylation.”'*2 This method is faster than HPLC
(taking less than 10 min per sample) and is also reasonably inexpensive since it does not require
continuous running buffers and displays a great potential for fractionation (theoretically up to
10° plates). Approximately 1 methylcytosine in 200 cytosine residues can be detected by this
method using 1 pig genomic DNA. To increase sensitivity, laser-induced fluorescence (LIF)
and mass spectrometry detectors should be used.
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Analyses of Genome-Wide Methylation by Chemical or Enzymatic Means

As previously stated, quantifying the degree of DNA methylation by HPLC or HPCE
requires access to sophisticated equipment that is not always available. The radioactive label-
ling of CpG sites using the methyl-acceptor assay (reviewed in ref. 43) has been developed to
address this problem but, among the technique’s other drawbacks, it can only monitor CpG
methylation changes, and so CpNpG methylation cannot be detected. This method uses bac-
terial Sss/ DNA methyltransferase to transfer tritium-labelled methyl groups from
S-adenosylmethionine (SAM) (S-adenosyl-L-[meshyl->H]methionine) to unmethylated cytosines
in CpG targets. The data obtained from a scintillation counter are used to calculate the num-
ber of methyl-groups incorporated in the DNA.

In Situ Hybridisation Methods for Studying Total Cytosine Methylation

Global DNA methylation can also be quantified by methylcytosine-specific antibodies.**
An outstanding advantage of this approach is that it may be carried out on a cell-by-cell basis
rather than in a heterogeneous population. Apart from classical immunoassay detection, ap-
proaches that involve quantifying the retention of radiolabelled DNA by polyclonal antibodies
on nitrocellulose filters, immunoprecipitation, gel filtration and visualisation under electron
microscopy, cytosine methylation can also be detected in metaphase chromosomes and in chro-
matin using monoclonal antibodies combined with fluorescence staining. An alternative to
fluorescence detection is to connect a coloured enzyme-dependent reaction.

Mapping Methylcytosines by Nonbisulfite Methods

The most widely used methods for studying DNA methylation patterns of specific regions
of DNA with no base modifications are based on the use of methylation-sensitive and insensi-
tive restriction endonucleases (MS-REs).*> One of the restriction enzymes of the isoschizomer
pair is able to cut the DNA only when its target is unmethylated whereas the other is not
sensitive to methylated cytosines. The most common isoschizomers used are the Hpa II/Msp I
pair. Even though these pairs of enzymes can cleave hemimethylated DNA, they do not distin-
guish between cytosines methylated at different positions in the pyrimidinic ring.® However,
there are several restriction enzymes that recognise the localisation of the methyl group.?’

Nonbisulfite methods for the quantification of DNA methylation patterns are simple, rapid
and can be used for any known-sequence genomic DNA region. These methods are extremely
specific but their limitation to specific restriction sites reduces their value.

Finding New Hypermethylated “Hot-Spots”

Classical DNA methylation research concentrates on investigating the methylation status
of cytosines occurring in known (or partially known) DNA sequences. However, alternarive
ways of investigating genome-wide methylation by searching for unidentified spots have been
developed.

The Restriction Landmark Genomic Scanning (RLGS)*® technique is one of the earliest
ways reported for genome-wide methylation-scanning.%’ DNA is radioactively labelled at
methylation-specific cleavage sites and then size-fractionated in one dimension. The digestion
products are then digested with any restriction endonuclease that is specific for high-frequency
targets. Fragments are then separated in the second dimension, yielding a number of scattered
methylation-related “hot-spots”.

Gonzalgo et al®® described other suitable tool for screening the genome for regions dis-
playing altered patterns of DNA methylation. The method, termed methylation-sensitive
arbitrary primed PCR (AP-PCR), is a simple DNA fingerprinting technique that relies on
arbitrarily primed PCR amplification followed by digestion with restriction isoschizomers.
Another approach is “CpG island amplification” (MCA).*® DNA is digested with restriction
isoschizomers and restriction products are PCR-amplified after end-adaptor ligation. Even
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though methylated CpG islands are preferably amplified, cloning of truly CpG-rich DNA
regions is frequently a laborious task. Another original approach to isolated methylated
CpG-rich regions has recently been described.’! This method employs affinity chromatogra-
phy of a fragment of the methyl-CpG binding domain of MeCP2 to purify methylated
CpG-rich fragments from mixtures obtained by digestion with methylation-specific restric-
tion endonucleases. Chosen fragments are then cloned into a lamda Zap II vector and frag-
ments that are mostly rich in CpG dinucleotides are isolated by segregation of partially
melted molecules (SMP) in polyacrylamide gels containing a linear gradient of chemical
denaturant.

Undoubtedly, one of the most effective means of genome-wide searching for CpG islands is
the use of the novel CpG island arrays technology. Huang et al®? proposed an array-based
method, termed differential methylation hybridisation (DMH), which allows the simultaneous
determination of the methylation rate of >276 CpG island loci. A modification of this method
for the study of DNA methylation in cancer is the methylation-specific oligonucleotide (MSO)
microarray.” After bisulfite treatment and PCR amplification, products are array hybridized.
Methylation- specific microarray is designed to be able to detect methylation at specific nucle-
otide positions. Quantitative differences can be obtained by fluorescence detection.

Overall, DNA methylation can be studied using a great variety of experimental techniques,
involving a multidisciplinary perspective on DNA methylation status. One of the approaches
is the quantification of the overall degree of DNA methylation. This can be accomplished by
high-performance separation techniques, by enzymatic/chemical means and even by in situ
hybridisation using antibodies anti-methylcytosine. To analyse the DNA methylation status of
a particular DNA sequence in depth, methylation-sensitive restriction endonucleases are com-
monly used. Beyond this, once bisulfite modification of the DNA has been accomplished, it is
possible to obtain quantitative or semi-quantitative data regarding allele-specific methylation.
Finally, a number of innovative techniques have been developed to investigate new methyla-
tion hot-spots within the whole genome of whose sequences we have no prior knowledge.
Future steps towards automation and multi-assay arrays will allow large numbers of samples to
be checked simultaneously.

Translational Studies of CpG Island Hypermethylation:
From the Bench to the Bedside

Great expectations have been raised by the large amount of genetic information regarding
cancer biology that has been gathered in the past two decades. CpG island hypermethylation of
tumor suppressor genes may be a very valuable tool. One obvious advantage over genetic mark-
ers is that the detection of hypermethylation is a “positive” signal that can be accomplished in
the context of a group of normal cells, while certain generic changes such as homozygous
deletions are not going to be detected in a background of normal DNA. Furthermore, while
mutations occur at multiple sites and can be of very different types, promoter hypermethylation
occurs within the same region of a given gene in each form of cancer, thus we do not need to
test the methylation status first to assay the marker in serum or a distal site. Three major
clinical areas can benefit from hypermethylation-based markers: detection, tumor behavior
and treatment.

a. Detection of cancer cells using CpG island hypermethylation as a marker. If we want to use
these epigenetic markers, we will need to use quick, easy, nonradioactive and sensitive ways
to detected hypermethylation in CpG islands of tumor suppressor genes, such as
methylation-specific PCR technique. The detection of DNA hypermethylation in biologi-
cal fluids of cancer patients (and even patients at risk of cancer) should lead to create con-
sortiums of different institutions to develop comprehensive studies to validate the use of
these markers in the clinical environment. We opened a new avenue of research in 1999
with the demonstration that it was possible to detect the presense of hypermethylated CpG
islands of tumor suppressor genes in the serum DNA of cancer patients.>*
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b. CpG island hypermethylation as a marker for tumor behavior. There are two components:
prognostic and predictive factors. Prognostic factors will give us information about the
virulence of the tumors. For example, Death Associated Protein Kinase (DAPK) and p16/NK4
hypermethylation has been linked to aggressive tumors in lung and colorectal cancer pa-
tients.5>56 The second component is the group of factors that predict response to therapy.
For example, the response to alkylating agents (BCNU and cyclophosphamide) is enhanced
in those human primary tumors (gliomas and lymphomas, respectively) where the DNA
repair gene MGMT is hypermethylated.57-58

c. CpG island hypermethylation as target for therapy. We have been able to reactivate
hypermethylated genes in vitro. One obstacle to the transfer of this technique to human
primary cancers is the lack of specificity of the drugs used. Demethylating agents such as
5-azacytidine or 5-aza-2-deoxicytidine (Decitabine)?? inhibits the DNMTs and cause glo-
bal hypomethylation, and we cannot reactivate exclusively the particular gene we would
wish to. If we consider that only tumor suppressor genes are hypermethylated this would
not be a great problem. However, we do not know if we have disrupted some essential
methylation at certain sites, and global hypomethylation may be associated with even greater
chromosomal instability. Another disadvantage is the toxicity to normal cells. However,
these compounds and their derivatives have been used in the clinic with some therapeutic
benefit, especially in hemaropoietic malignancies.’®® The discovery that lower doses of
5-azacytidine associated with inhibitors of HDACs may also reactivate tumor suppressot
genes was hopeful. Nevertheless, we are still left with the obstacle of nonspecificity.

Conclusions

Epigenetic changes have become established in recent years as being one of the most impor-
tant molecular signatures of human tumors. The discovery of hypermethylation of the CpG
islands of certain tumor suppressor genes in cancer links DNA methylation to the classic ge-
netic lesions with the disruption of many cell pathways, from DNA repair to apoptosis, cell
cycle and cell adherence. Promoter hypermethylation is now considered to be a bona-fide mecha-
nism for gene inactivation.

The picture that has emerged in recent years has shown us that cancer is a poligenetic
disease but also a poliepigenetic disease, whete genes involved through multiple pathways from
cell cycle to apoptosis, from cellular adhesion to hormonal response are inactivated by pro-
moter hypermethylation. The patterns of epigenetic lesions are extremely specific in human
cancer and reflect the idiosyncrasy of each cell type. The analysis of candidate genes can be seen
as only a part of the methylation changes in cancer. First, there are certainly still numerous
genes that undergo epigenetic inactivation waiting to be discovered. The completion of the
human genome sequence and the use of several described techniques to find new genes with
differential methylation will be extremely useful for this purpose. The spectrum of epigenetic
alterations for a relatively small subset of genes provides a potentially powerful system of
biomarkers for developing molecular detection strategies for virtually every form of human
cancer.
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CHAPTER 7

The Loss of Methyl Groups in DNA

of Tumor Cells and Tissues:
The Immunochemical Approach

Alain Niveleau, Chandrika Piyathilake, Adriana de Capoa, Claudio Grappelli,

Jean-Marc Dumollard, Lucien Frappart and Emmanuel Drouet

Inwoduction
he existence of 5-methyldeoxycytidine (5-MeCyd) has been first demonstrated in 1958.!
For several years the presence of this naturally modified base in DNA remained
unexplained and its role was ignored until a relationship was established between the
expression of ovalbumin and the methylation status of the gene coding for this protein in
various tissues.”The gene was not methylated in the oviduct whereas it was methylated in the
brain where ovalbumin was not expressed. This first observation prompted numerous studies
that investigated the distribution and the role of this modified base in genomic DNA.>® A
further significant progress was accomplished when it was demonstrated that tumor genomes
were globally less methylated than their normal counterparts.*!* This important observation
was made using DNA that had been extracted from tissue samples and then submitted to
extensive digestion by nucleases and reverse phase high pressure liquid chromatography analy-
sis.!” The development of gene-specific hybridization techniques together with the availability
of an ever-increasing number of methylation-sensitive restriction enzymes'®1® allowed the me-
thylation status of numerous genes to be investigated, especially DNA derived from tumors.'>!
This gene-specific analysis has revealed that in addition to genome-wide hypomethylation,?2
local hypermethylated sites were identified in tumors®*3! in concert with an increased DNA
methyltransferase activity.>>*¢ For several years most studies in the field-aimed at the detection
of altered methylation patterns of oncogenes® ! or tumor suppressor genes.*>>°
The very first evidence for the presence of 5-MeCyd-rich regions in genomic DNA was
provided by the pioneering work of Erlanger and Beiser’® who took advantage of the specificity
of the immunostaining techniques and who were able to obtain polyclonal antibodies specifi-
cally directed against the methyl group on carbon 5 of the pyrimidine ring. This remarkable
achievement gave rise to an important set of results illustrating the uneven distribution of
5-MeCyd along metaphase chromosomes. Visualizing clusters of 5-MeCyd with antibodies in
situ showed for the first time that pericentromeric regions were strongly methylated, and that
this feature was repeatedly observed for numerous animal tissues.”’> The high specificity of
the immunological tools and the possibility of obtaining a source of immunoglobulins with
constant characteristics prompted us to raise monoclonal antibodies against several modified
bases of tRNA and to develop an ELISA test that could serve as an alternative to the HPLC
analysis described by Waalkes et al.% These authors showed that the urinary excretion of modi-
fied bases of tRNA was increased in cancer patients as compared to healthy individuals and
that these tRNA breakdown products could be considered as reliable tumor markers.®¢? In

DNA Methylation and Cancer Therapy, edited by Moshe Szyf. ©2005 Eurekah.com
and Kluwer Academic/Plenum Publishers.
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mice, the excretion of these breakdown products increases before the tumor is detectable by
palpation,® thereby becoming an early signal of tumorigenesis. Monitoring rates of excretion
of these modified nucleosides during therapy could provide an insight into the evolution of the
pathology. An antibody specific for 5-methylcytosine (5-MeCyd) was among the set of mono-
clonal antibodies that we obtained.®* Early experiments utilizing this antibody revealed that
labelling metaphase chromosomes with our 5-MeCyd monoclonal antibodies provided similar
staining results®® to the ones described by Erlanger and coworkers. Modifying the technique
enabled us to unmask new 5-MeCyd-rich sites in chromosomes.®®” We then detected abnor-
mal methylation patterns in heterochromatin regions of metaphase chromosomes prepared
from lymphocytes of ICF patients.®® During these investigations we observed that interphase
nuclei lying besides metaphase chromosomes in the same spread were stained. The labelling
was intense and the spatial distribution of the fluorescent signal was heterogeneous within each
nucleus. This observation prompted us to develop protocols to label the nuclear compartment
of either isolated cells or tissue sections.

Besides the frequently observed cancer-associated regional hyperme _)'lation, the preva-
lence of global DNA hypomethylation in many types of human cancer®7° suggests that this
alteration plays a significant and fundamental role in tumorigenesis. The most likely mecha-
nisms through which global DNA hypomethylation may participate in neoplastic transforma-
tion are activation of oncogenes that are normally silenced by methylation® and induction of
genomic instability’! 77 that results in abnormal chromosomal structures.”8

A causal role for cancer-associated DNA hypomethylation in oncogenic transformation or
tumor progression has been supported by results derived from several lines of animal experi-
ments and cell culture studies. Inhibitors of DNA methylation were shown to be oncogenic in
rodents.®>®? The treatment of low-metastatic human or mouse cell lines with methylation in-
hibitors was shown to induce their conversion to highly metastatic cells.***> Based on this data
we reasoned that a method that allowed assessing the global methylation status of DNA, on a
cell by cell basis, while preserving the nuclear morphology and the tissue architecture, features
that are important for pathology, would be of primary diagnostic importance. We developed
and applied this methodology to study DNA methylation at the cytological level in several types
of human tumors. Some of the results obtained by these studies are presented here.

Results
Chronic Lymphocytic Leukaemia B Cells

A sequential immunolabelling method that can distinguish between T and B cells on a
single slide® was used to assess the methylation status of eu- and hetero- chromatin in inter-
phase nuclei from CLL patients who had not received any therapy. In accordance with previous
observations®”® significant differences were measured between control and CLL nuclei with
regards to the following parameters:

1. The total number of heterochromatic (condensed) regions within each sample
2. The average number of heterochromatic regions per nucleus

3. The mean area of the condensed regions per nucleus

4. The mean optical density (OD) of condensed regions in each nucleus

5. The mean OD of nuclear euchromatin

These results are illustrated by Figure 1. Peripheral blood lymphocytes from a healthy indi-
vidual can be seen on Figure 1A-C. The nuclear compartment appears as a heterogeneously
stained structure with dark regions. As shown previously,® these regions correspond respec-
tively to eu-chromatin and hetero-chromatin visualized by Giemsa staining and their surface
and optical density can be evaluated by image analysis. Lymphocytes from a CLL patient are
shown in Figure 1D. This example illustrates that a low staining intensity with 5-MeCyd is
observed in both euchromatin and heterochromatin of leukemic cells when compared to nor-
mal cells. Figure 2 summarizes the differences measured between normal and CLL cells (statis-
tical significance Student’s t-test for unpaired data: p<0.001). They confirm data on DNA
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Figure 1. Immunolabeling of peripheral blood lymphocytes. Immunolabeled lymphocytes from healthy
individuals are shown in A-C. (objective 100x). Lymphocytes from a CLL patient are shown in D. In A, T
lymphocytes that have been labelled with an anti-CD3-peroxidase conjugate (Dako, Glostrup, Denmark)
appear coated with a brown di-aminobenzidine (DAB) precipitate that keeps anti-5MeCyd antibodies from
reaching the nucleus. Thus, only B lymphocytes nuclei are accessible and display the blue staining due to
4-chloro-1-alphanaphtol (4CIN) used as a substrate for peroxidase. Inversely, in B, B lymphocytes were
labelled with anti-CD22-peroxydase conjugates (Ortho Diagnostics, Raritan, NJ) and revealed (brown
color) by DAB-hydrogen peroxide, whereas T lymphocytes nudlei are accessible by the anti-SMeCyd
antibodies and appear stained in blue by 4CIN.

Control and pathological slides were fixed in cold absolute methanol-glacial acetic acid (3:1) for 15 min.

After aging at room temperature for 2 weeks in a dry atmosphere, control, dysplastic and cumor slides were
submitted to ultra-violet irradiation as previously described.¥” Indirect i 1mmunostammg was performed
with anti 5-MeCyd monoclonal antibodies previously obtained and characterised.®* In all experiments the
cells to be analyzed were selected by three experienced independent observers for being well spread and not
overlapping. Digitalized images were acquired with a Leica Diaplan microscope (obj 40x) equipped with
a b/w VC-44 CCD camera (Mannheim,Germany) and analyzed by Image Pro-Plus 3.1 software (Media
Cybernetics, Milano). The number, size and optical density (OD) of the immunolabelled heterochromatic
areas were measured in controls and pathological samples. To avoid interferences affecting the OD of the
heterochromatin in cytospin preparations from all samples cell density was adjusted to obtain a monolayer
of single cell thickness. Occasionally superimposed cells were not included in the quantitative analysis. A
color version of this figure can be viewed at www.Eurekah.com.

hypomethylation of CLL populatlons that was demonstrated by other authors using either
methylation sensitive restriction enzymes analysis?> or HPLC. Our results demonstrate that
the levels of DNA methylation of normal and leukemic lymphocytes can be quantified on an
individual cell and point out a significant difference in the methylation status of eu- and
hetero-chromatin in both CLL and normal cells.

Lung

The methylation status of DNA can be assessed by the radio-labelled methyl incorporation
(RMI) assay. This assay measures methylation of DNA indirectly by determining its capacity to
be methylated in vitro with Sss I methylase in the presence of S-adenosylmethionine that is
used as the methyl donor.?” The level of incorporation 3-H-labeled methy! residues correlates
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4 D mean OD of spots (n=254)

MNormal cells CLL cells

n=76 n=74

Figure 2. Differences between normal cells and CLL cells. The surface (um?) and density (ona 0 to 7 scale)
of each heterochromatin region was assessed with Image Pro Plus 3.1 in samples from 2 healthy individuals
and 2 B-cell chronic lymphocytic leukemia patients. The statistical analysis of data was performed by
Student’s t-test for unpaired data.

with the frequency of unmethylated CpGs in the DNA. However, since any given tissue sample
contains a mixed population of cells (fibroblasts, lymphocytes, etc., in addition to cancer and
normal epithelial cells), the RMI assay provides only an average value of the different popula-
tions of cells in a sample. This value varies with the heterogeneity of the sample. In our hands,
the RMI assay exhibits day-to-day variability. However, the relative methylation values for
groups of samples processed on the same day are comparable, especially when matched cancer
and normal samples are used.

In our recent studies,®” we have evaluated the global methylation status of DNA of specific
types of cells involved in carcinogenesis using the immunochemical approach. Sections were
labelled with anti-5MeCyd antibodies,* and no labelling was observed outside of the nuclei.
This observation indicates that the antibodies reach the nucleus and that they bind methylated
DNA. As with any nuclear marker, there may be a steric hindrance to the binding of methyl-CpG
by an antibody due to the large size of an immunoglobulin relative to the size of the methylated
CpG doublets. Although we have used the appropriate antigen retrieval technique for this
antibody, endogenous DNA binding proteins in the nucleus might interfere with binding. The
ultimate test of the validity of the antibody is establishing a correlation berween the intensity of
labelling with anti-5MeCyd antibodies and other diagnostic and prognostic factors. As de-
scribed in the studies that follow, we have shown in our primary studies that this correlation
exists. Since the commonly used RMI assay also has some deficiencies, as noted above, it is
important to evaluate global DNA methylation by more than one approach.

To address these issues in lung carcinogenesis, we evaluated the status of global DNA me-
thylation using the anti-5-MeCyd monoclonal antibody, in randomly selected lung specimens
of sixty cigarette smokers who developed squamous cell carcinoma (SCC) and thirty cigarette
smokers who did not. The racial representation in this study was mainly Caucasians.” In this
study, 5-MeCyd immunostaining scores of normal bronchial epithelial cells in noncancer speci-
mens were not significantly different from 5-MeCyd scores of uninvolved bronchial epithelial
cells associated with SCC (p = 0.67). Scores of epithelial hyperplastic lesions of noncancer
samples, however, were significantly higher compared to hyperplastic lesions associated with
SCC (p = 0.02). Scores of normal bronchial epithelial cells in noncancer specimens were sig-
nificantly higher compared to scores of both SCC-associated epithelial hyperplasia and SCC (p
< 0.0001 and 0.0002, respectively). While 5-MeCyd scores were not significantly different
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between SCC-associated uninvolved bronchial epithelial cells and epithelial hyperplasia, they
were significantly different between epithelial hyperplasia and SCC and also between uninvolved
bronchial epithelial cells and SCC (Wilcoxon Sign Rank test p values 0.49, 0.01 and 0.0005
respectively). These observations suggest that altered global DNA methylation is potentially an
important epigenetic predictor of susceptibility for lung cancer.

Since we observed a large variation in global DNA methylation among subjects, similarly to
previous reports in breast carcinomas,”’ we calculated the ratio between 5-MeCyd scores of
SCC and matched uninvolved bronchial mucosa for each subject. A lower ratio represents a
more marked hypomethylation in SCC compared with adjacent uninvolved tissues. Forty-four
of 60 SCCs had scores for both SCC and uninvolved bronchial mucosa and hence were avail-
able to calculate this ratio. The ratio was significantly lower with advanced stage and size of the
tumor. Although the SCC/U ratio was 3 fold lower in subjects diagnosed with distant metasta-
sis, this difference did not reach statistical significance, probably because a large majority of
subjects presented with no distant metastasis at the time of surgery. The SCC/U ratio appeared
to be unrelated to nodal status and grade of differentiation of the tumor. These results suggest
that altered global DNA methylation is important in the progression of SCCs of the lung.

Race and Age Dependent Alterations in Global Methylation of DNA

in Squamous Cell Carcinoma of the Lung

In a recent study we investigated the influence of race and age-dependent alterations in
global DNA methylation on the development and progression of SCCs of the lung. Global
methylation status was evaluated in SCC and in the associated uninvolved bronchial mucosa
and epithelial hyperplasia of 53 Caucasians and 23 African Americans using the 5-MeCyd
antibody described above. A low score indicates global hypomethylation of DNA. 5-MeCyd
scores of SCC (0.59 £0.06) were significantly lower compared to 5-MeCyd scores of uninvolved
bronchial mucosa (UBM) (0.87 £ 0.07) and epithelial hyperplasia (EH) 0.82 £0.07) in Cau-
casians (p< 0.05). In African Americans, 5-MeCyd scores of SCC (0.55 £ 0.09) were not sig-
nificantly different from scores of UBM (0.60 + 0.09) and EH (0.54 £ 0.14), suggesting an
involvement of methylation in the development of SCCs in Caucasians, but not in African
Americans. Figures 3 and 4 illustrate the pattern of DNA methylation in different types of cells
in Caucasians and African Americans respectively.

In this study, we also demonstrate that 5MeCyd scores of cancer cells in Caucasians are
lower in younger (< 65-years) subjects compared to older (> 65-years) subjects. Since cancers in
younger subjects tend to be more aggressive than cancers in older subjects, these observations
suggest that hypomethylation may have contributed to the aggressiveness of cancers of younger
Caucasians. Hypomethylation of SCCs in white men is associated with shorter survival from
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Figure 3. Immunohistochemical staining of normal and cancer tissues in a SCC specimen from a Caucasian
subject, with anti-5-MeCyd antibodies in histologically normal uninvolved bronchial epithelium (A), in
epithelial hyperplasia (B) and SCC (C), (magnification X 400) 4 um thick tissue sections were processed as
described in ref. 89. Three observers scored the immunostaining as regards the grading of the intensity (on a
scale going from 0=no staining up to 4=intense staining) and the percentage of cells for each intensity level.
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Figure 4. Immunohistochemical staining of normal and cancer tissues in a SCC specimen from an African
American subject, with anti-5-MeCyd antibodiesin histologically normal uninvolved bronchial epithelium
(A), epithelial hyperplasia (B) and SCC (C) (magnification X 400). Same technique as in Figure 5.

the disease. These preliminary results suggest that the methylation status of DNA may affect
the development, aggressiveness and prognosis of SCCs in Caucasians. These observations
suggest that careful attention should be given to racial distribution of study populations in
investigations of DNA methylation.’

In summary, we wish to state that evaluation of global DNA methylation by immunohis-
tochemistry allows a detailed evaluation of the pattern of methylation in the process of carcino-
genesis and should have important applications in future studies of cancer.

Colon

An average global hypomethylation of 8% to 10% has been observed in colon adenomas or
adenocarcinomas and a strong correlation between genomic instabilit;' and the DNA methyla-
tion status was demonstrated in colorectal cancer cells. 3142224257173

Figure 5 is given as an example illustrating the difference in the staining intensity between
normal mucosa (Fig. 5A,C) and the adenocarcinomatous zone (Fig. 5B,D) in paired samples
from one of the patients. The immunostaining is localized in the nuclei of cells. The staining
pattern of pleomorphic nuclei in the neoplastic area is obviously different from the one ob-
served for the normal counterpart. The morphologically altered nuclei display densely labelled
spots within faintly labelled areas whereas normal nuclei are darker and uniformly stained. This
visually-detected difference in the staining intensity between the two types of cells is confirmed
by image analysis as shown in Table 1 in which the average integrated optical density of the
nuclei in neoplastic and normal tissue are reported for each patient, demonstrating a constant
and significantly lower intensity of staining for the former type of cells (Student t test: p <0.05).
The possibility that this difference could be due to a difference in the accessibility of DNA can
be ruled out for the following reasons:

1. 5-MeCyd-rich regions are mainly present in the compacted heterochromatin compart-
ment36:88 that should then be less accessible and less labelled than the open euchromatin.
Obviously an exact opposite pattern of staining is observed.

2. In a work published elsewhere®® mouse embryos labelled with anti-DNA antibodies gave
rise to the same signal in the paternal and maternal pronuclei whereas the anti-5-MeCyd
signal was markedly reduced in the female genome. Therefore the differences observed in
the present work cannot be attributed to a problem of accessibility.

As shown in Table 1 the average integrated optical density of the nuclei in the neoplastic
area was 0,826 0,097 and that of the normal tissue was 0,961 £0,099 (Student t test p<0.05).

To verify further the specific binding of the monoclonal antibody to DNA, we analysed
deproteinized DNA with our antibodies. DNA samples were extracted from normal and
from malignant tissues and processed as described by H. Sano et al.”**° The immunoblotting
generated signals such as those shown in Figure 6. The staining patterns demonstrate that
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Figure 5. Indirect immunoperoxydase labeling of normal and adenocarcinoma human tissue sections with
anti-5-MeCyd antibodies. Example of dense nuclear labelling observed in normal colon tissue (A,C) and
heterogenous moderately stained nuclei in well differentiated colorectal adenocarcinoma (B,D). After
antigen retrieval in a microwave oven, sections were treated as described in ref. 92. The optical density of
the nuclei of epithelial cells was measured in 20 microscopic fields belonging to the malignant portion of
the sample and in 20 fields of the normal tissue, for each patient, with a Leica Quantimet Analysis System.

smears of various shapes and intensities can be observed before and after digestion, the long-
est smear being obtained as expected with Mspl. These results are comparable to those ob-
tained by other authors who used radiolabelled probes for hybridisation.”**® When applied
to clinical samples, as expected, nearly identical indexes were obtained for each sample di-
gested with Mspl which is not sensitive to methylation, (r-tumor/r-control=1.09), whereas a
lower sensitivity, was observed for DNA from normal tissues digested with Hpall than for
Hpall digested DNA from malignant lesions (t-tumor/r-control=1.194) confirming the
hypomethylated status of the latter. Three other paired DNA samples, which were obtained
from patients that were not included in the immunohistochemical study gave similar results
under the same conditions (Table 2).

An image analysis of the immunostained samples demeonstrates a 16% lower intensity of
staining in the malignant portions of the sample, when compared to their nonmalignant coun-
terpart. Feinberg et al'# detected a range of 8% to 10% DNA hypomethylation in colon ad-
enocarcinomas when they analysed by nuclease digestion and HPLC (high pressure liquid
chromatography) DNA extracted from the whole tissue samples. In difference from these pre-
vious analyses, the immunohistochemical method used here looks at individual nuclei of al-
tered epithelial cells. This may account for the difference berween our results and the ones
obtained by other laboratories. Our data is in accordance however with data acquired through
analyses performed with biochemical methods.!*
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Figure 6. Immunoblotting of genomic DNAs. DNA was extracted from four pairs of normal and malignant
tissues with phenol-chloroform, digested for 16 hours at 37°C with Mspl or Hpall restriction enzymes (Roche,
Meylan, France) at 10 units/\lg of DNA. DNA samples wete loaded on 1% agarose gels. After electrophoresis,
DNA fragments were transferred under alkaline conditions onto Hybond N membranes (Amersham). Images
of immunoblots were recorded with a Kodak DCS 200 digital camera. Gray level-based intensity measure-
ments were performed along each lane with the SigmaScan/Image software (Jandel Scientific GmbH, Erkrath,
Germany). Examples of profiles acquired for two DNA samples extracted from normal and tumor tissues are
shown below the Southwestern blots. The shaded area indicates the portion of the lane corresponding to
satellite DNA. Density profiles obtained after scanning the membrane allowed to calculate ratios between the
signal recorded in the low molecular weight zone corresponding to satellite DNA as described in reference 96
and thessignal recorded in the totality of the lane. The ratios r between the surface of this portion and the surface
of the entire lane are indicative of the sensitivity of each sample to digestion. A) non digested DNA. B) DNA
digested with Eco R1. C) DNA digested with Mspl. D) DNA digested with Hpall.
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Table 1. Immunohistochemistry of 5-MeCyd in colon adenocarcinoma tissue sections

Case Location Age  Stage Differ- oD oD Difference
Number (Dukes) entiation Tumor Normal

1 Right Colon 84 D WD 0.796 (0.039) 1.014 £ 0.04 21.4%
2 Right Colon 63 D WD 0.766 (0.013)  0.997 £0.026 23.2%
3 Right Colon 75 D MD 0.816 (0.041) 1.025+0.035 20.0%
4 Right Colon 85 C MD 0.773 (0.019) 1.021 £0.046 24.3%
5 Right Colon 69 D WD 0.792 (0.041) 1.030+0.038 23.0%
6 Left Colon 50 B MD 0.764 (0.033) 1.019+0.048 25.1%
7 Left Colon 58 C WD 0.739 (0.051)  1.021 +0.031 27.6%
8 Left Colon 64 C PD 0.751 (0.039) 1.018 £ 0.021 26.2%
9 Left Colon 60 B WD 0.723 (0.026) 1.026 £0.026 29.5%
10 Left Colon 77 B WD 0.837 (0.037) 1.010+£0.032 17.1%
1 Left Colon 74 A WD 0.784 (0.043) 1.006+£0.024 22.1%
12 Left Colon 91 B WD 0.818 (0.055) 1.027 £0.039  20.4%
13 Left Colon 62 C MD 0.787 (0.048) 1.009+0.032  22.0%

Nuclear densities after immunostaining with anti-5MeCyd antibodies in colon biopsies. Paraffin-
embedded sections from paired tissues were processed as described in ref. 100. The values indicate
the averageoptical density (mean+2SD)for each sample. OD, optical density; WD, well-differentiated;
MD, moderately differentiated; PD, poorly differentiated. Dukes classification:. The classification was
established according to Dukes CE J Path Bact 1932; 35:323-344.

Table 2. Assessment of global DNA methylation indexes by Southwestern blotting

Case Localization Age Dukes Differentiation Southwestern
Number Stage Blot Index
8 left colon 64 C PD 21.3

14 left colon 60 A WD 14.8

15 right colon 55 D MD 19.4

16 left colon 76 B WD 15.2

Samples from patient n° 8 were obtained from the same patient as in Table 1. The three other pairs
were from other patients not included in the set of samples studied by immunochistochemistry.

Post-Transplantation Lymphomatous Diseases
In immunocompromised individuals, B cell proliferation is strongly associated with high loads
of Epstein-Barr viral particles in the peripheral blood. ZEBRA is a viral protein involved in the
switch between latency and the lytic cycle. We have previously demonstrated the following points.
1. High EBV serum loads and elevated titers of anti-ZEBRA antibodies are observed in pa-
tients with EBV-harboring tumor cells of Hodgkin’s disease.?”
2. Global DNA hypomethylation is detected in EBV-transformed interphase nuclei.”®
3. The methylation status of genomic DNA can be assessed in human tumor cells and tissues
by immunochemistry on a cell-by cell basis.36%
We used the immunochemistry approach to study the following questions:
1. What is the effect of hypomethylation induced by 5-azadeoxycytidine on the expression of
ZEBRA in cells latently infected with EBV?
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2. Determine the putative expression of ZEBRA in paraffin-embedded tissue section from
patients with post-transplantation lymphoproliferative diseases

3. Determine the global methylation status of DNA in these malignant tissues compared with
normal samples.

Expression of ZEBRA in EBV-Immortalized Cells and Human Lymphomatous Tissue

Viral replication does not occur in EBV immortalized AKATA cells. However,
5-azadeoxycytidine induces release of viral particles to the medium that is preceded by synthesis
of ZEBRA. This effect is illustrated by Figure 7. While no labelling is detected in nontreated cells
(Fig. 7A) or mock-treated cells (Fig. 7B), the expression of ZEBRA is induced 24 hours after
adding the hypomethylating agent to the culture medium (Fig. 7C,D). In the B-95-8 cell line
ZEBRA is constitutively expressed as shown in Figure 7E,E The induction of ZEBRA expression
by the DNA methylation inhibitor was confirmed by a Western blotting shown in Figure 8.

The ZEBRA viral transactivator is also expressed in a significant proportion of tissue samples
(6/12) obtained from the same group of PTLD patients as illustrated in Figure 9 using the
same immunodetection protocol.
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Figure 7. Immunodetection of ZEBRA in EBV-immortalized cells. The same monoclonal antibody raised
against a peptide fragment of ZEBRA was used to detect the expression of the viral transactivator in two
cell lines. AKATA nonproducing cells were treated with 5 azacytidine and the expression of ZEBRA was
detected with a FITC-anti-peptide conjugate. B95-8 constitutively-producing cells were labelled with the
anti-ZEBRA antibody. The binding was revealed with the UltraVision Detection System anti-mouse HRP/
DAB kit from (Lab Vision Corp, Fremont, Ca). A) nontreated AKATA cells (obj 20x). B) mock-treated
AKATA cells (obj 20x). C) AKATA cells treated with 5 uM 5-AzadCfor 48h (obj 20x). D) AKATA cells
treated with 5 UM 5-AzadC for 48h (obj 32x). E,F) nontreated B95-8 cells (obj 9.5x and 40x).
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Figure 8. Expression of ZEBRA detected by Western blotting (ECL detection). A) lanes 1 and 6: purified
protein; lane 3 extract from B 95-8 cells; lane 2 and 5 extract from nontreated AKATA cells; lane 4 extract
from AKATA cells treated with 5 UM 5-AzadC for 24h; lane 7 extract from AKATA cells treated with 5
UM 5-AzadC for 48h. B) lane 1 purified protein; lane 2 mock treated Akata cells; lane 3 extract from
AKATA cells treated with 3 uM 5-AzadC for 48h; lane 4 extract from AKATA cells treated with 6 uM
5-AzadC for 48h; lane 5 extract from AKATA cells treated with 9 UM 5-AzadC for 48h; lane 6 extract
from AKATA cells treated with 15 UM 5-AzadC for 48h; lane 7 extract from AKATA cells treated with
30 UM 5-AzadC for 48h.

Figure 9. Immunodetection of the presence of ZEBRA in post-transplantation lymphomatous tissues.
Tissue sections from six different patients were labelled with the same anti-ZEBRA monoclonal antibody
asthe one used in the previous experiments. The binding of this antibody was detected with second antibody
conjugated with peroxidase in the presence of hydrogen peroxide and diamino-benzidine (A-C,F) or Vector

Red (D,E).
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Figure 10. DNA methylation status in normal lymphoid tissues. Normal lymphoid tissues were reacted with
the anti-5MeCyd monoclonal antibody under the same conditions as for colon tissues. A) Giemsa staining
(obj 10x). B) Anti-5MeCyd immunolabeling (obj 10x). Same technique as for Figure 3: obj 40x.

Immunolabeling of 5-MeCyd

Monoclonal 5-MeCyd antibodies were used to determine the distribution of methylated
DNA in tumors versus normal samples. Characteristic patterns of immunostaining can be seen
in Figures 10 and 11. Sections of normal reactive lymph nodes stained with Giemsa or labelled
with and-5MeCyd antibodies are shown in Figure 10A,B respectively. Cells present in the
mantle zone display a dense staining pattern as illustrated by Figure 10C,D, whereas cells
occupying the germinal centre are significantly paler as seen in Figure 10E,E A panel of images
recorded with pathological samples illustrates the various aspects observed. As illustrated by
Figure 11, not only is the spatial distribution of cells markedly disturbed, but the intensity of
labelling in each sample is also highly heterogeneous and significantly reduced, compared to
normal tissues.

The results presented above were quantified by image analysis of immunolabelled tissues
and were summarized in Tables 3 and 4. The data presented in the tables indicates that while
the variation in optical densities recorded in normal tissues is limited to 2.9% it varies between
4.6% and 7% in malignant zones suggesting a significant disruption of the methylation pat-
tern in tumor samples.
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Table 3. Immunohistolabeling of 5-MeCyd in normal reactive lymph nodes

Sample Gray Level (0-256) Difference (%)
Mantle Germinal Center

1 92.6 90.1 -2.6

2 101.8 99.1 -2.6

3 101.5 98.6 -29

Sections were processed as for colon tissues. Pictures were acquired with a Leica DC 50 digital camera.
The optical density of nuclei was assessed with the Scion Image Analysis System (Scion Corp. Md USA).

Figure 11. DNA methylation status of malignant lymphoid tissues. Same immunolabeling method as
in Figure 10. All pictures were taken att: obj 40 x.
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Table 4. Immunohistolabeling of 5-MeCyd in lymphomatous tissues

Sample Gradin Gray Level (0-256) Difference (%)
P 8 y

Normal Zone  Malignant Zone

1 low 99.2 94.5 -4.7
2 low 97.9 92.5 -5.4
3 low 98.2 92.1 -6.2
4 low 94.7 88.6 -4.7
5 intermediate 101.8 94.6 -6.4
6 high 98.2 93.5 -7.0

Tissue sections were processed and the optical density of nuclei was assessed as for normal tissues.

It is plausible that the global hypemethylation observed in the tumor samples not only
participates in the establishment of the malignant phenotype as already observed for other
malignancies but also unlocks the silencing of expression of viral genes such as ZEBRA. Induc-
tion of such antigens thereby enhances the replication and dissemination of new viral particles
able to further infect and transform B cells in immunocompromised patients.

Breast Tissues

As is the case for numerous other tumors as discussed above, breast cancer is characterized
by an overall hypomethylation of DNA?6°1% and by concomitant alterations of the methyla-
tion pattern of specific genes’>*? relative to normal tissue. Using immunostaining with
5-MeCyd monoclonal antibodies we observed significant differences in intensity of staining
between normal or benign and malignant lesions Immunostaining experiments demonstrated
that normal cells-containing regions in breast biopsies obtained from nontreated patients were
intensely labelled when compared to adjacent regions containing malignant cells. Figure 12A,B
illustrates the staining pattern observed with a benign lesion (well differentiated grade I accord-
ing to the Scarff, Bloom and Richardson classification). The low magnification picture (Fig.
12A) shows that the size and optical densities of most nuclei are homogeneous. The tissue
architecture is characteristic of a normal glandular structure with numerous acini. At a higher
magnification (Fig. 12B) one can observe a dense labelling of both myoepithelial and epithelia
cells.

Figure 12C,D illustrates the coexistence, in the same tissue section, of an infiltrating ducral
carcinoma (poorly differentiated grade III) with normal tissue. Both the tissue organization
and the staining intensities are strikingly different.

The same kind of difference can be observed between adjacent zones in another sample
(IDC grade II moderately differentiated) at low magnification (Fig. 12E). In the same tissue
sample a different lesion appears heterogeneously labelled as illustrated by Figure 12F at a
higher magnification.

Figure 13 illustrates immunostaining patterns of samples that were processed separately:
Although the coexistence of normal and malignant lesions in the same tissue section could not
be observed, the difference between grades is easily detected. In Figure 13A,B we stained
well-differentiated grade I samples. Figure 13C,D illustrates the staining of moderately differ-
entiated IDC grade I1. The greatest heterogeneity was observed for pootly differentiated grade
HI IDC, as illustrated by Figure 13E,E

Immunostaining experiments performed on 24 informative samples (6 benign and 18 ma-
lignant lesions) were quantified by image analysis and the results were summarized in Table 5.
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E

Figure 12. DNA methylation status of benign and malignant lesions coexisting in the same section. Immuno-
staining with anti-5MeCyd antibodies was performed as for other tissues. A) (obj10x) and B) (obj 32x) well
differentiated IDC SBR grade L. B,C) (obj 32x) IDC SBR grade III poorly differentiated. C) malignant
lesion; D) normal tissue. E) (obj 10x) and F) (obj 20x) moderately differentiated IDC SBR grade I1.

The results illustrate that nuclei belonging to malignant lesions consistently display a lower
optical density than nuclei present in normal zones. This feature is verified not only in samples
collected from separate patients but also in adjacent fields belonging to the same section, which
excludes a possible inter-specimens bias due to thickness variation or uneven processing of
samples. We observed a larger difference in methylation levels between normal and tumor
breast tissue than what we observed in the colon (Fig. 5). We believe that this discrepancy
could be explained by technical differences in the processing of these samples. First, the breast
tissue samples were not fixed with paraformaldehyde like the colon or lung tissues but they
were processed with Bouin’s fixative (a mixture of formaldehyde and picric acid). It is well
known that treating cells and tissues with acidic solutions removes histones and DNA-binding
proteins, thereby increasing the accessibility of DNA to the antibodies. We have shown that
isolated cells in suspension can be treated with acid to unmask DNA while preserving the
nuclear architecture so as to perform flow cytometry analysis.'® One can assume that fixation
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Figure 13. DNA methylation status in benign and malignant lesions observed in separate sections. A,B) (obj
32x) well differentiated IDC SBR grade I. C,D) {obj 32x) moderately differentiated IDC SBR grade I1. E,F)
(obj 32x) pootly differentiated IDC SBR grade III.

of paraffin-embedded biopsies with Bouin’s mixture is more efficient than acid treatment of
tissues previously fixed with paraformaldehyde. Second, it was not necessary to use the micro-
waves antigen retrieval procedure to achieve immunolabeling of breast derived specimens. In
mammary tumors, healthy tissue can often be found nearby the malignant lesion.

In summary, the results reported here indicate that besides standardized morphological
criteria such as anisocytosis, anisocaryosis, mitoses and differentiation, a difference in the opti-
cal density measured with anti-5MeCyd antibodies between individual cells within the same
tissue section and also between sections from different samples can be used in tumor pathology
and identification and staging of malignancy. Although the limited number of patients in each
group precludes generalized conclusions, there is a clear statistically significant difference be-
tween normal and malignant tissues that can justify adding the 5-MeCyd immunostaining
pattern as an additional pathological marker of malignancy.
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Table 5. Immunohistolabeling of 5-MeCyd-rich regions in breast tissues

Patient Type Stage Differenciation oD oD T/N
Ne (S.B.R) Tumor Normal

A. Separately analyzed benign lesions

12496 benign 1 WD - 134+ 10.9

11645 benign 1 WD - 134+ 15.2

9010 benign 1 WD - 121 £10.6

8196 benign 1 wD - 148 £ 5.7

8171 benign 1 WD - 156+ 7.0

7360 benign 1 WD - 92.3 % 8.1

B. Separately analyzed malignant tissue samples

2410 IDC 3 MD 95.2 £ 16.1 -

7105 - - LD 789+ 103 -

7360 IDC 2 WD 93.2+8.1

9031 IDC 2 LD 94.7 £ 6.6 -

11466 IDC 2 LD 80.5+8.4 -

12386 1DC 2 MD 95.6+10.4 -

C. Analysis of adjacent fields including benign and malignant tissues

569 IDC - LD 70.7+£1.9 126.1 £ 0.3 0.56
2164 Special - MD 96.1+11.6 173.8+ 4.9 0.55
2169 Special - MD 55.1+9.8 1226+ 7.1 0.45
2242 IDC 2 WD 108 £8.5 171.8%5.6 0.63
6887 IDC 2 MD 94,2 £ 3.36 133.6x2,7 0.71
6974 IDC 2 MD 104.1+£13.2 1475+11.4 0.71
7358 IDC 2 LD 79.5+11.5 139.0+ 2.4 0.57
7388 IDC - MD 1179£6.5 166.2+ 1.5 0.71
8030 IDC 3 LD 679+ 7.5 1133+£1.7 0.60
8123 IDC 3 LD 84.9+70 1307 2.2 0.65
9621 Special - MD 75.9+11.2 147.1 £ 9.1 0.52
9875 IDC - LD 68.8+2.4 103.6+2.9 0.66

SBR: Scarff, Bloom and Richardson classification. Immunolabeling of nuclei in human breast tissue
sections. Tissue sections were labelled with anti-5MeCyd antibodies and peroxydase-anti-mouse
conjugates. The values indicate the average optical density (mean +2SD) for each sample. OD: optical
density; Gradings correspond to the Scarff, Bloom and Richardson classification (S.B.R.). IDC:
infiltrating ductal carcinoma.

Conclusions

The number of publications studying DNA methylation has increased exponentially since
a relationship was established between tumorigenesis and genome-wide hypomethylation two
decades ago. Following the very first results which measured global methylation by
chromatographical approaches, numerous sophisticated methods were developed to investi-
gate the methylation status of individual genes'®'"'% and to highlight the correlation between
alterations of the DNA methylation pattern and tumorigenesis'®'1? especially in relation to
the silencing of tumor suppressor genes following the hypermethylation of their promoter. 1112
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The demonstration that DNA methyltransferase activity is associated with the replication
machinery'™ and that the acetylation/deacetylation of histones correlates with alterations in
DNA methylation patterns highlights the significance of the relationship between DNA me-
thylation and chromatin organization and carcinogenesis.!>"!*8 The immunochemical approach
that we developed had illustrated this particular relationship berween DNA methylation and
chromatin compaction.® Our results show that a fow immunohistochemical signal with anti
5-meCyd antibodies is associated with a change in chromatin condensation in tumor cells and
tissues. Considering that the percentage of cytosines that are modified by methylation reaches
about 5% in a normal diploid cell, a 5 to 10% global hypomethylation corresponds toa loss of
between 0.5.10° and 3.10° methyl groups. These groups are distributed aong the promoters of
silent genes but also along noncoding regions of the genome such as satellite DNA. It therefore
stands to reason that such an alteration will profoundly disturb the specific binding of proteins
involved in the maintenance of nuclear structures and will provoke an instability of the ge-
nome. Therefore it is not surprising that this profound disruption of chromatin organization
induced by modifications of the methylation pattern can be visualized by our immunolabelling
approach.

Global DNA hypomethylation is an early event in colorectal tumorigenesis and the pro-
gression of the disease is associated with an increase in DNA methyltransferase activity and
with the appearance of hypermethylated sites. These biochemical changes are paralleled by
modifications in the histopathological patterns of colorectal tumors that include successive
steps progressing from adenomas to carcinomas. An increase in epithelial dysplasia and cell
dedifferentiation are considered as markers of multistep carcinogenesis. Global DNA
hypomethylation is detected at the early adenoma stage. Global hypomethylation can be con-
sidered as a general feature of tumorigenesis since it is shown here to be a hallmark of other
kinds of tumors. The immunohistochemical method described here for determining the state
of methylation of cells in situ allows the pathologist to collect important data on the DNA
methylation status of various regions in the biopsy, on a cell by cell basis, while preserving
tissue architecture and cellular morphology.
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CHAPTER 8

Identifying Clinicopathological Association
of DNA Hypermethylation in Cancers
Using CpG Island Microarrays

Susan H. Wei, Timothy T.-C. Yip, Chuan-Mu Chen
and Tim H.-M. Huang

Abstract

ypermethylation of promoter CpG islands has been associated with gene silencing in

cancer. Increasingly, these CpG islands have potential clinical utility as molecular

markers for cancer diagnosis. Here we describe a microarray-based technique, called
differential methylation hybridization (DMH), for simultaneous screening of methylation al-
teration across thousands of CpG island loci in one tumor sample at a time. We also describe a
second approach, called methylation target array (MTA), for detecting methylation alteration
of a single CpG island locus across hundreds of tumor DNA samples. The DMH and MTA
assays are complementary to each other in that DMH allows for rapid identification of mul-
tiple loci hypermethylated in tumor genomes while MTA can rapidly assess the utility of these
loci as markers for clinical diagnosis. Furthermore, the use of clustering algorithms to analyze
the array data of multiple CpG island loci can identify an association of DNA hypermethylation
with specific clinicopathological features of tumors.

Introduction

Cancer is a heterogeneous group of diseases with a wide spectrum of molecular alterations
and clinicopathological manifestations. One hallmark of cancer is the accumulation of aberrantly
mcthylated CpG dinucleotides located in promoter CpG islands of genes.!? Through chroma-
tin restructuring at the methylated sites, the expression of genes may be silenced leading to a
loss of control of cell growth and subsequent tumor development.* Numerous genes of tumor
suppressors, cyclins, and other biomodulators playing pivotal roles in tumorigenesis are report-
edly modified in this fashion,” and may serve as epigenetic markers for cancer diagnosis. For
instance, hypermethylatlon of the DAPK1 promoter is correlated with poor survival in stage |
nonsmall-cell lung cancer,® AMLHI promoter h};permethylauon and gene down- regulatlon
results in drug-resistance in ovarian cancer cells,” CDKN2A promoter hypermethylation is
correlated with the progression of adult T-cell leukemia,® and MGMT promoter
hypermethylation is useful for predicting the responsiveness of gliomas to alkylating agents’
(see Table 1 for additional examples, see refs. 8-22).

CpG island hypermethylation in cancers is 1ncreasmgly shown to be complex and to affect
multiple loci concurrently in the tumor genome. 2325 Moreover, this type of alteration is not
random and frequently is cancer-specific.2® While there remain benefits in candidate gene
approaches for searching single CpG islands hypermethylated in cancer cells, the development
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Table 1. Clinicopathological associations of aberrant DNA methylation

Genes Cancers -~ Correlations and Associations Refs.
Associated
Diseases

MGMT  Gliomas Methylation correlated with tumor regression and prolonged overalt 9
and disease-free survival in patients treated with alkylating agent.

DAPK NSCLC Association of hypermethylation with advanced clinical stage 6
(P =0.003), tumor size increase { P= 0.009) and lymph node
involvement (P = 0.04); odds ratios increase with clinical stages.
Association with poor prognosis in stage | patients (P <0.001). 10

H&NCa Hypermethylation correlated with lymph node invoivement and 11
advanced clinical stages.

P21 ALL Methylation correlated significantly with decreased disease free 12
and overall survival at 7 & 9 years.
BRCAT1 Breast Methylation correlated with decreased ER (P = 0. 016) and p27 13
cancer (P = 0.018) expression i ncreased p21 expression (P= 0.011)
and methylated tumor is usually high grade.
E-Cad Breast Coincident methylation of both genes increased significantly 14
and ER  cancer from ~20% in CIS to ~50% metastatic lesions.
HMLH1  Ovarian Methylation associated with cisplatinum resistance. 7
cancer
P16 NSCLC 1. Hypermethylation associated with pack-years smoked 15

(P = 0.007), smoking duration (P = 0.0009) and negatively with
the time sincequitting smoking (P = 0.03).
2. In stage 1 adenocarcinoma, an independent risk factor
predicting shorter post-surgery survival (P = 0.03).
Lung SCC  Frequency of hypermethylation increased from basal cell 16
hyperplasis (17%) to squamous metaplasia (24%) to CIS (50%)

ATL Hypermethylation more frequently found in more malignant 8
lymphoma (73%) and acute {(47%) ATL types than the less
malignant chronic (17%) & smoldering (17%) types.

HIC1 ALL, CML, HCL1 gene methylation was found in 100% recurrent ALL and 17
NHL 100% blast crisis, but not at initial diagnosis of CML.

APC, Barrett’s Hypermethylation of both genes found as early as in Barrett’s 18,19
P16 esophagus metaplasia and displasia

Multiple  Bladder Hypermethylation correlated with patients’ survival, tumor grade, 20
genes  cancer growth pattern, muscle invasion, tumor stage and DNA ploidy pattern.

Multiple  Ulcerative Dramatic increase of methylation from non-dysplastic colitis to 21
genes  colitis high grade dysplasia.

Multiple  Cervical Methylation extent increased from non-dyplastic low grade CIN 22
genes  cancer to high grade & finally to invasive carcinoma.

ALL - acute lymphoblastic leukemia; APC — adenomatous polyposis coli gene; ATL - adult T cell
leukemia; BRCAT — mutation in breast cancer 1 gene; CIN — cervical intraepithelial neoplasia;
CIS - carcinoma in situ; CML — chronic myelogenous leukemia; DAPK - death-associated protein
kinase; E-cad - E-cadherin; ER — estrogen receptor; GSTP1 — glutathione S-transferase P1; HICT —
hypermethylated in cancer 1 gene; AMLHT — human Mut L homologue 1 DNA repair gene; H&NCa
- head & neck cancer; p16INK4¥/CDKN2A _ 5 myltiple tumor suppressor gene 1 (MTST) & also called
cyclin dependent kinase inhibitor 2A; p21CIPWAF/SDI _ 3 tumor suppressor gene & also called cyclin
dependent kinase inhibitor 1; MGMT — O6-methylguanine methyl transferase; NHL- non-Hodgkin
lymphoma; NSCLC — non small cell lung carcinoma; lung SCC - squamous cell carcinoma in lung.
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of efficient techniques to scan methylation throughout the whole genome would greatly en-
hance the identification of markers useful for tumor classification. Several methylation—scanning
techniques have been developed including, but not limited to, arbitrarily primed-PCR,?
Meth;rLight,28 methylated CpG island amplification,? landmark restriction genomic scan-
ning,” and oligonucleotide microarray’! (see also ref. 32 for overview).

In the following sections, we describe two array-based techniques, differential methylation
hybridization (DMH)* and methylation target array (MTA),** for high-throughput methyla-
tion screening, We first discuss the principles of DMH and MTA and then their applications in
detecting methylation alterations in various cancers. In its use of probes and targets for hybrid-
ization, DMH is similar in development to the cDNA microarray. The “probes” for DMH are
panels of CpG island tags arrayed on the stationary matrix and hybridized with the combined
normal and tumor DNAs in the soluble phase, referred to as “targets.” Conversely, MTA uses
“targets” affixed on nylon membrane and hybridized with cancer-related CpG island “probes”
one at a time.

Genomic Targets for DMH and MTA

To prepare targets for DMH or MTA analyses, genomic DNA is digested with a 4-base
endonuclease, such as Msel (TVTAA), Tp5091 (LAATT), Nialll (CATGI), or Bfal (CLTAG).
These endonucleases restrict bulk DNA into small fragments (<200 bp), but their recognition
sites rarely occur in GC-rich regions and thus most CpG islands remain intact after the restric-
tion (see Fig. 1).% The combined utility of these 4 endonucleases is estimated to cover the
whole repertoire of methylated CpG islands in the genome. The digested DNA fragments (0.2
t0 2 kb in length), which are enriched for CpG islands, are next ligated to end-linkers and then
restricted with 4-base methylation-sensitive endonucleases Bs#2UI and Hpall. An initial analysis
indicates that approximately 85-90 % of the Msel-digested, GC-rich fragments contain the
recognition sites for either Bs2UI or Hpall. Fragments with hypermethylated BstUI or Hpall
sites in the tumor sample resist the digestion and are amplified by PCR using the flanking
linker-primers. In the normal control, the same allelic fragments are usually unmethylated and
are digested away and thus cannot be amplified. Between 15-25 cycles of amplification are
used for target preparation. These low cycles of amplification are essential to prevent overabun-
dance of some repeat sequences not digested away by the methylation-sensitive restriction. We
have also found that under this amplification condition, the pool of hypermethylated single- or
low-copy CpG islands is sufficiently magnified and consequently enhances the methylation
differential for comparison between the tumor and normal control genomes.

DMH and Its Applications
The Principle—Probes Affixed and Targets Mobile

CpG island clones used for generating the probes were derived from a genomic library,
CGI, available from the Human Genome Mapping Project Resource Centre (hetp://
www.hgmp.mrc. ac.uk).?® After subjecting CGI to a round of screening to eliminate repetitive
elements, a total of 8,000 CGI clones not hybridized with repetitive Cot-1 DNA probe were
selected and arranged onto a series of 96-well plates. These CGI inserts contained in plasmid
vectors were amplified by colony-PCR, and PCR products were deposited as microdots (~0.05
ul; 0.1 pug/ul) on a 4.5 x 1.6 cm? polylysine-coated surface that covalently binds DNA to a
microscope slide. After postprocessing to remove unbound DNA, the CpG island fragments
left bound to slide are ready for hybridization with fluorescently labeled targets.® Alterna-
tively, these CpG island probes can be arrayed on nylon membrane for hybridization with
radiolabeled targets.”’”

Using the microarray setup as an example, DNA targets of normal control are coupled with
the green-fluorescent Cy3 dye while tumor targets are coupled with the red-fluorescent Cy5
dye (see Section II). As the two DNA samples are combined for hybridization, allelic DNA
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Figure 1. Schematic flowchart for methylation target preparation. Tumor and normal amplicon targets are
similarly processed in the differential methylation hybridization (DMH) or methylation target array (M TA)
assay.

fragments bind competitively to the CpG probes affixed on the glass slide. When an equal
abundance of normal and tumor DNAs bind to a probe, the hybridized DNA is visually read as
a yellow spot upon scanning and imaging, indicating the CpG island locus is methylated in
both tumor and normal genomes. The presence of a red spot indicates a gain of CpG methyla-
tion in the tumor, but not in the normal, genome. Conversely, the presence of a green spot
indicates a hypomethylation event in the tumor.
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Figure 2. A representative hierarchical clustering of ovarian tumors. The panel depicts ~600 CpG island loci
hypermethylated in at least one tumor. Tumors that carry similarly methylated loci, giving rise to their
profiles, would tend to be clustered together. Loci commonly hypermethylated in all tumors as well as those
hypermethylated in a subclass are detected (see an examples in ref. 46).

DMH has the capacity to generate thousands of data points in each experiment. Several
bioinformatics tools, such as hierarchical clustering, self-organizing map, principal component
analysis, and multidimensional-scaling, are available to manage and analyze data.***

Figure 2 shows a preliminary analysis of 12 ovarian carcinomas using hierarchical cluster-
ing, which groups together tumors of similar methylation profiles and identifies loci that are
commonly hypermethylated in this tcumor group as well as those that are unique to subgroups.

Points to Consider
The strength of DMH lies in its capacity to conducr a high-throughput scanning across
thousands of CpG island loci in a timely manner. When applied in conjunction with clustering
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algorithms for analyzing many tumors, DMH becomes a powerful tool for delineating tumor
relationships within the cohort and has the great potential for discovering molecular correlates
for specific tumor subtypes. DMH is also flexible in that investigators can readily reassemble a
smaller panel of CpG island probes for a more focused analysis in routine clinical samples.

DMH is limited in assessing the methylation details of individual CpG dinucleotides span-
ning a CpG island locus, however. As indicated earlier, this type of approach generates a DNA
methylation profile of multiple CpG island loci for a tumor and is distinct from other ap-
proaches such as bisulfite sequencing,® which produces methylation patterns of several linked
CpG dinucleotides within an interrogating CpG island locus.*! Nevertheless, DMH assay is
conducive to examining extensive CpG island hypermethylation in the genome, particularly
for detecting densely hypermethylated gene promoters that may have a greater repressive effect
on transcription.

As with other microarray techniques, DMH may produce false methylation findings.*?
One reason is the detection of genetic abnormalities due to the lack of methylation-sensitive
sites in some CpG island loci. In this case, the observed differential hybridization signals in
DMH could be attributed to gain or loss of copy-number of such loci in the tumor sample. As
indicated earlier, almost all of the interrogating CpG island loci contain either the
methylation-sensitive Hpall or Bs¢UI sites. The combined use of Hpall and Bs#UT restrictions
in the preparation of methylation targets certainly minimizes the detection of genetic alter-
ations in the DMH assay. Therefore, this genetic event does not affect the overall evaluation of
methylation profiles in tumor genomes.

Applications to Identify Clinicopathological Association

In a DMH study, the extent of hypermethylation averaged 1% of the ~8,000 CpG island
loci examined in a panel of breast tumors,>2 which was consistent with earlier estimates for this
cancer.2?2 DNA hypermethylation is usually associated with more advanced disease. Poorly
differentiated tumors wete found to exhibit more hypermethylation than their moderately or
well-differentiated counterparts (P = 0.041).“? Furthermore, hierarchical clustering identified
3 subgroups of breast tumors based on their estrogen-receptor (ER)/progesterone-receptor (PR)
status.”®> One group was ER/PR-positive and exhibited less hypermethylation while two dis-
tinct epigenetic subgroups were ER/PR-positive, showing poorer response to hormone therapy.
Both commonly hypermethylated CpG islands as well as unique loci specific to the distinc-
tions described above were found. These include 5’ regulatory regions of genes, exonic regions,
and a few intergenic sequences. Interestingly, a detailed investigation of one gene, glypican 3
(GPC3), indicated that its promoter hypermethylation resulted in transcriptional silencing in
vitro and was associated with ER/PR-negative breast tumors (P = 0.005).32 GPC3 is an X-linked
gene found to be mutated in the Simpson-Golabi-Behmel syndrome and reportedly, a candi-
date tumor suppressor for multiple embryonic neoplasms and pre and postnatal overgrowth.®
This novel finding suggests that silencing of GPC3 via DNA hypermethylation may play a role
in breast cancer development.

In a second DMH study, a higher degree of hypermethylation across the ~8,000 CpG
islands was detected, ranging from 0.9 to 4.5%, in a group of stages III and IV ovarian tu-
mors.***> Computation analyses, including hierarchical clustering, identified two subgroups
of tumors with distinct methylation profiles in a select group of 182 CpG islands; tumor from
the first group showed high levels of current methylation in this CpG island group, while the
second group exhibited less methylation in these loci. Based on patient’s response to chemo-
therapy as defined by the months of progtession-free survival (PES), these groups differed
markedly from each other.*> The first group, whose tumors were more hypermethylated, has a
median PFS of 6 months whereas the second group whose tumors were less hypermethylated,
has a median PFS of 15 months (P<0.001, log rank test). In clinical settings, these selected
CpG island loci are therefore useful as DNA biomarkers for predicting chemotherapy outcome
in ovarian cancer patients.
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In a third study, DMH has identified a small group of colorectal tumors with high degrees
of concurrent methylation, consistent with a previous observation describing the so called
CpG island methylator phenotype in this cancer.”” Although no other clear correlations were
found in this initial study, it demonstrated, nevertheless, that DMH was useful for assessing
methylation of CpG islands across the genome and for classifying tumors.

MTA and Its Applications
The Principle—Targets Affixed and Probes Mobile

MTA was devised for analyzing extensive promoter hypermethylation for many tumors in a
single experiment, similar in concept to the tissue microarray.® To increase throughput, methyla-
tion targets are prepared as described earlier, but in a 96-well format (Fig. 3). Genomic DNA is
first restricted with Msel, T5p5091, Nialll, or Bfal and interrogated for hypermethylation by
restricting with methylation-sensitive BstUI and Hpa4ll, prior to PCR amplification. Contrary to

Mse Bfa Nlall Tsp5091

v

[Linker ligation

v

Methylation-sensitive restriction
with BstUI and Hpall

\

Amplification from end-linkers

v

Printing onto membrane sets

Figure 3. Preparation of targets for methylation target array. Tumor and normal amplicon targets are
prepared in 96-well formats and affixed onto separate sets of membrane filters for probing with 3P-labeled
CpG island probes.
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Figure 4. Representative results of methylation target array. Each tumor (T) target was spotted in duplicate
on a membrane with its paired normal (N) control. Repetitive Cot-1 DNA, which is present in both tumor
and control targets, was used as a control probe.

DMH in which the targets are in solution, the MTA targets are arrayed in duplicate onto nylon
membrane and hybridized with a *’P-labeled CpG island probe.

Figure 4 shows representative results of 18 paired tumor and normal targets. The hybridiza-
tion intensity for a spot in the duplicate target is individually quantified and normalized, and
positive hypermethylation is scored when the calculated intensities of tumor relative to normal
control “spots” are above a set threshold.

Applications

In a pilot study, a total of 468 methylation targets prepared from 93 breast tumors, 20 normal
controls and 4 breast cancer cell lines were arrayed onto nylon membranes. These MTA mem-
branes were hybridized individually with probes derived from promoter CpG islands of 6 known
tumor-suppressor genes (GPC3, uPA, HOXAS, MUC2, p16, and BRCA2).>* Hypermethylation
was found at the levels of 63%, 38%, 33%, 27%, 26%, and 0%, respectively, in the breast tumors
examined, and the findings were independently confirmed in the GPC3 and p16 genes by South-
ern blot analysis and methylation-specific PCR. This initial study demonstrated that MTA repre-
sents a powerful, candidate gene approach for rapid methylation analysis of a single CpG island
across hundreds of tissue genomes, and for generating methylation profiling of tumors when
multiple promoter CpG islands are tested. Analyzed in conjunction with patients’ clinical data,
methylation profiles may be rapidly dissected to discover significant clinicopathological associa-
tions. A broader investigation with additional gene promoters is expected to unveil tumor sub-
groups comprised of different sets of hypermethylated loci.

Concluding Remarks

Promoter hypermethylation is an important epigenetic mechanism underlying the
down-regulation of many cancer-related genes. The notion that accumulations of this heritable
modification play a role in promoting tumor development suggests the clinical use of these
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molecular flags to monitor cancer progression, before the appearance of any diagnosable symp-
toms. DMH and MTA are high-throughput approaches complementary to one another for
exploring methylation in the genome and for analyzing hypermethylation in large-scale tumor
samples. In addition to tumor profiling, the DMH assay can also identify new genes that are
aberrantly hypermethylated, and the MTA assay can rapidly assess the clinical utility of these
molecular markers. Alternatively, using prescreened subpanels of the 8,000 CpG island clones,
DMH may also lend itself to the translational arena for large-scale validation studies using
specialized microarrays.

DNA methylation is reversible where demethylating agents are available for use in syner-
gism with chemotherapy. Indeed, translational cancer research is dynamically positioned now
for new strategies in therapeutics.”” Along with several established assays that are highly sensi-
tive for detecting DNA methylation at defined CpG dinucleotides, epigenomic-based research
at the level of large-scale analyses such as the ones described here is possible for routine diagno-
sis of cancer.
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CHAPTER 9

Methylation Analysis in Cancer:
(Epi)Genomic Fast Track from Discovery
to Clinical Routine

Carolina Haefliger, Sabine Maier and Alexander Olek

Abstract

berrant DNA methylation is an early and common event in human cancers. Methylation
Aacts as an epigenetic regulator of gene expression and is involved in cancer development

as well as resistance to drug treatments. Specific methylation patterns have been shown
for different cancer types and there is evidence that methylation can be used as a diagnostic
tool. Several methods have been developed to study methylation on a genome wide basis.
However they are labor intensive and can assess only a limited number of tissues at a time
preventing the assessment of these genes in larger populations. Methylation microarrays now
offer the possibility to validate these candidate genes statistically filling the gap between ge-
nome wide discovery methods and single gene assays which could be adjusted to routine clini-
cal use. Here we show how all these methods can be combined to broaden our knowledge
regarding DNA methylation and transform some of this information into powerful diagnostic
tests.

DNA Methylation and Carcinogenesis

Mammalian cells have the capacity to epigenetically modify their genomes by the addition
of a 5’methyl group to cytosines within the context of CpG dinucleotides.! This form of
methylation has a nonrandom distribution throughout the genome. The CpGs occur in clus-
ters, called CpG islands, in the 5” promoter region of genes and the vast majority of the ge-
nome remains CpG dinucleotide poor.” These islands can also be located in the first exon or in
regions towards the 3’end of the genes.> CpG islands are unmethylated in the germline and in
most somatic tissues. Correlation between DNA methylation and gene expression has been
known for more than 20 years, although the exact mechanisms of how this happens are still
unclear.* Many of the proteins involved in gene expression, promoter methylation, histone
acetylation and chromatin structure have been shown to interact with each other (details in
refs. 5-7).

Methylation changes contribute to carcinogenesis by several mechanisms. First, aberrant
DNA methylation patterns have been clearly correlated to repression or overexpression of sev-
eral cancer related genes.® Although hypermethylation of promoter regions of specific tumor
suppressor genes is the main alteration, general hypomethylation is a common early feature of
tumors, and correlates with an increased expression of several oncogenes.”'® Second, methy-
lated CpGs are hot spots for mutations and can contribute to up to 30% of all point mutations
in the germ line.!! The increase in the mutation rate may be due to several factors including the
differential repair efficiency of deamination of methylcytosines (that results in thymines) and
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cytosines (that form uracils), the first error being more difficult to detect.'? Other factors that
can play a role are the rate of spontaneous deamination of 5 methylcytosines and the rate of cell
division. >4 Other ways to contribute to carcinogenesis may be alterations in the methylation
machinery although this has not yet been shown to be linked to tumorigenesis.!> Moreover an
enhanced inactivation, via promoter hypermethylation, of certain tumor suppressor genes, in
relationship with environmental carcinogens such as smoking and LUV has been demonstrated
in several publications.!®!’

During carcinogenesis, de novo methylation of certain genes has been widely demonstrated.®
The exact mechanisms responsible for de novo methylation are not known. There is evidence
that the abnormal methylation of individual CpG islands may reflect a widespread loss of
protection against methylation.!® DNA methyltransferases, such as DMNT3b, may be re-
sponsible of this de novo methylation and, together with DNMT1, cooperatively maintain
methylation in cancer cells, as shown by Rhee et al.'® CpG islands located in exons are more
susceptible to de novo hypermethylation than promoter regions and they may be the first to
hypermethylate and, from there methylation spreads to promoter regions. These cells would
then acquire a growth advantage, via the sgpread of methylation and promoter inactivation, that
may contribute to cancer development.'

Methylation Profile in Human Cancer

The systematic detection of methylation patterns is a powerful tool for human cancer pro-
filing as studies of colon, breast, lung and several other tumor types have shown.? In this essay,
colorectal and prostate cancer are taken as examples to show the implications of methylation in
tumorigenesis.

With regard to sporadic colorectal cancer (CRC) development, Toyota et al describe a
distinct pathway, termed CpG island methylator phenotype (CIMP).?! They identified two
types of methylation in colonic cells. Type A methylation is age-related, tissue specific and
not cancer-related. The other phenotype, type C, is cancer specific and associated with tran-
scriptional silencing of tumor suppressor genes such as p/6 and AMLHI (from the mismatch
repair family) and is related to higher microsatellite instability (MSI high). They suggest that
CIMP may have profound pathophysiological consequences in cancer development through
the inactivation of tumor suppressor genes, metastasis supressor genes and angiogenesis in-
hibitors and that this defect could be due to a loss of protection against methylation. Further
studies showed that methylation of the proximal region of AMLHI promoter, but not of the
distal one, correlated with lack of expression and high MSI.?? Furthermore, aberrant methy-
lation of the p16 gene is associated with higher grades of Dukes classification and may be a
marker for poor prognosis. These markers can be detected in the serum of patients using
highly sensitive detection methods.?*?¢

Differences in gene expression, and in the extent of CpG island methylation, enable the
differentiation between MSI high hereditary and sporadic CRCs as well as between adenomas
with different predisposition to develop invasive carcinoma.>2¢ Taken collectively, these char-
acteristic differences in the type and extent of hypermethylation may show diverging develop-
mental pathways and could become useful markers of category and progtession.

Several specific genetic alterations have been identified in prostate cancer, including ras
oncogene activation and inactivation of tumor suppressor genes as p53, Rb and CDKN2a.
However, mutations in these genes ate rare or are a late event in carcinogenesis such as PTEN
inactivation .”"20On the other hand, promoter hypermethylation of GSTPI gene seems to
be one of the most frequent alterations in prostate carcinogenesis.”>>® This gene belongs to
the GTS family of enzymes that catalyze intracellular detoxification reactions by congugating
glutathione with electrophilic compounds such as carcinogens and exogenous drugs.”’ GSTPI
acts as a tumor suppressor gene as the loss of its expression leads to increased susceptibility of
prostatic cells to the carcinogenic effects of these substances. Methylation of this gene is
associated with loss of expression in the majority of prostate cancers and also in prostatic
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intraepithelial neoplasia (PIN) but not in normal tissue or in benign prostatic hyperplasia
(BPH), suggesting that it is an early event in the development of malignancy.?>** The detec-
tion of GSTPI methylation changes in several body fluids such as plasma, serum, urine wich
or without previous prostatic massage, biopsy washings and ejaculate could provide an alter-
native to the currently used PSA (Prostatic Specific Antigen) assay for early detection.>*36

Technological Approaches for DNA Methylation Study:
High Throughput Analysis

During the past decade, several technological approaches have been developed to enable
different aspects of methylation analysis.

Genome Wide Screening

To screen for novel CpG islands throughout the whole genome several discovery techniques
are available. All are based on methylation-specific restriction enzymes that cut only if the
sequence is not methylated. Different methods are applied to identify differentially methylated
sites, as Restriction Landmark Genomic Scanning (RLGS), which allows the simultaneous
assessment of the methylation status and copy number of several thousand CpG islands.””*8
This method enables the elucidation of different and characteristic methylation patterns within
and between tumor types and the estimation of the overall influence of CpG island methyla-
tion on the cancer cell genome.?**® Other methods include Methylation-Sensitive Arbitrarily
Primed PCR (AP-PCR), Methylated CpG island amplification (MCA) and differential methy-
lation hybridization (DMH).**> Although these techniques are all very important for the
discovery of novel differentially methylated sites, the CpG sites identified with each of them is
limited by the recognition sites of the restriction enzyme used. Except DMH, they are all
difficult to automatize.

These discovery technologies are a first, unbiased approach to methylation in cancer and
identify large number of candidate genes. These will include novel genes, other genes whose
correlation with cancer has only been identified in a limited number of publications and also
those with a well characterized methylation status. As the number of samples assessed by dis-
covery methods is low, these genes frequently contain coincidental findings which need to be
separated from the relevant ones by analysis of larger population.

Chip Technology

In order to approach studies with higher number of samples to assess the methylation status
of many genes in parallel a high through put approach is required. The aim of chip studies is to
filter the hundreds of genes identified with Genome wide screening, in order to identify the
subset of genes whose correlation to a particular cancer is statistically significant.

We have recently shown that a microarray-based approach is a 4powerful tool to analyze
hundreds of CpG sites in a large number of samples in parallel.* In order to distinguish
methylated from unmethylated cytosines by a hybridization procedure, total DNA from the
samples of interest are first treated with bisulphite. This procedure converts all the
unmethylated cytosines to uracils whereas methylated cytosines remain unconverted.’Regions
of interest are then amplified by PCR using fluorescently labeled primers. In the amplified
nucleic acids the originally unmethylated CpG dinucleotides are converted to TG dinucle-
otides and the methylated ones are conserved. The PCR primers are designed complemen-
tary to regions which do not contain CpGs. Hence, in one reaction methylated and
unmethylated genes are amplified without bias. All PCR products of each individual sample
are combined and hybridized to glass slides. The slides have a pair of oligonucleotides for the
analysis of each CpG site in question immobilized to the surface in the form of a microarray.
The detection oligonucleotides are designed to hybridize specifically to the sequence sur-
rounding the originally methylated or unmethylated CpG of interest (Fig. 1). Hybridization
conditions are selected to allow detection of a single nucleotide difference between TG and
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Figure 1.Microarray slide containing oligonucleotides for the methylated and unmethylated
CpGs. Hybridization with sample DNA.

CQG variants. Then, the ratio between the two signals is calculated based on the comparison
of intensity of the fluorescent signals. The degree of methylation of a single position can be
quantified by internal calibration of the microarray.

The data of the microarray hybridization is then analyzed by complex statistical tools such
as support vector machines (SVM). First all CpGs are ranked for a given separation task by the
significance of the difference between the two class means (e.g., between normal and neoplastic
tissue). The significance of each CpG is estimated by a two sample t-test and the SVM is then
trained upon the most significant CpG positions.*® The optimal number of CpGs to distin-
guish between two particular classes depends on the complexity of the separation task; a proper
feature selection improves the class prediction and provides useful information about the com-
plexity of the problem.

Combination of microarray technology and bioinformatics analysis is highly effective in
predicting known and discovering novel tumor classes, as established by Adorjan et al, 2002
in several different tissues. In this study we analyzed normal and neoplastic tissue from pros-
tate and kidney, as well as T and B cells from normal and T-ALL and B-ALL (Acute Lym-
phocytic Leukemia) patients. Classification results are comparable to mRNA techniques re-
garding accuracy, safety and reproducibility. Advantages include the possibility of screening
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Figure 2. Above: Methylation patterns in kidney carcinoma and controls and benign prostate
hyperplasia and prostate carcinoma as the log ratio of the CG and TG signal intensities. Red
represents hypermethylation and green hypomethylation; columns are individual samples and
rows are single CpGs. The most significant CpGs for differential diagnosis are shown in these
graphics. Below: Class prediction of the same samples. SVM wete trained with the most signifi-
cant CpGs for discrimination of the two classes. Circled points are the supported vectors that
deﬁnecf the line between both class areas (green for normal or BPH and blue for cancer).
Modified from Nuc Aid Res 2002, Vol 30, No 30 e21.

large populations and paraffin embedded samples; applications currently not suitable for
mRNA analysis due to its relative instability in comparison with DNA. Moreover, mRNA
expression profiling signal intensities are dependent on the absolute and relative amounts of
different RNA species therefor comparison between independent samples is difficult. In con-
trast, in the methylation microarray approach the CT:CG ratio is used as an internal calibra-
tion, hence the amount of probe does not influence results.” (Fig. 2).

Compared to methylation-sensitive restriction enzyme based technologies, microarrays are
less labor intensive, they can be easily automated and do not have the limitarion of methylation
sensitive restriction sites or the occurrence of false positives due to incomplete digestion. Also
many samples can be analyze in parallel and less DNA is required.* By employing automatiza-
tion, assessment of the methylation patterns of different cancer types will become a powerful
tool for diagnostic and prognostic purposes in greater populations.
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Sensitive Detection

Cancer patients have elevated amounts of free DNA in serum and other body fluids. These
DNA is thought to be released from apoptotic or dead cancer cells. We and others have shown
that aberrant methylation patterns in the tumor can be detected in several body fluids includ-
ing serum, plasma, urine, ejaculate and in secretions such as sputum. In order to detect these
methylation markers in small amounts of DNA, assays such as Methylation-specific PCR (MSP)
have been developed which has been successful, for example, in screening of the GPST gene in
prostaglei cancer patients and for the MGMT gene in sputum of squamous cell carcinoma pa-
tients.”™

A second generation of sensitive detection methods includes MethyLight, which combines
MSP with fluorescent-based real-time PCR (TagMan technology).This high throughpur assay
is highly specific, sensitive and reproducible and has several applications. These include, rapid
screening for methylation state of a particular locus and determination of the relative preva-
lence of a specific DNA methylation pattern.*” More recently, we have developed a third gen-
eration of sensitive assays with technological modifications, called HeavyMethyl.*?

These methods can be useful as the validation step for markets, obtained by chip analysis, in
large populations and will, in the near future, provide the platform for quick, simple assays for
routine screening purposes.

Future Perspectives

DNA methylation patterns, although known for more than two decades, were neglected as
there were no suitable technologies for their analysis. With the development of methylation
microarrays, large number of samples can be analyzed making this technology useful for clini-
cal and research applications.

Methylation can be used as a discovery tool in oncology to detect genes that cannot be
found with other methods, e.g., genes with gradual expression alteration or those difficult to
detect with expression analysis. Arrays can also be useful to select the best methylation markers
of a specific tumor type. Then these markers can be transferred to a sensitive detection plat-
form for screening of larger populations.

Moreover microarrays can be designed in such a way that they target genes from specific
pathways that could be involved in drug response modulation. With these panels one would be
able to identify markers of response or resistance to a drug in retrospective sample collections
or during clinical trials.

References

1. Bird A. The essentials of DNA methylation. Cell 1992; 70:5-8.

2. Cooper DN, Krawczak M. Cytosine methylation and the fate of CpG dinucleotides in vertebrate
genomes. Hum Gener 1989; 83:181-188.

3. Larsen F, Gundersen G, Lopez R et al. CpG islands as gene markers in the human genome.
Genomics 1992; 13:1095-1107.

4. Taylor SM, Jones PA. Multiple new phenotypes induced in 10T1/2 and 3T3 cells treated with
5-azacytidine. Cell 1979; 17:771-779.

S. Yievin A, Razin A. Gene methylation patterns and expression. In: Jost JP, Saluz HP, eds. DNA
methylation: Molecular and Biological Significance. Basel: Birkhauser Verlag, 1993:523-568.

6. Nguyen CT, Gonzales FA, Jones PA et al. Altered chromatin structure associated with methyla-
tion-induced gene silencing in cancer cells: correlation of accessibility, methylation, MeCP2 bind-
ing and acetylation. Nuc Acids Res 2001; 29(22):4598-4606.

7. Jones P, Veentra GJ, Wade PA et al. Methylated DNA and MePC2 recruit histone deacetylase to
repress transcription. Nature Genet 1998:19:187-191.

8. Jones PA. DNA methylation errors and cancer. Cancer Res 1996; 56:2463-2467.

9. Feinberg AP, Vogelstein B. Hypomethylation distinguishes genes of some human cancers from
their normal counterparts. Nature 1983; 301:8:9-92.

10. Jones PA, Laird PW. Cancer epigenetics comes of age. Nature Genet 1999; 21:163-167.
11. Cooper DN, Youssoufian H. The CpG dinucleotide and human genetic disease. Hum Genet 1988;
78:1:51-155.



Methylation Analysis in Cancer 123

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22,

23,

24

26.

27.

28.

29.

30.

31.

32.

33.
34,
35.

36.

37.
38.

39.

Jiricny J. Mismatch repair and cancer. Cancer Surveys: Genetic instability in Cancer. Imperial
Cancer Research Fund 1996; 28:47-68.

Shen JC, Rideout WM, Jones PA. The rate of hydrolitic deamination of 5-methylcytosine in double
stranded DNA. Nucleic Acids Res 1994; 22:9:72-976.

Lieb M, Rehmat S. 5-methylcytosine is not a mutagen hot spot in non dividing Escherichia Coli.
Proc Natl Acad Sci USA 1997; 94:940-945.

Shen JC, Rideout WM, Jones PA. High frequency mutagenesis by a DNA methyltransferase. Cell
1992; 71:1073-1080.

Soria J-C, Rodriguez M, Liu DD et al. Aberrant promoter methylation of multiple genes in bron-
chial brush samples form former cigarette smokers. Cancer Res 2002; 62:351-355.

Tommasi S, Denissenko MF, Pfeifer GP. Sunlight induces pyrimdine dimers preferentially at
5-methylcytosine bases. Cancer Res 1997; 57:4727-4730.

Rhee I, Bachman KE, Park BH et al. DNMT1 and DNMT3b cooperate to silence genes in hu-
man cancer cells. Nature 2002; 416:552-556.

Nguyen C, Liang G, Nguyen TT et al. Susceptibility of non promoter CpG islands to de novo
methylation in normal and ncoplastic cells. ] Nat Cancer Inst 2001; 93(19):1465-1472.

Esteller M, corn PG, Baylin SB et al. A gene hypermethylation profile of human cancer. Cancer
Res 2001; 61:3225-3229.

Toyota M, Ahuja N, Ohe-Toyota M et al. CpG island methylator phenotype in colorectal cancer.
Proc Natl Acad Sci USA 1999; 96:8681-8686.

Deng G, Peng E, Gum ] et al. Methylation of hMLH1 promoter correlates with silencing with a
region-specific manner in colorectal cancer. Br ] Cancer 2002; 86(4):574-579.

Yi J, Wang ZW, Cang H et al. P16 gene methylation in colorectal cancers associated with Duke’s
staging. World J Gastroenterol 2001; 7(5):722-725.

. Zou HZ, Yu BM, Wang ZW et al. Clin Cancer Res 2002; 8(1):188-191.
25.

Yamamoto H Min Y, Itoh F, Imsumran A et al. Differential involvement of the hypermethylator
phenotype in hereditary and sporadic colorectal cancers with high frequency microsatellite instabil-
ity. Genes Chromosomes Cancer 2002; 33(3):322-325.

Rashid A, Shen L, Morris JS et al. CpG island methylation in colorectal adenomas. Am J Pathol
2001; 159 (3):1129-1135.

Isaacs WB, Isaacs JT. Molecular genetics of prostate cancer progression. In: Ravanagh D, Liebel
SA, Schar HI, Lange P, eds. Principles and practice of genotourinary oncology. Philadelphia, New
York: Lippincoti-Raven Publishers, 1996:403-408.

Cairns P, Okami K, Halachmi § et al. Frequent inactivation of PTEN/MMACI in primary pros-
tate cancer. Cancer Res 1997; 57:4997-5000.

Lee WH, Isaacs WB, Bova GS et al. CG island methylation changes near the GSTP1 gene in
prostatic carcinoma cells detected using the polymerase chain reaction: a new prostate biomarker.
Cancer Epidemiol Biomark Prev 1997; 6:443-450.

Millar DS, Ow KK, Paul CL et al. Detailed methylation analysis of the glutathione S-transferase
(GSTP1) gene in prostate cancer. Oncogene 1999; 18:1313-1324.

Mannrvik B, Alin P, Guthenberg G et al. Identification of three classes of cytosolic glutathione
transferase common to several mammalian species: correlation between structural data and enzy-
matic properties. Proc Natl Acad Sci USA 1985; 82:7202-7206.

Lee WH, Morton RA, Epstein JI et al. Cytidine methylation of regulatory sequences near the
ni-class glutathione S-transferase gene accompanies human prostatic carcinogenesis. Proct Natl Acad
Sci USA 1994; 91:11733-11737.

Brooks JD, Weinstein M, Lin X et al. CG island methylation changes near the GSTP1 gene in
prostatic intraepithelial neoplasia. Cancer Epidemiol Biomark Prev 1998; 7:531-536.

Goessl C, Krause H, Miiller M et al. Fluorescent Methylation-Specific Polymerase Chain Reaction
for DNA-based detection of prostate cancer in bodily fluids. Cancer Res 2000; 60:5941-5945.
Goessl C, Miiller M, Heicappell R et al. Methylation-specific PCR for detection of necoplastic
DNA in biopsy washing. ] Pathol 2002; 196(3):331-334.

Chu DC, Chuang CK, Fu JB et al. The use of real time quantitative polymerase chain reaction to
detect hypermethylation of the CpG islands in the promoter region flanking the GSTP1 gene to
diagnose prostate cancer. ] Urol 2002; 167(4):1854-1858.

Hatada I, Hayashizaka Y, Hirotsune S et al. A genomic scanning method for higher organisms
using restriction sites as landmarks. Proc Natl Acad Sci USA 1991; 88:9523-9527.

Hayashizaki Y, Shibata H, Hirotsune S et al. Identification of an imprinted U2af binding protein
related sequence on mouse chromosome 11 using the RLGS method. Nat Genet 1994; 6:33-40.
Costello JF, Friihwald MC, Smiraglia DJ et al. Aberrant Cpl-island methylation has nonrandom
and tumor-type specific patterns. Nat Genet 2000; 25:132-138.



124

DNA Methylation and Cancer Therapy

40

41.

42.

43,
44.
45.
46.
47.
48.
49.

50.

. Kuick T, Asakawa ], Neel J et al. High yield of restriction fragment length polymorphisms in
two-dimensional separation of human genomic DNA. Genomics 1995; 13:1095-1107.

Huang THM, Perry M, Laux D. Methylation profiling of CpG islands in human breast cancer
cells. Hum Mol Genet 1999; 8(3):459-470.

Gonzalgo ML, Liang G, Spruck III CH et al. Identification and characterization of differentially
methylated regions of genomic DNA by methylation-sensitive arbitrarily primed PCR. Cancer Res
1999; 57:594-599.

Toyota M, Coty H, Ahuja N et al. Identification of differentially methylated sequences in colorectal
cancer by methylated Cpl island amplification. Cancer Res 1999; 59:2307-2312.

Adorjan P, Distler J, Lipscher E et al. Tumour class prediction and discovery by microarray-based
DNA methylation analysis. Nuc Acids Res 2002; 30(5)e21.

Frommer M, Mc Donald LE, Millar DS et al. A genomic sequencing protocol that yields a posi-
tive display of 5-methylcytosine residues in individual DNA strands. Proc Natl Acad Sci USA
1992; 89:1827-1831.

Mendenhall W, Sincich T. Statistics for Engeneering and the Sciences NJ: Prentice Hall, 1995.
Lipshutz R], Fodor S PA, Gingeras TR et al. High density synthetic oligonucleotide arrays. Nature
Genet 1999; 21(suppl):25-32.

Palmisano W, Divine KK, Saccomanno G et al. Predicting Lung Cancer by detecting aberrant
promoter methylation in sputum. Cancer Res 2000; 60:5954-5958.

Eads CA, Danenberg KD, Kawakami K et al. Methylight: a high-throughput assay to measure
DNA methylation. Nuc Acid Res 2000; 28(8):e32.

Cotrell SE, Distler ], Goodman NS et al. unpublished data.



CHAPTER 10

Regulation of DNA Methyltransferases
in Cancer
Nancy Detich and Moshe Szyf

Abstract
’ I Yhe DNA methyltransferases (DNMTs) are critical proteins involved in establishing
proper control of epigenetic information. They are responsible for maintaining the
cell’s methylation pattern, as well for transcriptional repression through both methylation
dependent and independent mechanisms. It is therefore fitting that the cell has evolved a num-
ber of layers of regulation to manage the appropriate expression of the DNMTs. While tran-
scriptional control is the major player in regulation of DNMT1 by signaling pathways, post-
transcriptional mechanisms appear to be critical for regulation during cell cycle progression and
differentiation. In addition, regulatory interactions between DNMT'1 and proteins involved in
replication and cell cycle progression, as well as between all three DNMTs, have recently been
elucidated. This review will discuss cellular processes in which these various mechanisms are
involved, and provide suggestions as to how misregulation at these levels might lead to the
development of certain pathologies.

Introduction

DNA methylation is carried out by DNA methyltransferase (DNMT) enzymes, which cata-
lyze the transfer of a methyl group from S-adenosyl-methionine (AdoMet) onto the 5' position
of the cytosine ring! The products of the reaction are S-adenosyl-homocysteine (AdoCys) and
methylated DNA. DNMT1 was the first DNA methyltransferase to be cloned from verte-
brates,” and has been extensively studied for many years. It is believed to be the enzyme respon-
sible for replicating the DNA methylation pattern during cell division due to its preference for
hemi-methylated DNA? and as demonstrated by mouse knockout experiments.® The roles of
DNMT1 in DNA replication’ and cellular transformation'® are also well documented.

During development new patterns of methylation are laid out, and must be cartalyzed by
enzymes that are not guided by the methylation of the parental stand. DNMT3a and DNMT?3b
are believed to be partly responsible for de novo methylation during embryogenesis, as well as
de novo methylation of proviral sequences.'’'> They have been termed the de novo
methyltransferases since they show no preference for hemi- versus non- methylated DNA in
vitro.'”> However DNMT3a and 3b cannot explain all the de novo methylation occurring
during embryogenesis since dnmt3a-/- and dnmt3b-/- are not completely devoid of methylation.
DNMT3a and 3b are probably involved in methylation of specific satellite sequences. The rest
of de novo DNA methylation must be carried out by either DNMT1 or other DNA
methyltransferases that have not yet been identified. Although the DNMT2 and DNMT3L
proteins do not possess any meth?'ltransfcrase activity, DNMT3L may be involved in establishing
maternal methylation imprints.
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However this simple division of DNA methyltransferase activities into maintenance methy-
lation, which is dictated by the methylation pattern of the template and replicates the DNA
methylation pattern during cell division, and de novo methylation, which generates new me-
thylation patterns, might not be accurate. Studies illustrate that the difference between mainte-
nance and de novo DNMTs is blurred in some instances. Recent findings also uncover a func-
tional cooperation between DNMT1 and the DNMT 3 family members,'%!>1¢ which may
also involve physical interactions, as will be discussed below. Overexpression of DNMTT1 can
lead to de novo methylation!”!® and recent studies suggest that DNMT3a and DNMT3b are
required for maintenance methylation of repetitive sequences.'? Thus the maintenance of DNA
methylation patterns in living cells must involve other mechanisms in addition to the bio-
chemical property of substrate discrimination, which was identified in vitro. A number of data
suggest that chromatin structure plays an important role in targeting DNA methyltransferases
and demethylase. Thus, it was proposed that maintenance and de novo methylation have to be
understood within the context of chromatin.'” Chromatin structure rather than the DNA
methylation pattern of the template might be responsible for guiding both maintenance and de
novo DNA methylation.!? Active chromatin enhances accessibility of demethylases,”?! whereas
inactive chromatin, or proteins associated with inactive chromatin such as histone deacetylases
(HDACs)?* and K9-methyltransferases, might either recruit or control DNA methylation®
(see further discussion in the chapter by Szyf et al, in this book).

In addition to their role as methylating enzymes, DNMTs have also been shown to regulate
gene expression through their interaction with other chromatin modulating proteins, such as
MeCP2 and HDACs.?*% It was therefore proposed that DNMT silence genes through their
protein-protein interactions by recruiting factors that modify and inactivate chromatin. In
accordance, DNMT1 was shown to repress the expression of tumor suppressor genes by mecha-
nisms that do not involve DNA methylation of the gene.!%?

Since maintaining the integrity of the epigenome is critical for maintaining the proper gene
expression profile of cells and the entire organism, it stands to reason that multiple mechanisms
have evolved to coordinate the replication of the genetic and epigenetic information,!*?"-%?
DNMT1 is present in the replication fork and is associated with the replication fork protein
PCNA,* replication and DNA methylation occur concurrently,? initiation of DNA replica-
tion requires the presence of DNMT1,” and knockdown of DNMTT activates a checkpoint
that triggers an intra S phase arrest of DNA replication.” Another important route of guarding
the integrity of the epigenome is by maintaining the correct levels and activity of the DNMTs
during different cellular events such as cell cycle progression and differentiation. The following
sections will describe various examples of transcriptional, posttranscriptional, and protein in-
teractions involved in regulating the expression and activity of the DNMTs.

Transcriptional Regulation of DNMTs

Several years ago, an analysis of the DNMT gene was performed by Bigey et al. This study
demonstrated that DNM T contains four transcription start sites, each regulated by independent,
TATA-less, promoter and enhancer elements.3? The first promoter lies in a CpG island 5 to the
first exon, possesses the highest basal activity, and can be repressed by the retinoblastoma protein
Rb. In contrast, the three downstream promoters, which are located 5’ to the second, third and
fourth exons, are within CpG poor regions and have a low basal activity, but can be induced by the
transcription factor C-JUN. In addition, three enhancer elements were identified, and were found
to be either dependent or induced on the ectopic expression of C-JUN.3? These enhancers may
thus be able to activate transcription from all four promoters. The biological significance of these
AP-1 recognition regulatory elements will be discussed in further detail below.

Recently, the promoters of DNMT 34 and 3b have also been characterized,® and were
found to bear a striking resemblance in structure to that of DNMT1 (Fig. 1). This study deter-
mined that DNMT3a is composed of at least four transcription start sites controlled by three
different promoters. Two of these promoters contain CpG islands, and all three of them lack
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(A) DNMT1

Rb

Figure. 1. DNMT promoter structure and regulation. Schematic diagrams of the DNMT1 (A) DNMT3A
(B) and DNMT3B (C) genes are shown. Boxes (numbered above) designate exons and horizontal arrows
indicate transcription initiation sites. DNMT1 promoter boundaries (P1-P4) and enhancers (horizontal
ovals) are shown. An open bracket denotes CpG rich regions. Potential binding sites for AP-1 (diamonds)
and Fli-1 (vertical ovals) are also indicated. The different regulatory pathways that are postulated to regulate
the DNMT1and DNMT3B genes are noted above and below the map of the gene. A vertical arrow specifies
gene activation, while repression is indicated by a blunted line. It must be noted that the upregulation by
Rb+Jun was only found to occur with the mouse dnmzI in P19 cells.

TATA sequences. The DNMT3b gene possesses at least two start sites that are controlled by
different TATA-less promoters, one of which also contains a CpG rich region. All the DNM T34
and 36 promoters also contain AP-1 sites, although regulation by these sites was not examined.
However, it was shown that many binding sites for the transcription factor Spl are located
within the DNMT3b upstream promoter, and progressive deletion of these sites results in a
corresponding decrease in promoter activity.> Interestingly, the upstream CpG rich promoter
of the mouse dnmtl gene was also found to contain an element that is required for dnmz!
expression and is activated by both Sp1 and Sp3.34

The promoter similarities between the three DNMTs suggest that similar cellular signals
might coordinately regulate the three enzymes through transcription. It is tempting to speculate
that the regulatory mechanisms described below, which have only been shown for DNMT1,
may play a role in the regulation of DNM T34 and 36 as well.

Regulation by the RAS Signaling Pathway

As was mentioned above, the DNMTI promoters and enhancers contain multiple AP-1
regulatory elements. These elements can promote transcription upon the binding of dimeric
complexes of the FOS and JUN oncoproteins, both of which are activated by the mitogenic
RAS signaling pathway. The initial molecular link berween DNMTT1 and oncogenic signaling
was the discovery that the protooncogenic RAS signaling pathway regulates DNMT1.3%35:36 1¢
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was first demonstrated that the murine dnmzl promoter is induced by JUN or Ha-RAS but
not by a dominant negative mutant of JUN in P19 cells.” The human DNMT1 promoter is
similarly induced by the RAS signaling pathway.®? In addition, over expression of Ha-ras in
P19 cells induced transcription and steady state levels of endogenous @nmzl mRNA.> It was
then shown that the levels of cellular dnmt! mRNA could be reduced by downregulating the
RAS signaling pathway by ectopic expression of either a human GAP or a dominant negative
C-JUN in Y1 cells.?® This reduction was accompanied by a reversion of the transformed mor-
phology of Y1 cells. If Ha-RAS was then introduced into the GAP transfectants, DNMT1
levels increased and cells regained a transformed phenotype.>® These data demonstrating that
dnmtl is downstream to the AP-1 signaling pathway is further supported by a study showing
that dnmt 1 is one of the genes induced by forced expression of c-fos, and that inhibition of
dnmt1 by antisense expression reverses cellular transformation induced by ¢-fos.” Since it has
been shown that overexpression of DNMT1 can lead to hypermethylation,?®?° the
hypermethylation observed in certain cancer cells with RAS mutations may be a result of in-
creased DNMT1 levels. This data is consistent with fact that tumor suppressor hygcrmethylation
is correlated with activating mutations of RAS in some human colon tumors, 4!

DNMT]1 regulation by the RAS pathway has also been found to occur in human lymphoid
(T) cells. This was initially demonstrated by the finding that mitogenic T-cell stimulation
increases DNMT1 mRNA and enzyme activity.*? Overexpression of Ha-RAS in T-cells was
then found to increase DNMTT levels, while inhibiting signaling through the RAS-MAPK
pathway decreases DNMT1.% Interestingly, it has been shown that inhibiting T-cell DNMT1
leads to a lupus-like disease by altering DNA methylation and gene expression,*%> and T cells
from patients with lupus possess reduced DNMT1 enzyme activity, hypomethylated DNA
and modified gene expression.®® It is therefore consistent with our hypothesis to learn that
signaling through the RAS pathway was reduced in these patients.?” Taken together, these data
indicate that misregulation of DNMT1 by the RAS pathway may lead to cellular transforma-
tion, lupus-like conditions, and perhaps other as of yet unknown pathogenic states.

APC-TCF Pathway

Another possible link between DNMT1 and critical cellular control pathways is the
APC-B-CATENIN-TCF pathway. 8> When B-CATENIN associates with nuclear TCF fac-
tors, they form a transcriptional activator. The tumor-suppressor protein APC, which binds to
B-CATENIN and causes its destruction, negatively regulates this factor. The APC (adenomatus
polyposis coli) gene is mutated in many cases of familial colon cancer. In APC-deficient colon
carcinoma cells, B-catenin accumulates and is constitutively complexed with TCE resulting in
transcriptional activation of TCF protooncogenic target genes such as C-MYC.>! In addition,
Min mice bearing a mutation in the mouse homologue of the APC gene spontaneously develop
colonic adenomatous polyps.>> However, when Min mice are genetically crossed with het-
erozygous dnmt1 knockouts, they show a reduction in polyp formation,*? suggesting that dnmz!
is a downstream target of APC signaling.

Support for the link between APC and DNMTT has recently been demonstrated.®® It was
found that ectopic expression of the wild type APC in HT-29 Apc-/- colon carcinoma cells
resulted in down regulation of both a DNMT promoter driven reporter construct, as well as the
endogenous DNMT1 mRNA This was further confirmed though the use of a dominant negative
mutant of TCE, which was also found to suppress the DNMT7 mRNA. These results suggest that
a mutated APC protein, through its inability to degrade B-CATENIN, leads to a TCF dependent
transcriptional upregulation of DNMT1. The causal role of DNMT1 in transformation in this
system was also demonstrated by the finding that DNMT1 knockdown by antisense treatment
resulted in the inhibition of anchorage independent growth of HT-29 cells.’®> Although the
DNMT1 promoter does not contain any consensus TCF binding sites, it is possible that TCF
cither binds non-consensus sites, or that it functions through an intermediary transcription fac-
tor. Further studies are required to determine the exact mechanism involved.
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Feedback Regulation

Since DNMTT is critical for so many cellular events, it is not surprising to learn that cells
have developed a feedback mechanism that is dependent on methylation levels.

Several pieces of evidence are in support of this: Rats subjected to methionine deficient,
hypomethylation inducing, diets exhibit increased DNMTT1 activity in the liver,”* and com-
petitive inhibition of DNMT1 in T-cells increases DNM T1 mRNA and activity.? In addition,
inhibition of DNMT1 by 5-aza-2’-deoxycytidine (5-aza-CdR) in P19 cells also leads to its
induction.”® In this latter study, it was demonstrated that the AP-1 element upstream to the
third exon of dnmtl is heavily methylated in P19 cells, but becomes demethylated upon
5-aza-CdR treatment. Furthermore, a CpG region upstream the AP-1 element was shown to
attract a different set of binding factors depending on its methylation status. It has therefore
been proposed that demethylation of this CpG region by inhibition or lack of DNMT] leads
to the formation of different protein-DNA complexes, which in turn allows AP-1 binding,
thus increasing dnmt1 expression.”® The involvement of AP-1 in feedback regulation of the
DNMT1I promoter by methylation was also shown by another study in T cells, where it was
found that treatment with a DNA methylation inhibitor increases transcription regulated by a
putative DNMT1 promoter and that this process requires AP-1 sites.®®

In summary, the above examples illustrate that transcriptional regulation of DNMTT is a
response to a critical signaling pathways, as well as to its own methylation state, and involves
multiple elements within its promoter (Fig. 1).

Differential Regulation of the DNMTs during Cell Growth

Deregulated expression of DNM T was previously suggested to play a causal role in cellular
transformation.>®>” Several lines of evidence are in accordance with this hypothesis, such as the
presence of elevated levels of DNMT1 mRNA in tumors and cancer cell lines.”®? and the fact
that ectopic expression of DNMTT results in cellular transformation.’®*® The question of
whether DNMT1 expression is induced in tumor cells, or whether the increase in DNMT1
merely reflects the increase in DNA synthesis activity, has been previously raised.®! To resolve
these contradictory hypotheses, we have previously proposed that the increase in DNMT1
expression is the cause of the increase in DNA synthetic activity.??

“Two mechanisms have been suggested to explain how DNMTT1 influences cellular transfor-
mation. It has been proposed that hi%h levels of DNMT1 can lead to ectopic methylation and
silencing of tumor suppressor genes.®* However, a clear correlation between general DNMT1
overexpression and tumor suppressor hypermethylation has not been established.%* Alterna-
tively, it has been suggested that deregulated expression of DNM T during the cell cycle might
be critical for DNMT1’s effects on cell growth as discussed above.’*?””** In support of the
latter, it has been shown that the coordinated cell cycle regulation of DNMT1 is disrupted in
colorectal cancer cells in vivo,” as well as in estrogen receptor negative breast cancer cells.®

DNA methyltransferase activity is regulated with the cell cycle.”” In 1991, it was demon-
strated that murine dnmt! mRNA is not present in arrested BALB/c 3T3 cells bur is highly
induced at the G1-S boundary. Expression remains high during the S-phase, accompanied by
an increase in enzyme activity, and is then reduced.®® Subsequent runoff transcription experi-
ments demonstrated that dnmz1 is transcribed throughout the cell cycle.% This suggested that
the levels of dnmzl mRNA are regulated with the cell cycle at the posttranscriptional level.

The mechanism involved in this regulation was unraveled many years later, when it was
demonstrated that the 3’ untranslated region (3’UTR) of the dnmz! mRNA plays a role in
regulating its levels with the cell cycle, and that deregulation at this level has an effect on
cellular transformation by DNMT1.% The 3’ UTR of the dnm#I mRNA can confer a growth
dependent mRNA regulation at the posttranscriptional level, and a 54 nucleotide highly con-
served element within the 3'UTR is necessary and sufficient to mediate this regulation. Cell
free mMRNA decay experiments demonstrated that this element increases mRNA turnover rates,
and does so to a greater extent in the presence of extracts prepared from arrested cells. A specific
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RNA-protein complex is formed within the 3UTR only in growth-arrested cells, and UV
crosslinking analysis revealed a 40 kDa protein (p40), whose binding is dramatically increased
in growth arrested cells, and is inversely correlated with dnmt] mRNA levels as cells are in-
duced into the cell cycle.®’ A model emerges where the regulation of DNMT1 with the cell
cycle involves the degradation of the dnmt! mRNA in growth arrested cells, through the inter-
action of p40 with the dnmz7 3’UTR. However, the causal role of p40 has not been determined
as of yet.

Most importantly, while previous findings that ectopic expression of human DNMT1 lack-
ing the 3'UTR can transform NTH-3T3 cells®® were confirmed, inclusion of the 3°UTR pre-
vented transformation.”” These results support the alternative hypothesis stated above, that
deregulated expression of DNMT1 with the cell cycle and not the total amount of DNMT1 is
important for cellular transformation. This can also explain why some studies showed that
DNMTI is not overexpressed in tumors when its expression is normalized to other cell cycle
associated genes.! We propose that ectopic expression of DNMT1 at the wrong phase of the
cell cycle leads to aberrant entry into S phase, which in turn stimulates the expression of other
cell cycle associated genes.

In addition to the posttranscriptional mechanism just described, it appears that DNMT 1
may also be regulated at S phase at the translational and posttranslational levels. It was found
that upon S phase arrest of MEL 11A2 cells (using an aphidicolin block), both an increase in the
synthesis of DNMT1 protein, as well as an increase in protein half-life, takes place.”” The finding
that DNMT1 is controlled during the cell cycle by more than one mechanism further emphasizes
the importance of this regulation, so that DNA replication does not proceed in the absence of
DNMT1 and ensuring that the replicating DNA is properly methylated.

Our data suggests that deregulated expression of DNM T during the cell cycle could cause
cellular transformation. How could ectopic expression of DNMT1 in arrested cells cause trans-
formation?® It is possible that ectopic expression of DNMTI in arrested cells results in de
novo methylation and silencing of a critical tumor suppressor gene. An alternative hypothesis
is that ectopic expression of DNMT1 causes cell transformation by interfering with cell cycle
regulatory circuits through DNMT1 protein-protein interactions. Since DNMT1 forms a com-
plex with Rb and E2F? as well as histone deacetylase 1 and 2227! it can inhibit the expression of
tumor suppressors by a mechanism that does not involve DNA methylation, as has been previ-
ously shown.?® In addition, since DNMT1 has been shown to bind to the replication protein
PCNA at the same site as the cell cycle inhibitor p21, DNMT]1 could displace p21 from
PCNA during the Go/G1 phase and allow replication to occur.® Thus, aberrant expression of
DNMT1 during the Go/G1 phase may override the silencing of tumor suppressors and eliminate
normal arrest signals, leading to the uncontrolled growth that is observed in cancer cells (Fig.
2). It is also possible that both mechanisms, abnormal methylation and the elimination of
growth arrest signals, occur. This is supported by studies in which inhibition of poly (ADP-
ribosyl)ation was found to induce genomic hypermethylation, as well as increase the level of
DNMTT1 specifically at the G1/S border, accompanied by the premature formation of a
DNMT1-PCNA complex.”?

The growth regulation of DNMTs 3a and 3b has not been studied as extensively. It has been
shown that DNMT36 mRNA is also regulated with the cell cycle, and its profile is similar as to
that of dnmtl. The mRNA levels of DNMT3ga, on the other hand, display less of a down
regulation upon cell arrest.”> Whether the DNMT3a and DNMT3b mRNAs are controlled
transcriptionally, or at a posttranscriptional level as for dnmz1, is still unresolved.

Regulation by Viral Infection

It has been shown that the DNA of endogenous and exogenous retroviruses can be highly
methylated in the host genome.”*7® In addition, infected cells can exhibit increased DNA
methylation in other regions of the genome as well.””7® It is therefore not surprising that the
expression of the DNMTs is regulated by certain viruses or viral proteins, both at the transcrip-
tional and posttranscriptional levels.
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Figure 2. A model for the regulation of DNMT1 with the cell cycle. In Go/G1, p40 binds to the dnmz]
3’UTR and destabilizes the mRNA, either directly or by targeting it to mRNA degrading enzymes. This
leads to the production ofa minimal amount of DNMT'1 protein. Both DNMT1 and p21 can bind PCNA,
but since p21 levels are elevated in Go/G1, it competes out DNMT1 for PCNA binding. In addition, Rb
can bind DNMT 1 and prevent it form interacting with any PCNA that is not bound to p21. The end result
is a lack of DNMT1-PCNA complexes, and therefore DNA replication and methylation are inhibited.
During S phase, the absence of p40 results in the stabilization of the dnmt] mRNA, which thus leads to an
increase in DNMTI protein. In this phase, p21 levels are reduced and PCNA levels are increased, so that
now DNMT1 competes out p21 for binding to PCNA. High levels of PCNA also compete out Rb for
binding to DNMT]1. The major complex formed is therefore DNMT1-PCNA, which can then carry out
replication of both the DNA and methylation pattern.

Simian Virus 40 (SV40)

T antigen is a protein product of the SV40 virus that can immortalize primary lines,”
transform immortalized lines.%’ and induce tumors in mice.®! It can also transform primary
cells when expressed together with RAS or its pathway components.®? The transformation
induced by T antigen results, at least in part, from its interaction with the tumor suppressor
Rb.2% Following the observation that two SV40 transformed cell lines displayed increased
DNMT!1 levels,” the regulation of dnmz1 by SV40 T antigen was examined. This study dem-
onstrated that ectopic expression of SV40 T antigen induces dnmzl expression, protein levels,
and global DNA methylation.84 This was found to depend on T antigen’s interaction with Rb,
since a mutated T antigen that is incapable of binding Rb is also unable to induce dnm:l.
Furthermore, inhibiting dnm#] expression by antisense oligonucleotides®® could reverse cellu-
lar transformation by T antigen. These data demonstrate that a viral oncoprotein can upregulate
dnmtl, and that this upregulation plays a causal role in T antigen induced transformation. In
contrast to the transcriptional upregulation of dnmt! by the RAS pathway, T-antigen was
found to influence dnmzl at the posttranscriptional level, by increasing the stability of the
dnmzr] mRNA.3 Although the exact mechanism involved in the T-antigen induced mRNA
stability was not established, the possibility exists that it involves the same components as
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found in the cell cycle regulation of DNMTT1, i.e., the 3'UTR and p40. One possible model is
that Rb, a negative regulator of the cell cycle, acts upstream p40 to downregulate dnmz! in Go/
G1, and thus prevents methylation in the absence of replication. Following entrance into S
phase, or ectopic expression of T-antigen, Rb is inactivated, p40 levels are decreased, and dnmtl
mRNA is stabilized. In the case of T-antigen, its constitutive expression would lead to in-
creased DNMT 1 throughout the cell cycle, thus promoting cellular transformation. Although
this is only speculative, further studies defining the identity of p40 should help to uncover the
precise mechanism involved.

Epstein-Barr Virus (EBV)

Recently, the latent membrane protein 1 (LMP1), which is an oncogenic product of EBV,
was shown to upregulate DNMTs 1, 3a, and 3b.%% EBV is a human herpes virus that has been
implicated in several cancers.3%%” LMP1 is expressed in agproximately 70% of nasopharyngeal
carcinomas, and is also capable of transforming cells.%® In line with its ability to promote
transformation, it was found that LMP1 can induce the mRNA and protein levels, as well as
activity, of DNMT 1, 3a, and 3b, and that this results in hypermethgrlation and downregulation
of E-cadherin, a gene which is often hypermethylated in cancer.®® Because LMP1 has been
shown to induce AP-1 activity, and given that all three of the DNMT promoters contain mul-
tiple AP-1 sites, it was proposed that this is a possible mechanism for LMP activation.®> How-
ever, although a steady state increase in the DNMT mRNA was demonstrated, it was not
determined whether this occurs through increased transcription. As a result, one cannot rule
out the participation of a posttranscriptional mechanism in this regulation.

Human Immunodeficiency Virus Type 1 (HIV-1)

Results from another study demonstrate that DNMT1 regulation is not limited to cancer
promoting viruses. The role of the HIV-1 virus in regulating DNMT1 levels was examined,
and it was found that this virus is able to upregulate DNM7] mRNA and DNMTT1 activity,
and that this is accompanied by an increase overall DNA methylation. Additionally, de novo
methylation of a CpG within the gamma interferon (IFN- y) promoter and its subsequent
downregulation, was also observed ®. Thus, DNMT1 may be involved in the loss of the type
1 immune response (which involves IFN- y) observed in AIDS patients.®>° This study did not
determine the mode, transcriptional or posttranscriptional, by which HIV-1 increases DNMT]
mRNA. Since this investigation was also carried out before the identification of DNMTs 3a
and 3b, it is also not known whether HIV-1 is able to regulate the de novo DNMTs as well.

Cell Differentiation and DNMT1

A number of studies have shown that DNMT is upregulated during cellular differentiation.” *3
dnmt] expression is maintained throughout PC12 neuronal differentiation,® while dnmz1
expression is critical for differentiation, since dnmz! null embryonic stem cells die when in-
duced to differentiate.” On the other hand, DNMT1 is also downregulated in certain differ-
entiation processes.”>**?%%7 Thus, it appears that the role of DNMTT1 in determining cell fate
is a complex one, and may depend on cell type. Several modes of DNMT1 regulation during
differentiation have been discovered, including transcriptional, post transcriptional, and post-
translational mechanisms. A number of examples where up or downregulation of DNMT1
occur during this process are discussed below.

Upregulation of DNMT1

Recently, it was demonstrated that DNMT1 might play a role in the differentiation of
K562 erythroleukemia cells into megakaryocytes. When K562 cells are treated with Interleukin
6 (IL-6), they enter a megakaryocyrtic differentiation pathway. Coincident with this process, is
an upregulation of DNMT1 mRNA and enzyme activity.”® This upregulation was found to
occur at the transcriptional level, since the DNMTI promoter is activated following transfection
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into K562 cells and treatment with IL-6. In addition, this activation appears to involve several
Fli-1 binding sites within the DNMT1 promoter, since the loss of these sites greatly diminishes
DNMTI promoter induction. The transcription factor Fli-1, a differentiation mediator, was
also induced upon IL-6 treatment. Interestingly, I1-6 treatment has also been shown to lead to
activation of JUN.* It is therefore possible that the induction of DNMTYI also involves the
AP-1 sites within its promoter, however this issue was not addressed.”® Furthermore, whether
DNMT1 plays a role in the K562 megakaryocytic differentiation process remains unknown.

Another example where DNMT1 is upregulated during differentiation occurs when U937
cells are induced to differentiate to a more monocyte-like phenotype by phorbol ester TPA.»
While treatment of U937 cells with TPA leads to both increased DNMT1 enzyme activity and
DNMTI mRNA expression, these changes do not occur in parallel. The induction of activity
occurs well before the increase in mRNA, which was found to occur at the posttranscriptional
level. The role of protein kinase C (PKC) was studied (since TPA is an activator of PKC), and
it was found that the induction of DNMT1 activity following TPA treatment is abolished in
the presence of a PKC inhibitor. Since it has been shown that PKC can phosphorylate and
activate DNMTT1 in vitro,” it is possible that TPA regulates DNMT1 activity in this manner,
however the authors were not able to demonstrate the phosphorylation of DNMT1 under
their conditions.” As with the previous example, the function of DNMT1 in this differentiation
process, and whether changes in genomic methylation occuy, is undefined.

One possible link between differentiation and DNMT1 upregulation is the tumor suppressor
Rb. Rb is involved in regulating the G1/S transition, the point at which the decision to differ-
entiate must be made. Rb binds E2F and inhibits E2F dependent transcription in cells that are
arrested or in G1, and following Rb’s progressive phosphorylation during G1, E2F is released
and can activate genes necessary for S phase progression.!® The inhibition of E2F dependent
transcription has been shown to involve an interaction between DNMT1 and Rb.? In addi-
tion, Rb was found to act synergistically with the protooncogene c-JUN o activate dnm! in
differentiating P19 embryocarcinoma cells.”® This activation of dnmz#! is mediated through a
non-canonical AP-1 recognition signal upstream to the third exon. Whereas c-JUN does not
bind this site in the absence of Rb, the presence of both Rb and c-JUN results in formation of
an AP-1 complex and strong synergistic activation of dnmz1.> The cooperative activation of
dnmtl by Rb and c-JUN might play a role in upregulating expression of dnmt! during certain
types of differentiation, such as in the IL-6 example described above, where JUN is also in-
duced. This would allow for more DNMT1 to interact with Rb and E2F and lead to an in-
crease in repression of the genes required for cell growth.

Downregulation of DNMT1

There are several well documented examples where DNMT1 is downregulated during the
differentiation process.”>*4#%%%7 At the start of mouse myoblast differentiation, a decrease in
both DNMTT activity and global methylation is observed.'®! Tt was then shown that posttran-
scriptional and posttranslational mechanisms are involved.”” While the dnmzI mRNA half-life
is around 5 hours in proliferating cells, this is reduced to 1.5 hours in differendating cells. In
addition, protein turnover measurements indicated that DNMT1 is also more stabilized in
growing cells. The mechanisms involved in decreasing both types of stability are unknown, but
it is again possible that the mRNA regulation involves some components of the cell cycle
mechanism, since differentiation is accompanied by a halt in proliferation. Due to the fact that
the global methylation in these cells occurs in the absence of replication,®! it cannot be di-
rectly attributed to the decrease in DNMT1, however the possibility of an indirect role has
been suggested.”

During the differentiation process of F9 mouse embryonal carcinoma cells, a similar post
transcrigtional decrease in dnmt] mRNA is observed, accompanied by a decrease in DNMT1
activity.”® However, in contrast to myoblast differentiation, global demethylation in F9 cells is
found to occur gradually during differentiation after several rounds of replication.!2 DNA
replication in the presence of reduced levels of DNMT1 could directly explain this process.
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In contrast to myoblast differentiation, where downregulation of DNMT1 is an early event,
a reduction in DNMT'1 levels occurs late in PC12 differentiation. PC12 cells are induced to
differentiate to sympathetic neuron like cells upon treatment with NGE!%? When the levels of
DNMT' during the progression of differentiation was studied, it was found that dnmz] mRNA,
as well as DNMT1 protein and activity, are decreased 4 days post induction.® An increase in
p21 and a decrease in PCNA occurred in parallel to the decrease in dnmtl. Since neurite
outgrowth is already present after 2 days, it implies that downregulation of DNMTT1 is not
required for this differentiation process, but is rather an adaptation to the post mitotic state of
the cell, as has been proposed.”® It is not known at what level DNMTT is regulated in this
process, nor was it determined if PC12 differentiation involves changes in DNA methylation.

It was mentioned above that the differentiation of U937 cells with TPA is accompanied by
an upregulation of DNMT 1. However, if the same cells ate induced to differentiate by dibutyryl
cyclic AMP (dbcAMP), a downregulation of DNMTT is observed.”® Four hours after dbcAMP
treatment, an almost complete reduction in DNMTT1 activity is observed. The decrease in
DNMTI1 mRNA, which begins at 2 hours, is complete by 20 hours. These events precede the
differentiation associated phenotypic changes, which are only seen after 24 hours, and it is
therefore possible that DNMT1 plays a functional role in this process. Similar to TPA, dbcAMP
regulates DNMTI mRNA at the posttranscriptional level, but in addition, a decrease in tran-
scription is also involved.”® Although in both cases, the cells differentiate to a monocyte like
phenotype, the cell surface and internal markers are to some extent different.!* Since DNMT1
is involved in modulating gene expression, the opposite directions in which DNMT1 levels
change could possibly influence the expression of these different markers.

Taken together, the above data clearly illustrates that changes in DNMT1 during differen-
tiation are complex, and depend on cell type and stimuli. It stands to reason that several mecha-
nisms, (post)transcriptional, posttranslational, and regulation of enzyme activity, have evolved
to precisely coordinate DNMT] levels with a particular cell fate.

Regulation through Protein Interactions

Several recent studies demonstrate that the activity of the DNMTs, as well as targeting to
different regions of DNA, can be modulated through the interaction of the different DNMT
family members with each other, as well as with other proteins which are not part of the methy-
lation machinery.!#1%-197 Although the DNMTs also interact with several other proteins to
regulate gene expression, this section will only discuss interactions involved in regulating DNMT
binding and enzymatic activities.

PCNA

One manner of coordinating the duplication of the DNA methylation pattern with DNA
replication is by positioning of DNMTT1 in the replication fork. DNMT1 would therefore be
able to methylate DNA simultaneously with its synthesis, ensuring that the DNA methylation
pattern is precisely copied. It has been demonstrated that DNMT1 is part of a multicomponent
replication complex °, and accordingly, nascent DNA is immediately fully methylated follow-
ing its synthesis.’! Moreover, inhibition of DNMTT1 leads to an inhibition of DNA synthesis
activity and halts the progression of the cells through the cell cycle.”

One factor possibly linking concurrent methylation and replication is the proliferating nuclear
cell antigen (PCNA), a protein re(%uired for DNA replication. A specific domain within DNMT]1
targets it to the replication fork.'® and has also been shown to bind PCNA.* A subsequent
study determined the functional significance of this interaction.'® Iida et al demonstrated that
DNMTT has a higher affinity for DNA when it is first bound by PCNA. In addition, PCNA
bound DNA is also methylated more efficiently that the corresponding free DNA. This is in
contrast to Chuang et al, who did not observe a change in DNMT1 activity in the presence of
PCNA. However, the types of assays used in the two studies were quite different, and may
explain this discrepancy. It is of interest to note that DNMTT1 binds PCNA at the same posi-
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tion as p21, a tumor suppressor that inhibits DNA replication by forming a complex with
PCNA.* Since DNMT1 cannot bind PCNA in the presence of p21, whose levels are highest
when cells are in Go/G1, inappropriate DINA methylation is prevented during this phase of the
cell cycle. The additional finding that DNMT1 has a preference for PCNA-bound DNA, and
that this DNA is a better substrate for methylation, explains another mechanism of ensuring
that DNA is not methylated in the absence of replication (Fig. 2).

Rb

Previously, the involvement of Rb in the transcriptional and posttranscriptional regulation
of DNMT1 was discussed. In addition, another mode of DNMT 1 regulation by Rb has
recently been elucidated. Rb is able to physically associate with DNMTT1 and can inhibit
methyltransferase activity by disrupting the formation of the DNA-DNMT1 complex.'® This
interaction was found to involve part of the N-terminal region of DNMT1 and the B and C
pocket regions of Rb. Moreover, overexpression of Rb leads to genomic hypomethylation as
well as hypomethylation and activation of a transfected reporter plasmid.'* Since the region of
DNMT]1 that binds Rb is the same one that binds PCNA, it suggests another mechanism by
which the coordination of replication and methylation is achieved. In Go and G1, Rb binds
DNMT1 and precludes PCNA binding, thus preventing methylation when cells are not dividing,
This also reinforces the effects of p21 described above (Fig. 2). Since Rb is inactivated in several
cancers,’®' this finding may partly explain the phenomenon of hypermethylation in cancer.

Interactions between the DNMTs

Several studies have demonstrated that DNMTs 1, 3a, and 3b functionally cooperate to
generate methylation patterns. Both DNMT1 together with DNMT 3a or 3b are required for
the methylation of a certain class of sequences including LINE-1 elements.!! Disruption of
both DNMT1 and 3b in colorectal cancer cell line results in a > 95% reduction of genomic
DNA methylation, concomitant with the re expression of the p16 and growth suppression.!!?
In addition, functional cooperation has also been observed between DNMT1 and 3a,'> and
between DNMT 3L and 3a.'¢

Two recent studies may provide an explanation as to how this cooperation is established.
Kim et al demonstrated that DNMTs 1, 3a, and 3b physically interact with each other.!?”
Through a combination of immunoprecipitation and GST pull down assays, it was shown that
DNMT1 is able to bind either DNMTs 3a or 3b or both at the same time. Furthermore,
DNMTs 3a and 3b can also interact with each other in the absence of DNMT1. These interac-
dons all occur within the N terminal domains of the proteins. Functional cooperation was also
demonstrated, since combinations of the three enzymes show increased methylation rates over
the individual enzymes. An especially notable increase was observed when DNMT1 was added
to DNMTs 3a + 3b. These data point to a model that can perhaps explain how the methylation
pattern is established during development. In pre implantation embryos, when DNMT1 is
restricted to the cytosol,’> DNMTs 3a and 3b are active and can interact to establish the initial
wave of de novo methylation. At later stages, these enzymes are joined by DNMT1, which
then leads to methylation spreading followed by maintenance of the methylation pattern.!”

Recent data indicate that protein interactions are not limited to the active DNMT en-
zymes. Hata et al demonstrated that DNMTs 3a and 3b also physically interact with DNMT3L,
and that DNMT3L is required for the establishment of maternal methylation imprints and the
proper expression of the corresponding genes.'* Since DNMT3L does not possess
methyltransferase activity, it could not be directly responsible. Moreover, dnmt3a-/-, dnmt3b+/
- knockout mice are also defective in forming proper maternal imprints. Thus it is possible that
DNMT3L might be responsible for targeting the de novo DNMTs to imprinting regions.!*
Since a study by Chedin et al also illustrates that DNMT3L can stimulate de novo methylation
by DNMT 3a at both imprinted and non-imprinted sequences, it is possible that DNMT3L
may also act as a general activator of DNMT3a.!¢
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Table 1. Summary of mechanisms involved in DNMT regulation

DNMT1 DNMT3a DNMT3b
Transcriptional Regulation through mulitple promoters  Promoter similar in ~ Same as for
Regulation structure to DNMT1-  DNMT3a

Rb; APC- downregulation Possible regulation

by Sp1

Sp1/5p3;

Rb+jun- upregulation

ras/fos/jun
Viral SV40 T-antigen- upregulation EBV (LMP-1)- EBV (LMP-1)-
Infection (posttranscriptional) upregulation upregulation

EBV (LMP-1)- upregulation (mechanism?)

HIV- upregulation (mechanism?)
Cell Cycle Go/G1- downregulation Go/G1- slight Go/G1- slight

(posttranscriptional)

S- upregulation (translational,
posttranscriptional)

downregulation
(mechanism?)

downregulation
(mechanism?)

Differentiation K562- Upreulation by IL-6 Unknown Unknown
(transcriptional)
Myoblasts- downregulation
(posttranscriptional, posttranslational)
F9- downregulation (posttranscriptional)
PC12- downregulation (mechanism?)
U937_+TPA- upregulation
(posttranscriptional)
+dbcAMP-downregulation
{transcriptional and posttranscriptional)
Protein PCNA- upregulation of DNA DNMTs 1, 3b- DNMTs 1, 3b-
Interactions binding and enzyme activities upregulation upregulation
of activity of activity
Rb- downregulation of DNMT1- DNMT 3L- DNM3L- as
DNA interaction upregulation of for DNMT3a
activity, establishment
of material imprints
DNMTSs 3a, 3b- upregulation of
activity
Conclusions

Considering the importance of the DNMTs in maintaining proper epigenetic information,
the cells must undoubtedly possess mechanisms to regulate their expression. The existence of
multiple layers of regulation, such as transcriptional, posttranscriptional, posttranslational, and
protein interactions, is an indication that the proper expression of the DNMT is critical (Table
1). By maintaining the correct levels and activity of the DNMTs during different events such as
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cell signaling, cell cycle progression and differentiation, the proper gene expression for these
events can be established. While transcriptional control is the predominant form of regulation
by signaling pathways, posttranscriptional and posttranslational mechanisms are most often
involved in regulation with the cell cycle and in differendation. If DNMT regulation is com-
promised, it might promote improper gene expression, and thus lead to pathogenic conditions.
A key example is the regulation of DNMT 1 with the cell cycle, where inappropriate expression
at Go/G1, by interfering with its mRNA regulation, leads to cellular transformation. In addi-
tion, protein interactions involving the DNMTs, as well as other factors not directly involved
in methylation, are beginning to emerge as another important level of regulation. Although
most of data concerning DNMT regulation pertains to DNMT1, the similarities between the
DNMT1, DNMT3a and 3b promoters and expression profiles during the cell cycle, together
with the discovery of DNMT-DNMT interactions and functional cooperation, suggests that
other similar mechanisms might exist. Future studies should determine whether other modes
of regulation, which until now only pertain to DNMT1, will turn out to be common to the
DNMT family.
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Inhibition of Poly(ADP-Ribosyl)ation Allows
DNA Hypermethylation

Anna Reale, Giuseppe Zardo, Maria Malanga, Jordanka Zlatanova
and Paola Caiafa

Abstract

his chapter emphasizes that along the chain of events that induce DNA

methylation-dependent chromatin condensation, a post-synthetic modification

other than histone acetylation, poly(ADP-ribosyl)ation, participates in the establish-
ment and maintenance of methylation-free regions of chromatin. In fact, several lines of in
vitro and in vivo evidence have shown that poly(ADP-ribosyl)ation is involved in the control of
DNA methylation pattern, protecting genomic DNA from full methylation. More recent stud-
ies have provided some clues to the understanding of the molecular mechanism(s) connecting
poly(ADP-ribosyl)ation with DNA methylation. We aim here to demonstrate the direct corre-
lation existing between inhibition of poly(ADP-ribose) polymerases and DNA hypermethylation,
and to describe some possible mechanisms underlying this molecular link. We will then present
our hypothesis that the inhibition of the poly(ADP-ribosyl)ation process in the cell may be
responsible for the anomalous hypermethylation of oncosuppressor gene promoters during
tumnorigenesis and to suggest the possibility that an active poly(ADP-ribosyl)ation process is
also involved in maintaining the unmethylated state of CpG islands in normal cells.

Introduction

It is well known that post-synthetic modifications of both DNA and chromatin proteins
regulate DNA function, and epigenetic phenomena are involved in the modulation of the
replication process and in the control of the appropriate program of gene expression. The
post-synthetic modifications are intricately interconnected in a complex network to define
specific chromatin conformations that tune chromatin function to the needs of the cell. Itis a
challenge to understand how epigenetic phenomena take part in the normal functioning of the
cell. The recognition that these phenomena also play a role in malignant transformation has
led, in the post-genomic era, to a major effort aimed at understanding how epigenetic modifi-
cations are involved in inducing the tumorigenic process.

The DNA methylation process, through DNA methylase and demethylase activities, is
involved in carcinogenesis in a paradoxical way. It is, in fact, possible to identify in the same
tumor sample two contrasting events: a general pattern of DNA hypomethylation and, at this
background, a high level of aberrant methylation of the CpG islands of some specific
oncosuppressor genes.'® Nothing is known about the mechanism(s) whereby CpG islands—
which remain protected from methylation in normal cells—become susceptible to methyla-
tion in tumor cells. Changes in the methylation pattern of CpG islands® and/or the
methyladon-dependent chromatin condensation/decondensation are two mechanisms through
which DNA methylases/demethylases control gene expression.>®

DNA Methylation and Cancer Therapy, edited by Moshe Szyf. ©2005 Eurekah.com
and Kluwer Academic/Plenum Publishers.
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Figure 1. The mechanisms connecting DNA methylation/histone deacetylation to gene silencing and
histone acetylation/DNA demethylation to gene reactivation are schematically presented in panels A and
B, respectively.

Epigenetics involves several modifications. It is not simple to identify the role of a single
modification since these modifications often work together to reach a definite molecular goal;
furthermore, it is extremely difficult to establish the time sequence in which these modifica-
tions act.

If we consider DNA methylation and histone deacetylation, they could be connected to
each other through the general phenomenon of DNA methylation-dependent chromatin con-
densation which induces gene silencing. The two modifications work together both in gene
activation, where acetylation of histones may induce DNA demethylase activity,>'° and in
gene silencing, where MeCP2—a member of the family of methyl-DNA-binding proteins—
recruits histone deacethylase onto chromatin to deacetylate core histones,!*"1% (Fig, 1). It is
clear that in the latter case DNA must be previously methylated to allow MeCP2 binding.

Thete is evidence that poly(ADP-ribosylation controls the normal DNA methylation pat-
tern, including the unmethylated state of CpG islands. Below, we will summarize our data that
indicate the involvemnent of poly(ADP-ribosyl)ation in protecting the unmethylated state of CpG
dinucleotides. We will further describe the experimental results that give insight into the possible
molecular mechanism(s) involved in inducing DNA hypermethylation both during replication
and in nonreplicating chromatin. We will present a unified model that may explain—in this
scenario—the mechanisms involved in the aberrant DNA methylation in cancer.

Poly(ADP-Ribosyl)ation

Poly(ADP-ribose) polymerases (PARPs) are enzymes that by introducing ADP-ribose poly-
mers onto chromatin proteins change their charge, and possibly alter their conformation. The
reaction, catalyzed by PARDPs, uses the respiratory coenzyme NAD" as a source of ADP-ribose
moieties to synthesize protein-bound polymers of variable size (from 2 to over 200 residues)
and structural complexity (linear or branched)'? (Fig. 2A). The intracellular level of ADP-ribose
polymers is under tight control so that increased synthesis is coupled to a hi§her degradation
rate that reduces the half life of the ADP-ribose polymers to less than 1 min.™
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covalent modification o Automodification
acceptor proteins of PARP
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Figure 3. Theschematicshows PARP1 involved in modifying chromatin proteins in covalent or noncovalent
way. The enzyme is the best acceptor of the covalent modification and forms long and branched ADP-ribose
polymers on its central domain. In this form, PARP1 can associate with other proteins that interact
noncovalently with the enzyme-bound polymers.

PARP1, the most abundant and best characterized member of the PARP family (Fig. 2B),
has a nuclear localization, exhibits high affinity for nicked DNA and has been considered to
have regulatory functions in DNA repair and transcription. Upon binding to ss/ds-DNA breaks,
PARP1 becomes activated to catalyze the covalent poly(ADP-ribosyl)ation of a number of
nuclear proteins, with diverse roles in chromatin structure (e.g. histones, HMGs, nuclear ma-
trix proteins) and DNA metabolism (DNA and RNA polymerases, topoisomerases, transcrip-
tion factors).’>1® The process by which PARPs introduce covalently-bound ADP-ribose poly-
mers onto other proteins is known as heteromodification (Fig. 3). PARP1 itself has been found
to be the main acceptor of ADP-ribose polymers, both in vitro and in vivo in a reaction termed
automodification. In fact, the very first protein that undergoes poly(ADP-ribosy!)ation is PARP1
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itself. The enzyme acts as a dimer,” and each monomer builds long and branched—up to 200
residues'® —ADP-ribose polymers on up to 28 automodification sites'>?? in the central do-
main of the associated monomer. Once the enzyme is activated, along with automodification,
it can start a series of heteromodification reactions that modulate the functions of chromatin
proteins, 224

In addition to the automodification domain, a DNA binding domain that contains zinc-finger
motifs has been recognized in the N-terminal portion of the molecule and the recognition sites
are DNA strand-breaks rather than specific polynucleotide sequences.”>?® The C-terminal
domain contains the catalytic site? (see Fig. 2B for the domain structure of PARPs).

Automodification has long been regarded exclusively as a self-regulatory mechanism, allow-
ing PARP1 to cycle on and off DNA; in fact, poly (ADP-ribosyl)ation causes the enzyme to
detach from DNA with consequent loss of activity. However, besides binding to DNA, PARP1
interacts with other proteins'® and it has been shown that such interactions may depend on its
automodification state.’® Moreover, it has been shown thar automodified PARP1 may be a
potent modulator of chromatin structure, promoting its decondensation.”® PARP-bound
ADP-ribose polymers play an active role in such a process, by being able to interact noncovalently
with histones (Fig. 3), thus competing with their binding to DNA; in fact, the same effect
could be observed with protein-free polymers. Further studies demonstrated that all the his-
tones are indeed able to bind to ADP-ribose polymers, even in the presence of a large excess of
DNA, with histone H1 exhibiting the highest binding affinity.?"*> Interestingly, ADP-ribose
polymers target the histone domains that play key roles in higher order chromatin organiza-
tion, i.e., the C-terminal part of H1 and the N-terminal tails of core histones. 3

The potential for ADP-ribose polymers to affect cellular functions through noncovalent
interactions is further emphasized by the finding that other proteins, besides histones, are
targets for ADP-ribose polymer binding (Table 1). It is interesting to note that recently, a
shared sequence motif has been identified in proteins that bind noncovalently to ADP-ribose
polymers.*® That ADP-ribose polymers bindin; to these proteins may have functional conse-
quences has been suggested by several studies.”

These observations, associated with in vivo evidence of increased sensitivity to genotoxic
stress in the absence of functional PARP1%’ and PARP2,%! have led to the proposal that
ADP-ribose polymers could play a role in DNA damage signalling:*? by interacting with se-
lected proteins, ADP-ribose polymers may promote the rapid assembly of repair complexes at
the damaged DNA sites, as well as modulate the function of downstream effectors of the DNA
damage response.

Block of Poly(ADP-Ribosyl)ation Induces in Vivo DNA
Hypermethylation

Based on a series of in vivo experiments, our laboratory came to the realization that there
exists a negative correlation between poly(ADP-ribosyl)ation and DNA methylation. 346 We
studied the DNA methylation level of 1929 and/or NIH/3T3 mouse fibroblasts that were
pretreated with 3-aminobenzamide (3-ABA), a well known inhibitor of PARPs. Four different
strategies were used.

First strategy: as an experimental approach, we performed methyl-accepting ability assays
on isolated nuclei and/or DNA purified from control 1929 mouse fibroblasts or fibroblasts
preincubated with 3-ABA.#® In one variant of the assay, isolated nuclei were incubated in the
presence of radioactively-labeled donor of methyl groups, and the level of DNA methylation
achieved as a result of the activity of the endogonous DNA methyltransferases was measured. A
consistent increase in the DNA methylation level was observed in the drug-treated cells as early
as after 24 hours of 3-ABA treatment. The level of methyl groups incorporated into total DNA
was found to be 60% higher in the 3-ABA treated cells than in the control cells. In a second
variant of the methyl-accepting assay, DNA was isolated from the two cell populations and
sequently methylated in vitro by an exogenous enzyme. The ability of the DNA isolated from
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Table 1. Proteins that bind non-covalently to ADP-ribose polymers

Target Protein Interaction Sites

H1 C-terminus

H2A N-terminus (aa 11-36)

H2B N-terminus (aa 23-47)

H3 N-terminus (aa 51-72)

H4 N-terminus {(aa 16-40)

XP-A C-terminus (aa 215-237)

MSH-6 N-terminus (aa 295-317)

DNA ligase i1l N-terminus (aa 12-34)

DNA polymerase € N-terminus (aa 691-709)

DNA-PKcs core region (aa 2728-2752)

Ku70 core region (aa 243-264)

XRCC-1 BRCT domain (aa 379-400)

NF-kB (p52 subunit) Rel homology domain (aa 179-199)

p21 PCNA binding domain (aa 140-163)

p53 DNA binding domain (aa 153-178; aa 231-253)
oligomerization domain (aa 326-348)

iNOS calmodulin binding domain (aa 505-525)

CAD (Caspase Activated DNase) core region (aa 148-169)

MARCKS/MRP effector domain (aa 151-175)

Telomerase (TERT) C-terminus (aa 962-983)

Caspase 7 n.d.

Nuclear matrix proteins n.d. i

20S Proteosome n.d.

the drug-treated cell to be methylated in vitro was severely reduced, presumably as a conse-
quence of its already increased in vivo methylation level.

Second strategy: we examined the possibility that poly(ADP-ribosyl)ation was directly in-
volved in maintaining the unmethylated state of CpG islands.* To that end, the methylation
status of the DNA from both control and 3-ABA-treated cells was assessed by using either
methylation-dependent restriction enzymes on purified genomic DNA or a sequence-dependent
restriction enzyme on an aliquot of same DNA, previously modified by the bisulphite reaction.
The first method was introduced by Bird#’8 to reveal clusters of unmethylated CpG dinucle-
otides in CpG islands: the exclusive presence of closely spaced unmethylated CpGs in the
islands gives, upon Hpall digestion of genomic DNA, the so-called “Hpall tiny fragments”,
easily recognizable by gel electrophoresis. These fragments were present when the DNA was
purified from control cells, but were greatly decreased when the DNA was purified from cells
preincubated with 3-ABA.

For the second set of experiments, fragment 1482-1773 of the CpG island from the pro-
moter region of the mouse H#f9 gene was amplified by PCR after bisulphite reaction,® that
converts cytosine to uracil, but does not affect 5-methylcytosine. Thus, the bisulphite reaction
retains the memory of the original methylation pattern even after PCR amplification. During
PCR amplification of the chemically-modified DNA fragment, uracil is amplified as thymine,
while 5mC residues are amplified as cytosines: thus, a sequence-dependent restriction enzyme
could be used in lieu of methylation-dependent restriction enzymes. Using BstUI which recog-
nizes and cuts CGCG sequences, alterations in the methylation pattern would be observed
only if both cytosines were methylated in the sequence (the methylation of only one cytosine
or the absence of 5mC would give rise to sequences nonrecognizable by BstUT).
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Following digestion of the PCR-amplified fragment with BstUI, it was possible to observe
an anomalous methylation pattern when the Hd9 promoter region was purified from fibro-
blasts treated with 3-ABA. In fact, southern blot analysis of the digestion products showed the
presence of a 55 bp fragment only in the 3-ABA-treated sample, identifying the aberrantdy
methylated CGCG sequence as the sequence in position 1526.

These data confirm the hypothesis that, at least for the H2f9 promoter region, an active
poly(ADP-ribosyl)ation process protects the unmethylated state of the CpG island.

Third strategy: The role played by poly(ADP-ribosyl)ation in protecting genomic DNA
from full methylation was studied on cytological preparations from control and 3-ABA-treated
1929 and NIH/3T3 cells. The cells were indirectly immunolabelled with anti-5-methylcytosine
(anti-5mC) monoclonal antibodies,”> and microscope analysis was performed on a cell-by-cell
basis. Images of individual interphase nuclei were recorded by a CCD camera and quantita-
tively analysed with the help of a computer. Cells preincubated with 3-ABA consistently showed
an increased number of often enlarged heterochromatic regions; the level of anti-5mC anti-
body binding to these regions was also elevated.

Fourth strategy: This approach was used to verify whether the inhibition of
poly(ADP-ribosyl)ation would introduce an anomalous methylation pattern on transfected
DNA.* Plasmid pVHCk containing the SV40 early promoter linked to the bacterial chloram-
phenicol acyltransferase (CAT) gene was used in our experiments since this prokaryotic vector,
containing a high density of CpG pairs, is CpG island-like. The methylation pattern of the
transfected plasmid was directly analyzed by sequencing a fragment of its DNA according to
Frommer’s method.*” The results clearly demonstrated that when the plasmid was transfected
into cells with drug-inhibited poly(ADP-ribosyl)ation, an anomalous methylation pattern char-
acterized its DNA: nearly all cytosines, and not only those present in CpG dinucleotides, were
now methylated.

Experiments were also carried out to test the transcription status of the originally
unmethylated plasmid as a function of time following transfection into control or 3-ABA-treated
cells. Literature reports have shown that in vitro methylation of a plasmid significantly reduces
the transcription of the associated reporter gene after transfection, and that this inhibition is
dependent on the extent of methylation and on the time after transfection. The time depen-
dence of the transcriptional inhibition was shown to reflect the time needed to assemble chro-
matin on the 5gla\smid DNA,33! and to spread the inactive chromatin structure from a focus of
methylation.

The data showed that the expression of the CAT reporter gene as measured by the CAT
activity at 24 or 48 hours after transfection was decreased by about 30% in the 3-ABA-treated
cells relative to the untreated controls.

The results of these four different experimental strategies taken together allowed us to pro-
pose the first method to induce DNA hypermethylation in vivo: treatment of cells in culture
with 3-aminobenzamide.>®

Atomic Force Microscopy (AFM) Studies of the Effect of DNA

Methylation on Chromatin Fiber Structure

In an effort to understand better the structural changes imposed on the chromatin fiber by
clevated levels of DNA methylation, we decided to make use of the imaging capabilities of
AFM to compare chromatin fibers of varying degrees of methylation. To that end, we used
both in vivo and in vitro approaches.

In the in vivo approach, we used our method to induce DNA hypermethylation by treat-
ment of cultured cells with 3-ABA. Chromatin fibers were isolated from nuclei of control and
treated cells, were dialysed against low ionic strength buffers, and were imaged in air on mica
following glutaradehyde fixation.>* Bringing the isolated fibers to low salt was necessary to
allow resolution of individual nucleosomal particles, and thus better assessment of the
fiber structural parameters; glutaraldehyde fixation was needed to preserve the extended
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fiber conformation during the deposition and washing steps preceding imaging. A difference
between control fibers and fibers isolated from drug-treated cells was immediately apparent,
the treated fibers being much more condensed, with individual nucleosomes situated much
closer to each other, often overlapping. Measurements of parameters such as center-to-center
internucleosome distances, fiber heights, or number of nucleosomes per unit fiber length con-
firmed the visual impression: the treatment of the cells with 3-ABA resulted in an almost
two-fold compaction of the chromatin fiber.

These results, although very clear-cut, had to be confirmed by an independent approach
since the effects observed could be due to the direct inhibition of the poly(ADP-ribose) poly-
merase activity, rather than to the associated DNA methylation. Thus, we substantiated the in
vivo results with in vitro experiments in which we reconstituted defined nucleosomal arrays on
cither unmethylated or methylated DNA sequences. We made use of the well-characterized
208-12 system,” in which nucleosomes were assembled by salt dialysis on a tandemly repeated
sequence. Each unit in the tandem positions one histone octamer, thus resulting in the forma-
tion of a rather regular nucleosomal array. Arrays reconstituted on unmethylated 208-12 or on
the same sequence methylated in vitro with SssI, were imaged and analysed as outlined above.
In one set of experiments, the reconstitution was done with histone octamers only; in another
set, linker histones were added too. Rather to our surprise, when the fibrers contained no linker
histone bound, they were indifferent to the methylation status of the underlying DNA. Only
when the linker histone was present, did the methylated chromatin fiber look more compact.
The quantitative analysis again confirmed the visual impression. Gratifyingly, the degree of
compaction of the linker histone-containing methylated chromatin fiber was exactly the same
as the compaction of the chromatin fiber extracted from cell treated with 3-ABA. Thus, based
on the in vivo and in vitro results, we concluded that DNA methylation induces chromatin
compaction only when assisted by linker histone.

How Is Poly(ADP-Ribosyl)ation Involved in Protecting DNA

Methylation Pattern

As far as the correlation between DNA methylation and gene expression is concerned, the
CpG islands, that range from 0.5 to 2 kbp in size, are usually found in the 5' promoter regions
of housekeeping genes, overlapping the genes to various extents.*® There is evidence that the
transcription of genes associated with CpG islands is inhibited when these regions are methy-
lated.”” The fact that CpG dinucleotides are present in an unmethylated state in CpG islands is
very intriguing since the CpG density is six-ten times higher than in bulk DNA. The mechanisms
involved in protecting the unmethylated status of CpG islands in genomic DNA remain far
from understood. Experiments suggest the existence of sequence motifs which, by binding
transcription or other protein factors, protect against de novo methylation.”®® The presence
of some cis-acting “boundaries of methylation”, caggable of preventing the methylation of flanking
DNA sequences, has also been suggested.”®*% The simple plausible explanation that
trans-acting protein factors associated with CpG islands prevent access of methylases to those
DNA regions, has been difficult to demonstrate so far, although recently some trans-acting
factors have been identified or suggested to play a general or a specific role in maintaining the
DNA methylation pattern.”"%

On the basis of our combined data, we propose that a nonprotein factor is involved in this
trans-acting role: long and branched molecules of ADP-ribose polymers. To explain how
poly(ADP-ribosyl)ation is involved in maintaining DNA methylation pattern, two hypotheses
can be put forward.

The first hypothesis considers that the modification is not directly involved in modifying
some trans-acting protein factor capable of binding DNA, but rather induces a deregulation of
Dnmtl expression. As the expression of Dnmtl is normally cell-cycle dependent,”%”! its
overexpression in an anomalous cell-cycle phase could represent one of the molecular events
involved in DNA hypermethylation (Fig. 4). The second hypothesis considers that a2 modified
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Figure 4. A) In normal cells, automodified PARP plays a role in controlling the expression of Dnmt1 in the
appropriate cell-cycle phase, and thus the level of Dnmt1-PCNA active complex is low in G1/S phase. B)
Inhibition of PARPs induces overexpression of Dnmt!1 in G 1/S phase of the cell-cycle, causing anomalously
high level of the active Dnmt1-PCNA complex in this phase. This mechanism may be involved in inducing
the hypermethylation of CpG islands in oncosuppressor genes during malignant transformation.

protein is a trans-acting factor able to bind directly to DNA, to inhibit the access of Dnmt1 to
DNA (Fig. 5).

The first hypothesis suggests that poly(ADP-ribosyl)ation may be involved, for example, in
modulating the binding between the proliferating cellular nuclear antigen (PCNA) and DNA
methyltransferase.”? Our data show that inhibition of poly(ADP-ribose) polymerase(s) at dif-
ferent cell-cycle phases increases both the mRNA and the protein levels of the major mainte-
nance DNA methyltransferase (Dnmt1).7? This increase in Dnmtl results in more
PCNA-Dnmtl complex formation, which is expected to facilitate the maintenance as well as
the de novo DNA methylation processes during the G1/S phase, perhaps leading to abnormal
hypermethylation of early replicating DNA sequences. The observation of higher levels of
PCNA-Dnmtl complexes in cells treated with inhibitors of PARPs may also provide a possible
explanation as to how anomalous hypermethylation of CpG islands occurs during neoplasia: a
precocious formation of the Dnmtl-PCNA complex at the G1/S border may modifz the
unmethylated state of the CpG islands in the promoter regions of housekeeping genes’ that
are present in early replicating DNA.#7> Since there are important oncosuppressor genes among
the housekeeping genes, our results could provide evidence supporting the model proposed by
Baylin® to explain hypermethylation of oncosuppressor genes in cancer cells. According to
this model—in which PCNA has an all-important role—in normal cells the CpG islands are
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Figure 5. A,B) Possible role of Hle, noncovalently modified by PARP1, as a marker of CpG islands in
normal cells, where poly(ADP-ribosyl)ated H1e protects the islands from methylation. C,D) In the
absence of poly(ADP-ribose) polymers Dnmtl can introduce new methyl groups into the DNA. In
cancer cells, inhibition of PARPs may be responsible for the anomalous hypermethylation of the CpG
islands associated with the oncosuppressor genes in chromatin.

protected from methylation in early S-phase by the higher amount of p21 present relative to
Dnmtl. The increase in the level of Dnmtl in tumor cells could favour the premature forma-
tion of the Dnmtl-PCNA complex in G1/S phase allowing the anomalous methylation of
oncosuppressor gene promoters, thus suppressing their functions. Thus, malignant transfor-
mation could occur even if Dnmt1 is not overexpressed, but is expressed in the “wrong” phase
of the cell-cycle (a phase in which it is not normally expressed) (Fig. 4).

Another possibility is that the affinity between PCNA, p21 and Dnmtl may be modulated
by the poly(ADP-ribosyl)ation process, as in vivo both unmodified and modified isoforms of
PCNA and p21 have been reported.”®>® The DNA hypermethylation induced by blocking
poly(ADP-ribosyl)ation could be explained by assuming that the unmodified form of PCNA is
the only one capable of binding DNA methyltransferasel and of transferring the enzyme onto
DNA. The absence of poly(ADP-ribosyl)ation could also be involved in the competition be-
tween DNA methyltransferasel and p21, for the same domain on PCNA:"> Dnmtl could
have the upper hand in the absence of active PARPs. Thus, inhibition of PARPs could help the
association between PCNA and Dnmtl.

The second hypothesis considers the nonallelic somatic variant Hle of histone H1, in its
poly(ADP-ribosyl)ated isoform, as a nuclear trans-acting factor involved in maintaining the
unmethylated state of CpG islands. A possible mechanism considers that in normal cells Hle,
in its poly(ADP-ribosyl)ated isoform, is capable of recognizing and binding to CpG islands,
thus protecting them from DNA methyltransferase action (Fig. 5A,B). By contrast, in cells in
which the poly(ADP-ribosyl)ation process is inhibited this protection from methylation can-
not occur, since the poly(ADP-ribose)-free protein is unable to inhibit the DNA
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methyltransferase and, therefore, the enzyme can now carry out its reaction (Fig. 5C,D). In
suggesting this model, we have considered that: (a) H1 histone, through its genic variant Hle,
is capable of inhibiting in vitro DNA methylation;”” (b) the inhibitory effect of H1 histone on
in vitro DNA methylation seems to be due to its poly(ADP-ribosyl)ated isoform;® (c) Hle is
the only H1 histone variant able to bind CpG island-like DNA sequences;”’ (d) Hle variant,
in its poly(ADP-ribosyl)ated isoform, could be present in decondensed chromatin;”” (¢) the
inhibition of poly(ADP-ribose) polymerases introduces anomalous methylation pattern in CpG
islands,* and (f) both total H1 histone and each H1 histone variant are able to bind long and
branched ADP-ribose polymers in a noncovalent way.”’

Thus, in this model it is assumed that ADP-ribose polymers are present in CpG islands
bound to histone Hle; Hle is both a marker for CpG islands and a target for the noncovalent
binding to long and branched ADP-ribose polymers (these may be free or still attached to the
automodified PARD, see above). We have already presented evidence that Dnmtl is another
member of the family of poly(ADP-ribose) binding proteins, and that the affinity of Dnmtl
for ADP-ribose polymers is higher than for DNA (Reale et al, manuscript submitted for pub-
lication). Thus, Dnmt! will be attracted by and hosted on ADP-ribose polymers, thus being
prevented from introducing new methyl groups onto DNA (Fig. 5).

In conclusion, while several studies have indicated a direct involvement of PARPI in tran-
scription, with either positive or negative effects,”®*® our model assigns to PARP1 an indirect
impact on gene expression, through a mechanism whereby ADP-ribose polymers exclude me-
thylation from CpG islands.
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Abstract
egional hypermethylation and global hypomethylation coexist in cancer cells. Under-
Ritanding the mechanisms responsible for global hypomethylation and regional
ypermethylation in cancer is required for the proper design of therapeutic strategies
targeting the DNA methylation machinery. This chapter discusses different models explaining
this paradox. Global hypomethylation is proposed to be associated with activation by
demethylation of metastasis-associated genes. Thus, anticancer therapy directed at DNA
methyltransferase might have the untoward effect of promoting metastasis. Inhibition of
demethylase activity on the other hand could potentially inhibit metastasis. It is therefore im-
portant to identify and characterize the enzymes responsible for global hypomethylation in
cancer.

Introduction: The Paradox of DNA Methylation Patterns in Tumors

The main question that bewildered us when we try to come to grips with the therapeutic
implications of DNA methylation in cancer is the coexistence of regional hypermethylation
and global hypomethylation in almost all tumors as discussed in previous chapters in this book.
The general occurrence of DNA methylation aberrations in cancer is a powerful indication
that DNA methylation is a pivotal player in cancer, however the paradoxical pattern of changes
defies a simple mechanistic implication. As a consequence, defining the correct therapeutic
response to DNA methylation aberrations in cancer is puzzling.

Several groups, as was reviewed in previous chapters in this book, are considering inhibitors
of DNA methyltransferase 1 (DNMT1) as candidate anticancer drugs. Although DNMT1
might be involved in transformation by methylation independent mechanisms, ™ the main
therapeutic goal of currently developed inhibitors is to induce demethylation and reexpression
of tumor suppressor genes. Preclinical data supports the hypothesis that DNMT inhibitors
have antitumorigenic effects.”” However, since global hypomethylation is also prevalent in
cancer, we must address the following question: are regional hypermethylation and global
hypomethylation both important for transformed cells? If both processes are important, then
any therapeutic interference that inhibits DNA methylation with the aim of inducing methy-
lation silenced tumor suppressor genes will promote the transformation process by causing
global hypomethylation. To truly deal with this critical issue we need to understand the mecha-
nisms responsible for the coexistence of regional hypermethylation and global hypomethylation
in cancer and identify the important components of these processes for cellular transforma-
tion. Although we do not have as of yet a clear understanding of all the mechanisms involved,
some recent data might help us establish a working hypothesis. In this chapter I will review the
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pertinent data on the possible role of DNA hypomethylation in cancer that might guide us in
formulating a working hypothesis. I will also discuss the therapeutic implications of available
data and alternative working hypotheses.

Global Hypomethylation in Cancer

Once the tight association of DNA methylation and silencing of gene expression was estab-
lished, it stood to reason that a possible connection between DNA methylation and cancer
would be sought, as it had been accepted for the last three decades that aberrant gene expres-
sion programming is involved in cancer. Since the first focus of cancer molecular biology was
on oncogenes, which are aberrantly activated in cancer, it is clear why the first experiments that
tested the relation between cancer and DNA methylation focused on hypomethylation of
oncogenes in cancer.®” It was postulated that aberrant DNA hypomethylation was an addi-
tional mechanism of ectopic activation of protooncogenes. Aberrant hypomethylation is an
attractive mechanism for ectopic oncogene activation since it might occur at a higher fre-
quency than physical changes in genes caused by rearrangements and mutations, and it is
potentially reversible. The reversibility of the process might provide therapeutic and pharma-
cological opportunities. These first studies unveiled that hypomethylation in cancer is not
limited to oncogenes but, what was proven to be by later studies, hypomethylation is global
and is a general hallmark of cancer cells.'®

Global Hypomethylation in Cancer; Single Copy and Multiple Copy
Sequences Are Hypomethylated in Multiple Tumor Types

During the last two decades, the state of methylation of both general DNA and specific
gene sequences in multiple tumor types and stages of malignancy were studied as discussed in
previous chapters. In general, sparsely distributed CG sequences in DNA from tumors have
reduced methylation levels in comparison with their normal tissue counterparts. This conclu-
sion has been supported by numerous studies in a variety of cancers from different cellular
origins such as Moris hepatoma,!! metastatic prostate cancer,!? breast cancer,'*!* colorectal
cancer,'’ cervical dysplasia,16 ovarian epithelial tumors,!” metastatic variants of human mela-
noma cell lines,'® Wilms tumor, '’ hepatocellular carcinomaZ® and premalignant stages of gas-
tric carcinoma.?!

It was also observed that hypomethylation of repeat sequences such as Line 1 retroviral
elements occurs at a higher frequency in urothelial carcinoma than in paired normal tissues®
and it was suggested that there is some selectivity in methylation of certain classes of Line 1
elements in malignant tissues.”? Another class of repetitive sequences that are hypomethylated
in tumors such as breast adenocarcinoma,? ovarian carcinoma, and Wilms tumor? are satel-
lite 2 repeat sequences found in the pericentromeric region of chromosome 1 and 16. In some
studies a correlation was established between the state of malignancy and the extent of
hypomethylation of these sequences.'”

In addition to global hypomethylation of repetitive sequences, 2 number of studies have shown
that single copy genes are hypomethylated in tumors relative to paired tissue. This group of genes
includes certain oncogenes; Ras in colonic adenocarcinoma and small cell lung carcinoma,® c-Myc
and epidermal growth factor receptor in hepatocellular carcinoma® and in bladder cancer,”” and
Ornithine Decarboxylase and Erb-Al oncogene in chronic lymphatic leukemia,?®

Another interesting group of genes that are hypomethylated in certain cancers encode pro-
teins that stimulate tumor cell motility and invasion such as the metastasis associated Ca**
binding grotein MTS1/S100A4 in colonic adenenocarcinoma and pancreatic ductal adenocar-
cinoma®** and the protease urokinase-type plasminogen activator #PA in metastatic breast
cancer.”’ An important class of genes that might have critical therapeutic applications is com-
posed of genes encoding proteins that confer multidrug resistance such as MDRI, whose
hypomethylation was correlated with increased drug resistance in acute myeloid leukemia.>
Hypomethylation and increased drug resistance might compromise chemotherapy regimens.
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Mechanisms Responsible for Hypomethylation in Cancer

To be able to address the potential role of global hypomethylation in tumorigenesis, we
ought to understand how hypomethylation comes about and how it coexists with regional
hypermethylation. Two basic rules emerge from the vast literature that analyzed global
hypomethylation in cancer. First, hypomethylation is global, wide regions of the genomes are
hypomethylated. Second, hypomethylation is heterogeneous, the extent of demethylation and
its sequence specificity differ even among tumors from the same type. This profile of
hypomethylation is consistent with a general defect in the DNA methylation machinery. A
general change in the DNA methylation machinery is consistent with a global but stochastic
loss of methylation, which is observed in tumors.

The commonly accepted model of inheritance of DNA methylation pattern is based on two
fundamental principles. The first principle is that during cell division the maintenance DNA
methyltransferase DNMTT1 is guided exclusively by the methylation pattern of the parental
strand. This guarantees faithful inheritance of the methylation pattern.’> Second, the DNA
methylation reaction is enzymatically irreversible. The only feasible enzymatic reaction is me-
thylation, which is catalyzed by DNA methyltransferases. According to this model
hypomethylation could come about only by replication in the absence of DNA
methyltransferase.? If this model is correct, then global hypomethylation in cancer might be a
consequence of a general reduction in DNA methyltransferase activity. However, one persis-
tent observation in cancer is increased DNA methyltransferase activity®® as discussed in other
chapters in this book. It is possible however that although DNMTT1 levels are elevated in
developed tumors, its activity is inhibited at an early stage in transformation causing
demethylation. Once DNA methylation is lost, DNMT1 might be unable to correct this de-
fect by de novo methylation. However, the progtessive loss of methylation seen during progres-
sion of some cancers is inconsistent with such a model.!%162°

An alternative explanation is that global hypomethylation in tumors is caused by a reduc-
tion in the intracellular concentration of the DNA methyl donor S-adenosylmethionine
(AdoMer) or an increase in the concentration of the product and inhibitor of the DNA
methylation reaction S-adenosylhomocysteine (AdoHcy).?> Tetrahydrofolate is required for
AdoMet synthesis and it has been shown that folate deficiency occurs in squamous cell tung
carcinoma cells.>® Nevertheless, a reduction in AdoMet was well documented only in animal
models that were fed a methyl-deficient diet”” or chemically induced rat liver tumors.?®
Thus, whereas it is feasible that low methyl diet can precipitate reduction in AdoMet con-
centrations and global hypomethylation, it is not clear yet that this is a mechanism generally
involved in tumorigenesis.

In summary, the classical model of maintenance DNA methylation implicating exclusively
DNA methyltransferase in enzymatic DNA methylation, does not explain the global and het-
erogeneous hypomethylation observed in tumors.

The Possible Role of a Demethylase; DNA Methylation

Is a Reversible Reaction

A simple explanation for global hy&)omethylation in tumors could theoretically be a gen-
eral increase in demethylase activity.**° However, there has been a general reluctance to accept
that it is possible to remove methyl groups from DNA by an enzymatic reaction because of the
predicted stability of the carbon-carbon bond between the methyl moiety and the cytosine
ring. However, it was obvious two decades ago that demethylation was involved in the shaping
of DNA methylation patterns during development. It was originally proposed that demethylation
came about by a passive mechanism, by masking methylatable sites from the DNA
methyltransferase during replication.® In support of this hypothesis it has recently been shown
that binding of a transcription factor which has high affinity to its recognition element on a
stable episome can result in demethylation, possibly by masking of the site from DNA
methyltransferase, 4143
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However, a passive demeth‘&lation mechanism could not explain the global demethylation
observed during development™ and differentiation?’ since it is hard to believe that specific
binding proteins protect vast sections of the genome from DNA methylation. Moreover, there
is data demonstrating that demethylation of specific genes*®>! as well as global hypomethylation
during differentiation®? occurs in the absence of DNA replication. Rapid global hypomethylation
has been demonstrated in the paternal genome well before initiation of the first round of DNA
replication.”

To be able to explain replication independent demethylation without having to presume an
enzymatic removal of methyl groups from DNA, it has been proposed that active demethylation
comes about by a repair process. Two repair processes were proposed. First, a glycosylase activ-
ity cleaves the bond between the 5-methylcytosine base and the deoxyribose moiety in DNA.
The abasic site is then repaired by resident repair activity in the absence of DNA methyltransferase
resulting in replacement of a 5-methylcytosine with an unmethylated cytosine.”*>” A second
mechanism proposed that the methylated nucleotide was removed by nucleotide excision and
was then replaced by an unmethylated cytosine.”® These models do not differ in principle from
the passive demethylation model. Both models suggest that demethylation comes about by
DNA synthesis in the absence of DNA methyltransferase. The main difference resides in the
mode of DNA synthesis, the first model considers DNA synthesis during cell division while in
the other two models unmethylated bases are incorporated by DNA repair.

In support of the glycosylase model, two mismatch repair glycosylases were shown to have
methyl CG DNA glycosylase (5-MCDG) activity that results in demethylation in vitro, the
cloned G/T mismatch repair enzyme® and the methylated binding protein MBD4.% Ectopic
expression of the 5-MCDG glycosylase in human embryonal kidney cells results in the specific
demethylation of a stably integrated ecodysone-retinoic acid responsive enhancer-promoter
linked to a beta-galactosidase reporter gene,®! suggesting that this glycosylase could cause
demethylation in vivo. It was also shown that this glycosylase participates in global demethylation
during differentiation of C2C12 cells since transfection of cells with an antisense oligonucle-
otide to 5-methylcytosine DNA glycosylase (G/T mismatch DNA glycosylase) decreases both
the activity of the enzyme and genome-wide demethylation.

One interesting property of the 5-MCDG glycosylase is that it demethylates specifically
hemimethylated mCGs. The "CG/CG hemimethylated site resembles the TG/CG mismatch.
Both T and ™C are pyrimidines, which are methylated at their 5' position. The critical problem
is to define the principal activity of this enzyme in living cells. One possibility is that the bona
fide substrate of the enzyme is a G/T mismatch and its in vivo function mismatch repair. In
this case the "CG/CG repair activity is an artifact that is a consequence of high expression in
transfection experiments or the high concentrations present in vitro. Alternatively, the main
function of this enzyme is demethylation of hemimethylated DNA. It is also possible that the
enzyme performs both tasks in the cell. In any case, global demethylation and demethylation
during differentiation and tumorigenesis must also involve demethylation of both strands of
DNA, which must be therefore catalyzed by a different enzyme. A possible role for the 5-MCDG
glycosylase might be correction of aberrant methylated sites introduced during replication and
added to one strand of DNA. Methyl groups found only on one strand of the DNA might
signal that they are not authentically inherited and should be removed.

One main problem with repair mediated passive demethylation mechanisms is explaining
global hypomethylation, especially the global hg;pomethylation that takes place at the very
early stages of embryogenesis as discussed above.®* If demethylation occurs by a repair mecha-
nism, global hypomethylation would involve global DNA damage. This might significantly
harm the integrity of the genome and it stands to reason that such a mechanism would not be
utilized eatly in development.

We therefore pursued a third possibility that an enzyme transforms methylated cytosines to
cytosines by removing the methyl moiety catalyzing a bona fide reversal of the DNA methyla-
tion reaction. We hypothesized that such an enzyme should be found in abundance in tumor
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cells because of the consistent global hypomethylation observed in tumors. We then partially
purified a demethylase activity from nonsmall cell human lung carcinoma.®® The partially
purified demethylase converts 5-methyl cytosine in the dinucleotide CG to cytosine and re-
leases the methyl moiety in the form of methanol.®> We showed that the demethylase is a
processive enzyme, which can explain how it could potentially demethylate vast regions of the
genome to bring about global hypomethylation.* Demethylase activity was significantly higher
in tumor cells than in normal cells (unpublished data) and we have previously shown that
ectopic Ras expression in the embryonal teratocarcinoma cell line P19 induces demethylase
activity.” Thus, it is possible that increased demethylase activity in tumor cells plays a causal
role in global hypomethylation in cancer. We also cloned a methylated DNA binding protein
MBD2b from human cervical carcinoma cell line HeLa and showed that it can cause
demethylation of methylated CG in DNA.® The assignment of a demethylation activity to
MBD?2, which was cloned and identified as a member of the methylated DNA binding protein
family by Hendrich et al,%® was disputed by several groups, who could not repeat the initial
observations of Bhattacharya et al.®® The more accepted functional role of MBD?2 is the sup-
pression of methylated genes, similar to MeCP2. MBD2 is associated with the NuRD® chro-
matin remodeling and gene repression complex and it has been suggested to be the methylated
DNA binding component of the MeCP1 complex. %%

It is still unclear what the reasons are for the discrepancy between these results. It is possible
that MBD?2 acts differently on different substrates, or that an unknown factor that is required
for the demethylation reaction copurifies with the enzyme under some purification protocols
but not others. It is also possible that MBD2 copurifies with an inhibitor under some condi-
tions but not others. MBD?2 is found in multiprotein complexes®® and might have different
activities in different multiprotein contexts. We are obviously actively testing all these possibili-
ties. Nevertheless, recent data from our laboratory indicates that ectopic expression of MBD2
can cause demethylation of cotransfected ectopically methylated DNA”® and that this activity
is promoter dependent.”’ The promoter dependence of MBD2 might explain some of the
discrepancies between the results of different laboratories.

Tt is still unclear whether MBD2 directly suppresses gene expression in living cells. Some of
the information that is published is inconsistent with MBD?2 repressing methylated DNA.
MBD2 was found to bind to unmethylated CG islands but not to methylated CG islands in
living cells using the ChIP chromatin immunoprecipitation assay.”> MBD2 was found bound
to methylated CG islands only when proteins are crosslinked to DNA in isolated nuclei but
not when proteins are crosslinked to DNA in whole cells. It is feasible that the process of nuclei
isolation disrupts the interactions between proteins and DNA seen in living cells.”” MeCP2 on
the other hand was shown to interact with methylated DNA in living cells by numerous pub-
lications.”>”# In Drosophila, association of dIMBD?2/3 with DNA coincides with activation of
the embryonic genome and it associates with the activated Y chromosome during activation of
the spermatocyte genome.”> This data is consistent with a role for MBD2 in gene activation,
not gene suppression, although it is possible as suggested by the authors of this publication,
that MBD2 suppresses specific genes in active domains of the chromosome. While the biologi-
cal role of MBD?2 in either demethylation or gene suppression is still unclear, its critical role in
cellular transformation is beginning to emerge as discussed below.

It is clear however that MBD?2 is redundant as far as fetal development, viability and fertil-
ity are concerned since an mbd2-/- knock out mouse is viable and fertile.”® The mbd2-/- knock
out mouse does not exhibit either gross changes in gene expression or DNA methylation. This
must imply that other demethylases are present in vertebrates. Nevertheless, data from our
laboratory suggests that MBD2/demethylase is critical for tumorigenesis.”” The fact that MBD2/
demethylase is critical for tumorigenesis but not for the viability of the healthy animal raises
interesting therapeutic opportunities that will be discussed below.

In summary, there is evidence that a bona fide demethylase is present in vertebrates and
is possibly overexpressed in tumors. Higher activity of a general demethylase might be



The Role of Active Demethylation in Cancer and Its Therapeutic Potential 161

demethylase
. :
HDAC DNMT 'HAT

DNMT
CH, demethylase CH istone
G g, _ Demethylase?
sonsd // // “*JU N f//*ﬂ/‘;
DNMT

Figure 1. The dynamic cycle of chromatin and DNA methylation states. The state of DNA methylation is
determined by a balance of DNA methylation, catalyzed by DNA methyltransferases (DNMT) and
demethylation, catalyzed by demethylase. The direction of the reaction is determined by chromatin struc-
ture. DNA associated with a nucleosome (yellow oval) that bears an acetylated (Ac) Histone 3 (H30 tail
(yellow line) at K9 is a preferred substrate for demethylase and is pootly methylated by DNMT. Methyl
CpGs are indicated by an encircled CHj. Interaction of histone deacetylase (HDAC), which is recruited
by corepressors, with the nucleosome results in histone deacetylation and a tight interaction between the
tail and DNA. This DNA is inaccessible to demethylase but is a preferred substrate for DNMT, which is
recruited by HDACs. Deacetylated histone tails could undergo further modification by histone
methyltransferases SUV39. Histone methylation further stabilizes the inactive state. DNA associated with
nonacetylated K9-methylated histones is inaccessible to demethylase but is a preferred substrate for DNA
methylation. Once the DNA is methylated, the inactive state of the gene is stabilized. Putative histone
demethylases recruited by putative transcriptional activators could remove the methylation from H3 K9,
which creates a preferred substrate for histone acetyltransferases (HATs). Acetylation creates a preferred
accessible substrate for demethylase, resulting in demethylation and stable activation of the gene.

responsible for the global and heterogeneous hypomethylation seen in cancer. The possi-
bility of a demethylase enzyme obliges us to amend our perception of the DNA methyla-
tion reaction from a unidirectional reaction involving one enzyme to a reversible reaction
involving two sets of enzymes, DNA methyltransferases and demethylases.>’®7° The DNA
methylation pattern is proposed to represent the steady state balance of methylation and
demethylation (Fig. 1). An increase in the activity or inhibition of either enzyme should
alter the balance of the reaction and the state of DNA methylation. It is unclear whether
demethylases are involved in the regular homeostasis of DNA methylation in normal cells,
or whether they are recruited only under certain circumstances such as cellular differentia-
tion or transformation. The special role of MBD2/demethylase in the process is also un-
clear. An important question is what determines the direction of the methylation reaction,
its specificity and its correlation with gene expression.
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Resolving the Paradox of the Coexistence of Regional
Hypermethylation and Global Hypomethylation in Cancer;

Role of Chromatin Structure

As discussed in the preceding chapters both regional hypermethylation and global
hypomethylation coexist in cancer. How could regional hypermethylation be possible in the
presence of high levels of demethylase activity?

A first clue as to a possible solution to this paradox could be derived from the fundamental
differences between hypermethylation and hypomethylation in cancer. The fact that the
hypermethylation is regional and not global implies that these changes are not caused by a
general defect in the DNA methylation machinery, but rather by a regional change in the
properties of these genes as substrates for DNA methylation. Alternatively, regional changes are
consistent with a change in activity of a DNA methyltransferase that recognizes specific regions
in the genome, and which is upregulated in cancer. There is no evidence for such a mechanism.
However, there is emerging evidence that CpG islands undergo significant changes in chroma-
tin structure and that these changes might precede changes in DNA methylation. For example,
an analysis of the E-CADHERIN CpG island which is silenced in multiple tumor cell lines
reveals that the methylation pattern is extremely heterogeneous in different cell lines in which
the E-CADHERIN gene is silenced.”? In one of the cell lines, the gene is silenced in spite of the
fact that the promoter is completely unmethylated. However, in all cases where the gene is
silenced, the histones associated with the promoter are deacetylated.”” This detailed analysis
provides us with a picture of different stages in the silencing of E-CADHERIN in cancer. Since
histone acetylation is the change observed in all cases, it most probably precedes
hypermethylation, which seems to be a response to the inactive state of chromatin.

DNMT1 and DNMT3b were shown to associate with both HDAC1 and HDAC2%®!
and we propose that gene silencing by factors that recruit HDACI or HDAC2 to CpG islands
eventually leads to recruitment of DNMTs to the silenced genes and their eventual methyla-
tion. Factors that silence CpG islands by altering chromatin structure are proposed to be the
primary cause for silencing and hypermethylation, and their expression is hypothesized to alter
in cancer cells (Fig. 1). An example of an oncogenic factor leukemia-promoting PML-RAR
fusion protein, which specifically recruits DNMT1 and HDACI1 to target promoters has been
recently described.®? One important area of research in the future should be uncovering addi-
tional factors that suppress expression of tumor suppressor genes in cancer.

In contrast to the hypothesis proposed here, experiments with the histone deacetylase in-
hibitor TSA and the DNA methylation inhibitor 5-aza-CdR have led to the suggestion that
DNA methylation is the primary cause of silencing of methylated tumor suppressor genes. The
experiments show that while 5-aza-CdR activates methylated tumor suppressor genes, TSA is
unable to activate them on its own.>3¥ TSA nevertheless does have a synergistic effect with
5-aza-CdR.#*%4 [ would like to suggest that this data does not necessarily imply that chromatin
modification is secondary to DNA methylation. It is possible that TSA treatment is insufficient
to fully activate the chromatin structure and therefore chromatin structure might still be the
primary reason of tumor suppressor gene inactivation.

It is now clear that chromatin structure involves multiple silencing modifications in addi-
tion to histone acetylation, such as histone methylation, which might not be relieved by TSA
treatment exclusively (Fig. 2). Recent detailed mapping of the silenced and methylated tumor
suppressor p16 5' region by ChIP analysis revealed methylation of K9 in the H3-histone tail.
H3-K9 methylation is associated with gene silencing and is believed to preclude
H3-acetylation.”#® 5-aza-CdR treatment results in rapid reversal of histone H3-K9 methyla-
tion and demethylation and activation of the p16 gene.®*®” TSA does not inhibit histone
methylation and is therefore incapable of activating H3-K9 methylated chromatin.

An important related issue is to understand how 5-aza-CdR, a DNA methylation inhibi-
tor reverses histone methylation. There are two possible explanations. First, inhibition of
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Figure 2. Coexistence of regional hypermethylation and global demethylation, a model. Nonacetylated
histone tails inhibits the access of demethylase to DNA. The histone deacetylase inhibitor TSA induces
histone acetylation and accessibility to demethylase (A) resulting in DNA demethylation as indicated by the
encircled (CHj) removed from DNA. Gene B however escapes the global increase in acetylation since its
histone tails are associated with inhibitors of histone acetylation, InHATs, which mask K9 from histone
acetyl transferases (HATS). This explains why under condition of excess global demethylation certain genes
remain hypermethylated, and why methylated tumor suppressors are notinduced and demethylated by TSA
treatment. An additional mechanism that might mask specific genes (C) from global demethylation and
TSA treatment is histone H3-K9 methylation. H3-K9 methylation renders the gene inaccessible to
demethylase.

SUV39 histone methyltransferases (which catalyze H3-K9 methylation) might be a side ef-
fect of 5-aza-CdR. Second, histone methylation might require the presence of MeCP2, which
was recently shown to associate with histone methyltransferase.®® Inhibition of DNA methy-
lation by 5-aza-CdR results in removal of MeCP2 and the histone methyltransferase associ-
ated with it.

In addition to histone methylation, some genes, as will be described below, might be pro-
tected from histone acetylation even in the presence of TSA by InHATS, a complex of proteins
that bind histone tails and prevent their acetylation®” (Fig. 2). In summary, the lack of response
to TSA does not indicate that a gene is not silenced by chromatin modification.

The model proposed here that local alterations in chromatin structure are responsible for
regional hypermethylation, still leaves the unanswered question of what protects these CpG
islands from global hypomethylation? This question relates to the general question of what
delimits the activity of demethylase? What determines the balance of the DNA methylation
reaction towards either methylation or demethylation? Since different genes exhibit different
methylation patterns, what are the signals that determine the steady state of the DNA methy-
lation reaction?
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To address this question we ought to consider the basic rules that define DNA methylation
patterns in vertebrates. One of the most consistent properties of DNA methylation is the tight
correlation between methylated DNA and an inactive chromatin configuration and between
hypomethylated DNA and an active chromatin configuration.”® We have therefore previously
hypothesized that the steady state methylation patterns of a gene is determined by the chroma-
tin structure. Active chromatin structure targets demethylase activity while inactive chromatin
structure targets DNMT activity™’® (Fig. 1). The possible mechanisms for recruitment of
DNMTs to inactive chromatin were discussed above.

My laboratory focused on the possibility that active chromatin targets demethylase. We
proposed that the hypomethylated state of active genes is a consequence of their active chroma-
tin structure, which attracts demethylase activity. To test the hypothesis we had to identify a
system where active demethylation could be studied in isolation from passive demethylation
caused by inhibition of DNA methylation during replication, and de novo methylation. Nu-
merous studies followed the state of methylation of endogenous genes in vivo and in cell cul-
ture, but it was impossible to study active demethylation in isolation from DNA replication
and DNA methylation. Thus, whereas in vivo studies contributed to the characterization of the
steady state methylation pattern of genes, they did not unravel the mechanisms that defined
these DNA methylation patterns. To study mechanisms responsible for the steady state methy-
lation pattern of a sequence, we need to introduce the sequence into a cell at a defined state of
methylation, and then determine the mechanisms, which lead to different steady state patterns
of methylation.

According to the accepted model described above, DNA methylation is a unidirectional
reaction determined by the state of methylation of the parental strand.?® Therefore, if a methy-
lated DNA is introduced into a cell, it should remain methylated irrespective of its potential
state of activity. However, if DNA methylation is a reversible reaction and is determined by
chromatin structure then methylated DNA introduced into a cell will acquire, with time, a
state of methylation that reflects its state of chromatin activation in the cell.

We found that transformed human embryonal kidney HEK293 cells are ideal for studying
the mechanisms defining active demethylation in vertebrate cells.”” These cells are readily trans-
fected by exogenous DNA, and the exogenous transiently transfected DNA does not replicate
and does not undergo de novo methylation in these cells under these conditions. DNA is
methylated in vitro before transfection and is introduced into the cell by calcium phosphate
precipitation method. The state of methylation of the transfected DNA is determined three
days after transfection. To separate differences in methylation caused by variation in the pri-
mary sequence from changes caused by the state of activity of the gene, we studied the state of
methylation of an identical reporter gene placed under different promoters. Thus, we compare
the state of methylation of identical sequences. We first introduced methylated reporter DNA
that was associated with cither an active or inactive promoter and we found that the reporter
sequence was demethylated only when it was associated with an active promoter. This data
demonstrates that the DNA methylation is dynamic in vertebrate cells, and that it reflects the
state of activity of genes. This data is inconsistent with the hypothesis that DNA methylation
patterns are defined by the DNA methylation of the parental strand. Thus, the DNA methyla-
tion pattern is not fixed and its steady state reflects the state of gene activity (Fig. 1). We then
determined whether the active demethylation of the reporter gene is dependent either on the
sequence of the promoter or the state of modification of chromatin.

To address this question, we modified the state of histone acetylation pharmacologically
using the general histone deacetylase inhibitor TSA and found that histone acetylation is the
primary determinant of the state of methylation irrespective of the J())romoter used. Histone
acetylation triggers demethylation even in the absence of a promoter.” To finally demonstrate
a direct relation becween histone acetylation and demethylation we used a chromatin immuno-
precipitation assay to show that the transfected DNA, which is associated with acetylated his-
tones is demethylated, whereas DNA associated with deacetylated histones is fully methylated.
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One simple mechanism explaining the relation between state of acetylation of histones and
demethylation is that the deacetylated histone tails, which form tight association with DNA,
inhibit the accessibility of demethylase to methylated DNA (Fig. 2).

These experiments provide a simple mechanism explaining the maintenance of the
unmethylated state of active genes in vertebrate cells. Active genes are associated with acety-
lated histones in all instances and are therefore an excellent substrate for the demethylase,
which maintains them unmethylated. A shift in the state towards deacetylation of a gene will
tilt the steady state of the reaction towards methylation. However, since the process of de novo
methylation is inefficient, DNA methylation of a silenced genes lags behind its silencing and
chromatin inactivation as discussed above. This mechanism also can explain the demethylation
of genes during development. Binding of transacting factors to cis elements recruits histone
acetyltransferases to the gene, which then targets the gene for demethylation. For example, the
immunoglobulin kappa gene is specifically demethylated during development in a process re-
quiring the transcri;)tion factor NFxB as well as the intronic kappa enhancer and the matrix
attachment region.”! Similarly, it was recently shown in maize that the transcription factor
TpnA, which binds cis acting sequences in Suppressor-mutator (Spm) transposon also pro-
motes its demethylation.”

The fact that demethylation by demethylase is dependent on regional and gene specific
acetylation states can explain how certain genes can remain hypermethylated in cancer even in
the presence of high levels of demethylase activity. Regional hypermethylation is caused by
regional changes in chromatin structure that inhibit the accessibility of the gene even to highly
abundant demethylase (Fig. 2).

Support for the hypothesis that regional changes in chromatin structure can protect from
active demethylation comes from determining the effect of proteins that inhibit acetyltransferase
activity (InHATs) might have on demethylation. InHATs bind lysine 9 on histone tails and
protect them from acetylation even in the presence of the pharmacological inhibitor of histone
deacetylase TSA.¥ Ectopic expression of InHAT proteins protects exogenously introduced
methylated DNA from demethylation even in the presence of high concentrations of TSA.%?
An increase in InHAT binding to certain CG islands can explain how regional hypermethylation
can persist in the presence of high levels of demethylase. Interestingly, one of the proteins
comprisin% the InHAT complex is the oncoprotein Set/TAF-1, which we show to be elevated
in tumors.”

This line of experiments might also explain why TSA does not cause global induction of
gene expression and global demethylation and why TSA does not induce expression of tumor
suppressor genes as a single agent.? We propose that InHATS as well as other histone modifi-
cation such as H3-K9 methylation protect certain CG sequences from acetylation, and as a
consequence from demethylation (Fig. 2). These regional sequences are masked from demethylase
even when it is abundant. Demethylation of such sequences would be possible only if these
additional histone modifications are removed.

In summary, including demethylase in the DNA methylation equilibrium can help us ex-
plain the global hypomethylation observed in tumors. New data showing that demethylase acts
only on DNA that is found in an active chromatin structure can explain how regional
hypermethylation persists even in the presence of high levels of demethylase. If one assumes
that the DNA methylation pattern is dynamic and reversible, the paradox of hypo- and hyper-
methylation in cancer could be resolved.

Possible Role of Global Hypomethylation in Cancer

As discussed above and in other chapters in this book, global hypomethylation is a consis-
tent property of cancer cells and it occurs independently of regional hypermethylation.'
The critical question with respect to the therapeutic implications of this phenomenon is
whether it plays a causal role in tumorigenesis or whether it is a byproduct of the transforma-
tion process. If global hypomethylation is critical for transformation, it implies that the use
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Figure 3. The different roles of DNMT and demethylase in tumorigenesis. Oncogenic signals induce both
DNMT and demethylase activities. Increase in DNMT activity stimulates oncogenesis by three mecha-
nisms. First, DNMT interaction with the replication factor PCNA stimulates initiation of DNA replication
and overriding cell arrest signals. Second, DNMT forms protein-protein interactions with chromatin
modifiers and transcriptional repressors resulting in silencing of tumor suppressors. Third, DNMT is
required for maintenance of the ectopic methylation of tumor suppressors leading to their silencing. The
combined action of DNMT results in stimulating entry into the S phase of the cell cycle. Induction of
demethylase results in demethylation and activation of a class of genes involved in tumor invasion and
migration. Tumor suppressors are masked from this effect because of regional chromatin modification as
explained in Figure 1. The combined action of demethylase and DNMT lead:s to fully developed tumori-
genesis, uncontrolled growth and metastasis.

of DNA methylation inhibitors in anticancer therapy might have serious risks on one hand,
and that demethylase inhibitors might have an important therapeutic potential. If global
hypomethylation plays a causal role in cancer, it is important to define this role as well as the
role of regional hypermethylation of tumor suppressor genes. It stands to reason that these
processes target two different but mutually critical steps in tumorigenesis (Fig. 3).

Three lines of evidence support the hypothesis that hypomethylation plays a causal role in
cancer. The first line of evidence is correlative and was discussed above. The second line of
evidence comes from epidemiological and experimental data correlating cancer with methyl
deficient diets. Methyl deficient diets were shown by numerous studies to cause hypomethylation
and promote liver cancer in rats.””**%7 and liver DNA was shown to be hypomethylated dur-
ing the early stages of chemical carcinogenesis.”® On the other hand hepatocarcinogenesis and
hypomethylation induced in diethylnitrosamine-initiated rats by “resistant hepatocyte” (RH)
protocol is inhibited by exogenous administration of the methyl donor S-adenosyl-L-methionine
(AdoMer).”

AdoMet is the methyl donor of numerous methylation reactions and it is possible that
AdoMet exerts its chemoprotective effects through other biological methylations. However, an
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experiment showing that the chemoprotective effect of AdoMet is reversed when it is co ad-
ministered with the DNA methylation inhibitor 5-aza-CdR supports the idea that DNA me-
thylation is critical for the chemoprotective action of AdoMet.'™ Epidemiological data have
suggested a correlation between low methyl-group and folate dietary intake and the risk for
colorectal adenomas and cancer.”>*” Similarly, chronic alcohol consumption, which can di-
minish cellular AdoMet levels, causes genomic hypomethylation and was implicated as an
etiologic agent in colorectal carcinogenesis.'®"'% Third, early experiments have shown that
5-aza-CdR treatment can enhance the metastatic potential of tumor cell lines.'®®1% These
data indicate that hypomethylation of DNA might cause, in addition to its anticancer effects,
induction of genes that promote the invasive capacity of tumors as well as promote formation
of new tumors. Although none of these data demonstrate directly that the mechanism of car-
cinogenesis is through hypomethylation of DNA, and it is possible that both hypomethylating
diets and 5-aza-CdR promote carcinogenesis by a mechanism independent of DNA methyla-
tion, the convergence of animal, epidemiological, and 5-aza-CdR results strongly supports this
hypothesis.

Mechanisms Whereby Hypomethylation Enhances Tumorigenesis

If hypomethylation plays a role in tumorigenesis, what is the mechanism through which it
enhances tumorigenesis? The mechanism involved has obvious therapeutic implications for
both DNA methylation inhibitors and potential demethylase inhibitors.

Three different mechanisms have been proposed in literature to be induced by
hypomethylation. First, oncoprotein gene hypomethylation, which is observed in normal tu-
mors as well as chemically and methyl deficient induced tumors, is proposed to promote abet-
rant oncogene activity similar to activating mutations. There is evidence for hypomethylation
of ¢-myc and Ha-ras oncogenes in human tumor samples from colonic adenocarcinoma and
small cell lung carcinoma relative to adjacent normal tissue,® of c-myc and EGF receptor in
hepatocellular carcinoma?®1% in bladder carcinomas®” and the erb-A1 gene was found to be
hypomethylated in chronic lymphatic leukemia.”® Similarly, hypomethylation of oncogenes
was shown to occur in methyl-deficient induced hepatic cancers in rats® and in chemically
induced liver cancer in rodents.”®1%719 However, although oncogene hypomethylation has
been observed in tumors and duting stages of carcinogenesis, there is no direct evidence that it
plays a role in expression of these genes.

A second possible role is that global hypomethylation promotes genomic instability. This
hypothesis is supported by genetic and pharmacological evidence. Firstly, DNA hypomethylation
has been associated with abnormal chromosomal structures in cells from patdients with ICF
(Immunodeficiency, Centromeric instability and Facial abnormalities) syndrome as discussed
in other chapters in this book. In this syndrome which is most probably caused by mutations in
the DNA methyltransferase DNMT3b,!1%!!! methylation of satellite 2 in the pericentromeric
region of chromosome 1 and 16 is defective.!? Thus, there is direct genetic evidence showing
that a defect in DNA methylation causes chromosomal instability in humans. Second, there is
pharmacological evidence for a causal relation between hypomethylation of pericentromeric
regions and chromosomal instability since pre B cells treated with the demethylating agent 5-
aza-CdR exhibited pericentromeric rearrangements of chromosome 1 at a very high frequency.'*®
Third, in addition to this pharmacological evidence, it was reported that drnmz1-/- knockout
murine embryonic stem cells exhibited genomic instability.'*

Interestingly, similar to ICF syndrome, many cancers also exhibit defective methylation of
satellite 2 and other repetitive sequences as well as pericentromeric chromosomal rearrange-
ments. This similarity between both conditions is consistent with the hypothesis that global
hypomethylation in cancer leads to chromosomal instability.''> For example, almost half of 25
examined breast adenocarcinomas exhibited hypomethylation in satellite 2 DNA which is nor-
mally highly methylated.?
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A third possible mechanism is that hypomethylation induces metastasis by activation of
genes required for cell motility, invasion and metastasis. This hypothesis is based on earlier
observations that treatment of cancer cells with the DNA demethylating agent 5-aza-CdR
leads to increased metastasis as discussed above.!%® Thus, we propose that increased
hypomethylation is required for the stages of tumorigenesis involving metastasis, invasion and
migration (Fig. 3). This hypothesis is supported by the correlation between the degree of
hypomethylation of tumors and their invasive potential observed in some but not all studies.
In prostate cancer, hypomethylation of the genome correlates with the metastatic capacity of
the tumor.'? In cervical cancer the degree of hypomethylation increases with the grade of cer-
vical neoplasia.'® Soares et al, observed a trend for DNA from breast carcinoma with positive
axillary nodes to be more hypomethylated than those without nodal involvement and a statis-
tically significant correlation was found between global hypomethylation and disease stage.'
Similarly, Shen etal, found a sigzniﬁcant correlation between global hypomethylation and infil-
tration and metastatic capacity.®® Liteplo and Kerbel compared the global methylation level of
melanoma cell MelWo and its metastatic variants and found that metastatic variants were
hypomethylated relative to the nonmetastatic variants.'® Although these correlative studies on
their own do not demonstrate that global hypomethylation is causal in metastasis, they strongly
support a role for global hypomethylation in invasion and metastasis in conjunction with the
fact that 5-aza-CdR, a DNA methylation inhibitor, promotes metastasis. However, to fully
establish the role of hypomethylation in metastasis we need to demonstrate a feasible mecha-
nism whereby hypomethylation results in increased metastasis. A possible mechanism is that
global hypomethylation also results in the hypomethylation and activation of genes required
for either cell motility, adhesion molecules or proteases required for invasion. These genes are
methylated in nonmetastatic cells and the cell is transformed to a metastatic variant by
hypomethylation and activation of these genes (Fig. 3).

A number of examples of genes involved in cell motility and invasion support this hypoth-
esis. The metastasis associated protein Mts1/S110A4, which encodes a calcium binding pro-
tein that is involved in cell motility is overexpressed in metastatic variants relative to nonmetastatic
variants of tumors.!!® Ectopic expression of this protein in nonmerastatic mouse mammary
adenocarcinoma cell line increases in vitro motility but not invasiveness.!’” However transfec-
tion of this gene into the non metastatic human breast cancer cell line MCF-7 increased inva-
siveness in vitro and in vivo.!'® In accordance with the hypothesis proposed here it was shown
that M#s1 expression in human colon carcinoma correlates with its state of methylation? and
that overexpression of Mtsl in pancreatic ductal carcinoma correlates with hypomethylation
and is associated with poor differentiation.*®

DNA methylation regulates other proteases similar to M#s1, which are potentially involved
in tumor invasion. Gelatinase B is overexpressed upon induction with interleukin 1 in a meta-
static melanoma cell line but not in a nonmetastatic cell line derived from the same patient.
5-aza-CdR treatment of both cell lines results in constitutive activation of Gelatinase B.'"

Direct evidence that DNA hypomethylation activates a protease involved in tumor inva-
ston has recently been published. MCF?7 is a non metastatic human breast cancer line whereas
MDA-MB-231 is a highly invasive and metastatic line. The protease Urokinase-Type Plasmi-
nogen Activator (uPA), which is required for tumor invasion, is not expressed in MCF-7 and
the uPA gene is hypermethylated, whereas it is expressed in MDA-MB-231 and it is
hypomethylated. Upon treatment with the DNA methylation inhibitor 5-aza-CdR, the gene is
demethylated, uPA is expressed, and cells are transformed to be invasive and metastatic. This
study also showed that global demethylase activity is elevated in MDA-MB-231 cells relative to
MCF7 cells.”!

We propose that changes in DNA methylation required for tumorigenesis involve two sepa-
rate steps. The first step involves an increase in DNMTT1 and possibl¥ DNMT3b activity,
including perhaps a specific alternative splicing product of DNMT3b.'?° This step leads to
bypassing of tumor growth signals, and silencing and hypermethylation of CG islands of growth
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Figure 4. Two putative mechanisms of action of DNMT1 inhibitors. The first class of inhibitors interferes
with the catalytic activity of the enzyme but does not disrupt its protein-protein interactions. The replication
fork forms in the presence of DNMT1 and replication of the new strand (dashed red line) proceeds in the
absence of DNMT1 activity resulting in passive demethylation of the nascent strand. Further rounds of
replication in the presence of the inhibitor result in the formation of DNA, which is unmethylated on both
strands of DNA. Some of the genes that are demethylated might promote metastasis. The second class of
inhibitors either knocks down DNMT 1 levels such as antisense oligonucleotides or siRNA or knock down
important protein-protein interactions of DNMT1 such as its interaction with PCNA. This results in intra
S phase arrest of initiation of DNA replication and therefore little or no demethylation and no induction
of pro-metastatic genes.

regulatory genes. We have previously proposed that the immediate effects of DNMT1 on
growth control are independent of DNA methylation, and involve protein-protein interac-
tions of DNMT1 and possibly other DNMTs. The second step, once growth control has been
breached, is invasion and metastasis. Hypomethylation of growth invasive genes is required for
activation of genes involved in this process (Fig. 3).

The Therapeutic Implications of Global Hypomethylation

As discussed in earlier chapters in this book, DNA methyltransferase (DNMT) inhibitors
have shown promise as anticancer agents.>4*2! Two classes of inhibitors are used: DNMT1
antisense molecules, which knockdown the }Jrotein levels,%” and inhibitors of DNA
methyltransferase activity such as 5-aza-CdR.'?*'?> We have previously proposed that knock-
down of DNMT1 protein also causes inhibition of DNA replication by a mechanism, which is
independent of demethylation and is dependent on the protein-protein interactions of
DNMT1.2 Inhibitors that knock down DNMT1 levels should not cause extensive global
hypomethylation since they inhibit replication and therefore the synthesis of unmethylated
DNA?* (Fig. 4). However, catalytic inhibitors of DNA methyltransferase activity will cause
global hypomethylation since they do not limit the levels of DNMT1 protein. This hypothesis
has been recently supported by comparing the profile of genes induced by 5-aza-CdR and



170 DNA Methylation and Cancer Therapy

protein-protein interaction
Catalytic Knock down
replication replication X
i v
----- hylat !m“.-.'%n' on !
F A »
5 N ) «
Tumor suép'és.sorm Invasion and motilty genes Invasion and motility genes hTumor suppressor
v v A qv
Cell gfowth | | metastasis metdtasis Cell gfowth

Figure 5. The predicted effects of catalytic inhibitors of DNMT'1 and knock down inhibitors of DNMT1
on tumort growth and metastasis. Catalytic inhibitors cause demethylation of tumor suppressor genes, which
would result in inhibition of tumor growth as well as induction of pro-metastatic genes. Knock down
inhibitors will trigger an arrest of DNA replication as well as activation of certain tumor suppressors by a
methylation independent pathway. The combination of these effects results in inhibition of tumor growth.
Induction of pro-metastatic genes should not occur since inhibition of DNA replication limits the possi-
bility of passive demethylation.

MG88 (DNMT1 antisense oligonucleotide) treatment of A549 cells using 12K human gene
arrays. Whereas MG88 induces an array of stress response genes that explain its antimitogenic
effect, 5-aza-CdR induces a class of methylated testis/cancer specific antigens such as mela-
noma associated antigcn125 (Fig. 4) consistent with its demethylating activity.

The discussion in the previous section raises the specter of induction of metastasis upon
treatment with DNA demethylating drugs. The examples brought above clearly indicate that
DNA methyltransferase inhibitors induce metastatic genes such as uPA,*! Gelatinase B'"? and
Mis1.?# An excellent illustration of the combined blessing and curse in DNA methyltransferase
inhibitors is the simultaneous induction of TIMP-1, a protease inhibitor that inhibits metasta-
sis and Gelatinase B''” a protease that promotes cell invasion, by the demethylating agent
5-aza-CdR. I therefore previously proposed that the main focus of DNMT inhibitor develop-
ment should be on agents thar knockdown DNMT1 but do not cause global hypomethylation.
Agents that inhibit specific protein-protein interactions of DNMTT1 or those that block its
synthesis will accomplish this goal (Fig. 5). While inhibition of DNA methylation by DNA
methyltransferase inhibitors might block growth by inducing tumor suppressor genes, it might
bring about a clinically serious and unwanted outcome of increased metastasis (Fig. 5). f DNA
demethylation can cause metastasis, DNA methylation inhibitors should be used with extreme
care in anticancer or other forms of therapy. Al DNMT1 inhibitors should be screened for
their potential pro-metastatic activity.

Since hypermethylation in cancer occurs independent of global hypomethylation, inhibi-
tors of demethylase activity are potential anticancer agents (Fig. 6). However, to be able to
develop such agents, one has to first characterize the demethylase involved in global
hypomethylation in tumots. Another question that will have important therapeutic consequencs
is whether global hypomethylation affects cell growth or invasion and metastasis exclusively. If
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Figure 6. Proposed antitumorigenic effect of demethylase inhibitors, a model. Genes required for invasion,
migration and metastasis are maintained in a methylated (indicated by the encircled CHj) state in
nonmetastatic cell since they are preferred substrates for DNMTs. The genes are inactive and metastasis is
inhibited. During tumorigenesis, induction of demethylase activity results in demethylation of this class of
genes resulting in activation of their transcription and metastasis. Inhibition of demethylase by specific
inhibitors will redirect the DNA methylation equilibrium towards methylation and silencing of the
pro-metastatic genes resulting in inhibition of metastasis.

global hypomethylation is critical only for tumor invasion and metastasis but not for cell growth,
then inhibitors of demethylase would not suffer from the limiting toxicity of other antimitotic
drugs. If chis is the case, then DNMT1 inhibitors and demethylase inhibitors would act on two
fundamentally different regulatory circuits, cell growth and division for DNMT1 inhibitors
(Fig. 5) and cell motility and invasion for demethylase inhibitors (Fig. 6). This notion, if true,
expands the potential therapeutic applications for a combination of DNMT1 and demethylase
inhibitors, as well as guides us in defining the specific use of these inhibitors for distinct thera-
peutic requirements.

MBD2/Demethylase As an Anticancer Target

We do not know yet which demethylases are critical for maintaining the hypomethylated
state of tumor invasion and metastasis genes. However, since the only cloned protein with
demethylase activity in our hands is MBD2/demethylase, we tested the hypothesis that MBD2/
demethylase plays a critical role in cancer. We addressed two questions: a. Does MBD2/
demethylase play a causal role in cancer? b. Is MBD2/demethylase required for cell growth or
is it exclusive for the unique requirement of tumorigenic growth such as anchorage indepen-
dence, invasion and metastasis? To knock down MBD2/demethylase, we expressed the cDNA
in the antisense orientation. Antisense expression resulted in knockdown of MBD2/demethylase
expression and in a dramatic reduction in the ability of a wide range of human cancer cells to
grow in an anchorage independent manner. Interestingly, knockdown of MBD2/demethylase
had no effect on the capacity of the cells to grow in an anchorage dependent manner and there
was no effect on cell cycle kinetics.”” This is consistent with the hypothesis that MBD2/
demethylase controls genes that are required for tumorigenic growth but not regular growth.
Thus, MBD2/demethylase might be an ideal anticancer target since its inhibition would not
result in arrest of normal growth, which is the cardinal problem of anticancer therapies.
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We then tested whether inhibition of MBD2/demethylase might have an effect on tumor
growth in vivo. We used an adenoviral vector to deliver MBD2/demethylase into human
nonsmall cell carcinoma line A549 that was passaged as a xenoplast tumor in nude mice.
Intratumoral administration of MBD2/demethylase antisense vector resulted in reduction of
tumor 7§rowth in vivo, supporting the hypothesis that MBD2/demethylase is an anticancer
target.

However, to determine whether systemic inhibition of MBD2/demethylase would result in
an anticancer effect, we screened and designed second-generation antisense oligonucleotide
inhibitors of MBD2/demethylase mRNA. These compounds are also candidate therapeutic
agents. The antisense oligonucleotides inhibited MBD2/demethylase mRNA and protein in a
dose responsive manner at 100-200 nM. MBD2/demethylase antisense oligonucleotides in-
hibited anchorage independent growth of human lung and colorectal cancer cells but did not
inhibit their growth under anchorage dependent conditions. The oligonucleotides did not
have an effect on the cell cycle kinetics of normal skin fibroblasts, supporting the hypothesis
that MBD2/demethylase is not required for cell cycle progression. This is consistent with ge-
netic experiments showing that MBD2-/- mice are viable and fertile.”® MBD2/demethylase
antisense oligonucleotides administered in vivo by tail vein injection into nude mice bearing
either human lung or colorectal cancer completely inhibited tumor growth at a concentration
of 8 mg/kg.'? The antisense sequence, which has only one mismatch with the murine MBD2/
demethylase 