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■ Abstract This review focuses on the role that DNA methylation plays in the
regulation of normal and aberrant gene expression and on how, in a hypothesis-driven
fashion, altered DNA methylation may be viewed as a secondary mechanism involved
in carcinogenesis. Research aimed at discerning the mechanisms by which chemicals
can transform normal cells into frank carcinomas has both theoretical and practical
implications. Through an increased understanding of the mechanisms by which chem-
icals affect the carcinogenic process, we learn more about basic biology while, at the
same time, providing the type of information required to make more rational safety
assessment decisions concerning their actual potential to cause cancer under particu-
lar conditions of exposure. One key question is: does the mechanism of action of the
chemical in question involve a secondary mechanism and, if so, what dose may be
below its threshold?

THE SECONDARY MECHANISM CONCEPT—WHY BOTHER?

In the broad sense, carcinogens may be classified as acting through a genotoxic or
nongenotoxic mode of action (1, 2). A genotoxic mode is operative in those situ-
ations where the chemical or a metabolite interacts with DNA directly. Nongeno-
toxic carcinogens act through a mode of action that does not involve direct DNA
damage. The nongenotoxic compounds can be viewed as acting through a sec-
ondary mechanism of carcinogenesis (3, 4). This term implies that the carcinogen
produces a tumor response through the obligate action of a secondary factor, e.g.,
gastrin-mediated stomach neoplasia produced with long-acting histamine H2 an-
tagonists; target organ toxicity, as in bladder tumors secondary to urinary tract
calculi (5); and physiologic disturbances, such as endocrine tumors demonstrated
to be secondary to chemically induced hormone imbalance (6). In each of these
examples, the secondary factor is responsible for the tumor response independent
of the chemical per se (3). The cancer process is linked to the involvement of a key
step(s) involving a biochemical/molecular alteration produced at some threshold

0362-1642/02/0210-0501$14.00 501



11 Dec 2001 17:45 AR AR150-20.tex AR150-20.SGM LaTeX2e(2001/05/10)P1: GSR

502 GOODMAN ¥ WATSON

of exposure. In addition to the theoretical implications regarding mechanisms un-
derlying carcinogenesis, the practical implication is that the data demonstrating
that a chemical is acting by a secondary mechanism can be used to set a safe expo-
sure level. The some-risk-at-all-dose assumption typically made for carcinogens
is not required when the induction of tumors is a consequence of a classical toxic
event seen only at some threshold of exposure (4).

Research aimed at discerning the mechanisms by which chemicals can trans-
form normal cells into frank carcinomas has both theoretical and practical impli-
cations. As we increase our understanding of the mechanisms by which chemicals
affect the carcinogenic process, we learn more about basic biology while, at the
same time, providing the type of information required to make more rational safety
assessment decisions concerning their actual potential to cause cancer under partic-
ular conditions of exposure, e.g., does the chemical in question act by a secondary
mechanism and, if so, what dose may be below its threshold? This review focuses
on the roles that DNA methylation plays in normal and aberrant gene expression
and how, in a hypothesis-driven fashion, altered DNA methylation may be viewed
as a secondary mechanism involved in carcinogenesis.

CARCINOGENESIS IS A MULTISTAGE, MULTISTEP PROCESS

Cancer cells manifest six essential alterations in cell physiology that collectively
dictate malignant growth: self-sufficiency in growth signals, insensitivity to growth-
inhibitory signals, evasion of apoptosis, limitless replicative potential, sustained
angiogenesis, and tissue invasion and metastasis (7). Carcinogenesis is a multi-
stage, multistep process consisting of at least three experimentally defined stages:
initiation, promotion, and progression (8–10). The terms initiation and promotion
refer to modes of action (3).

The first stage, initiation, involves a heritable alteration to the genome that fa-
cilitates the clonal expansion of initiated cells in response to a promotion stimulus.
Operationally, the next stage, promotion, entails the clonal expansion of initiated
cells, i.e., cells that may proliferate in response to promoter treatment. In experi-
mental models, it is possible to demonstrate that a chemical exerts a carcinogenic
effect by acting at a particular stage(s). For example, many (but not all) genotoxic
chemicals have the potential to act as mutagens and are effective initiating agents.
Information is abundant on mechanisms of action of genotoxic carcinogens and
the role that mutations play in carcinogenesis (11). However, carcinogenesis is
more than mutagenesis; many carcinogens are not mutagens and vice versa. In
this context, it is instructive to note that a mismatch repair deficiency has been
identified in phenotypically normal human cells. The people who donated these
cells had numerous mutations in a variety of tissues but very few tumors were
evident (12). Promoting agents are capable of facilitating the clonal expansion
of initiated cells, potentially leading to a tumor by increasing cell proliferation
and/or by decreasing apoptosis (13, 14). The potential exists for the development
of spontaneous mutations (some of which may result in initiation) during periods
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of cell proliferation, e.g., compensatory hyperplasia in response to necrosis (15–
17) and following treatment with promoting agents. Finally, the progression stage
of carcinogenesis is characterized by changes in ploidy and autonomous clonal
expansion.

The experimentally based description of the three stages of carcinogenesis
should not, in our view, be read as connoting that mutation only occurs during ini-
tiation, that mutation is the one and only basis for initiation, or that promotion only
involves stimulating proliferation of and/or inhibiting apoptosis of initiated cells
(13). In fact, heritable alterations to the genome (e.g., point mutation, rearrange-
ments, deletions, chromosome loss and altered methylation) take place at multiple
points in the carcinogenic process (18–20). Three hallmarks of carcinogenesis
serve to keep our focus on the biology of the process: (a) the clonal evolution
of tumor cell populations involves a stepwise selection of sublines that are in-
creasingly abnormal and have a selective growth advantage over adjacent normal
cells—most of the variants are eliminated (21); (b) operationally, the promotion
stage is reversible (22); and (c) tumors arising in a single organ in response to treat-
ment with a particular carcinogen frequently exhibit different phenotypes, which
indicates that multiple pathways may lead to carcinogenesis (23). The numerous
heritable alterations to the genome involved in the sequential clonal expansion of
precancerous cells that lead to a frank malignancy are illustrated in Figure 1. This
is a modification of an earlier scheme (24) that pictured mutation as the genetic
mechanism underlying carcinogenesis. We employ the term “critical event” to
connote the possibility of heritable epigenetic changes, e.g., altered methylation,
being involved in addition to mutation.

THE IMPORTANCE OF EPIGENETIC MECHANISMS

Inheritance Should be Considered on a Dual Level

Inheritance must be considered on a dual level. That is, we should distinguish the
transmission of genes from generation to generation or in the somatic sense (i.e.,
inheritance of DNA base sequence) from the mechanisms involved in the transmis-
sion of alternative states of gene activity following cell division. Epigenetics is the
term used to describe the latter. It may be defined as the study of mechanisms re-
sponsible for the temporal and spatial control of gene activity, e.g., changes in gene
expression during development, segregation of gene activities such that daughters
of an individual cell have different patterns of gene expression, and mechanisms to
permit the somatic inheritance of a specific set of active and quiescent genes. DNA
methylation (5-methylcytosine content of DNA) is one epigenetic mechanism by
which gene activity may be regulated (25).

Epigenetics and Carcinogenesis

There is, particularly among toxicologists, an excessive focus upon mutagen-
esis as the (read the one and only) mechanism underlying carcinogenesis. An
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Figure 1 Initiation and cell proliferation in multistage carcinogenesis. The critical events
referred to involve heritable changes in the genome. This diagram has been adapted from
Swenberg et al. (24) to illustrate that epigenetic changes such as altered DNA methylation,
in addition to mutation, may play a key role in carcinogenesis. Each line through a cell rep-
resents a critical event. Altered DNA methylation may be a mechanism underlying selective
clonal expansion, i.e., hypomethylation may facilitate an aberrant increase in expression of
oncogenes and/or hypermethylation may silence tumor suppressor genes. Either of these
events could provide a cell with a selective growth advantage over the surrounding cells.

increased emphasis upon epigenetic mechanisms of carcinogenesis is appropriate
(20, 26, 27). Epigenetic regulation of gene expression is based upon a modulation
of transcription by heritable mechanisms superimposed on that conferred by the
primary DNA sequence (28). DNA methylation is an example of such a mecha-
nism, and altered DNA methylation may play a key role in carcinogenesis, as an
epigenetic nongenotoxic mechanism (29–35).

Initiation of Carcinogenesis May Have an Epigenetic Basis

It is usually assumed that mutagenesis provides the basis for initiation. However,
there could be an epigenetic basis as well. Despite the fact that many initiators
of carcinogenesis are capable of acting as mutagens under certain experimental
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circumstances, one does not have to assume that all of their biological effects
stem from mutagenesis. Additionally, it is possible that nonmutagens may act
as initiators. Hypermethylation-induced silencing of a tumor suppresser gene(s)
(31, 33, 35) and/or hypomethylation-facilitated aberrant increase in expression of
an oncogene(s) (31, 32) are plausible mechanisms that could underlie initiation.
The involvement of epigenetics in initiation is not mutually incompatible with a
role for mutation. Indeed, one or the other, or perhaps both, may play key roles
depending upon the particular circumstances, e.g., causative agent, dose, target
organ, and species.

Increased Gene Expression Without Mutation
May Play a Key Role in Carcinogenesis

The role that mutation plays in carcinogenesis by activating proto-oncogenes to
oncogenes and silencing tumor suppresser genes is appreciated widely. It is ax-
iomatic that, in order to affect the phenotype of a cell, a mutated oncogene must be
expressed. However, aberrant increased expression of nonmutated genes plays a
key role as well (36). Proto-oncogene overexpression may be a mechanism of ac-
tivation of the ras pathway, alternative to point mutation (37, 38). Overexpression
of mycas well asK-ras can contribute to transformation (39, 40). Furthermore,
overexpression of HER2/c-erbB2 receptor tyrosine kinase induces the transformed
phenotype of NIH3T3 cells and is required for tumor formation and progression
in nude mice (41). In this context, it is important to note that the U.S. Environmen-
tal Protection Agency’s proposed Cancer Risk Assessment Guidelines include a
section (section 2.3.5.3) entitled “Nonmutagenic and Other Effects,” which refers
explicitly to a role for altered DNA methylation as a basis for the altered gene
expression involved in carcinogenesis (42).

DNA METHYLATION

DNA methylation (i.e., the 5MeC content of DNA) is an important determinant of
gene activity (43). In contrast to mutation, this does not involve a change in DNA
base-coding sequence, i.e., both cytosine and 5-methylcytosine base pair with
guanine. Altered DNA methylation which leads to aberrant gene expression due,
in part, to affecting the ability of methylated DNA-binding proteins to interact with
their cognatecis elements (44, 45), may underlie some of the crucial changes in
gene expression involved in carcinogenesis. There is a persuasive body of evidence
indicating that differential methylation of DNA is a determinant of higher order
chromatin structure (46) and that the methyl group provides a chemical signal
recognized by transacting factors. Binding or lack of binding of these factors
regulates transcription (25), e.g., by interfering with the ability of transcription
factors to access their cognateciselements. Thus, DNA methylation is a mechanism
whereby cells can control the expression of genes with similar promoter regions
in the presence of ubiquitous transcription factors (47). Transcriptional repression
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is dependent upon the density of methylation; it is not simply a case of being on
or off (44, 48, 49). Furthermore, there is a direct causal relationship between DNA
methylation-dependent transcriptional silencing and modification of chromatin. A
particular methylated DNA binding protein, MeCP2, recruits histone deacetylase,
facilitating the remodeling of chromatin and transcriptional repression (50).

In light of the enzymatic steps involved, it may be expected that modifications
in DNA methylation would result from threshold-exhibiting events, though this
would have to be determined experimentally for each particular chemical of in-
terest. Under normal conditions, DNA is methylated symetrically on both strands.
When DNA replication occurs, 5-methylcytosine is not incorporated directly into
the newly synthesized DNA strand (51). Consequently, the new double-stranded
DNA contains hemimethylated sites that provide the signal for DNA maintenance
methylase to transfer a methyl group from its cofactor, S-adenosylmethionine, to a
cytosine residue on the newly synthesized strand. DNA methyl transferase (Dnmt1)
is the maintenance methylase responsible for propagating the parental pattern of
methylation in daughter cells following cell replication (52). If maintenance methy-
lation does not occur (e.g., owing to a decrease in capacity or fidelity of DNA main-
tenance methylase activity and/or decreased levels of S-adenosylmethionine) and
cell division followed by a second round of DNA replication takes place, then that
daughter strand will give rise to double-stranded DNA that has lost a methylated
site. This epigenetic change is heritable. Demethylation without DNA replication
(53) and de novo methylation (54) may also occur. Additionally, demethylation not
linked to DNA replication may occur through the action of a 5-methylcytosine-
DNA glycosylase (55) and/or a demethylase that transforms 5-methylcytosine
to cytosine (56). Dnmt 3a and 3b are the DNA methylases responsible for de
novo methylation (57). Thus, maintaining a normal methylation pattern depends
on the interplay between maintenance methylation following DNA replication—
demethylation not linked to DNA replication and de novo methylation. A disrup-
tion of the normal methylation pattern can disrupt development (57) and affect
the phenotype in a fashion that may contribute to carcinogenesis (e.g., silencing
of suppressor genes and/or facilitating increased expression of oncogenes). It is
important to note the potential to undo alterations in methylation through the
actions of the de novo methylases and/or demethylation not linked to replication
may provide a mechanism for reversal of aspects of tumor promotion. Operational
reversibility is a key feature of the promotion stage of carcinogenesis (8–10). The
multiple factors involved in maintaining the normal methylation status of DNA
are illustrated in Figure 2.

DNA METHYLATION AND CARCINOGENESIS

Hypomethylation

Changes in DNA methylation are a consistent finding in cancer cells. Hypomethy-
lation is an early event in carcinogenesis (58) and is observed very frequently
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Figure 2 Maintenance of DNA methylation. Newly synthesized DNA is not methylated.
Shortly after DNA replication, an S-adenosylmethionine (SAM)-requiring maintenance
methylase recognizes hemimethylated sites and methylates cytosine at the 5-position to
reestablish the original methylation pattern. A failure to maintenance methylate (e.g., due to
decreased levels of SAM and/or inhibition of maintenance methylase during periods of cell
proliferation) can result in daughter cells that contain hemimethylated DNA sites. The next
round of replication can lead to cells containing hypomethylated DNA, and this is heritable.
Furthermore, there are opportunities for demethylation that are not linked to DNA replica-
tion and de novo methylation, which does not require a hemimethylated signal. Adapted from
Hergersberg (51). Methylcytosine residues are represented as C-CH3.
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(19, 47, 59). In addition, most metastatic human neoplasms have significantly lower
genomic 5MeC than benign neoplasms or normal tissue, and the percentage of pri-
mary malignancies with hypomethylated DNA is intermediate between those of
metastases and benign neoplasms (60).

Furthermore, there is a direct relationship between DNA methylation of the
promoter region and gene silencing (61). Hypomethylation of a gene is neces-
sary, but not sufficient, for its expression. Therefore, a hypomethylated gene can
be considered to possess an increased potential for expression as compared to
a hypermethylated gene (62). Hypomethylation may facilitate the aberrant in-
creased gene expression that plays a role in the transformation of a normal cell
into a frank malignancy. One must keep in mind the fact that, with the exception
of tumor suppressor genes, a mutated gene must be expressed in order to affect
phenotype. It is interesting to note two recent publications indicate that marked hy-
pomethylation can inhibit tumorigenesis (63, 64). Since DNA methylation plays
a critical role in development (65) and differentiation (30, 66), we believe it is
reasonable to suggest that hypomethylation at an intermediate level does play a
critical role in carcinogenesis, while excessive hypomethylation may not be com-
patible with the life of the affected cells (e.g., owing to exceptional deregulation of
gene expression). It then follows that the dead cells cannot lead to the formation of
tumors.

Decreased Availability of Methyl Groups
Causes Liver Tumors in Rodents

Choline and methionine are dietary constituents that provide methyl groups for
the synthesis of S-adenosylmethionine, the cofactor for methylation reactions.
Diets devoid of choline and deficient in methionine (CMD diets) lead to increased
hepatocyte cell proliferation (67), hypomethylation, and increased expression of
oncogenes within a period of weeks to a couple of months (68). These changes are
reversible when animals are returned to a control diet following several weeks of
administration of a CMD diet (69, 70). Further, prolonged administration of CMD
diets leads to liver tumor formation in rats (71, 72) and choline deficient diets are
tumorigenic to B6C3F1 mice (73). Indeed, this appears to be the only example
where removing, rather than adding, something from the diet is carcinogenic (74).
The CMD diet leads to liver tumors primarily through promoting effects of the
diet (75). Therefore, hypomethylation appears to be a mechanism facilitating liver
carcinogenesis in rats and mice administered methyl-deficient diets.

Hypermethylation

Regional hypermethylation may inhibit transcription of tumor suppressor genes
(76) and/or lead to genetic instability and loss of tumor suppressor genes (77, 78).
Studies involving neural tumors (77) and renal tumors (78) indicate that regional
hypermethylation may constitute a molecular change associated with genetic in-
stability, which could lead to allelic loss of the chromosome in question and,
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thus, contribute to progression as a consequence of the loss of a tumor suppressor
gene(s). Additionally, hypermethylation may silence tumor suppressor genes. Pro-
gressive increases in methylation of CpG islands have been observed in bladder
cancer (79) and a variety of specific tumor suppressor genes have been reported
to be methylated in tumors, e.g., the retinoblastoma gene (80), p16ink4a (81), and
p14ARF (82). Furthermore, inactivation of p16ink4a by promoter hypermethylation
appears to be an early event in lung cancer (83).

Susceptibility to Carcinogenesis May be Related Inversely to the
Capacity to Maintain Normal Patterns of DNA Methylation

Treatment of mice with the rodent carcinogen phenobarbital or placing them on a
CMD diet results in hypomethylation in the target organ, liver, which occurs to a
greater extent in the tumor-prone B6C3F1 mice as compared to the relatively resis-
tant C57BL/6 strain (31, 70). The B6C3F1 mice appear to be defective with regard
to their capacity to maintain normal methylation, and this may, in part, explain
their high levels of susceptibility to liver tumorigenesis (70, 84). The observation
that C57BL/6 mice have a high capacity to silence expression of transgenes by
DNA methylation (85) is consistent with this view. Thus sensitivity to carcino-
genesis may be related inversely to capacity to maintain normal patterns of DNA
methylation. It is instructive to note that DNA methylation is more stable in human
cells as compared to rodent cells (86–90). This is not surprising in light of the fact
that the genome of human cells is more stable than that of rodent cells, and it is
more difficult to transform human cells as compared to rodent cells (91, 92). Thus,
the difference in the relative stability of DNA methylation may, in part, explain
this species difference.

INTERRELATIONSHIPS BETWEEN MUTAGENESIS, GENOME
STABILITY, AND ALTERED DNA METHYLATION

A role for altered methylation in carcinogenesis is not mutually exclusive with
a role for mutation. On the contrary, they are not only compatible, but comple-
mentary. For example, a mutation that has a major effect on protein function may
require a relatively low level of expression in order to influence phenotype; a mu-
tation that has a minor effect on protein function may require a relatively high
level of expression in order to influence phenotype; and an extremely high level
of expression of a normal protein may alter the phenotype of a cell. A mutation
at codon 12 ofHa-ras is not sufficient for transformation of a rat fibroblast cell
line: at least one additional event that can lead to increased expression of the gene
appears to be required (93).

Both hyper- and hypomethylation may be linked to mutagenesis. Genes that
encode enzymes involved in DNA repair may be silenced by hypermethylation.
Promoter hypermethylation of O6-methylguanine DNA methyltransferase, a DNA
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repair enzyme that removes mutagenic adducts from the O6 position of guanine, is
an early event in colorectal tumorigenesis and linked to the appearance of G to A
point mutations in theK-ras oncogene (94). Furthermore, hypermethylation can
silence the expression of p14ARF leading to a decreased sequestering of the onco-
protein MDM2 in the nucleolus, thus permitting MDM2 to target p53 for degra-
dation and/or to repress p53-mediated transcriptional activity (82). Interference
with the activity of the p53 gene and/or its encoded protein, which acts as a tu-
mor suppressor by inducing temporary growth arrest and DNA repair or apoptosis
in response to DNA damage, can facilitate mutagenesis and genome instability
leading to tumorigenesis (95). However, it is not just hypermethylation that can
result in increased mutation rates. Hypomethylation, too, can lead to elevated
mutation rates (96) and p53-dependent apoptosis, which is evidence of genome
instability (97). Most of the CpG dinucleotides in the genome are located within
parasitic DNA elements or retrotransposons. DNA methylation plays a key role as
a genome-defense system to silence expression of these elements and limit their
spread within the genome (98). Therefore, hypomethylation may lead to mutation
and genome instability by facilitating the expansion of transposable DNA elements
(99).

Carcinogen-DNA adducts (100–102) or free radical DNA damage (103) can
result in decreased DNA methylation. Additionally, depending on the location
of a particular alkylated (O6-methyl) guanine in relation to a potentially methy-
latable cytosine residue, DNA methylation may be either increased or decreased
(104). Thus, a genotoxic compound may produce an epigenetic change that can
persist, even though the DNA damage may be repaired. Additionally, the rate of
spontaneous deamination of 5-methylcytosine (to form thymine) is greater than
that of cytosine (to form uracil) and therefore, increased methylation can facilitate
C:G to T:A transitions (105, 106). Furthermore, in the presence of low levels of
S-adenosylmethionine, DNA methyltransferase may be able to catalyze the deam-
ination of DNA-cytosine to form uracil, which also leads to C:G to T:A transitions
(105). Thus, the high rate of mutation at CpG dinucleotides may be due, in part,
to methyltransferase-facilitated deamination (107).

IMPRINTING

Methylation plays a key role in genomic imprinting, a process by which a gene
is monoallelically expressed in a parent-of-origin–dependent fashion (65). Allelic
differences in methylation underlie the ability to silence or activate one parental
allele of an imprinted gene and not the other (108, 109). Loss of normal imprint-
ing patterns has been associated with several human diseases including Wilms’
tumor, cervical carcinoma, and Prader Willi Syndrome (110–112). The insulin-
like growth factor 2 gene (Igf2) and the cation-independent mannose-6 phos-
phate/insulin growth factor II receptor gene (M6P-Igf2r) are imprinted in the
mouse (and both of these genes play a role in tumorigenesis).Igf2 is expressed
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on the paternal allele, whileM6P-Igf2r is expressed on the maternal allele. In hu-
mans,Igf2 is imprinted whileM6P-Igf2r is typically not imprinted.M6P-Igf2r
is required for the activation of TGFβ, which inhibits cell proliferation and facil-
itates apoptosis. Thus,M6P-Igf2r may be regarded as a tumor suppressor gene
involved in tumorigenesis in both rodents and humans (113, 114).Igf2 is involved
in tumorigenesis in mice at multiple sites including the liver (115, 116).

Regulation of Expression of Igf2

Paternal expression ofIgf2 is necessary for normal growth of the mouse (117).
Igf2 is located on chromosome 7 of the mouse and was found to be imprinted
when DeChiara et al. (117) found that a particular dwarfing phenotype asso-
ciated with Igf2 was observed only when anIgf2 nonfunctional mutant allele
was paternally inherited. In addition, there is a reciprocal relationship between
the paternal expression ofIgf2 and the maternal expression of theH19 gene
(118).H19 codes for a nontranslatable RNA that may have tumor-suppressor ac-
tivity (119). Results of an experiment done by Leighton et al. (118) involving a
cross ofH19−/+ females withIgf2−/+ males demonstrated that the growth of
H19−/Igf 2+ progeny after birth was increased over wild-type (H19+/Igf 2−),
while the growth ofH19+/Igf 2− progeny after birth was decreased. Progeny
with theH19−/Igf 2− genotype demonstrated a growth pattern similar to that of
the wild-type mice. In mutant mice lacking methyltransferase activity, expression
of H19 increases owing to expression from the normally silenced paternal allele.
This increase inH19 occurs concurrently with a decrease in the expression of
Igf2 (65). Thus, methylation is necessary for a normal balance ofH19 andIgf2
expression. Expression ofIgf2andH19was proposed to involve a set of enhancers
downstream ofH19 that have the capacity to increase expression at the promoters
of bothIgf2 andH19 (120). Access to these enhancers may be competitive; mice
constructed with two such enhancers led to the loss of imprinting and exhibit bi-
lallelic expression of both genes (120). Furthermore, through deletion analysis, an
imprint control region (ICR), located approximately 2 kb upstream ofH19, was
required for normal imprinting ofIgf2. Within the ICR are two nuclease sensitive
regions, HS1 and HS2, which are methylated in the paternal but not maternal allele
(121). In addition, the vertebrate enhancer blocking protein CTCF was shown to
bind to the ICR only if the region is unmethylated (122).

Bell & Felsenfeld (122) proposed a model in which theIgf2 promoter has
a greater affinity thanH19 for the enhancer. Binding of CTCF to the ICR can
block the enhancer from theIgf2 promoter so that the enhancer binds to theH19
promoter region instead. In the maternal allele, binding of CTCF to the unmethy-
lated ICR results in the formation of a boundary between the enhancer and the
Igf2 promoter such thatIgf2 transcription is inhibited, and the enhancer acts in-
stead at the promoter ofH19. In the paternal allele, the ICR is methylated so that
CTCF cannot bind and the enhancer can access theIgf2 promoter, resulting in
Igf2 transcription.
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Regulation of Expression of M6P-Igf2r

M6P-Igf2rwas the second gene found to be imprinted in the mouse (123).M6P-
Igf2r acts as a tumor suppressor, activating TGFβ to induce apoptosis, thereby
halting aberrant cell proliferation (124).M6P-Igf2r is located on murine chro-
mosome 17 and is maternally expressed in a reciprocal fashion with paternally
expressed antisense (AS)-RNA (123, 125). TheM6P-Igf2r region was examined
for the presence of methylated regions that could play a role in the imprinting
process. Two such regions were found: differentially methylated region 1 (DMR1)
and differentially methylated region 2 (DMR2). DMR1 is located in the promoter
region and is methylated after fertilization (126). DMR2 is an intronic 3-kb CpG
island region methylated in the maternal allele at the final stages of egg maturation.
Using deletion analysis, a 113-bp imprinting box within the DMR2 was shown to
be necessary for imprinting, and in particular for the methylation of fourHpaII-
sensitive sites (H1–H4) within the DMR2 (126). Within this imprinting box are
two cis-acting elements: an allele discrimination signal (ADS) in the first 6 bp of
the sequence, and a de novo methylation signal (DNS), located in the last 8 bp
of sequence (126). Allele-specific protein binding to these regions was identified
using band-shift assays with nuclear extracts from normal, parthenogenetic, and
androgenetic embryonic stem cells. An allele discriminating protein (ADP) bind-
ing to the ADS sequence was detected in normal and androgenetic stem cells but
not in parthenogenetic cells. A de novo methylation signal protein (DNP) binding
to the DNS sequence was detected in all three types of embryonic stem cells (126).
Thus, it appears that in the paternal allele, the ADP protein binds to the ADS,
inhibiting DNP binding to the DNS, so that methylation of the DMR2 region is in-
hibited. Under this circumstance an AS-RNA transcript may be produced that can
silenceM6P-Igf2 transcription. In the maternal allele, methylation of the DMR2
region prohibits ADP binding to ADS, so DNP is free to bind to DNS, triggering
methylation of the DMR2 region. AS-RNA is not transcribed, and transcription
takes place (126).

The discussion of the role of methylation in imprinting serves to illustrate the
point that one cannot simply say that expression of a gene is related inversely to
its degree of methylation: it depends upon the methylation status of a particular
region. Methylation of the promoter silences expression. However, in the case of
Igf2 andM6P-Igf2r, methylation of a region downstream of the promoter, the
ICR and DMR2 regions, respectively, is required for expression of the imprinted
allele, and failure to maintain methylation at these sites would silence expression.

CELL PROLIFERATION AND CARCINOGENESIS

Cell proliferation is a fundamental component of the multistage process of carcino-
genesis (17). It plays a key role in expanding clones of initiated cells and, in addi-
tion, cell replication may contribute to carcinogenesis by facilitating mutagenesis
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(15). This can occur either by causing the fixation of promutagenic DNA damage
prior to repair or as a consequence of a normal error occurring during DNA repli-
cation. In addition, during periods of cell replication, there exists the possibility for
heritable decreases in DNA-5MeC (i.e., hypomethylation) owing to a limitation
in the capacity for and/or fidelity of DNA maintenance methylation. This event is
expected to exhibit a threshold and could result in a heritable epigenetic increase
in the potential for gene expression.

We do not anticipate a simple one-to-one relationship between the level of
aberrant cell proliferation and the possibility for altered methylation of DNA. The
ability to maintain the nascent pattern of methylation is dependent on a com-
plex relationship between the capacity and fidelity of DNA maintenance methy-
lase (including the accessibility of CpG regions to the enzyme), the amount of
S-adenosylmethionine, and the level of cell proliferation. A role for hypomethy-
lation leading to increased oncogene expression in tumorigenesis is not mutually
exclusive with a role for mutation. In this context, it should be noted that spon-
taneous deamination of 5MeC to thymine often results in C:G to T:A transitions
(105, 106). While methylated CpG islands can be hot spots for these point muta-
tions, they are not all expected to function equally well in this capacity because
chromatin structure can result in resistance to deamination (127). In addition,
enzymatic methylation of cytosine in DNA can be altered by DNA alkylation,
e.g., adjacent O6-methylguanine residues. Loss of methylation may occur if O6-
methylguanine residues occur in CpG doublets of the newly synthesized daughter
strand opposite parental hemimethylated sites during DNA replication (104, 102).

Alterations in DNA Methylation Play a Variety
of Roles in Carcinogenesis

For a number of years there has been considerable interest in the role that DNA
methylation plays in both normal development (128) and carcinogenesis (64, 129,
130). However, at first glance there may seem to be conflicting reports concern-
ing the role of DNA methylation in carcinogenesis: Hypomethylation facilitates
aberrant oncogene gene expression in tumorigenesis (70, 131, 132); hypermethy-
lation leads to inactivation of tumor suppressor genes and marking chromosome
regions for deletion (133). Other investigators have downplayed the importance of
alterations in gene expression and favor mutation playing the key role. However,
carcinogenesis is more than mutagenesis. Further, the traditional view that the key
mutations in cancers stem from carcinogen-DNA adducts is too narrow. The cur-
rent literature provides a compelling basis for suggesting that mutations arising
secondary to deamination of 5MeC and/or C are an important source of critical
point mutations. Mutation, altered gene expression, hypomethylation, and hyper-
methylation may all play roles in carcinogenesis; they are not mutually exclusive
(31). We do not anticipate a simple one-to-one relationship between DNA methy-
lation and cancer, mutation and cancer, or cell proliferation and cancer, nor do we
anticipate all tissues to have identical mechanisms operative. In some situations
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hypomethylation may be most important, in others hypermethylation, and in others
mutation. Actually there is more harmony than discord here. Focusing attention
singly on one mechanism may impede an overall understanding of carcinogenesis,
e.g., both hypo- and hypermethylation appear to play key roles in carcinogenesis
and which of the two predominates can depend upon species, target organ, and the
carcinogen being evaluated. Thus, it becomes important to take a holistic approach.
It is instructive to recognize that apparently disparate views can be reconciled in
a fashion that provides insight regarding mechanisms underlying carcinogenesis
(31). When we juxtapose the view that carcinogenesis is a multistep/multistage
process that occurs in a whole animal (9) with the notion that carcinogenesis is
more than mutagenesis, it becomes apparent that one should expect DNA methy-
lation to play multiple roles in the transformation of a normal cell into a frank
malignancy. There is the potential to undo alterations in methylation through the
actions of the de novo methylases and/or demethylation not linked to replication.
Thus, changes in methylation status could be involved in tumor promotion as oper-
ational reversibility is a key feature of this stage of carcinogenesis (8–10, 131). It is
important to understand that there are multiple steps that must be traversed in order
to affect a change in DNA methylation, and this is true for increased methylation
leading to C:G to T:A transitions as well. Therefore, it appears likely that factors
altering normal methylation patterns (e.g., carcinogen treatment) would exhibit
thresholds. However, this would have to be demonstrated experimentally for indi-
vidual chemicals of interest. The multiple factors that combine to regulate DNA
methylation are illustrated in Figure 3, and the different ways altered methylation
may facilitate carcinogenesis are illustrated in Figure 4.

Figure 3 Multiple factors controlling DNA methylation. A particular pattern of DNA
methylation is the product of multiple, interdependent factors. Alteration of one or more
of these can lead to major changes in methylation status. The state of differentiation can
affect methylation, and methylation status can influence the state of differentiation; thus, the
double-headed arrow between methylation and differentiation.
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ALTERED DNA METHYLATION SHOULD BE
CONSIDERED A SECONDARY MECHANISM
UNDERLYING CARCINOGENESIS

There are six basic criteria that need to be taken into account in order to accumulate
a body of evidence that is sufficiently robust to confirm that a secondary mechanism
underlies the ability of a particular chemical to cause cancer (adapted from 4):

1. A BIOLOGICALLY PLAUSIBLE MECHANISM. The plausibility of the proposed
mechanism needs to be established experimentally. This is not intended
to connote that one must be able to elucidate each and every biochemi-
cal/molecular step in the transformation process. This would entail a level
of understanding of carcinogenesis that we are not likely to reach for many
years. What is necessary here is a reasonable degree of certainty (not abso-
lute certainty) that the proposed mechanism is operative, under the conditions
that the chemical in question is carcinogenic.

2. A NONGENOTOXIC MECHANISM. There are experimental data indicating that
genotoxic compounds, i.e., the compound itself or a metabolite of it interacts
directly with DNA (1), exhibit thresholds (133a, 133b). However, in the
practical sense, it is easier to picture nongenotoxic compounds acting by
mechanisms exhibiting thresholds. Therefore, at the present time, we elect
to limit our discussion of the secondary mechanism concept to nongenotoxic
compounds.

3. EXPERIMENTAL MEASUREMENT OF A MARKER. There needs to be a marker
showing that the putative mechanism is operative.

4. ESTABLISH A NO-EFFECT LEVEL. An experimental no-effect level is necessary
to establish a safe dose, i.e., a dose below the threshold.

5. DATA SUPPORTING HUMAN RELEVANCE. Since there are secondary mech-
anisms that occur uniquely in rodents, e.g., male rat kidney tumors that
arise secondarily toα2u-globulin-induced nephropathy (134, 135), it is nec-
essary to indicate that the proposed mechanism is likely to be relevant to
humans in order to base a safety assessment decision on the threshold for its
occurrence.

6. DATA INDICATING THAT CARCINOGENESIS CAN BE BLOCKED BY INHIBITING

THE MECHANISM. Our confidence that the proposed mechanism is essential
is increased if it can be shown that inhibition of the mechanism blocks tumor
formation.

Altered DNA methylation is a mechanism underlying carcinogenesis that can
fit the criteria for a secondary mechanism presented above. However, altered DNA
methylation per se is not indicative of carcinogenesis, e.g., a change in DNA methy-
lation should not be employed as a short-term test for carcinogens. As discussed
above, DNA methylation is a biologically plausible mechanism involved in the
regulation of normal gene expression and the aberrant gene expression that leads
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to carcinogenesis. Furthermore, changes in methylation status can arise through
nongenotoxic mechanisms, e.g., decreased levels of S-adenosylmethionine, inhibi-
tion of the activity of one (or more) of the DNA methyltransferases. The literature
pertaining to DNA methylation discussed in this review describes a variety of ways
to measure DNA methylation. A no-effect level for a chemical that has the po-
tential to alter methylation can be established experimentally. For example, tumor
promoter–induced alteration in DNA methylation exhibits a clear dose-response
relationship. Administration of a tumor-promoting dose of phenobarbital (PB) in
the drinking water (500 ppm) for 14 days resulted in hypomethylation ofraf in the
liver of the tumor-prone B6C3F1 mouse, while the methylation status of the gene
was not affected in the relatively resistant C57BL/6 mouse (132). It is important
to note when B6C3F1 mice were administered drinking water containing 20 ppm
PB the methylation ofraf was not affected. Additionally, there is a substantial
body of data supporting the human relevance of altered DNA methylation play-
ing a causative role in carcinogenesis [i.e., hypomethylation (60, 56, 136–138);
hypermethylation, which results in the silencing of tumor suppressor genes (79–
83, 133, 139); and hypermethylation, which leads to increased cytosine to thymine
point mutations (140, 141)]. Moreover, there is a considerable body of literature
that indicates increased availability of methyl group donors may protect against
experimental carcinogenesis (74, 142–146).

It is important that for each particular carcinogen of interest, the questions as
to the role of altered DNA methylation in its mechanism of action, and whether
or not altered methylation may be viewed as a secondary mechanism, should be
approached in a hypothesis-driven fashion. It is not possible to pinpoint every par-
ticular step where altered methylation may play a role in carcinogenesis because
much remains to be learned before we have a complete knowledge of the car-
cinogenic process. Is altered DNA methylation a secondary mechanism by which
carcinogens act? In order to consider this, one must acquire a sound overall under-
standing of the ability of a carcinogen to affect relevant change(s) in methylation
status in target organs under conditions that lead to cancer (e.g., dose, route of ex-
posure).Through studying the role of altered DNA methylation in carcinogenesis,

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 4 Illustration of four possible alterations in normal patterns of methylation that
may facilitate tumorigenesis. (A) Normal methylation patterns. (B) Aberrant methy-
lation. A decrease in methylation of the promoter region of an oncogene can result
in increased expression, whereas an increased methylation of the promoter region of
a tumor suppressor gene can silence its expression. Altered methylation can affect
imprinting. An increase in methylation of the imprint control region (ICR) of the im-
printed oncogeneIg f2 may lead to expression ofIg f2 from the normally silenced
maternal allele in addition to the expression that occurs normally from the paternal al-
lele. Furthermore, a decrease in methylation of transposable elements can lead to their
expression and, thus, contribute to genetic instability. Additionally, 5-methylcytosine
may deaminate spontaneously to thymine, resulting in a C:G to T:A point mutation.
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one may learn more about the basic mechanisms underlying carcinogenesis, which
could provide information leading to more rational approaches in the assessment
of the probable risk that rodent carcinogens pose to humans. Thus, research aimed
at furthering our understanding of the roles that altered DNA methylation play in
carcinogenesis can lead to a win-win situation.
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