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!. Introduction
Although oncogenesis appears to be the result
of a heritable change in the cellular program that
involves alterations in gene expression, especially
of oncogenes, little is known about the regulation
of these genes which may tell us about regulation
Abbreviations: N A A F , N-acetoxy-N-2-acetylaminofluorene,
N A A I F , the 7-iodo derivative of N A A F ; M N N G , N-methylN-nitro-N-nitrosoguanidine; EHNA, erythro-9-(2-hydroxyl-3nonyl)adenine.
0304-419X/84/$03.00 © 1984 Elsevier Science Publishers B.V.

of the oncogenic state itself. There have been
recent reports that chromosomal translocations
may be involved in the activation of some oncogenes by positioning them next to a more active
promoter. Point mutations induced by mutagenic
carcinogens may also increase the activity of some
of these genes or actually change the nature of the
gene product to be more oncogenic. However,
site-specific D N A methylation has a strong silencing effect on genes, and disruption of this methylation may either activate genes or potentiate them
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for activation [117-120,284]. This would be especially important for cancer if the genes in question
are altered oncogenes.
Cancer cells are often disrupted in DNA methylation or in methionine metabolism. This latter
amino acid is the biosynthetic precursor of Sadenosylmethionine, which serves as the methyl
group donor for cellular methylation reactions as
well as a precursor of polyamines. It is becoming
apparent that many carcinogens can disrupt methylation in general and some of these compounds
appear specific for disrupting D N A methylation.
The link between oncogenesis and methionine
metabolism is further suggested by the observation
that methionine in some cases can serve as a
chemoprotectant and prevent cancer in animals.
The protective effect of methionine may lie in its
ability to prevent carcinogen-induced methylation
changes. This in turn raises the possibility of
methionine-induced reversal, or reversal by other
means, of methylation changes and of oncogenic
transformation itself. The present review focuses
on the interrelationship of methionine metabolism,
D N A methylation and oncogenic transformation.
II. General methionine metabolism

The major metabolic functions of methionine
are: (a) utilization for protein synthesis and (b)
conversion to S-adenosylmethionine (AdoMet),
which serves as the predominant biological methyl
group donor [10-12], a precursor in polyamine
synthesis, and as an intermediate in the transsulfuration pathway leading to cystathionine, cysteine and further derivatives of cysteine (see Fig.
1).
In 1933, it was shown that homocysteine could
replace cysteine in the diet of rats [1]. In 1939, it
was subsequently demonstrated that, in rats, homocysteine could also replace methionine if choline
or betaine were present in the diet [2]. It was also
noted that some rats grew when homocysteine
replaced methionine in the absence of choline.
Experiments with germ-free animals determined
that, when homocysteine replaced methionine and
choline, growth was consistently obtained with
addition of vitamin B-12 and folic acid [3,4]. Thus,
homocysteine emerged as a key intermediate,
utilizable for cysteine synthesis as well as for two

pathways of methionine synthesis, one dependent
on choline and the other on vitamin B-12 and folic
acid. In addition, as we shall see later, homocysteine can also serve as a precursor for another
central metabolite, S - a d e n o s y l h o m o c y s t e i n e
(AdoHcy).
Both pathways for methionine synthesis, the
one catalyzed by the betaine-dependent methionine
synthetase [5] and the other by the methyltetrahydrofolate-vitamin B-12-dependent methionine synthetase [6,7], are important to the organism. The
betaine enzyme is found in high concentration in
the liver and kidney, whereas the folate enzyme is
seemingly present in all tissues tested with the
possible exception of the small intestine [8,9]. The
betaine pathway of methionine synthesis may have
its greatest importance in removing homocysteine,
a potentially toxic agent [267,315]. The methyltetrahydrofolate-dependent pathway of methionine
synthesis may have its greatest importance in converting methyltetrahydrofolate to tetrahydrofolate.
When AdoMet releases its active methyl group,
the product is S-adenosylhomocysteine (AdoHcy)
[13]. AdoHcy can also be synthesized from adenosine and homocysteine [14]. This is the fourth
known possible fate for homocysteine, as mentioned above. AdoHcy was found to be a strong
inhibitor of transmethylation [15], probably by
acting as a competitive inhibitor for transmethylases utilizing AdoMet. AdoMet promotes and
AdoHcy inhibits the methyltetrahydrofolate-dependent methionine synthetase [16]. AdoMet is a
precursor of methylthioadenosine, which itself can
serve as a precursor of methionine in a salvage
pathway [57-70], which may be important in
methionine conservation in cells synthesizing large
amounts of polyamines.
III. Altered methionine metabolism in cancer - methionine dependence

Homocysteine can promote growth in place of
methionine in cultured cells [17] just as it does in
the animal, as noted above. The ceils can grow in
medium containing homocysteine, vitamin B-12
and folic acid, in place of methionine ( M e t - H c y ÷
medium). Organisms, whether animals or cells,
able to grow under M e t - H c y ÷ conditions are
termed methionine-independent. All normal hu-
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Fig. 1. Methionine, transmethylation, oncogene expression and oncogenic transformation: a model. Methionine (Met) can be
synthesized from homocysteine (Hcy) with either betaine (which is derived from choline) or 5-methyltetrahydrofolate serving as a
methyl donor. Met can be utilized for M e t - t R N A formation or for the synthesis of S-adenosylmethionine (AdoMet). AdoMet serves
as the source of transferred methyl groups and in the process is transformed into S-adenosylhomocysteine (AdoHcy). A d o H c y can
also be formed from the condensation of Hcy and adenosine. Transmethylation steps essential to the cell include methylation of
D N A , which in this case is an oncogene. The scheme depicted here can be disrupted at m a n y points. (A) Methionine can be in short
supply in the cell because of dietary shortage of methionine a n d / o r choline, or due to inhibition of the methionine synthesizing
enzymes. For example, the 5-methyltetrahydrofolate-utilizing enzyme requires AdoMet as a cofactor which could be counteracted by
A d o H c y if it were present in excess. (B) AdoMet can also be present in sub-optimal concentrations. This could be due to a shortage of
Met or the presence of S-adenosylethionine (AdoEt) formed from ethionine. AdoEt has a strong inhibitory effect on AdoMet
synthetase. A transmethylation reaction(s) occurring at a greatly increased rate could also deplete the cellular levels of AdoMet. (C)
A d o H c y can be present in excess due to an increased rate of condensation of Hcy and adenosine, or due to excess transmethylation
reactions. (D) Transmethylation in general and in this case D N A methylation can be inhibited by insufficient a m o u n t s of AdoMet, by
excess AdoHcy which competes with AdoMet for the active sites of transmethylases as does AdDEr. D N A methylation m a y also be
blocked because a carcinogen, such as acetylaminofluorene (AAF) shown here, has b o u n d a guanine residue adjacent to a
methylatable cytosine. D N A methylation m a y also be inhibited due to the binding of carcinogens, such as M N N G shown here
binding directly to an essential SH group of the methyltransferase. (E) If a gene, such as an oncogene, is undermethylated in a critical
regulatory region it m a y allow R N A polymerase binding and gene expression where normally a methyl g r o u p would prevent R N A
polymerase and gene expression. (F) If an oncogene is freed from the constraints of methylation, it could then code for its product
which would contribute to the oncogenic transformation of the cell. It should be noted that factors other than demethylation must be
necessary for expression of genes. However, it seems that even if all necessary factors are present, methylation at critical control sites
can keep genes from being expressed. The small molecules and macromolecules are not meant to depict relative scale in this figure.
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m a n cell strains tested, i n c l u d i n g fibroblasts
[22,285] a n d epithelial cells (Lechner, J., personal
c o m m u n i c a t i o n ) , are m e t h i o n i n e - i n d e p e n d e n t . It
m a y be significant that fibroblasts from patients
with G a r d n e r syndrome, which predisposes them
TABLE I
METHIONINE-DEPENDENT CULTURED CELLS
Cancer cell lines
Human carcinomas
Bladder
EJ
J82
Breast
SK-BR-2-II
MCF-7
Cervical
HeLa
Colon
SK-CO-1
Kidney
A498
Lung
A2182
Prostate
PC-3

Ref.

37
285
71
285
285
285

285
285

285
285

Human neurological tumors
Glioblastoma
A172
Neuroblastoma
SK-N-SH

285

Human SV40-transformedcell lines
SV80, Wl8VA2

Cancer cell lines
Transformed and malignant animal cell lines
HTC (rat hepatoma)
6TG011 (rat hepatoma)
C6 (rat glial tumor)
TRL2 (rat liver transformed epithelial cell)
TRL8 (rat liver transformed epithelial cell)
AT2 (rat liver transformed epithelial cell)
Walker-256 (rat breast carcinoma)
Transformed rat fibroblasts
L5178Y (mouse leukemia)
L1210 (mouse lymphatic leukemia)
A9 (mouse L-cell)
B16 (mouse melanoma)
MMT (mouse mammary tumor)
RAG (mouse renal adenocarcinoma)
SV EYE (mouse)
P815 (mouse mastocytoma)
MB (mouse bladder carcinoma)
TLX5 (mouse lymphoma)
SV-BHK-21 syrian hamster (SV40-transformed)

Ref.
286
286
286
287
287
287
27
288
26
27
286
286
286
286
286
72
38
37
29

285

Hun~ansarcomas
Fibrosarcoma
8387
HT-1080
Osteogenic sarcoma
HOS

Human hematological tumors
Acute lymphoblastic leukemia
CCRF-SB
CCRF-HSB-2
Burkitt's lymphoma
Raji
B-cell lymphoma
Ball
T-cell leukemia
MOLT 4B
Chronic myelogenousleukemia
K562
Promyelocyticleukemia
HL60

TABLE I (continued)

285

285
71,72,73

18

18
18
18
18
22.31,38

to neoplasms in m u l t i p l e sites, are significantly
more m e t h i o n i n e - d e p e n d e n t t h a n fibroblasts from
n o r m a l people [23]. There are conflicting reports
as to whether h u m a n l y m p h o b l a s t s are methio n i n e - i n d e p e n d e n t [18,19,60], b u t these cells have
u n d e r g o n e i m m o r t a l i z a t i o n a n d in this sense are
n o t normal. However, the picture for most cancer
cells tested is quite different, as can be seen from
T a b l e I, which lists cultured cells that do n o t grow
or grow poorly in M e t - H c y ÷ m e d i u m c o m p a r e d
to their growth in Met ÷ H c y - m e d i u m . These cells
are termed m e t h i o n i n e - d e p e n d e n t a n d i n c l u d e
cancer cell lines of very different origins, such as
c a r c i n o m a s of various organs, sarcomas a n d neurological tumors. The prevalence of m e t h i o n i n e
d e p e n d e n c e in cancer cell lines suggests a n imp o r t a n t relationship to oncogenic transformation.
I n fact, our l a b o r a t o r y has shown in a study of 23
cell lines from h u m a n tumors of diverse origin that
13 are m e t h i o n i n e - d e p e n d e n t [285].
I n a d d i t i o n to the large a n d diverse n u m b e r of
cancer cells displaying the m e t h i o n i n e - d e p e n d e n t
p h e n o t y p e (Table I), further evidence for the linkage of m e t h i o n i n e d e p e n d e n c e a n d oncogenic
t r a n s f o r m a t i o n comes from the fact that cells which
have been selected to revert from m e t h i o n i n e dep e n d e n c e to m e t h i o n i n e i n d e p e n d e n c e have simul-
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taneously reverted toward normal for some of the
properties associated with the transformed state
[20]. The revertants include those which have increased anchorage dependence, increased serum
dependence, decreased saturation density, with the
majority having a large increment in chromosome
number.
Rat sarcoma and murine leukemia cells taken
directly from the organism are methionine-dependent when tested in culture [21]. Thus, methionine
dependence seems to be an in vivo as well as an in
vitro phenomenon. More of these studies must be
done, particularly with human tumors, to establish
the prevalence of methionine dependence in human cancer.
The biochemical basis of methionine dependence is not completely understood. The following
reviews what is thus far known. As mentioned
above, homocysteine (Hcy) can be methylated to
form methionine (Met) in two ways. One reaction
is catalyzed by 5-methyltetrahydropteroyl-Lglutamate : L-homocysteine-S-methyltransferase,
which is referred to in this paper as methionine
synthetase. This reaction requires vitamin B-12
and AdoMet as cofactors and 5-methyltetrahydropteroyl-L-glutamate (5-CH3H4PteGlu) as the
methyl donor [24]. The other reaction is catalyzed
by betaine : homocysteine methyltransferase [5,25].
It is the first pathway that operates in cultured
cells under usual laboratory conditions [25].
Studies have been performed to test hypotheses
that the defect of methionine dependence lies in
the enzyme which synthesizes 5-CH3H4PteGlu or
in the methionine synthetase reaction. The evidence reviewed below suggests that neither of these
alternatives adequately explains the data. With
regard to the first possibility, it was reported that
5,10-methylenetetrahydrofolate reductase, the enzyme catalyzing the synthesis of 5-CH3H4PteGlu,
is reduced in the SV40-transformed methioninedependent cell line BHK-21-A8 compared to the
methionine-independent parent cell line BHK-21
[29]. It was concluded that the methionine dependence of BHK-21-A8 was possibly due to a deficiency of the reductase. However, even large
amounts of the product of the reductase, 5CH3H4PteGlu, did not support growth of the
BHK-21-A8 cells. Other studies have also shown
that the addition of 5-CH3H4PteGIu to methi-

onine-dependent W-256 ceils in M e t - H c y +
medium does not promote their growth [30,31].
Therefore, it seems unlikely that a deficiency of
the reductase is responsible for methionine dependence. With regard to the second possibility,
methionine-dependent cells are found in one set of
experiments to have considerably less activity of
methionine synthetase in cell extracts than
methionine-independent cells, especially if vitamin
B-12 is not added to the enzyme assay medium
[27,28]. The results were interpreted as indicating
that the methionine-dependent cells were defective
in synthesizing methionine synthetase bound to
vitamin B-12.
However, studies with methionine-dependent
SV40-transformed human fibroblast lines SV80
and Wl8VA2 as well as rat W-256 breast
carcinoma cells indicate large amounts of
methionine synthesis through methionine synthetase compared to normal cells [31] and suggest
that methionine dependence is due to a defect
elsewhere, as indicated by the following results.
(a) The methionine synthetase activities of
malignant and normal cell extracts in the presence
or absence of vitamin B-12 are comparable [31].
(b) The uptake of radioactive label from [514C]CH3H4PteGlu, the methyl donor for
methionine synthetase, is as great or greater in the
malignant cells and transformed cells than in the
normal cells and is nearly totally dependent on the
addition of homocysteine, the methyl acceptor;
furthermore, 59-84% of the label incorporated by
the cells is recovered as methionine [31].
(c) Although the malignant and transformed
cells are unable to grow in homocysteine alone, in
the presence of otherwise limiting amounts of exogenous methionine homocysteine greatly stimulated the growth of these cells [37,31]. The fact
that increased methionine biosynthesis is shown
not to be a prerequisite for cells to revert from
methionine dependence to independence gives further evidence that the original defect is not in
methionine biosynthesis [32]. Subsequent studies
have confirmed that methionine synthetase activities in at least some methionine-dependent and
methionine-independent cells are comparable
[33,34]. In fact, a 6-fold induction of methionine
synthetase was reported in methionine-dependent
W-256 cells when shifted from Met+Hcy - to
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M e t - Hcy÷ medium [30].
A view contrary to the general conclusion
expressed above that the methionine synthetase is
normal in methionine-dependent cells has been
put forth by the demonstration of a rough correlation between rate of growth in M e t - Hcy ÷ medium
and cellular levels of methionine synthetase for 16
normal and transformed cell lines [35]. However,
these studies ignore the above-described results
demonstrating that methionine-independent revertants can be isolated which have methioninesynthetase levels comparable to their methioninedependent parents [32]. On the other hand [36], it
has been found that in order for Chinese hamster
ovary (CHO) cells to grow in M e t - H c y ÷ medium
they must be pre-grown in high amounts of vitamin B-12 and folate in Met+Hcy - medium in
order to raise the levels of the vitamin B-12folate-dependent methionine synthetase. C H O
mutants in which the levels of the methionine
synthetase do not increase in response to folate do
not grow in M e t - H c y ÷ medium, even when pregrown as described above [36]. Therefore, it seems
that the level of methionine synthetase is at least
one factor determining the ability of cells to grow
in M e t - Hcy ÷ medium [288].
It has been suggested that methionine dependence may not be due to any innate biochemical
defect, but may simply reflect a higher methionine
requirement due to enhanced methylating capacity
of the tumor cells (see below) [37]. However, for
human fibroblasts, at least, there is no major difference between normal cells and methionine-dependent SV40-transformed cells in their intrinsic
methionine requirement for growth in the absence
of homocysteine [31].
Recent studies have focused on the metabolism
of AdoMet and AdoHcy. Although it has been
shown that the S-adenosylmethionine synthetase is
not altered in several methionine-dependent cell
lines [85], in M e t - H c y + medium methionine-dependent cells have reduced levels of AdoMet
[39,42,43,289]. In M e t + H c y - medium, both
methionine-dependent and -independent cells synthesize normal levels of AdoMet. Methionine-dependent cells form higher levels of AdoHcy in
M e t - H c y + medium than do methionine-independent cells [39,42,43]. The net result is low
A d o M e t / A d o H c y ratios for methionine-depen-

dent cells, which possibly inhibit critical methylation steps. Possibly inhibition of a critical methylation reaction accounts for the specific late-S/G 2
cell cycle arrest of these methionine-dependent
cells in M e t - H c y ÷ medium [41].
Subsequent studies [42] have shown that the
cellular pool of free [35S]methionine synthesized
from methionine-free [35S]homocysteine [40] averages 20-fold lower in methionine-dependent
SV40-transformed human fibroblasts compared to
methionine-independent normal human fibroblasts in M e t - H c y ÷ medium despite normal
amounts of [35S]methionine incorporated into protein.
The question remains as to what is the biochemical basis of methionine dependence. The fact that
free methionine is lowered not only in the
methionine-dependent SV40-transformed cells
described above but in all of 20 human tumor cell
lines tested in M e t - H c y ÷ medium, both
methionine-dependent and methionine-independent [43], together with preliminary experiments
demonstrating high amounts of AdoMet [44],
AdoHcy and homocysteine [45] produced by tumor
cells in Met+Hcy - medium suggest excessively
high levels of transmethylation in tumor cells
(Stern, P.H. and Hoffman, R.M. unpublished data,
and Ref. 37 - see above). By blocking the hydrolysis of A d o H c y
with p e r i o d a t e - o x i d i z e d
3-deazaadenosine and using the generation of
AdoHcy as a measure of transmethylation, we
have been able to indeed demonstrate that most of
the above-mentioned tumor cell lines have excessively high rates of transmethylation (Stem, P.H.
and Hoffman, R.M., unpublished data). Immortalized lymphoblasts, possibly in a premalignant state,
also have an apparent transmethylation rate higher
than stimulated lymphocytes [45]. The relationship
between the recent finding of enhancement of
overall transmethylation rates in the large majority
of tumor cells tested as mentioned above and the
well-known enhancement of tRNA transmethylases in many types of tumors [46-52,289] needs to
be investigated. These results may correlate with
early experiments indicating that the oxidation of
methionine to formate is reduced in mouse tumor
cells, possibly due to the greater need for transmethylation [53]. Those of the above tumor cell
lines w h i c h
cannot
generate
normal
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A d o M e t / A d o H c y ratios in M e t - Hcy+ medium
are methionine-dependent, and those tumor cell
lines which do generate normal A d o M e t / A d o H c y
ratios despite the excess transmethylation taking
place can grow in M e t - H c y + medium and are
therefore methionine-independent (Ref. 43 and
unpublished data, Stern, P.H. and Hoffman, R.M.).
What relationship the reported defects in adenosine deaminase [54,55] and AdoHcy hydrolysis [56]
induced in cells by Rous sarcoma virus have to
methionine dependence is unknown but intriguing.
The fact that many cancer cells grow so differently from normal cells in M e t - H c y + medium
suggests a possibility of using methionine dependence as a basis for a new type of tumor therapy.
In fact, experiments toward this goal have been
undertaken by the use of the enzyme methioninase
[72]. Homocysteine added to methionine-containing medium containing L-methioninase can partly
'rescue' the normal methionine-independent cells
but not the malignant methionine-dependent ones
[72]. Thus, there exists the possibility of treatment
of a tumor-bearing animal with homocysteine and
L-methioninase. As described above, homocysteine
can be utilized in place of methionine by normal
animals and is not toxic [2]. Apart from immunological problems and problems of access of tumor
tissue to the enzymes, there are other critical obstacles to this type of therapy. On the one hand,
there are some methionine-independent human
tumor cell lines [71,72,285] and, on the other hand,
at least some of the methionine-dependent cells
revert at high frequency to methionine independence [20,32]. These revertants would have a selective advantage under the condition of methionine
depletion and homocysteine infusion. It is true,
however, that some of the revertants lose some of
their properties associated with oncogenic transformation [20]. Given these caveats, this type of
treatment seems promising, especially in the light
of the fact that a new methioninase from a P s e u d o m o n a s with a K m of 0.5 /~M for methionine has
been isolated (Kreis, W., personal communication),
and should be initiated with tumor-bearing
animals.

IV. Effectors of S-adenosylmethionine
adenosylhomocysteine metabolism

and S-

We have just summarized results demonstrating
that a defect in methionine metabolism, manifested in a wide variety of cancer cells as the
inability of cells to grow in M e t - H c y ÷ medium,
seems to directly alter the levels of AdoMet and
AdoHcy, the two critical intermediates of
methionine metabolism.
It is now clear that certain compounds given to
cells or animals can also directly alter the levels of
AdoMet and AdoHcy (see Table II for summary),
which by analogy with methionine dependence
may perturb the cells oncogenically. One such
metabolite is ethionine, the ethyl analogue of
methionine, which has been shown to induce liver
carcinogenesis [74,249] and whose effects can be
directly countered by methionine [250,251,252].
Although the mechanism of ethionine carcinogenesis has not been fully elucidated, there is strong
evidence that it exerts its effect by lowering the
levels of AdoMet by inhibiting at least one form of
AdoMet synthetase [80,81] and competing with
AdoMet as a substrate in transmethylation reactions. These effects in combination greatly reduce
AdoMet-dependent cellular methylation reactions.
Evidence for the strong effect of ethionine on
methylation first came from the observation that
administration of ethionine depletes ATP in the
liver via formation of S-adenosylethionine (AdoEt)
[75,76]. The AdoMet synthetase from the liver
which catalyzes the above reaction has a K m of
10.4 mM for ethionine as compared to 0.91 mM
for methionine, but ethionine at high concentration can compete with methionine for the active
site of the enzyme [77]. ATP depletion occurs
because, in contrast to AdoMet, the poor metabolic utilization of AdoEt favors its accumulation
in the liver, thereby trapping the adenosine moiety
of ATP [78]. In fact, upon administration of large
doses of ethionine to the rat, AdoEt can accumulate in very large amounts in the liver, up to
0.25-0.35 mg per gram of body weight. Consistent
with the idea that methionine and ethionine compete for the active site of AdoMet synthetase,
methionine administration following ethionine administration results in no accumulation of AdoEt
or depletion of ATP [79].
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TABLE II
EFFECTORS OF S-ADENOSYLMETHIONINE AND S-ADENOSYLHOMOCYSTEINE METABOLISM
Cell or tissue type

Agent used

Results

Methionine-dependent
SV40-transformed human
fibroblasts and methioninedependent cell lines from
human tumors

Incubation in
Met- Hcy+ medium

AdoMet levels
lowered, AdoHcy levels
raised, resulting in
very low AdoMet/AdoHcy
ratio.

Ref.

Methionine-dependent
W-256 rat breast
carcinoma fibroblasts

Incubation in
Met- Hcy+ medium

AdoMet levels lowered.

289

Rat liver

Ethionine

Large accumulation of
AdoEt. Inhibition of
AdoMet formation.

78 -81
136
290 -292

Rat liver cells

Ethionine/AdoEt

Oncogenic transformation.

Rat liver

Phenobarbital, DDT

AdoMet levels lowered.

293

Rat liver

Diethylnitrosamine

AdoMet levels slightly
lowered.

294

Human lymphoblasts, human
lymphocytes; rat liver;
S49 mouse lymphoma cells

Adenosine,
homocysteine

Greatly elevated
AdoHcy, elevated AdoMet.
Transmethylation inhibited.

87 -90, 166
90

Mouse erythroleukemia
cells

Xylosyladenine

Reduction in AdoMet.
Appearance of xylosylAdoMet and xylosyiAdoHcy.

94

Rat liver;
chick-embryo fibroblasts;
mouse lymphocytes,
mouse 3T3-L1 fibroblasts

3-Deazaadenosine

Increased AdoMet,
AdoHcy and appearance
of 3-deaza-AdoHcy.
AdoMet/AdoHcy ratio lowered.

91,92
93,96
97

Human lymplioblasts

3'-Deoxyadenosine

Accumulation of 3'deoxy-S-adenosylmethionine,
3'-deoxy-S-adenosylhomocysteine.
Inhibition of transmethylation.

Mouse macrophages,
mouse lymphocytes,
mouse 3T3-L1 fibroblasts

3-Deazaaristeromycin

Increase in AdoHcy.

95,96,97

Mouse lymphocytes

Periodate-oxidized
adenosine

Increase in AdoHcy.

96

Human lymphoblastic
leukemia cells;
mouse, various organs.

2'-Deoxycoformycin

Increase in AdoHcy.
AdoMet/AdoHcy ratio
lowered. Inhibition
of transmethylation.

98,100

Human lymphoblastic
leukemia cells; mouse,
various organs; rat liver.

9-fl-D-Arabinofuranosyladenine

Increase in AdoHcy.
AdoMet/AdoHcy ratio
lowered. Inhibition
of transmethylation.

98,99,100

39,42
43

86

167
101
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It is possible that, in order for ethionine to
exert its carcinogenic effects, it must be converted
to AdoEt, which in turn has a large feedback
inhibition effect on AdoMet synthetase and greatly
lowers the AdoMet levels. It is interesting to note
that the bacterial AdoMet synthetase does not use
ethionine as a substrate [80,82]. The question arises
as to whether in non-liver cells, where the low-K m
form of the AdoMet synthetase may be the only
isozyme present [83,85], can AdoEt be formed.
The liver may be the main target for ethionine
carcinogenesis because it alone contains an
AdoMet synthetase that can utilize ethionine and
convert it to AdoEt. The ability of the low-K m
form of AdoMet synthetase to utilize ethionine
needs to be determined vis a vis the high-K m form
which efficiently utilizes ethionine to form AdoEt.
Further evidence that AdoEt is involved in the
carcinogenic process is the fact that AdoEt fed to
rat liver epithelial cells in culture is oncogenic [86].
It is, however, somewhat surprising that AdoEt
could enter cells. This latter point is important and
needs experimental documentation.
Other agents, although not known to be
carcinogenic as is ethionine, can affect the levels of
AdoMet and AdoHcy, and therefore may also
have a carcinogenic effect. Adenosine and homocysteine addition to $49 mouse lymphoma cells
[87] has been shown to directly affect the intracellular levels of AdoMet and AdoHcy. It was found
that AdoHcy levels could be raised from approx. 5
nmol/109 cells to greater than 400 nmol/109 cells
with the addition of 40 /~M adenosine plus 100
# M L-homocysteine thiolactone in the presence of
the adenosine deaminase inhibitor EHNA. With
the rise in AdoHcy, there was a concomitant decrease in D N A methylation, w h i c h may be the
most important effect of AdoHcy. When high
levels of AdoHcy are induced, the AdoMet level
rises slightly, probably due to the block in transmethylation reactions [87]. In phytohemagglutininstimulated human lymphocytes, similar results are
found. By raising the respective culture medium
adenosine and L-homocysteine thiolactone levels
from zero to 200 # M and 150 #M, respectively, in
the presence of the adenosine deaminase inhibitor
EHNA, the A d o M e t / A d o H c y ratio could be reduced from 15.4 to 0.67 with a concomitant inhibition of DNA methylation [88]. In perfused rat

liver, when the perfusate levels of homocysteine
and adenosine were raised from zero to 3.4 mM
and 4 mM, respectively, the levels of both AdoMet
and AdoHcy increased, but the A d o M e t / A d o H c y
ratio decreased from 5.6 to 0.3 with a concomitant
large decrease in transmethylation reactions [89].
Just the addition of adenosine to perfused rat liver
could lower the A d o M e t / A d o H c y ratio from 5.3
to 1.7 and could lower the transmethylation rate
3-fold [90].
When 3-deazaadenosine is given to isolated rat
hepatocytes, the AdoHcy and AdoMet are raised,
and 3-deazaadenosylhomocysteine (3-deazaAdoHcy) appears. The deazaadenosine seems to serve
as a substrate for AdoHcy hydrolase and inhibits
the hydrolysis of AdoHcy, resulting in large increases of AdoHcy and 3-deazaAdoHcy and a
concomitant decrease in transmethylation, resulting in AdoMet buildup [91]. When 3-deazaadenosine is injected into rats, the liver and spleen have
the most marked increases in AdoHcy, AdoMet
a n d 3 - d e a z a A d o H c y . In the liver, the
A d o M e t / A d o H c y ratio could be reduced from 4.5
to 1.6 after three injections with a reduction in
transmethylation reactions [92]. In chick-embryo
fibroblasts, 3-deazaadenosine lowers the A d o M e t /
AdoHcy ratio approx. 10-fold and inhibits the
functions of Rous sarcoma virus in the cells [93].
Xylosyladenine, when given to mouse erythroleukemia cells at 5 #M in the presence of 5 # M of
the adenosine deaminase inhibitor EHNA, decreases the AdoMet levels from 45.8 nmol/109
cells to 15.2 nmol/109 cells. This treatment results
in only a slight effect on AdoHcy levels but induces the appearance of xylosylAdoMet and
xylosylAdoHcy. The methylation of RNA bases is
greatly reduced, but surprisingly no decrease in
D N A methylation is detected [94]. Other compounds known to induce an increase in cellular
AdoHcy levels include periodate-oxidized adenosine [96], deaza(+)aristeromycin, which interestingly seems to be just an inhibitor [95,96] and not
a substrate of AdoHcy hydrolase [96,97], 2'-deoxycoformycin, which inhibits adenosine deaminase and allows an increase of 2'-deoxyadenosine
and 9-fl-D-arabinofuranosyladenine [98-100]. The
combination of 2'-deoxycoformycin and 9-fl-Darabinofuranosyladenine inhibits RNA methylation in T-cell acute lymphoblastic leukemia cells
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[98]. 2'-Deoxyadenosine inactivates AdoHcy hydrolase with the concomitant build-up of AdoHcy
in a dose-dependent manner in WI-L2 human
lymphoblasts [101]. In these same cells, cordycepin
(3'-deoxyadenosine) induces the formation of 3'deoxyAdoMet, 3'-deoxyAdoHcy and a decrease in
RNA and DNA methylation in a dose-dependent
manner [101,167].

It remains to be tested whether the perturbation
of the AdoMet/AdoHcy ratio by adenosine, homocysteine and adenosine analogues can affect
oncogenic transformation, but it seems rather likely
in the light of the fact that the relative amounts of
AdoMet and AdoHcy can alter DNA methylation
(see below) and often are found in altered ratios in
cancer cells themselves.

TABLE II1
EFFECTORS OF DNA METHYLATION
It should be noted that it has been found that the extent of DNA methylation may vary by 10-20% from tissue to tissue in a single
organism [327]. Since the exact cellular or tissue origin is not known for most of the oncogenically transformed cells described in this
table, it must be concluded at this time that 10-20% of the DNA methylation change that has occurred may be attributable to tissue
origin. However, as can be seen in the original data in the papers referred to, most of the changes are much greater than this.
Target

Agent used

Result

Ref.

Mouse liver;
rat liver

Acetylaminofluorene;
chlordane;
3'-methyl-4-dimethylaminoazobenzene;
diethylnitrosamine

DNA hypomethylated
in induced or
spontaneous tumors.

139,140

Human lymphoblasts
(Raji line)

N-Methyl-N-nitroN-nitrosoguanidine;
N-methyl-N-nitrosourea

DNA hypomethylated.

141,142

Human diploid
fibroblasts

N-Methyl-N-nitrosourea;
N-acetoxy-N-2acetylaminofluorene

DNA repaired after
damage by carcinogen
is hypomethylated.

130

poly(dG-dC); bovine
brain methyltransferase

N-Methyl-N-nitrosourea

Decrease in DNA
methyltransferase
reaction.

124

Rat liver DNA

Dimcthyl sulfate

DNA methylation
inhibited in vitro.

122

Chicken erythrocyte
DNA in vitro

N-Acetoxy-N-2acetylaminofluorene

DNA methylation
inhibited in vitro.

123,125

4-Acetoxyaminoquinoline1-oxide

DNA methylation
enhanced in vitro.

126

DNA methyltransferase
from rat liver nuclei

N-Methyl-N'-nitro-Nnitrosoguanidine

DNA methyl transferase
is inhibited directly.

131,133

Mouse spleen DNA;
methyltransferase and
azacytidine-induced
hemimethylated DNA from
mouse embryo cells

Various mutagenic
carcinogens

DNA methylation
in vitro decreases
due to binding of
carcinogens to DNA and/or
methyltransferase.

129

Rat liver DNA methylase;
poly(dC-dG)

N-Acetoxy-N-2-acetyl
aminofluorene; N-methylN-nitrosourea; N-methylN-nitro-N-nitrosoguanidine

Inhibition of DNA
methylation. Thiol
reducing agents
protect against
inhibition.

132
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TABLE 11I (continued)
Target

Agent used

Result

Ref.

Mouse $49 lymphoma cells

Ultraviolet light

Demethylation of
metallothionein-1
gene.

158

P815 mouse mastocytoma
cells

N-Acetoxy-N-2-acetylaminofluorene

DNA methylation
decreases, then
increases.

127

Mouse and rat cells
and tissues

Ethionine;
S-adenosylethionine

DNA hypomethylated.

136,143-147

Mouse cells in
culture

5-Azacytidine

DNA hypomethylated.

150,151,155,
156,161,162

Chick MSB lymphocyte
cell line

5-Azacytidine

Induced undermethylation of regions
of endogenous retrovirus
e v - 1 but no significant
changes in methylation
state of 5 different
globin genes.

233

Chinese hamster embryo
fibroblasts;
mouse C3H 10T~2 cells

5-Azacytidine

Induced undermethylation
164,326
of preproinsulin, r a s H
and ras K genes, chromosome changes
and oncogenic transformation in
hamster cells, c - m o s and fl-globin genes
undermethylated in mouse cells.

W7 mouse thymoma
cells

5-Azacytidine

Induced undermethylation
within the metallothionein-1 gene and in sites
flanking the gene.

157

Herpes simplex virus

5-Azacytidine

Induced hypomethylation
of herpes thymidine
kinase.

159,160

Mouse F9 embryonal
carcinoma cells

5-Azacytidine

Decrease in methylation
of the H-2K gene.

211

Mouse cells in culture

5-Azacytidine

5-Azacytidine
incorporated into DNA
irreversibly inactivates
DNA methyltransferase.

128,153,154

Human patients

5-Azacytidine

Reduction in total genomic methylation and in
methylation of globin
genes in peripheral
blood cells and bone
marrow.

202,203

Whole nuclei isolated
from regenerating
rat liver

S-Adenosylhomocysteine

Inhibition of DNA
methyltransferase.

137
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TABLE III (continued)
Target

Agent used

Result

Ref.

Permeabilized mouse L
cells

S-Adenosylhomocysteine

Inhibition of DNA
methylation.

138

Methyltransferase
from avian-virus-transformed rat
cells. M. lysodeikticus DNA

S-Adenosylhomocysteine;
5-deoxy-5'-methylthioadenosine

Inhibition of DNA
methylation.

165

Avian-virus-transformed
rat kidney cells

5-Deoxy-5'-methylthioadenosine

Inhibition of DNA
methylation.

165

Human lymphoblasts

3'-Deoxyadenosine

DNA hypomethylated.

167

Mouse L929 cells

Cells incubated in
methionine-free medium
at the beginning of the
S-phase

DNA hypomethylated.

296

Mouse mammary tissue

Mouse mammary tumor
virus

Mammary tissue
oncogenically transformed
by virus has hypomethylated
DNA compared to normal
mammary tissue.

168

Mouse erythroleukemia
cells

Friend erythroleukemia
virus

Reduced DNA methylation
found in erythroleukemia
cells compared to normal
spleen cells.

169

DNA methylation lowered
in leukemia cells.

295,314

Reduced methylation
found in cells.

172

Stomach
KATO III

Reduced methylation
found in cells.

170

Breast
SK-BR-2-III

Reduced methylation
found in cells.

170

Reduced methylation
found in cells.

170

Colon
SK-CO-1

Reduced methylation
found in cells.

170

Lung
A549
SK-LU-1
A2182

Reduced methylation
found in cells.

170

Prostate
PC3
DU145

Reduced methylation
found in cells.

170

Bovine lymphocytes;
chronic leukemia
Human cells
Carcinomas
Cervix
HeLa

Bladder
T24
J82

None
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T A B L E III (continued)
Target

Agent used

Result

Ref.

Sarcomas
Skin
8387
HT1080

Reduced methylation
found in cells.

170,178

Melanomas
Skin, A375, MeWo

Reduced methylation
found in cells.

170

Miscellaneous
Nervous system
A172
SK-N-SH
SK-N-MC

Reduced methylation
found in cells.

170

L y m p h node
HR-1

Reduced methylation
found in cells.

173

Transplantable mouse
solid tumors and
plasmocytomas

Reduced D N A methylation
found in cells.

300

H u m a n tumor and
corresponding normal
tissues,

Total genomic D N A ,
globin, growth hormone,
gas H and F•S K genes
undermethylated in D N A
from tumor tissues
compared to D N A from
corresponding normal
tissues.

174,
179,180

Rodent hepatoma

Total genomic D N A and
the a-fetoprotein gene
are undermethylated in
D N A from hepatomas
compared to D N A from
normal liver.

176,177,
181,182

Rodent oncogenically
transformed cells and
tissues

Various individual
genes in cancer cells
undermethylated compared
to corresponding genes
in normal cells

183 -185

Lymphocytes from cows
with chronic lympholeukosis

Methylation of reiterated
D N A sequences reduced.

175

Chick erythroblast

Avian erythroblastosis
virus

Globin genes hypermethylated.

186

WI38 h u m a n lung
fibroblasts

SV40 virus

Procollagen genes
hypermethylated.

187

Total genomic
D N A increased in some
of tumors compared to
normal fibroblasts.

188

Hepatic D N A is
hypomethylated

276

H u m a n pediatric
tumor tissues

Rat liver

Methyl-deficient
diet
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V. Altered D N A methylation in cancer

We have previously discussed how alterations in
methionine metabolism, including AdoMet and
AdoHcy, are either found in cancer cells [39,42,43]
or, with ethionine at least [74-79, 86], are known
to induce oncogenic transformation. The question
arises as to what is the mechanism by which
changes in methionine metabolism may induce
oncogenic transformation. Some clues to the
answer come from the following facts.
A. Cells 'initiated' by carcinogens must proliferate to 'fix' the effect of the carcinogen [102].
Once fixed, the oncogenic changes are heritable.
B. Many of the changes involved in oncogenic
transformation involve the heritable activation of
genes [103-116].
C. Changes in DNA methylation need to be
fixed by cell proliferation, are to a large extent
heritable, and can lead to gene activation
[117-120]. Therefore, it may be that DNA methylation changes are central to carcinogenesis and are
the carcinogenic effects of altering methionine
metabolism in cells (see Table III for summary).
Borek and Srinivason had indeed postulated as
early as 1966 [121] that altered DNA methylation
is involved in the carcinogenic process.
This hypothesis is given further support by the
fact that a number of carcinogens can directly
affect D N A methylation, as shown in vitro. Initial
experiments showed that while native E. coli DNA
is a good methyl acceptor using rat liver D N A
methyltransferase in vitro, chemical modification
of the methyl-accepting E. coli DNA by depurination with formic acid, by deamination of deoxycytidylate residues with sodium bisulfite, or by alkylation of deoxyguanylate residues with dimethylsulfate abolishes the ability of the D N A to accept
methyl groups [122]. The liver carcinogens Nacetoxy-N-2-acetylaminofluorene ( N A A F ) or
NAAIF, the 7-iodo derivative of N A A F , bind in
vitro to chicken erythrocyte DNA or Micrococcus
lysodeikticus D N A and result in D N A s substituted
mainly in position 8 of guanine moieties. Using rat
brain DNA methyltransferase, it is found that the
greater the amount of carcinogen bound to DNA,
the less could the D N A be methylated at the
cytosine position by the enzyme [123]. The alkylation of DNA or of poly(dG-dC) by methyl-

nitrosourea decreases D N A methylation in vitro
by bovine brain methyltransferase, possibly due to
the formation of or-methylguanine [124]. Insights
into the mechanism of inhibition are given by the
result that DNA substituted by carcinogen behaves as a methylation inhibitor of non-substituted D N A , indicating that the carcinogen-substituted DNAs have higher affinities for the DNA
methyltransferase than native DNA and irreversibly inhibit the enzyme [125].
However, modification of DNA by 4-acetoxyaminoquinoline-l-oxide increases the velocity and
overall methylation of this modified DNA in vitro
compared to native DNA with calf brain DNA
methyltransferase [126].
5-Azacytidine (whose effects will be discussed
shortly) is used to obtain DNA methylated in only
one strand (hemimethylated DNA), which is a
good methyl-acceptor [128] and similar to the in
vivo substrate. This hemimethylated DNA was
treated with a wide range of ultimate chemical
carcinogens. The alkylated or arylated DNAs are
then assayed for their abilities to accept methyl
groups from AdoMet in the presence of mouse
spleen methyltransferase. N A A F and a number of
other carcinogens are shown to decrease in vitro
methylation of hemimethylated DNA [129]. The
most potent inhibitor of DNA methylation seems
to be nitrogen mustard (HN2) followed in order
by NAAF, 1,3-bis(2-chloroethyl)-l-nitrosourea
(BCNU) and N-methyl-N-nitro-N-nitrosoguanidine ( M N N G ) [129]. As shown previously [122]
and described above, these authors [129] find also
that depurination by weak acid decreases methylation, as do single strand breaks induced by ultraviolet irradiation. It may be that these carcinogens
prevent the 'scanning' or ' walking-along-the-DNA'
activity of the DNA methyltransferase. Related to
these results is the fact that DNA repaired in vivo
after treatment of cells with N-methyl-Nnitrosourea is hypomethylated [130]. Possibly
residual carcinogen bound to DNA prevents full
methylation.
Direct inactivation of the DNA methyltransferase is another effect of some carcinogens supporting the hypothesis that changes in D N A methylation are central to carcinogenesis. M N N G directly inactivated DNA methyltransferase from rat
liver, mouse liver, calf thymus and Ehrlich ascites
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tumor cells [131], but the effect is reversible by
dithiothreitol, indicating probable reaction with
enzyme sulfhydryl groups. In this light, it is found
that various thiol reagents, including dithiothreitol, fl-mercaptoethanol and reduced glutathione,
could protect highly purified rat liver D N A methylase in vitro against the otherwise inhibiting
carcinogens (NAAF, N-methyl-N-nitrosourea and
M N N G ) [132]. As the authors of this study point
out, the above data suggest that various intracellular thiols may protect D N A methylases from
carcinogens [132]. Other carcinogens, which do not
interact with sulfhydryl groups such as N-nitrosodiethylamine, N-nitrosodimethylamine and
methylazoxymethanol have no direct effect on the
methyltransferase [133]. The dose of M N N G and
ethylnitrosourea used produce greater inhibition of
methyltransferase activity when the methyltransferase is treated directly than when the hemimethylated-substrate D N A is treated by these
carcinogens [129]. For recent information concerning the properties of purified DNA methyltransferase, refer to the recent articles about the enzyme(s) from murine erythroleukemia cells [134]
and bovine thymus cells [135].
We have shown in the previous section that the
liver carcinogen ethionine can prevent AdoMet
formation, mainly by the accumulated ethionine
metabolite S-adenosylethionine (AdoEt), which
exerts a strong feedback-inhibitory effect on
AdoMet synthetase [80]. AdoEt has been shown to
have the additional effect of inhibiting DNA
methylation by competing with AdoMet in whole
nuclei isolated from regenerated rat liver. The K i
of AdoEt was calculated to be 3.22.10 -6 M compared to a K m of 4.47 • 1 0 - 7 M for AdoMet in the
in vitro methylation reaction [136]. These data give
further evidence that changes in D N A methylation
are the ultimate effect of many carcinogens which
have very different mechanisms of action.
In section IV, we have shown that S-adenosylhomocysteine (AdoHcy) levels are raised in
methionine-dependent cancer cells incubated in
M e t - H c y ÷ medium as well as in various types of
cells treated with adenosine or adenosine analogues. AdoHcy itself has been shown to competitively inhibit the transfer of methyl groups from
AdoMet to D N A in isolated whole nuclei from rat
liver. The K i for AdoHcy was calculated to be

2 . 1 . 1 0 -5 M, compared to a g m for AdoMet of
1.33.10 "6 M [137]. When the degree of methylation of C G sites is measured by nearest-neighbor
analysis in permeabilized cells which have taken
up [32p]dGTP, it is found that AdoHcy can reduce
the percent of C G sites methylated from 66% to
zero [138]. DNA methyltransferase from rat kidney cells is half-maximally inhibited by approx. 4
/~m AdoHcy compared to approx. 400 #M 5'-deoxy-5'-methylthioadenosine needed for a similar
effect in vitro using M. lysodeikticus DNA as a
methylation acceptor [165]. Thus, AdoHcy, a natural metabolite of methionine whose concentrations
appear to be readily altered, can have a strong
inhibitory effect on DNA methylation. The
carcinogenic effect of manipulating the AdoHcy
concentration has yet to be determined.
We have just described in vitro experiments
with various carcinogens of possible carcinogens
demonstrating their effects on DNA methylation.
As would be expected, some of these agents have
been shown to lower D N A methylation in vivo
also. Liver tumors induced by exposure of the rat
to acetylaminofluorene or diethylnitrosamine are
undermethylated in their DNA by 20-30% compared to untreated liver [139]. Acetylaminofluorene-, chlordane- or 3'-methyl-4-dimethylaminoazobenzene-induced tumors in C57B1 and
B6C3 mice have undermethylated DNA compared
to the levels in background and normal liver [140].
In the human 'Raji' lymphoblast cell line, treatment with either N-methyl-N-nitrosourea or
M N N G in vivo resulted in hypomethylated DNA
as measured both by [14C]deoxycytidine incorporated into 5-methylcytosine or by M s p I / H p a l I
restriction-endonuclease analysis. The lower level
of D N A methylation persists in the absence of
carcinogen [141,142]. These results are consistent
with the in vitro inhibition of D N A methylation
by this type of carcinogen, as described above.
We have described in section IV how the liver
can convert ethionine to S-adenosylethionine
(AdoEt) and that AdoEt can decrease the amount
of AdoMet in the liver. In this section we have
described in vitro experiments showing that AdoEt
can directly inhibit the DNA methyltransferase. It
is not surprising, therefore, that regenerating rat
liver D N A from rats treated with 300 mg ethionine
p e r kilogram body weight 17 h following partial
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hepatectomy is hypomethylated. The D N A is hypomethylated to such an extent that it is methylated in vitro via AdoMet 8-times more than control DNA. In these same livers, AdoEt reaches
levels 40-times those of AdoMet [136]. In experiments with cultured cells, a number of investigators have shown that ethionine can reduce DNA
methylation. Novikoff hepatoma cells are grown in
methionine-free medium supplemented with 10 - 4
M ethionine after the cells have been synchronized
at the start of S phase. The DNA extracted from
ethionine-treated cells is an 85-fold better substrate for D N A methylase from these same cells in
vitro than DNA from cells synchronized in
methionine-containing medium. The DNA from
the ethionine-treated cells is thus highly undermethylated [143]. Ethionine treatment of mouse
erythroleukemia cells resulted in DNA that is a
better substrate in vitro for D N A methylase than
D N A from methionine-treated cells [144,145].
When P815 mouse mastocytoma cells are treated
with ethionine, DNA methylation, as measured by
base analysis after the cells have incorporated
[3H]CH3-methionine and [14C]deoxycytidine, is
lowered, especially in the inverted repetitive sequences of D N A [146]. HpalI/MspI restriction
endonuclease analysis of these ethionine-treated
P815 mastocytoma cells also demonstrates lower
D N A methylation than in methionine-treated cells
[147]. In none of the cellular studies has the level
of AdoEt been measured. As mentioned above, it
is not clear whether non-liver cells can convert
ethionine into AdoEt and whether ethionine is
carcinogenic in non-liver cells. The above-described
lower
DNA
methylation
in
ethionine-treated cultured cells suggests that AdoEt
is produced and that ethionine may induce oncogenic transformation in these cells.
5-Azacytidine is another substance which is
shown to be able to oncogenically transform cells
[148,149] and, importantly, shown to induce D N A
hypomethylation. When 5-azacytidine is given to
cultured mouse embryo cells at concentrations between 1 and 10 /~M, there is a dose-dependent
reduction of methylation in newly synthesized
D N A [150]. In transformed mouse embryo cells,
substitution of 5% of the total cytosines in DNA
by 10 /~M 5-azacytidine results in the complete

inhibition of methylation of newly synthesized
D N A in vivo [151]. The resulting undermethylated
D N A serves as an excellent substrate for in vitro
methylation using mouse spleen DNA methyltransferase. The addition of 100/~M 5-azacytidine
to the reaction did not affect the rate of in vitro
methylation of the DNA, indicating that 5azacytidine must be incorporated into DNA in
order to inhibit methylation. The mechanism for
the inhibition is proposed to be a sequence-specific
binding of the DNA methyltransferase at the 6position of either cytosine or azacytidine in DNA
via the sulfhydryl group of cysteine (see the above
discussion of the role of sulfhydryl groups in DNA
methyltransferases). If the 5-position of the cytosine contains a nitrogen, as in 5-azacytidine, instead of methylating the 5-position the enzyme
becomes irreversibly inactivated in the process
[152]. It is interesting that although the hypomethylated DNA containing the 5-azacytidine could be
further methylated in vitro, the DNA remained
hypomethylated in vivo following removal of the
5-azacytidine from the cell culture medium leading
eventually to symmetrically demethylated sites
[151]. Possibly an increased ratio of DNA methyltransferase to D N A in vitro allows methylation of
the 5-azacytidine-substituted DNA. However, if
very large amounts of 5-azacytidine are incorporated into the DNA, the in vitro methyl-accepting capacity of the DNA then decreases [151]. It is
notable that ethionine has little or no effect on
D N A methylation in the transformed mouse embryo cells [151]. Perhaps the cells cannot convert
the ethionine into AdoEt because of the form of
AdoMet synthetase present.
Insight into the mechanism of 5-azacytidine
inhibition is first obtained from experiments where
mice carrying Ehrlich ascites tumor cells are given
5-azacytidine by intraperitoneal injection [153].
The following results are obtained in the ascites
tumor cells. (a) Methylation of newly synthesized
D N A decreases from 4.65% of cytosines methylated to 1.8% in a manner depending on the injected dose of 5-azacytidine. (b) The in vitro
methyl-accepting ability of the undermethylated
D N A increases up to 5-fold, depending on the
dose of 5-azacytidine. (c) Possibly most importantly, the extractable DNA methyltransferase
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activity decreases down to 7% of control in the
cells, depending on the dose of 5-azacytidine [153].
It thus seems as if the 5-azacytidine, when incorporated into the DNA, is inactivating the DNA
methyltransferase. In mouse erythroleukemia cells
grown in culture, treatment with 5-azacytidine resuits in hypomethylation of newly synthesized
DNA [154]. As with the ascites cells just described,
in the erythroleukemia cells substitution of 0.3% of
the cytosines with 5-azacytidine results in inactivation of the DNA methyltransferase in vivo. However, in vitro, in the presence of excess methyltransferase, this undermethylated DNA serves as a
very good methyl acceptor. When the 5-azacytidine is removed from the cells, the extractable
methyltransferase increases in a time-dependent
manner and the DNA becomes for the most part
remethylated. These results are consistent with the
5-azacytidine inactivating the methyltransferase.
The cell, after removal of 5-azacytidine, synthesizes more D N A methyltransferase, which in turn
methylates many of the demethylated sites which
were probably still only hernimethylated [154].
Similarly, mouse thymic lymphoma cells treated
with 5-azacytidine have their total DNA methylation lowered from 4.5% of cytosines methylated t o
2.5% but, by 9 weeks in culture in the absence of
5-azacytidine, the total DNA methylation increases to 3.8% of cytosines methylated [155]. In
transformed mouse embryo cells treated with 3
/~M 5-azacytidine, there is also a loss of extractable DNA methyltransferase which increases after
the removal of 5-azacytidine from the culture
medium [128]. Hemimethylated or unmethylated
DNA extracted from these cells serves as a very
efficient acceptor of methyl groups in vitro. However, compared to the rate of methylation when all
components are mixed simultaneously, preincubation of highly 5-azacytidine-substituted D N A with
the DNA methyltransferase results in reduced
methylation of either E. coli DNA or hemimethylated duplex DNA [128]. Thus, 5-azacytidine seems
to be like other carcinogens we have described in
that the DNA methyltransferase, as it moves along
the DNA, reaches the 5-azacytidine, binds it and
becomes inactivated. The result in vivo is the
synthesis of undermethylated DNA, the implications of which are discussed in following sections.

5-Azacytidine is shown to reduce DNA methylation in cultured mouse K-BALB cells where 2
# g / m l reduces DNA methylation to about 3% of
control levels. It is notable in these studies that the
simultaneous addition of 5-azacytidine and cytidine to cells abolishes the inhibition of DNA
methylation, but deoxycytidine has no effect. It is
then shown that deoxycytidine is probably converted into deoxyuridine by deamination and subsequently incorporated into DNA in the position
of thymidine [156]. In chick lymphoblasts and
fibroblasts, 3 #M 5-azacytidine induces the hypomethylation and DNAase I sensitivity of the eo-1
endogenous virus genome as measured by restriction enzyme analysis [233]. These experiments are
the first to show that the effects of 5-azacytidine
are not random in the genome, since in the same
5-azacytidine-treated cells no changes in the methylation in five different globin genes are detected
[233]. Perhaps the carcinogenicity of 5-azacytidine
depends on activating particular genes in particular cell types. This is discussed further in later
sections.
5-Azacytidine is shown actually to lower DNA
methylation in other instances: W7 mouse
thymoma cells become inducible for the metallothionein-1 (MT-1) gene by 10 #M cadmium [157]
only in the presence of 5-azacytidine. All six of the
HpalI sites in MT-1 gene and its flanking sequences become unmethylated. At the 8 #M concentration of 5-azacytidine used, the authors did
not expect so much substitution of C by 5azacytidine that all HpalI sites would become
unmethylated [157]. However, as described above,
only small amounts of 5-azacytidine need to be
incorporated into DNA to inactivate large amounts
of DNA methyltransferase. In herpes simplextransformed mouse cells, 5-azacytidine induces the
hypomethylation of the herpes thymidine kinase
gene [159,160]. 5-Azacytidine can lower total DNA
methylation in mouse embryonal carcinoma cells.
It seems, however, that the lowered DNA methylation has different effects depending on whether the
cells are in the differentiated state or not [161].
5-Azacytidine can lower the DNA methylation of
Friend erythroleukemia cells to a large degree, but
in parallel experiments the tumor promoter 12O-tetradecanoylphorbol 13-acetate has no effect
on DNA methylation in these cells [162].
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The carcinogenicity of 5-azacytidine is emphasized in recent experiments demonstrating that
this compound can induce neoplasms in multiple
sites in rats (163. The possible mechanism for the
tumorigenic action of 5-azacytidine is further
focused by a report that Chinese embryo fibroblasts oncogenically transformed by 5-azacytidine
undergo demethylation of their ras H and ras K
oncogenes [164], two oncogenes implicated in human cancer [323,324]. Complicating the latter experiments is the fact that 5-azacytidine also seems
to induce karyotype abnormalities, including trisomy for chromosome 3q, that correlated with
tumorigenicity of the 5-azacytidine-treated Chinese
hamster embryo fibroblasts [164]. It seems important, therefore, to analyze further the actual
5-azacytidine-induced tumors [163] for the methylation status and degree of activation of the known
oncogenes as well as to analyze karyotype
abnormalities in these tumors.
The effects of carcinogens may have even further ramifications on DNA methylation. For example, after mouse mastocytoma cells have been
treated with the carcinogen NAAF, DNA methylation is lowered in a dose-dependent manner
[127].. However, after removal of the carcinogen,
significant de novo methylation takes place, giving
rise to clones with higher than control and lower
than control levels of DNA methylation [127]. The
effects of these changes on gene expression and all
properties should be investigated. The authors of
this study mention the intriguing preliminary resuits showing that cells with hypermethylated DNA
proliferate at lower rates than those with hypomethylated DNA, further implicating hypomethylation of DNA in the carcinogenic process.
Other means of treating cells have been shown
to lower DNA methylation. A number of studies
demonstrate that lowering the AdoMet/AdoHcy
ratio can lower DNA methylation. If one gives
mouse $49 mouse lymphoma cells adenosine and
homocysteine, the level of AdoHcy rises and the
level of methylation of newly synthesized DNA
decreases in a dose-dependent manner. For example, the addition of 80/~M adenosine and 200 #M
homocysteine in the presence of 5 #M of the
adenosine-deaminase inhibitor E H N A causes the
AdoHcy concentration to increase from 10
nmol/109 cells to 1120 nmol/109 cells with the

concomitant decrease in DNA methylation from
3.7% to 0.9% of cytosines methylated [87] This is
not surprising, since AdoHcy is a potent inhibitor
of most known methylases [101], including DNA
methyltransferase [137]. Treatment of WI-L2 human lymphoblasts with various concentrations of
adenosine, homocysteine-thiolactone and EHNA
can greatly increase the level of AdoHcy with a
concomitant inhibition of DNA methylation,
where a 50% inhibition of DNA methylation is
achieved at only 140 nmol of AdoHcy per 10 9 cells
[166]. Treatment of human peripheral lymphoblasts with various concentrations of adenosine can
raise intracellular AdoHcy concentrations and
lower DNA methylation levels from 3.99% to 0.91%
of cytosine methylated [88]. The addition of homocysteine and adenosine to perfused rat liver can
raise AdoHcy levels and lower methylation of
newly synthesized DNA to only 6% of control [89].
When the WI-L2 human lymphoblasts are given
cordycepin (3'-deoxyadenosine), they accumulate
3'-deoxy-S-adenosylmethionineand methylation of
newly synthesized DNA drops below measurable
levels, presumably due to inhibition of DNA
methyltransferase by S-3'-deoxyadenosylmethionine [167]. Perturbing AdoMet/AdoHcy
ratios by varying homocysteine, methionine and
adenosine affects DNA methyltransferases, as do
the carcinogens which interact with DNA or the
enzyme directly. Ethionine carcinogenesis is also
probably due in part to altering AdoMet/AdoHcy
ratios and thereby DNA methylation. Thus, the
question is raised as to whether perturbing
AdoMet/AdoHcy ratios is in general a carcinogenic process.
Oncogenic viruses may also lower DNA methylation. For example, when DNA from mouse
mammary tumors induced by mouse mammary
tumor virus is digested with MspI and HpalI,
electrophoresed, and stained by ethidium bromide,
evidence is obtained for nonspecific hypomethylation [168]. Similar results are shown for the
Friend-virus-induced mouse erythroleukemia cells
[169].
The most straightforward evidence that lowered
DNA methylation may be central to oncogenesis is
the finding of altered DNA methylation in cells
and tissues derived from actual tumors. Low levels
of D N A methylation are indeed seen in 'sponta-
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neous' tumor cells or tissues. For example, in a
study of cell lines derived from human tumors, 19
out of 20 are found to have low D N A methylation.
Levels as low as 1.2% of cytosines methylated are
found, compared to 3% in normal fibroblasts.
These data are obtained by HPLC analysis and
confirmed by H p a l I / M s p I
restriction endonuclease analysis [170-173]. In another study, the
human fibrosarcoma cell line HT1080 is determined by HPLC analysis to have 2.3% of cytosines methylated [178]. Human tumor tissue often
has low levels of total DNA methylation (174)
compared to corresponding normal tissue. Other
examples of large segments of hypomethylated
D N A in tumors include total D N A in some transplantable mouse tumors [300], the reiterated D N A
sequences in cow lymphocytes with chronic
lympholeukosis [175], total D N A in Morris hepatomas compared to normal liver [176] and total
D N A in mouse hepatoma compared to mouse
liver [177].
In a number of studies, the extents of D N A
methylation of individual genes in normal and
cancer tissues are compared, rather than total D N A
methylation. In one report, in four of five patients
with either colon or lung cancers, substantially
lower methylation for the growth hormone gene
and globin genes as determined by H p a l I / M s p I
analysis is found in the cancer tissue compared to
corresponding normal tissue from the same patient
[179]. The hypomethylation is even more extensive
in a metastasis from one patient [179]. Similar
results are obtained for the ras H and ras K oncogenes, which are also found to be undermethylated
by restriction-enzyme analysis in human tumor
compared to normal tissue [180]. We have found
in as-yet-unpublished work from our laboratory
that, in three of five human tumor cell lines tested,
the myc oncogene is hypomethylated at the one
H p a l I site that exists in the third exon. Normal
human fibroblasts are fully methylated at this
position in the myc gene. Oncogene methylation is
discussed extensively in section VIII. In similar
studies, the a-fetoprotein gene is found to be undermethylated in hepatomas compared to normal
mouse liver [177,181,182]. Other genes found to be
undermethylated in cancer cells compared to corresponding normal ceils include the ribosomal
R N A genes in rat cells transformed by Kirsten

sarcoma virus [183], the globin, pancreatic amylase
and type 1 histocompatibility genes in a mouse
embryonal carcinoma [184] and intracisternal A
genes in mouse myeloma cells [185].
These 'spontaneous' undermethylations of total
D N A and individual genes in tumor cells and
tissue may be due to the actions of carcinogens as
discussed in the first part of this section. It is
possible that the induced hypomethylation may
activate sets of genes which code for products that
participate in the malignant transformation of the
cell. However, the relationship between oncogenic
transformation and D N A methylation may be
more complicated. In a number of instances, D N A
methylation seems to increase in the oncogenic
process. In chick erythroblasts transformed by
avian erythroblastosis virus, there is reduced transcription of globin genes accompanied by increased methylation of these genes [186]. In human lung fibroblasts WI38 transformed by SV40,
the loss of collagen synthesis and procollagen
m R N A transcription is associated with an increment in the methylation of the procollagen genes
[187]. In a study of pediatric tumor tissues and
low-passage cells, the level of D N A methylation
was often higher than that for normal fibroblasts
[188]. The next section discusses gene activation
due to changes in DNA methylation.
VI. Gene induction due to altered DNA methylation a n d / o r altered methionine metabolism
We have seen in the previous sections that
many cancer cells are altered in methionine
metabolism and DNA methylation. We have also
seen that these findings are not surprising, since
many carcinogens seem to interfere directly with
D N A methylation or methionine metabolism. The
question remains, however, as to how these alterations in methionine/methylation metabolism can
lead to oncogenic transformation. Evidence comes
from our knowledge that oncogenic transformation often leads to activation of genes [103-116].
In this section we will review the effects on gene
activity of carcinogens or potential carcinogens
which directly act on methionine/methylation
metabolism. These effects are summarized in Table IV.
The methionine analogue ethionine was found
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TABLE IV
GENE ACTIVATION DUE TO DISRUPTION OF METHIONINE METABOLISM A N D / O R DNA METHYLATION
Cell or tissue type

Agent used

Result

Ref.

Rat liver; P815
mouse mastocytoma cells; mouse
erythroleukemia cells

Ethionine

Increase in DNA
sequences transcribed.
DNA methylation reduced.

144,145,
147,189

Immature chick
oviduct; rat liver

Ethionine

Stimulation of
synthesis of various
proteins.

190 -193,
84

V79 Chinese
hamster cells

Ethionine;
5-azacytidine

TK gene reactivated.

196

Human leukemia

Ethionine

Induction of terminal
differentiation

195

Mouse embryo
C3H10T½ cells

5-Azacytidine

Induction of muscle cell
formation. Reduction of
DNA methylation.

150

Herpes simplex virustransformed mouse cells

5-Azacytidine

Reduction of methylation
and reactivation of
herpes TK gene.

159,160

W7 mouse thymoma
cells

5-Azacytidine

Metallothionein gene
becomes hypomethylated
and inducible.

157

Mouse erythroleukemia
cells

5-Azacytidine

Induction of globin
synthesis. Reduction of
total DNA methylation.

154

Human leukemia cells

5-Azacytidine

Induction of terminal
differentiation. Reduction
of total DNA methylation.

199

Mouse thymic lymphoma
cell line SAK 8

5-Azacytidine

Sensitivity to glucocorticoids induced.
Reduction of total DNA
methylation.

155,297

Human patients

5-Azacytidine

Induction and reduced
methylation of globin
genes.

202,203

Mouse 3T3-L1 cells

3-Deazaadenosine

Induction of fat-cell
production.

209

Mouse erythroleukemia

Xylosyladenine

Induction of hemoglobin
synthesis. Reduction of
RNA methylation, no
reduction of DNA methylation
detected.

Mouse $49 lymphoma cells

Ultraviolet light

Induction and reduced
methylation of
metaliothionein-1 gene.

158

Chick erythroblasts

Avian erythroblastosis
virus

Repression and
increased methylation
of globin genes.

186

94
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TABLE IV (continued)
Cell or tissue type

Agent used

Result

WI38 human lung
fibroblasts

SV40 virus

Repression and increased
methylation of collagen
genes.

187

Mouse F9 embryonal
carcinoma cells

5-Azacytidine

Repression and decreased
methylation of H-2K gene.
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as early as 1964 [189] to have a stimulatory effect
on gene transcription both in vitro and in vivo.
Rats were fed DL-ethionine as 0.25% of their diet
and an RNA polymerase-DNA complex and isolated nuclei were extracted from their livers. When
both preparations were assayed for the incorporation of labeled precursors into RNA per amount
of D N A present, the activity from the ethionine-fed
rats was up to 5-times higher for the enzyme
complex and up to 4-times higher for the isolated
nuclei from ethionine-treated animals than for preparations from control animals. Measurements
were also made of RNA labeling in vivo after
injection of [6-14C]orotate, and it was found that
ethionine-fed rats had 50% more RNA synthesis
than controls. These studies indicated that more of
the genome was being transcribed in ethioninetreated rats than in controls.
In a later study, when mouse P815 mastocytoma cells were given ethionine for a few cell
cycles, the number of different nuclear RNA sequences transcribed from non-repetitive D N A increased from approx. 103000 to 147000 [147].
These authors correlate the increase in transcription with a decrease of D N A methylation induced
by the ethionine.
In accord with the data indicating a stimulation
of transcription by ethionine, which seems to be
due to induction of D N A hypomethylation via
production of AdoEt and the lowering of AdoMet,
are reports that ethionine induces the activity of
various enzymes. Among the enzymes induced are
rat liver acid ribonuclease [189]. A possible series
of tRNA methylases are induced in mice by 6
months of ethionine feeding: CMP methylase,
AMP methylase and U M P methylase activities
induced by ethionine resemble the situation in
neoplastic human mammary glands, whereas in
normal human mammary glands these activities

Ref.

are not detected [190]. Similarly, in female rats
treated with ethionine, the levels of tRNA methylating enzymes are enhanced [84]. When immature
chicks are given ethionine, ovalbumin and conalbumin are induced, thereby simulating the effects
of estrogen [191]. Ethionine analogues such as
N-acetyl-L-ethionine are inactive in this stimulation [192]. a-Fetoprotein is strongly induced by
ethionine in rats [193]. This effect can be seen as
early as 72 h after treatment and, possibly very
importantly, the marked increase is greatly decreased after a methionine diet [193]. The latter
result raises the possibility of de novo methylation
or remethylation due to dietary methionine and
reversion of oncogenic changes. NAAF, which as
shown in section V can inhibit D N A methylation,
also induces a-fetoprotein synthesis [194].
Ethionine can induce mouse Friend erythroleukemia cells to produce globin while causing
D N A to become somewhat hypomethylated. Up
to 30% of the cells can be stimulated to synthesize
globin by treatment with ethionine [144,145].
Ethionine can induce a human leukemia cell line,
the HL-60 promyelocytic cell, to differentiate into
a granulocyte-type cell with granulocyte-specific
enzyme activity being induced [195]. It takes a
number of cell divisions (4-5 days) in the presence
of ethionine for the cells to be committed to
differentiate, which is consistent with the induction of D N A hypomethylation. However, the
authors did not measure this latter parameter.
Both ethionine and 5-azacytidine can induce
Chinese hamster ovary cells that have been rendered thymidine-kinase-negative by selection in
B U d R to revert to thymidine-kinase-positive [196].
It is possible that B U d R in some way increases the
methylation of thymidine kinase, thereby repressing it, and the effect is reversed by 5-azacytidine or ethionine [196]. In fact, 5-azacytidine has
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been demonstrated to simultaneously induce the
activity and reduce the methylation of the thymidine kinase gene: in mouse cells that have been
transformed by herpes simplex virus containing an
active thymidine kinase gene, and have then subsequently lost gene activity but not the gene itself, it
has been shown that the inactive gene is highly
methylated [159,160]. 5-Azacytidine, as mentioned,
can cause hypomethylation and induce the gene
[159,160].
It has also been shown that the alkylating agent
ethyl methanesulfonate induces prolactin-deficient
variants of GH3 rat pituitary cells at a very high
frequency and that they are reverted back to prolactin production at an even greater frequency by
5-azacytidine [197]. The authors suggest a possibly
methylating event induced by ethyl methanesulfonate, which is reversed by 5-azacytidine. This
point needs to be ascertained. The gene coding for
asparaglne synthetase is stably switched on at a
high frequency in Jensen rat sarcoma cells by
5-azacytidine [198]. The authors propose a demethylation model but do not present data on this
point [198].
The W7 mouse thymoma cell line is normally
killed by low concentrations of cadmium because
it cannot induce the metaUothionein-1 gene. However, metallothionein in m R N A is induced 40-fold
by treating the cells with 5-azacytidine for 9 h and
then treating cells with cadmium. The 5-azacytidine causes an undermethylation of the gene and
its flanking sequences, which seems to be stably
inherited [157]. In this regard it has been found
that another carcinogen, ultraviolet light, which
can affect D N A methylation in vitro [129], causes
demethylation and activation of the metallothionein-1 gene in mouse S49 lymphoma cells
[1581.
When 5-azacytidine is given to Friend erythroleukemia cells, there is an initial reduction in total
DNA methylation with the cells becoming more
inducible by dimethylsulfoxide to produce globin.
However, 48 h after removal of 5-azacytidine, the
level of total DNA methylation returns to normal,
which may explain why only a maximum of 15%
of the cell population can be induced [154]. 3-5
/,M 5-azacytidine induces the HL-60 promyelocytic leukemia line to differentiate [199], as does
ethionine. 5-Azacytidine blocks DNA methylation

in the HL-60 cells by inactivating the DNA methyltransferase [199]. Other studies have indicated
that 5-azacytidine induces fetal hemoglobin
synthesis in erythroleukemia cells [200], in anemic
baboons [201], in a patient with sickle-cell anemia
[202] and in a patient with thalassemia [203]. In
the sickle-cells anemia patient, total-genomic DNA
methylation as well as globin-gene-specific sequence methylation were reduced in peripheral
blood and bone marrow cells [202]. In the thalassemia patient, hypomethylation of bone marrow
DNA near the globin genes was demonstrated
[203].
5-Azacytidine over a narrow dose range between 1 and 6 #M can induce a whole program of
differentiation in mouse embryo cells to produce
muscle cells while reducing DNA methylation to
as low as 18% of control [150].
The SAK 8 mouse thymic lymphoma cell line
contains fully functional hormone receptors but is
resistant to cytolysis by glucocorticoid hormones
due to the absence of a lysis function. 5-Azacytidine treatment, however, induces the glucocorticoid lysis reponse while lowering DNA methylation from 4.5% of cytosines methylated to 2.5%.
However, after the 5-azacytidine has been removed, DNA methylation increases to 3.8% of
cytosines methylated by 9 weeks with the cells
concomitantly becoming glucocorticoid-resistant
[155]. Thus, as with the erythroleukemia cells [154],
5-azacytidine induces a function, presumably by
reducing DNA methylation, but in some manner
the DNA is remethylated, seemingly in a de novo
manner [155].
5-Azacytidine also induces in certain mouse
embryonal carcinoma cells a permissiveness to
polyoma virus, semipermissiveness to SV40 virus,
H2-antigen synthesis and in one cell line differentiation is induced [204]. A possible activation of
ribosomal genes is induced in human fibroblasts
by 5-azacytidine [205]. In the latter two studies, no
measurements were made on the effects on DNA
methylation by 5-azacytidine.
The mechanism of activation of genes by 5azacytidine may not be as simple as just a demethylating event. For example, the fungus Aspergillus,
which apparently has negligible DNA methylation, is influenced to differentiate at high frequency
in a heritable manner by 5-azacytidine [206,207].
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Thus, 5-azacytidine may be able also to alter gene
control in a heritable way by affecting processes
other than methylation; such a mechanism is quite
unclear at the moment.
It should also be emphasized at this point that
disruption of methylation may not be sufficient to
induce all genes. Methylation seems to serve as a
silencing mechanism [117] for gene function, but
activation for many genes may require positiveacting factors.
The adenosine analogue xylosyladenine can induce up to 83% of murine erythroleukemia cells to
produce hemoglobin [94]. Giving cells this compound results in the production of xylosyladenylmethionine and xylosyladenylhomocysteine
but still allows the production of AdoMet and
AdoHcy [94]. Possibly the xylosyl compounds are
responsible for the observed reduction of both
5-methylcytidine and 2'-O-methylcytidine in
tRNA. However, by base analysis, no reduction in
D N A methylation is detected, and it is not clear
what the basis of hemoglobin induction is [94]. It
is necessary to probe the methylation of the globin
gene itself by HpalI/MspI restriction enzyme
analysis before and after induction [94,208].
Another adenosine analogue, 3-deazaadenosine,
both inhibits and serves as a substrate for AdoHcy
hydrolase, resulting in an increment of AdoHcy
and the generation of 3-deaza-AdoHcy, thereby
inhibiting cellular transmethylation [91]. 3Deazaadenosine can induce the differentiation of
fat cells from mouse 3T3-L1 fibroblasts [209].
Whether 3-deazaadenosine does so by inhibiting
D N A methylation as does 5-azacytidine when it
induces differentiation remains to be determined.
What also remains to be determined is whether
any compound such as these adenosine analogues,
that can change the cellular program, is oncogenic.
We do know at this time that ethionine is a strong
carcinogen and that 5-azacytidine can transform
cells in vitro [148,149], and recent results indicate
that 5-azacytidine is a carcinogen in vivo [163].
It must be pointed out again that not all oncogenic changes lead to lower methylation. As described in the last section, SV40 can induce increased methylation and decreased activity of collagen genes [187], and avian erythroblastosis virus
seems to induce increased methylation and decreased activity of globin genes [186]. More com-

plicating is the report that 5-azacytidine decreases
a-fetoprotein m R N A levels in rats [210]. Perhaps
this reflects an azacytidine effect at the RNA level.
Another complicating report is that the H-2K gene
in mouse embryonal cells seems to be activated by
the increased methylation of the gene that occurs
when these cells differentiate and is deactivated by
5-azacytidine [211]. Therefore, not only is it possible to have increased methylation upon oncogenic
transformation, but in some instances an increased
methylation of a gene may lead to increased expression. Although it is important to keep these
latter results in mind, they clearly seem to be the
exception.

VII. Effects of methylation on oncogene expression
Section VI discusses how inhibitors of
methionine and methylation metabolism can induce gene activity and can indeed change the
cellular program presumably by lowering D N A
methylation. However, more specific mechanisms
need to be described in order to have a deeper
understanding as to how these changes may induce
oncogenic transformation. A plausible mechanism
is that changes in the activity of oncogenes by
perturbation of their methylation may lead to
oncogenic transformation of the cell. Therefore, in
this section we will specifically discuss the effects
of methylation and its perturbation on oncogenes,
both viral and cellular. These results are summarized in Table V, which is mostly about viral
oncogenes, since we have only begun to obtain
information about cellular oncogenes.
The first evidence that oncogenes may be regulated by methylation came from studies with the
genes of adenovirus type 12 [212]. In cells oncogenically transformed by adenovirus type 12 there
is a strong inverse correlation between the extent
of methylation of specific integrated adenovirus
type 12 DNA fragments and their expression. In
two hamster cell lines, only early adenovirus type
12 genes, which seem to be the oncogenes of the
virus, are expressed, and HpalI/MspI restrictionenzyme analysis has shown them to be undermethylated in comparison to late viral genes which are
not expressed in these cells [212]. However, two
adenovirus type 12-induced rat brain tumor cell
lines express late adenovirus type 12 genes which
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TABLE V
R E G U L A T I O N OF O N C O G E N E EXPRESSION BY M E T H Y L A T I O N
Cell type

Oncogene or
related gene

Effect or apparent
effect of methylation

Effect of methylation
inhibitors

Ref.

Hamster cell
lines; rat
brain tumor
cells

Adenovirus
early and
late genes

Inhibition of gene
expression. Reversion
of cells to a more
normal state.

n.d.

212 -214,
301,238

Mouse cells and
tissues

Moloney murine
leukemia virus

Inhibition of viral
expression,

5-Azacytidine usually
activates methylated
virus.

161,
217 -224,
304

Mouse K-BALB
cells and mouse
A K R 2 B cells

A K R virus
BALB virus-1
BALB virus-2

Inhibition of viral
expression,

5-Azacytidine
induces viruses.

156,
222,298

Normal and
neoplastic mouse
tissues and cells

Mouse m a m m a r y
tumor virus

Inhibition of viral
expression,

Hormones may lower
methylation of virus.

226 -231

Moloney murine
sarcoma virustransformed
rat cells;
m o u s e cells

v-mos

Inhibition of gene
expression

Inhibition of methylation
may be insufficient for
activation.

235,236,
326

Inhibition of these
genes' ability to
transform cells,

5-Azacytidine demethylates
these genes and induces
their ability to
transform cells.

237

v-abl

Fresh h u m a n
tumor tissue

c-ras K
c-ras H

Genes hypomethylated
in tumors.

n.d.

180

Rat cells and
chicken cells

Avian sarcoma
virus

Inhibition of viral
expression.

n.d.

239,240,
302

BHK21-13
hamster cells

SV40
T-antigen gene

No effect,

n.d.

299

Mouse N I H 3T3
cells

Polyoma virus

No effect,

n.d.

306

Fresh and
continuous owl,
monkey and
marmoset leukemia
cells

Herpes virus
saimiri

Inhibition of viral
expression.

n.d.

303

Chicken embryo
tissue and cells

ev-1 virus

Inhibition of viral
expression

5-Azacytidine
induces virus.

233,234

Mouse cell lines;
hamster cell lines;
rat

?

Maintenance of normal
state of cells,

5-Azacytidine
induces oncogenic
transformation and,
in hamster cells,
demethylation of
ras H and ras K genes

148,149,
163,164

H u m a n hepatoma
cells

Hepatitis B
virus surface
antigen gene?

Activation of surfaceantigen gene by
demethylation?

n.d.

241

Mink fibroblasts

c-mos

v-fes
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are indeed undermethylated with respect to the
same genes in the unexpressed state in the hamsters [212]. A similar relationship has been found
for adenovirus type 12 integrated in different hamster cell lines. In these cells, the portion of the
genome coding for a DNA-binding protein is undermethylated in cell lines where the region is
transcribed compared to the same region in hamster cell lines where it is not transcribed [213].
When methylation sites are mapped in adenovirus
type 12 DNA integrated into the genome of hamster cell lines, it is found that expression of
adenovirus type 12 early genes correlated with
undermethylation at the promoter/leader and 5'regions of these genes and vice-versa. Methylation
in the main body of the gene and at the 3'-end of
the gene does not seem to be critical to expression
[214]. With regard to adenovirus type 12-induced
tumors, adenovirus type 12 methylation is originally low, even though the virus is not expressed,
which is consistent with the concept that unmethylated D N A is not always sufficient for expression
[117]. However, once the adenovirus type 12 cells
are cultured, methylation of the virus increases in
a non-random manner, with the late genes being
preferentially methylated [215,216].
The above results with the adenovirus genes are
just correlations of D N A methylation with the
degree of gene expression. More direct evidence
that methylation can 'silence' a gene comes from
experiments whereby the cloned E2a gene of
adenovirus 2 is methylated in vitro with HpaII
D N A methyltransferase: the methylated or unmethylated cloned gene is then microinjected into
the nuclei of Xenopus laeois oocytes, and synthesis
of adenovirus 2 E2a-specific RNA is found only
with unmethylated cloned DNA [301].
Moloney murine leukemia virus appears to be
at least partly under the regulation of D N A methylation. The virus inherited through the germ line
is not expressed as RNA, is non-infectious in
transfection experiments and is highly methylated,
while somatically acquired virus can be transcribed into RNA, is infectious in transfection
experiments and is undermethylated at the G C G C
sites measured [217]. If, however, the endogenous
germ-line-inherited virus is molecularly cloned and
freed of methyl groups, it becomes infectious in
transfection experiments [218]. The critical ques-

tion is how the endogenous virus becomes active in
vivo to infect other cells and cause leukemia in the
animal. For example, 13 substrains of mice, Mov-1
to Mov-13, have been constructed, each carrying a
single copy per cell of Moloney murine leukemia
virus in a different chromosomal position [217].
The majority do not exhibit virus expression at all,
but four substrains express virus at different
specific stages in development. Do the substrains
which express virus at a certain point have defective methionine/methylation at the time?
How does the germ line or embryo methylate
the virus in the first place, since virion D N A is
unmethylated? In this light it was shown that
preimplantation embryos are non-permissive for
retrovirus expression and methylate de novo incoming viral D N A [219]. However, the non-permissiveness and ability to methylate are lost by the
time the embryo implants. Probing with the methylation-sensitive enzymes HhaI, AvaI and HpalI
reveals that incoming virus in pre-implantation
embryos is methylated at 70-95% of the sites
probed, whereas in post-implantation embryos less
than 20% of the sites are methylated. Viral gehomes which are de novo methylated after integration into pre-implantation embryos were noninfectious in transfection assays as well as in the
embryo. In contrast, viral genomes inserted in cells
of mid-gestation embryos are infectious in the
animal and transfection assay [219].
Undifferentiated embryonal carcinoma cells in
culture, which resemble embryonal ectoderm, are
also non-permissive for the replication of a number of tumor viruses including Moloney murine
leukemia virus. The viral DNA in the embryonal
carcinoma cells becomes methylated at the Sinai
restriction-endonuclease site within 1 week after
integration. Before 72 h, the virus is infective in
transfection assays. After 72 h, it is inactive in
transfection [220]. In contrast, more than 80% of
the viral genomes introduced into 3T3 cells or a
differentiated embryonal carcinoma cell line remain unmethylated at this site and are expressed.
The Moloney murine leukemia virus obtained from
the undifferentiated embryonal carcinoma cells is
potentially infectious in the transfection assay because pretreatment of the recipient N I H 3T3 cells
with 5-azacytidine results in activation of the incoming viral DNA, presumably due to interference
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by 5-azacytidine with the methylation of viral DNA
[2201.
Consistent with the above result that endogenous Moloney murine leukemia viral genomes are
methylated as opposed to exogenously acquired
genomes is the finding that endogenous genomes
are much more DNAase I-resistant than the exogenously acquired genomes. The latter result is consistent with the exogenously acquired undermethylated genomes being much more transcriptionally active than the endogenous hypermethylated genomes [221].
Similar results are found whereby the endogenous AKR murine leukemia viral genome, when
inherited vertically, is found to be hypermethylated relative to the exogenously acquired AKR
leukemia virus genome as measured with the methylation-sensitive restriction endonuclease Sinai.
The endogenous virus is not expressed unless the
cells are treated with the methylation inhibitor
5-azacytidine, in contrast to the exogenously
acquired virus, which is always expressed [222].
As mentioned above, when unexpressed hypermethylated Moloney murine leukemia virus is
cloned from a rat cell line, it becomes infectious in
transfection assay, presumably due to removal of
methyl groups. However, when the cloned DNA is
methylated in vitro with HpalI and HhaI DNA
methyltransferases, which can methylate CCGG
and GCGC sites, respectively, only a slight reduction in transfection activity occurs [222]. However,
when rat liver DNA methyltransferase is used in
vitro on the cloned Moloney murine leukemia
virus, the transfection activity is reduced by three
orders of magnitude. Importantly, the effect is
reversible because treatment of the recipient NIH
3T3 cells with 5-azacytidine allows viral expression. This experiment demonstrates that the virus
remains intact during the in vitro methylation
process. Thus, methylation at sites other than
CCGG or GCGC can have a very great effect on
the expression of the virus [223].
It must be noted that methylation does not
seem to be the only mechanism in regulating
Moloney murine leukemia virus in embryonal
carcinoma cells. It has been shown that after introduction of Moloney murine leukemia provirus into
undifferentiated embryonal carcinoma cells, the
virus is quiescent transcriptionally but does not

become methylated for a number of days at the
Sinai site of CCCGGG, which is found in sequences of the virus that may have promoter effects. It is possible, but unlikely, that sequences
not probed become methylated early after introduction of the virus. It was suggested that the virus
may be made quiescent by a certain mechanism
and later methylated to maintain the quiescence
[2241.
Consistent with the above results is the finding
that 5-azacytidine, while lowering total cellular
DNA methylation of undifferentiated Moloney
murine leukemia virus-infected embryonal carcinoma cells, does not activate the virus. On the
other hand, BUdR does activate the virus. Thus,
the mechanism of inhibition is disrupted by BUdR
but not the lowering of methylation. However, if
the cells are induced to differentiate by substances
such as retinoic acid, the virus can be induced by
5-azacytidine. Thus, methylation seems to regulate
the virus only in the differentiated state and the de
novo methylation necessary to silence the virus in
the differentiated state seemingly occurs only in
the undifferentiated state [161]. In the light of the
above experiments, both BUdR and 5-azacytidine
can induce the latent retrovirus of rat embryo cells
[225]. However, only 5-azacytidine causes demethylation of a proviral sequence [225]. These experiments seem to indicate that there may be multiple
mechanisms to induce an oncogenic virus.
Mouse mammary tumor virus is another oncogenic system that seems to be partly regulated by
methylation. As with the Moloney murine leukemia
virus, the mouse mammary tumor virus acquired
from the germ line is heavily methylated at the
CCGG and GCGC sites and transcriptionally
quiescent. However, virus acquired by milk-borne
infection is not methylated at these sites and is
transcriptionally active [168].
In general mice having only endogenous germline-inherited provirus have a lower tumor incidence than strains that have acquired milk-borne
virus. However, those mice strains with only endogenous virus develop occasional tumors, indicating activation of endogenous virus possibly due
to disruption of methylation. Indeed, in 'spontaneous' mammary tumors in BALB/c mice, the
endogenous provirus becomes hypomethylated relative to normal tissue, and demethylation seems to
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occur in promoter sequences which may be critical
not only to the activity of the virus but to adjacent
cellular sequences [226]. In G R / A mice, mouse
mammary tumor virus becomes extensively undermethylated in premalignant outgrowths and in
mammary tumors. The virus seems to amplify in
these tissues, which may be a result of undermethylation [227]. The possible critical event in at least
some 'spontaneous' mammary carcinogenesis may
therefore be the demethylation of endogenous
mouse mammary tumor virus, and the important
question is how this happens. More specifically, is
there direct interference of methylation at the D N A
level or is total cellular methylation disrupted at
the level of AdoMet and AdoHcy?
C3HF mice develop mammary tumors late in
life independently of milk-borne infection. There
is evidence that, during carcinogenesis, endogenous virus is integrating into new sites which may
be limited in number and possibly next to critical
cellular oncogenes. The newly integrated proviral
DNA, including the promoter region, is seen to be
hypomethylated by HpaII/MspI restriction endonuclease analysis [228]. Very intriguing is the result that the proviral DNA in spleens in these mice
seems to become hypomethylated with age, but
not in non-tumorous mammary tissue. These data
raise the possibility that virus becomes activated
by demethylation in the spleen by an as-yet-unknown mechanism, then infects the mammary
gland and induces tumorigenesis by insertion of its
demethylated and thereby active promoter next to
a previously quiescent cellular oncogene [228].
Some ideas as to the mechanism of demethylation come from studies of possible involvement of
chemical carcinogens and hormones. C 3 H / S m
mice have a low incidence of spontaneous
mammary cancer. In the 'spontaneous' tumors
which do result, the mouse mammary tumor provirus is hypomethylated. Importantly, in tumors
induced by the chemical carcinogen 7,12-dimethylbenzanthracene (DMBA), the provirus in the tumor
also becomes hypomethylated [229]. Thus, the
carcinogenic event may involve direct interference
with DNA methylation. It is also seen that lactating mammary gland, as opposed to virgin
mammary glands, have hypomethylated mouse
mammary tumor provirus. Possibly, therefore,
hormones can also induce hypomethylation of the
virus [229].

Further evidence for the role of hormones in
the control of methylation and thereby control of
mouse mammary tumor virus comes from studies
of the Sl15 mouse mammary tumor cell lines.
Culture of the cells in the presence of the androgen testosterone causes the cells to grow in a
transformed manner and the promoter region of
the integrated mouse mammary tumor virus to
become hypomethylated. It seems likely that the
testosterone in some manner as yet unknown causes
a demethylation of the promoter region of the
virus which in turn becomes activated and induces
oncogenic changes in the cell [230]. Related results
are found in mouse thymoma lines cultured longterm in the presence of dexamethasone so that the
normal responsiveness of the endogenous mouse
mammary tumor virus in elevating its RNA
transcription in the presence of hormone is lost. In
this cell line, the promoter of provirus also becomes hypomethylated, possibly due to the prolonged treatment with the hormone which reacts
specifically with promoter regions of the virus
[231]. These results indicate that one mechanism of
hormone-induced carcinogenesis may involve demethylation of cellular or viral oncogenes.
Again, caution must be exerted in implicating
methylation too far in mouse mammary tumor
virus regulation, as it should be in other systems as
well. For example, mouse mammary tumor virus
proviral DNA is found hypomethylated in the
testes, bone marrow, placental tissues, as well as
the spleens, in G R / A mice [232]. However, analysis of RNAs extracted from these organs indicated
that proviral hypomethylation need not reflect significant proviral transcription [232]. It would seem
from the data reviewed that in this system, as in
many others, demethylation may be necessary but
not always sufficient for enhanced transcription,
Uninfected chicken cells contain one or more
copies of genetically transmitted endogenous
viruses, two examples of which are ev-1 and ev-3.
ev-1 is transcriptionally silent, while ev-3 is transcriptionally active. Restriction-endonuclease analysis has shown that, in contrast to ev-1, several
regions of ev-3 are undermethylated. However,
treatment of the cells with 5-azacytidine results in
the hypomethylation of ev-1, the generation of a
DNAase I hypersensitive site within the virus and
its transcriptional activation, strongly suggesting
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the role of methylation in silencing this oncogenic
virus [233]. An interesting observation in these
experiments is that while 5-azacytidine induced
undermethylation of ev-1, no change in methylation of any of the globin genes is induced in the
chicken cell, suggesting that not all genes are
equally susceptible to demethylation, at least by
5-azacytidine [233].
In support of the conclusion that ev-1 is regulated at least in part by methylation is the description of a mutant chick embryo that expresses ev-1.
This embryo, unlike its siblings which do not
express ev-1, has unmethylated sites in the ev-1
gene. The normal siblings, as the cells described
above, express ev-1 only after treatment with 5azacytidine [234].
Moloney sarcoma virus (MSV) is a recombinant
between a normal mouse cellular oncogene sequence (termed c-mos) and Moloney murine
leukemia virus. Not only can cloned MSV efficiently transform N I H 3T3 cells, but a subclone of
the virus, containing just the oncogene (v-mos),
can also transform N I H 3T3 cells if the proviral
long-terminal repeat promoter sequences are present. If the unmethylated cloned DNA is methylated with bacterial HpaII or HhaI transmethylase,
70% inhibition of transformation is observed. Inhibition is observed if either the long-terminal-repeat or v-mos sequences are methylated. However,
it was determined that methylation of the v-mos
gene is more inhibitory to transformation than
methylation of the long terminal repeat. The treatment of the transfected cells with 50 # M 5azacytidine between 36 and 60 h post-transfection
could essentially reverse this inhibition. These results strongly implicate the role of methylation in
regulating the ability of this virus to oncogenically
transform N I H 3T3 cells [236].
Consistent with the above results with MSV is
the finding that in the rat cell line 60 + H - transformed by this virus, the integrated v-mos gene is
completely digested by both MspI and HpalI,
indicating lack of methylation of this gene [235].
This lack of methylation may be responsible at
least in part for this gene being transcribed so
extensively that it accounts for 10% of the
poly(A)-containing m R N A of the cell. However, in
the very same cell line, the endogenous c-mos is
highly methylated and transcriptionally inactive

[235]. Thus, the cell by some means distinguishes
between two very similar genes in the way it
methylates them.
Snyder-Theilen feline sarcoma virus (ST-FeSV),
a recombinant between feline leukemia virus and
cat cellular sequences and Abelson murine
leukemia virus (Abelson MuLV), represents a recombination between murine leukemia virus and
mouse cellular sequences. These viruses can oncogenically transform mink cells in culture. These
transformed cells exhibit a high rate of reversion
to 'normal', but the provirus of these forms is
conserved in the revertants [237]. The ST-FeSV is
conserved to such an extent in the revertants that
the proviral DNAs are of the same size and map
within the same integration sites as those of the
original transformants. In the revertants, however,
expression of the viral transforming proteins is
blocked and the elevated levels of phosphotyrosine
characteristic of the parental transformed cells are
reduced to control levels [237]. On the possibility
that viral expression and thereby control of oncogenic transformation are regulated by methylation,
revertant clones were exposed to 5-azacytidine.
Indeed, large numbers of cells in the revertant
clones became oncogenically retransformed and
resumed expression of a viral gene product [237].
H p a l I / M s p I restriction endonuclease analysis indicated that the viral oncogene of ST-FeSv, termed
v-fes, is significantly more methylated in the revertants than in either the full transformants or
re-revertants, confirming the above conclusion
concerning the role of methylation in oncogene
regulation [237]. Analogous to the case for v-mos
and c-mos, the c-fes in these cells is highly methylated even if v-fes is not. In these studies, it was
also found that the oncogene of Abelson MuLV,
termed v-abl, is much more extensively methylated
in the 'normal revertant' mink cells than in either
full transformants or oncogenic re-revertants, implicating an important role for methylation in this
oncogene also [237]. It is interesting that in these
studies 5-azacytidine can induce 're-reversion' to
the oncogenically transformed state but cannot
transform normal mink cells. One interpretation is
that 5-azacytidine does not affect all genes equally
and that the cellular oncogenes necessary to transform these cells are not demethylated by the concentrations of 5-azacytidine that cause demethyla-
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tion of the viral oncogenes [237]. It may also be
that additional factors other than demethylation
are necessary for expression of cellular oncogenes.
Revertants of adenovirus type 12-transformed
hamster line that have acquired a more 'normal'
morphology similarly have adenovirus type 12 sequences which have strongly increased their methylation compared to the fully transformed parental
cells [238].
The regulation of permissiveness of a cell for an
oncogenic virus, that is the degree to which the
viral genes are expressed, may also be regulated by
methylation [239,240]. It seems at least that for
avian sarcoma virus and variants, the degree of
permissiveness of a cell for these viruses is inversely correlated to the extent the proviral D N A
is methylated. The degree of permissiveness is
important, for it may determine whether the virus
grows in the cell and the degree to which it can
oncogenically transform the cell. Again, these experiments give further evidence for the importance
of methylation in expression of oncogenes, at least
of viruses.
The above data imply that demethylation of
endogenous cellular oncogenes may be a contributing factor to the occurrence of human cancer.
Additional evidence for this idea is contained in a
preliminary report [180] where data are presented
indicating that there is a possibility that the methylation of two cellular oncogenes, ras H and ras K,
may be reduced in some human tumors compared
to corresponding normal tissue of the same patient
from which the tumor was obtained. No data are
presented with regard to the level of expression of
these oncogenes in the human tumor and normal
tissue [180]. Both the r a s H and r a s K oncogenes
become demethylated after treatment of Chinese
hamster cells with 5-azacytidine [164]. 5-Azacytidine also causes the c - m o s gene to become demethylated in C 3 H 1 0 T 1 / 2 cells, but no c - m o s transcription results [326]. Thus, cellular oncogenes
may require factors for transcription additional to
those required for viral oncogene transcription. In
human hepatoma cells carrying hepatitis B virus,
which may be the original oncogenic agent, the
surface antigen gene of the virus, which may be
the oncogene, is expressed and unmethylated, while
the genes coding for the core polypeptide of the
virus are unexpressed and extensively methylated

[241]. Certainly more of these types of measurements must be made in human cancer in order to
understand the role of methylation in oncogenic
transformation in human beings.
VIII. Chemoprotective effect of methionine against
cancer
We have seen that disruption of methionine
metabolism and its biochemical reactions related
to methylation seem important in oncogenic transformation. The corollary to these facts is the apparent ability of methionine and some of its biochemical precursors to prevent some types of
oncogenesis, possibly by protecting the above
pathways from disruption by external agents (see
Table VI for review).
Large amounts of methionine can be obtained
by the body from choline, a precursor of betaine
which can methylate homocysteine to form
methionine. A chronic methionine deficiency can
be produced in rats by giving them a diet deficient
in choline and methionine [242]. Of the rats surviving, hepatoma-like neoplasms developed in 10% of
the livers, adenocarcinoma of the liver was observed in 30% of the animals, primary carcinomas
occurred in the lungs of 38% of the animals,
subcutaneous and peritoneal hemangio-endotheliomas were found in 10~ of the animals, and
in 6% of the rats retroperitoneal sarcomas were
found. No lesions similar to those described were
found in the litter-mate controls receiving the same
diet but supplemented with 20 mg of choline chloride per rat daily [242].
In mice fed choline-deficient diets for periods
up to 172 days, adenomatous hyperplasia and
hepatomas were observed in 11 of 51 animals.
Control animals fed the same basal diet, supplemented with 0.5% choline chloride, failed to develop any significant incidence of abnormalities
[243]. Wilson [244] also observed hepatomas in
mice fed a choline-deficient diet. No spontaneous
hepatomas were ever found in normal diets with
this strain of mice. In another study, choline deficiency was seen to give rise to metastasizing
hepatomas in rats, and rhabdomyosarcoma, reticulum-cell sarcoma, leiomyosarcoma, liposarcoma, myxofibromas, embryonal nephromas, reticulum-cell sarcomas, teratoma-like tumors and
Wilm's tumors in chickens [245]. More recent stud-
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TABLE VI
CHEMOPROTECTIVE EFFECT OF M E T H I O N I N E A G A I N S T CANCER
Tissue or
cell type

Condition or
agent used

Result

Ref.

Rat, mouse
and chicken

Choline- and
methionine-deficient
diets.

242,243,248

Rat liver

Ethionine.

Rat liver

2-Acetylaminofluorene
(AAF) in cholinedeficient diet.

Tumors found in choline- and
methionine-depleted animals.
Tumors not found in choline- and
methionine-supplemented diets.
Induction of hepatomas by
ethionine in diet. Methionine
administration can prevent or
possibly even reverse tumor
formation.
Tumors developed in AAF-treated
choline-depleted animals. AAF
induced no tumors in cholinesupplemented animals.
Deficient diet makes animals
much more susceptible to
tumors and metastases.

In rats fed choline-deficient diet,
azaserine induces hepatomas. No
hepatomas were observed with
azaserine treatment in cholinesupplemented diet.

275

Rat liver

Rat liver

Diethylnitrosamine

in cholinedeficient and methionine-deficient diet.
Azaserine in
choline-deficient
diet

ies have also shown that methionine deficiency
induces tumors in animals. Male Fischer-F344 rats
kept on a choline- and methionine-deficient diet
developed "y-glutamyltransferase-positive foci in
their livers and later developed metastasizing
hepatomas. None of the rats on a choline- and
methionine-sufficient diet developed any preneoplastic or neoplastic changes [246]. In another study
with the above strain of rats, with a combined
deficiency of methionine, choline, folate and
vitamin B-12, hepatomas also developed [247]. In
methionine- and choline-deficient diets supplemented with DL-homocysteine, 40% of the F344
rats developed hepatomas or cholangiomas. Supplementing the diet with DL-methionine at 5 g / k g
and choline at 2 g / k g body weight not only protected the animals to a large degree against diethylnitrosamine-induced liver carcinogenesis but,
even in the instances where liver carcinogenesis
occurred, the choline and methionine seemed to
protect against metastases developing in the lung
[248].
The above studies together solidly indicate that

74,249-254,

272

248,274

methionine deficiency induces oncogenic transformation. Knowledge of the mechanism by which
this mode of oncogenesis takes place should tell us
much about oncogenic transformation in general.
Further insight is given by the fact that methionine
can protect the animal from the carcinogenic effect of compounds which, as seen in previous
sections, interfere with AdoMet metabolism and
D N A methylation. Ethionine is the classic
carcinogen of this type. Popper et al. [74] showed
that rats fed 0.5% ethionine in their diets developed hepatomas and found that the precursor
stages to this tumor could be prevented or even
reversed by methionine administration. Farber
[249] modified the experimental procedure somewhat by lowering the ethionine amount to 0.25%
of the diet. This allowed the rats to live longer and
thereby to develop more tumors and metastases,
which occurred frequently. These experiments
demonstrated the important point that tumor formation is not dependent upon a continuous supply
of ethionine, since they appeared, grew and spread
after the ethionine had been removed and the
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animals placed on a stock diet. Thus, ethionine
appears to initiate tumor formation. It was found
that only methionine could give complete protection against the carcinogenic effect of ethionine.
Betaine was almost as effective, choline less so and
homocysteine did not seem to have an effect.
These latter results probably reflect the amount of
methionine the animal can produce from its
metabolic precursors [250]. However,'other studies
have shown that choline can completely protect
the animal against the carcinogenic effects of
ethionine [253,254]. Methionine may not only be
able to prevent ethionine-induced carcinogenesis
[251] but may be able to reverse the process even
after tumors start to form [252].
It appears that ethionine may be exerting its
carcinogenic effect by being the precursor of
AdoEt, thereby disrupting methylation, the most
important aspect of which may be DNA methylation. Disrupted DNA methylation may in turn, as
we have previously seen, activate 'oncogenes'; that
is to say, genes whose products can change the cell
into a malignant one. The addition of methionine
or its precursors counteracts the effects by increasing the synthesis of AdoMet [255-261], which
could prevent or even possibly reverse methylation
changes. The amount of AdoMet within an organ
is probably limited by a number of factors, such as
the amount of methionine taken up, or the amount
of methionine synthesized from precursors. Most
organs, as described in section I, probably only
have the folate-dependent methionine synthetase.
The liver has an additional methionine synthetase,
one that uses betaine as a methyl donor. Choline,
as mentioned, is the precursor of betaine. However, this enzyme, although probably induced by
betaine [262], seems to be inhibited by methionine
[263] and inactivated by S-adenosylmethionine
(and interestingly by S-adenosylethionine [264]),
which imposes another limit on the intracellular
amounts of S-adenosylmethionine obtainable from
betaine. The degree of product inhibition of Sadenosylmethionine synthetase should determine
in part the levels of S-adenosylmethionine obtainable [83]. The liver has an additional S-adenosylmethionine synthetase which may not be product-inhibited, however, [83], and also the productinhibited enzyme may be induced by high levels of

methionine [265]. Another factor which may limit
the tissue levels of AdoMet is the toxicity of high
levels of methionine [266-268]. It should be mentioned, however, that humans have been shown to
take 6 g per day of the methionine-precursor betaine with no toxic effects [269].
If a higher level of S-adenosylmethionine can
be achieved by excess methionine, studies have
indicated that increased methylation of at least
some substances [270] can be achieved, possibly
induced in part by the higher levels of S-adenosylmethionine [258] and possibly in part by the
increased levels of the S-adenosylmethionine synthetase [265] and methyltransferase [271].
Further evidence that the prevention of changes
in DNA methylation is the important protective
effect of methionine is the data demonstrating that
the methionine-precursor choline can protect the
animal against carcinogens which effect D N A
methylation directly. Rats given a choline-deficient
diet containing 0.0075% 2-acetylaminofluorene developed hepatomas in 75% of the animals and
cholangiocarcinomas in 38% of the animals. This
effect was completely prevented by choline [272].
We have seen in section V that the ultimate
carcinogenic form of 2-acetylaminofluorene,
NAAF, can directly block DNA methylation
[123,129], possibly by binding to guanines, thereby
preventing methylation at adjacent cytosines.
Choline allows the production of large amounts of
methionine and therefore AdoMet. The excess
AdoMet may be able to drive the DNA methyltransferase reaction sufficiently to overcome steric
hindrance from NAAF-bound guanine residues,
and prevent DNA hypomethylation, oncogene
activation and oncogenic transformation. An important first experiment would be to determine
whether, in vitro, raising the concentration of
AdoMet can drive the methylation of DNA that
had been alkylated at guanine residues by NAAF.
If, indeed, increased AdoMet can drive this reaction, then similar experiments should be attempted
in vivo. Choline can also prevent the carcinogenic
effects of diethylnitrosamine [273, 274] and
azaserine [275]; whether these latter two carcinogens have an effect on DNA methylation is not
known. It should be noted also that methionine
and choline, by increasing the concentration of
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methionine, may inhibit carcinogenesis in part by
serving as traps for electrophilic carcinogens
[256,261].
It seems important to determine what other
carcinogens can have their effect prevented by
methionine and its precursors. Possibly methionine
and its precursors can act in humans as a chemoprotectant against many types of carcinogens encountered. It also seems important to determine
which oncogenes are activated by carcinogens
whose effects are countered by methionine and its
precursors, and whether indeed methionine and its
precursors prevent (or even reverse) their activation by preventing their demethylation or promoting their remethylation. Other possible ways of
increasing D N A methylation have been reported,
such as the use of hydrocortisone [175] or the
antioxidant 4 - m e t h y l - 2 , 6 - d i - t e r t - b u t y l p h e n o l [277].

IX. Conclusions and perspectives
Fig. 1 is a model of one pathway to carcinogenesis. The model is based on the data and derived
conclusions presented in sections II-VIII. The figure depicts the related pathways of methionine
and methylation metabolism. Points in the biochemical scheme where interruptions may lead to
carcinogenesis are indicated. We will discuss the
perturbations in the scheme that may affect oncogenesis and the possible mechanisms involved.
A. Carcinogens may bind guanine residues, prevent methylation of adjacent cytosines, and thereby
possibly allow oncogene activation. This may occur because RNA polymerase can bind at the
unmethylated C next to an AAF-bound G. The
oncogene, now transcribed, possibly starts the cell
on a malignant course. This, of course, assumes
that other chromatin factors were present in order
for transcription of the oncogene to occur. In this
context it should be noted that in addition to the
data presented in section VII concerning the effects of methylation on oncogenes, the cellular
oncogenes c - m y c , c-ras K and c-ras H have almost
all their C C G G and G C G C regions in the 5'-regions of the gene [307-312]. The non-random
overrepresentation of C G doublets in the 5'-regions of genes may be a property of many genes
[313]. That all these methylatable sequences ap-

pear in the regions of these genes associated with
regulation seems specific and further indicates a
role for methylation in silencing oncogenes. It
should also be noted that alkylation of guanine
residues in DNA so that O6-methylguanine is
formed may result in the pairing of this residue
with T instead of C, and subsequent mutation
[3251.
B. Carcinogens which are reagents for sulfhydryl
groups can act directly on D N A methyltransferases and inactivate them.
C. Excess S-adenosylhomocysteine (AdoHcy),
such as that found in methionine-dependent cells,
can competitively inhibit DNA methyltransferases.
Excess AdoHcy may also decrease the activity of
the methyltetrahydrofolate-vitamin B-12-dependent methionine synthetase which uses AdoMet as
a cofactor. One possible cause for the excess is
increased AdoHcy hydrolase (synthetase). Another
possible cause for excess AdoHcy is an elevated
rate of transmethylation of particular substances
in the tumor cells [305].
D. The carcinogen ethionine can serve as a
substrate for AdoMet synthetase with the production of S-adenosylethionine (AdoEt). AdoEt, in
turn, has two effects.
1. It can competitively inhibit DNA methyltransferases.
2. It can feedback inhibit the AdoMet synthetase, causing a decrease in AdoMet and a shortage of substrate for DNA methyltransferases. It is
quite significant for our discussion that the
carcinogen ethionine is not mutagenic in the Ames
test [316].
E. If methionine is in short supply, either for
dietary reasons (low methionine, low choline, etc.)
or because of inhibition of methionine synthetase
due to low folic acid, low AdoMet or excess
AdoHcy, or because of the inability of the cell to
salvage sufficient methionine from methylthioadenosine, low levels of AdoMet and reduced activity of DNA methyltransferase may result [276].
F. Interference in general methionine/methylation metabolism could also interfere with chromosomal proteins which seem to be methylated in
a tissue-specific way [283]. These proteins seem to
have a regulatory influence on gene expression
that may be modulated by methylation as well as
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by other modifications.
If these events are indeed related to oncogenesis, then some of their effects should be found in
cells and tissues derived from actual tumors. As
described in previous sections, D N A in general
and specific genes are often found to be hypomethylated in cancer cells, and new data now
show D N A hypomethylation in actual cancer tissues. Viral oncogenes, which have their counterparts in all mammalian cells, are found to be
activated in some cases by hypomethylation. This
may turn out to be also the case for cellular
oncogenes, but additional factors may be required
[164,326]. Many cancer cells are methionine-dependent and have lowered AdoMet and excess
A d o H c y , at least under conditions where
methionine is replaced by homocysteine in the
growth medium.
In many cases, the effects of the above interruptions of methionine-methylation metabolism may
be hard to detect. For example, transient exposure
to carcinogens or shortages of methionine could
lead to the heritable demethylation and activation
of as-yet-unknown genes which could lead to a
change in the cellular program to one of malignancy.
The mechanisms of carcinogenesis described in
A - E above are consistent with the fact that cells
seem to have to proliferate to 'fix' the oncogenic
events [102]. Any change in methylation would
also require proliferation so that DNA is synthesized during the time of methylation blockage in
order for the new D N A strand to be unmethylated. The new strand, even in the absence of any
carcinogen inhibitor, could now stably pass on to
its progeny the new methylation pattern and new
cellular program of carcinogenesis that may result.
As has been pointed out [319], the known large
difference in the probability of malignant transformation in cells of rodents and large mammals is
hard to explain if only mutation is responsible.
The implication of D N A methylation, however,
makes these differences in rates of oncogenic
transformation more understandable. Theories
which postulate the main effects of carcinogens on
tRNA [320-322] are hard to reconcile with the
heritability of oncogenic changes.
Two new possibly important proteins influencing DNA methylation have been described re-

cently, one a presumptive demethylase [317] and
the other a protein which preferentially binds
heavily methylated DNA [318]. Whether these proteins change in cancer remains to be seen.
The perspectives and implications of this model
appear very important.
A. Possibly most important, the model predicts,
and some data as described in section VII have
demonstrated, that in many cases oncogenic
transformation may be prevented by a diet containing excess methionine, possibly obtained
through choline.
B. If demethylation of D N A is an important
carcinogenic event, the possibility arises of remethylating D N A and reversing oncogenesis. The compound 1-fl-D-arabinofuranosylcytosine (AraC),
which is often used in treatment of cancer, has
been shown to increase the overall methylation of
P815 mouse mastocytoma cells in culture from 3~
to 15~ of cytosines methylated [278]. Part of the
anti-cancer effect of this drug may be that of
reversing the oncogenic state of the cell back to
normality by causing remethylation of oncogenes.
Although there is a report indicating that 5-methylcytosine is not incorporated into D N A of human
leukemic cells [279], possibly this approach should
be tried with high amounts of this compound in
cancer cells to see whether new methylation of
D N A can occur and cause reversion to 'normal' to
take place. Another possibility is the feeding of
large amounts of choline a n d / o r methionine to
increase the AdoMet concentration, which may be
able to drive de novo methylation of DNA and
possibly change oncogenic cells back to normal.
Although there is a report that just inhibiting
D N A synthesis may allow D N A hypermethylation
[280], carefully controlled studies, specifically using
undialyzed serum for cell growth, have shown that
inhibition of D N A synthesis is not sufficient to
increase D N A methylation [281].
With regard to increasing D N A methylation, a
recent report [127] has indicated that mouse P815
mastocytoma cells treated with N A A F subsequently have reduced D N A methylation, but give
rise to hypermethylated as well as hypomethylated
clones. It seems that some of the cells had some
means of overcompensating for the carcinogen-induced lowering of DNA methylation and thereby
were able to methylate D N A de novo in excess. It

82

is possibly very important that the clones with the
hypermethylated D N A grew more slowly, which
may mean that they were less malignant. The
possibility of increasing DNA methylation and
thereby reversing the oncogenic state of tumor
cells containing hypomethylated DNA must be
further pursued.
Methionine-dependent tumors may be able to
be exploited therapeutically. The tumor-bearing
host would have to be depleted of methionine by
the diet and in addition possibly by an enzymatic
treatment of the blood. For the latter, an enzyme
that cleaves methionine with a low K m but does
not cleave homocysteine will be necessary. The
host would then be repleted with homocysteine,
which should allow growth of normal cells and
tissues but not methionine-dependent tumors. Interferon may be useful in this treatment, for it has
recently been demonstrated that interferon increases the amount of AdoHcy formed by the cell
[282] and blocks transmethylation. Since
methionine-dependent cells seem to have a propensity for abnormally high rates of AdoHcy production, possibly i n t e r f e r o n will potentiate
AdoHcy production to a greater extent in the
methionine-dependent tumor cells than in the normal cells in a patient depleted of methionine and
repleted with homocysteine, giving a high therapeutic index. This type of experiment should be
given high priority.
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