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Abstract

Dietary methyl group deprivation is now well recognized as a model of hepatocarcinogenesis in rodents. In the present study,
we examined the effects of feeding a methyl-deficient diet followed by a methyl-adequate diet on the extent of methylation
of liver DNA and on the formation and evolution of altered hepatic foci. Male F344 rats were fed a methyl-deficient diet for
9, 18, 24, and 36 weeks, followed by re-feeding a methyl-adequate diet for a total of 54 weeks. Similar to previous findings,
the methyl-deficient diet resulted in decreased level§-atienosylmethionine (SAM), SAM/SAH ratios, and global DNA
hypomethylation. Feeding the methyl-adequate diet restored the liver SAM levels and SAM/SAH ratios to control levels in
all experimental groups. In contrast, re-feeding the complete diet restored DNA methylation to normal level only in the group
that had been fed the methyl-deficient diet for 9 weeks; in animals exposed to methyl deprivation longer, the methyl-adequate
diet failed to reverse the hypomethylation of DNA. Liver tissue of rats exposed to methyl deficiency for 9, 18, 24, or 36 weeks
was characterized by the persistent presence of placental isoform of glutashiaresferase (GSH)-positive lesions despite
re-feeding the methyl-adequate diet. The persistence of altered hepatic foci in liver after withdrawal of methyl-deficient diet
serves as an indication of the carcinogenic potential of a methyl-deficient diet. Substitution of the methyl-deficient diet with
complete diet failed to prevent the expansion of initiated foci and restore DNA methylation in animals exposed to deficiency
for 18, 24, or 36 weeks. The association between DNA hypomethylation and expansion of foci suggests that stable DNA
hypomethylation is a promoting factor for clonal expansion of initiated cells. These results provide an experimental evidence
and a mechanistic basis by which epigenetic alterations may contribute to the initiation and promotion steps of carcinogenesis.
Published by Elsevier B.V.
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1. Introduction
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induces global and gene-specific DNA hypomethyla-
tion, which is accompanied by a paradoxical increase

The evidence accumulated in recent years shows thein DNA methyltransferase activity and expression

importance of diet as a major factor in cancer develop-
ment. It is well documented that deficiencies of the
major dietary sources of methyl groups—methionine,
choline, folic acid, and Vitamin B, are sufficient to
induce liver tumor formation in male rats and certain
mouse straingl-5]. The methyl-deficient model of

[10,11] Despite the fact that global DNA hypomethy-
lation was the first epigenetic alteration identified in
cancer cell§13,14] most of the research in the field
of cancer epigenetic has been focused on the role of
increased methylation of specific gene promoters for
initiating or enforcing silencing of tumor suppressor

endogenous carcinogenesis is unique: in that dietary geneq415,16] The mechanisms responsible for loss of

omission rather than the addition of chemical carcino-
gens leads to tumor formatiof2,5]. The biochem-

DNA methylation and functional importance of DNA
hypomethylation during carcinogenesis are unclear.

ical and molecular events predisposing to cancer in Several possibilities that may contribute to the devel-
this model result from chronic metabolic stress and opment of DNA hypomethylation have been proposed,
may provide an ideal model system to study progres- including reduction of methylation capacity because of
sive alterations that occur during carcinogenic process intracellular depletion of SAM, the inhibitory effect of
[3,4]. It has been shown that even after a relatively SAHon DNA methyltransferases, the presence of unre-
short exposure of rats to a choline-devoid diet (10-12 paired lesions in DNA that interfere with the methyla-
weeks), the liver contains initiated cells that are capa- tion ability of DNA methyltransferases, and the inabil-

ble of full evolution to cancer even in the absence of
active promotior5,6]. Previous experiments of rodent
methy! deficiency in vivo have shown that such diets
lead to rapid fat accumulation in the liver, increased
lipid peroxidation, necrotic and apoptotic cell death,
increased cell proliferation, depletion of intracellu-
lar methyl group pools, the imbalance of deoxynu-
cleotide pool resulting in uracil incorporation into

ity of mammalian maintenance DNA methyltransferase
(DNMT1) to methylate double-stranded unmethylated
CpG sites[9]. A major gap in the understanding of

the role of DNA methylation dysregulation in carcino-

genic process is the lack of knowledge about specific
alterations in cytosine methylation that may be mech-
anistically related to neoplastic transformation and the
precise timetable of epigenetic alterations occurring

DNA, DNA strand breakage, and increased genome- between the transitions of a normal cell through inter-

wide and gene-specific hypomethylatipf+11]. Any

or all of these factors may contribute to the hepatocar-
cinogenic effects of the methyl-deficient diet. Addi-
tionally, male rats fed this diet have a reduced con-
tent of hepaticS-adenosyl-I-methionine (SAM) and
elevated level ofS-adenosylhomocysteine (SAH), a
potent inhibitor of cellular methylation reactiofi?].
This observation indicates that a methyl-deficient diet

induces stress on the methyl donor pool and the folate-

dependent resynthesis pathway of methionine from
homocysteine. While it is clear that dietary methyl

mediate tumorigenic stages to a tumor ¢&H,18]

The results of previous studies indicate that feed-
ing of a methyl-deficient diet for as little as 3—4
weeks rapidly induces loss of cytosine methylation
[8-10]. The first morphological evidence of the ini-
tiation process, as indicated by the altered expression
of the placental isoform of glutathiongtransferase
(GSTm), was evident after 3 weeks of deficiency, by
the appearance of single G&positive hepatocytes;
after 9 weeks of deficiency GSrFpositive foci were
also eviden{19]. These results show that the appear-

deprivation causes liver cancer in rodents, the mech- ance of DNA hypomethylation precedes the formation
anism by which such cancer is induced and, more of initiated foci in hepatocarcinogenesis induced by
specifically, the roles played by SAM insufficiency and methyl group deprivation. It has been shown that feed-
DNA hypomethylation remain to be determined. ing animals a control diet containing adequate levels
The results of studies conducted by other investiga- of methionine, choline, folic acid, and VitaminB
tors and ourselves show that alteration in methylation can restore the DNA methylation pattern produced
of hepatic DNA is one of the earliest key steps that by 3—4 weeks of methyl deficiendg0]; however, it
may contribute to the carcinogenic effect of methyl- was speculated that if a methyl-deficient diet induced
deficient diet{8,10,11] In general, methyl deficiency  the accumulation of unmethylated sites resistant to
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methylation, the cumulative global and gene-specific
DNA hypomethylation due to dietary methyl defi-

ciency could also have long-term consequences with

regard to susceptibility to tumorigene§ss10,20]

To investigate the possible role of abnormal DNA
methylation in carcinogenesis by dietary methyl group
deprivation, we examined the effects of feeding a
methyl-deficient diet followed by a methyl-adequate
diet on the extent of methylation of liver DNA and on
the formation of altered hepatic foci.

2. Materials and methods
2.1. Animals, diets and tissue preparation

Male weanling F344 rats were obtained from the
National Center for Toxicological Research breed-
ing facility, housed two per cage in a temperature-
controlled (24 C) roomwith a 12 h light/dark cycle and
given ad libitum access to water and NIH-31 pelleted
diet (Purina Mills, Richmond, IN). At 4 weeks of age,
the rats (body weight 50 g) were allocated randomly
to receive either a diet low in methionine (0.18%)
lacking in choline and folic acid (methyl-deficient),
or a control diet (methyl-adequate) supplemented with
0.4% methionine, 0.3% choline, and 2mg/kg folic
acid (Dyets Inc., Bethlechem, PA®]. Diets were
stored at 4C and given ad libitum with biweekly
replacement.

2.2. Feeding protocol

Male F344 rats were divided into five groups, one
control and four experimental groups. The rats from the
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2.3. Determination of SAM and SAH
concentrations

The determination of SAM and SAH contentin liver
tissue extracts was performed by HPLC method as pre-
viously describedi21].

2.4. Determination of total percent of
unmethylated CCGG sites in DNA by cytosine
extension assay

Genomic DNA was isolated from frozen liver by
digestion with proteinase K, followed by standard phe-
nol/chloroform extraction and ethanol precipitation.
A radiolabeled $H]-dCTP extension assay was used
to evaluate the level of global DNA methylation as
described previously22]. Briefly, 1.g of genomic
DNA was digested with 20 U of methylation-sensitive
Hpall restriction endonuclease (New England Bio-
labs, Beverly, MA) for 16-18h at 37TC. A second
DNA aliquot (1u.g) was digested with methylation-
insensitive isoschizome¥spl which cleaves CCGG
sites in DNA regardless of CpG methylation status.
Undigested DNA served as a background control. The
single nucleotide extension reaction was performed in
a 25pl reaction mixture containing 1,0g DNA, 1x
PCR buffer I, 1.0 mM Mgd4, 0.25 U AmpliTag DNA
polymerase, 0.jl of [3H]-dCTP (57.4 Ci/mmol) and
incubated at 56C for 1 h. Samples were applied to DE-
81 ion-exchange filters and washed three times with
0.5 M Na—phosphate buffer (pH 7.0) at room temper-
ature. The filters were dried and processed for scin-
tillation counting. The $H]-dCTP incorporation into
DNA was expressed as mean disintegrations per minute
(dpm) perwg of DNA after subtraction of the dpm

experimental groups were maintained on the methyl- incorporation in undigested samples (background).
deficient diet for 9, 18, 24, and 36 weeks, followed by The absolute percent of double-stranded unmethylated
feeding a methyl-adequate diet with sufficient content CCGG sites was calculated as described previously
of methionine, choline, and folic acid. Body weights [20].

and food consumption were recorded weekly. No sig-

nificant differences in the body weights between the 2.5. Immunostaining for glutathione

diet groups were recorded. Four rats per group were S-transferase-placental form (GSTP)

sacrificed at 9, 18, 24, or 36 weeks of methyl defi-

ciency. The remaining 10 rats per group were sacrificed  Formalin-fixed, paraffin-embedded liver sections

at the end of the experiment (54 weeks). The livers were processed for immunohistochemical detection

were excised, frozen immediately in liquid nitrogen,
and stored at-80°C for subsequent determination of
SAM and SAH concentrations, and DNA isolation.

of GSTP using the biotin/extravidin/peroxidase detec-
tion system (Sigma, St. Louis, MO). Primary anti-
bodies (rabbit polyclonal anti-human GSTP; DAKO,
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Carpinteria, CA) were used at 1:1200 dilutions. Liver  _ 120
sections were incubated with biotinylated goat anti- % ; 11 7 }
rabbit Ig antibodies, followed by extravidin-conjugated g 00 % ; Z
horseradish peroxidase. Staining was developed with g g 1 ; 7z
. . -, . o ] 7 A
diaminobenzidine substrate, and sections were coun- & 1P 7 2
terstained with hematoxylin and analyzed by using “g’a 60| I/ 7z R
OPTIMAS Imagel-Acquiring System. s 1 ¥ * 2 I Z
o 40 + ’ * * * [ ?
- . £ 1l ¥ 7
2.6. Statistical analysis 8 a0 7
4 1 7
Results are presented as mea8.D. Statistical 0 Xz L L L L
analyses were conducted by two-way ANOVA using Control 9 18 24 36
standard software. A) Time on MD diet, weeks
120
§ ] l l
£ 1T
3. Results § 100 117 T uk /
J //
3.1. Level of SAM and SAH in liver E 80 7 é 2 2 ¢
] p /
Feeding the methyl-deficient diet resulted in a rapid, g 00 ] ;2 2 z /
significant decline in liver SAM leveldHig. 1A). After 5 40 1 % /) 7 7
only 9 weeks of methyl deficiency, levels of hepatic ‘ﬂ:‘; 1 /g
SAM in rats were decreased by 70% as compared to g 20 71| 2 2 g
controls. The exposure of animals to methyl-deficient & o 1| v
diet for longer periods did not lead to further reduction Control 9 18 o4 36

of liver SAM content Fig. 1A), which remained at the ®)
50-60% depleted levels. In contrast, the levels of SAH

in the livers of the methyl-deficient rats did not change Fig. 1. Level of SAM, SAH, and SAM/SAH ratio in liver of F344 rats
significantly. The depletion of SAM in the methyl-  during methyl deficiency (A), and after re-feeding methyl-adequate
deficient animals resulted in a significant decrease in diet (B): () SAM; (£) SAH; (W) SAM/SAH ratio. Values signifi-
SAM/SAH ratios—an important predictor of cellular €&ty different from control {» <0.001).

methylation capacity. Re-feeding the methyl-adequate

diet restored to normal both the liver SAM contents and sites in hepatic DNA after 18, 24, and 36 weeks of

Time on MD diet, weeks

the hepatic SAM/SAH ratios in all groupBi@. 1B). deficiency was 110-120% higher than in the corre-
sponding control. Re-feeding the deficient animals the
3.2. DNA methylation status methyl-adequate diet led to the normalization of DNA

methylation in F344 rats exposed to methyl deficiency

To determine the absolute percent of methylated for9weeks, butfailed to reverse DNA hypomethylation
Hpall sites in DNA, we used théipall/ Mspl-based in animals maintained on the methyl-deficient diet for
cytosine extension assay that measures the proportionl8, 24, or 36 weekd$Hg. 2). Eveninrats fed the methyl-
of CCGG sites that had lost methyl groups on both the deficient diet for 9 weeks only, the DNA remained
strandg22]. Feeding the methyl-deficient diet resulted hypomethylated at least 3 weeks more before returning
in rapid, substantial, and progressive hypomethylation to normal levels following reinstatement of the animals
of hepatic DNA Fig. 2). The percent of unmethylated to the methyl-adequate diet (data not shown). In rats
CCGG sites in DNA isolated from the livers of rats exposed to methyl deficiency for longer time (more that
fed with the deficient diet for 9 weeks was 60% higher 18 weeks), DNA remained in the hypomethylated state
than in DNA from the livers of animals maintained on to the end of the experiment despite feeding animals
the control diet. The number of unmethylated CCGG with the methyl-adequate diet.
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Fig. 2. Level of global DNA methylation in liver of F344 rats fed
methyl-deficient (MD) diet and after re-feeding methyl-adequate
diet. Values significantly different from contrdl{< 0.001).

3.3. Analysis of GSTrm-positive lesions

Hepatocarcinogenesis in rodents induced by a vari-
ety of agents, including the methyl-deficient diet, is
characterized by the appearance of foci of enzyme-
altered (initiated) cells which can be detected by
immunostaining fory-glutamyltranspeptidase{GT)
or GSTw. In the present study, we used immunohis-
tochemical detection of GSTexpression in liver as a
more sensitive marker for carcinogenesis tha@T.

In order to determine the significance of alterations
induced by the methyl-deficient diet in regard to car-
cinogenesis, we looked for the presence of enzyme-
altered lesions in liver tissue at the end of the exper-
iment after re-feeding with the methyl-adequate diet.
Control liver tissue did not stain for GST Feeding
animals with the methyl-deficient diet resulted in the
formation of altered hepatic foci that existed in the liver
tissue even when deficient diet was substituted by diet
with adequate level of methyl donor§able J). Even

Table 1
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the short exposure (9 weeks) of animals to methyl defi-
ciency resulted in the formation of significant number
of GSTm-positive foci. Feeding methyl-deficient diet
for 18 weeks orlonger resulted in continuingincreasein
the number and especially in the area of GSJositive
lesions.

4. Discussion

The present study demonstrates that feeding the
F344 rats a methyl-deficient diet for 36 weeks, fol-
lowed by re-feeding with a complete methyl-adequate
diet produced three major effects: (1) a rapid, but
completely reversible decrease in hepatic SAM lev-
els; (2) global hypomethylation of liver DNA that was
reversible after 9, but not after 18 weeks or longer of
methyl deficiency; and (3) the formation of persistent
altered hepatic foci at all investigated time-points.

The decreased level of hepatic SAM was reported in
the previous studies with varied composition of methyl-
deficient diet§12]. SAM is an essential and key com-
ponent for cellular transmethylation reactions, includ-
ing DNA methylation. Decrease in intracellular levels
of SAM correlates directly with DNA hypomethyla-
tion [8,23,24] Indeed, a significant drop in hepatic
SAM concentration led to hypomethylation of DNA
in F344 rats fed the methyl-deficient diet. The reduc-
tion of hepatic SAM content resulted in a diminished
SAM/SAH ratio and an upsurge of the SAH/SAM ratio.
Previous studies established the association between
decreased SAM/SAH ratio and DNA hypomethylation
as an early feature of hepatocarcinogenesis induced by
methyl deficiency[12,24] The present study offers
more support for the reliance of the normal pat-
tern of DNA methylation in somatic cells on the
SAM/SAH ratio. Alteration of any of these components
results in the appearance of aberrant DNA methylation
pattern.

GSTm-positive lesions in liver of methyl-deficient rats after re-feeding methyl-adequate diet

Time on MD diet (weeks) Number of rats Area of Gz'positive Area of GSTr-positive lesions
lesions (mmd) (% from total area)
Control 6 0 0
9 10 0.23 0.24
18 10 1.45 2.11
24 10 1.02 1.61
36 10 1.09 1.68
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Determination of the role of abnormal DNA methy-
lation in carcinogenesis induced by methyl group defi-
ciency requires knowledge of specific alterations in
DNA cytosine methylation that are mechanistically
related to neoplastic transformation, as well as of the
sequence of epigenetic alterations occurring in the
transition from normal to the tumor cell8]. In the
present study, we examined the reversibility of DNA

85

of GSTm-positive lesions despite re-feeding the ani-
mals methyl-adequate diet. As we have pointed out
earlier, in these groups DNA remained hypomethy-
lated after feeding the complete diet. Unexpectedly,
we detected the persistence of GSpositive lesions

in livers of rats exposed to methyl deficiency for 9
weeks only, although DNA methylation returned to
control level. The accumulated evidence suggests that

hypomethylation produced during hepatocarcinogene- increased expression of GSTs a sensitive marker for

sis by methyl group deficiency. Re-feeding the methyl-
adequate diet restored the DNA methylation to nor-
mal level only in the group that had been fed the
methyl-deficient diet for 9 weeks. In animals exposed to
methyl deprivation for 18, 24, or 36 weeks, the methyl-
adequate diet failed to reverse the hypomethylation
of DNA. In our previous study, we have shown the

initiated cells and represents precursor lesions, which
are causally related to the carcinogenic process in liver
[28—31] The persistence of altered hepatic foci in liver
in group of animals exposed to methyl deficiency for
9 weeks, as well as in other experimental groups, after
withdrawal of methyl-deficient diet serves as an indi-
cation of the carcinogenic potential of methyl-deficient

accumulation of double-stranded unmethylated sites in diet.
early preneoplastic liver tissues despite the increased Previous studies suggested that methionine-

DNA methyltransferase activitj20]. The failure of

deficient diets can serve as effective promoting agents

methyl-adequate diet to restore methylation status of in multistage hepatocarcinogengdg]. In the present

DNA even with the complete normalization of hep-
atic SAM levels provides evidence for the importance
of DNA hypomethylation in the carcinogenic process.

One of the possible mechanisms of the observed irre-

versible DNA hypomethylation in preneoplastic liver

may be related to the inability of mammalian mainte-
nance DNA methyltransferase to methylate DNA con-
taining significant number of unmethylated CpG sites
[20,25]

It has been suggested that hypomethylation of DNA
may be one of the key events in the initiation of car-
cinogenic procesfg6,27] In general, factors that act
as initiators for neoplastic cell transformation require

study, the substitution of the methyl-deficient diet with
complete diet prevented the expansion of average total
area of GST foci and restored DNA methylation
only in a group exposed to deficiency for 9 weeks.
In contrast, in the liver of rats exposed to methyl
deficiency for longer periods, methyl-adequate diet
failed to prevent the expansion of enzyme-altered
lesions. The results suggest that biological and
biochemical changes associated with the early stages
of hepatocarcinogenesis occurred between 9 and 18
weeks of methyl deprivation. For the maintenance
of promotion, the presence of at least the threshold
level of the promoting factor is absolutely necessary.

stable changes in the genotype or phenotype of the One of the common features of animals fed methyl-

affected cell§28]. To the contrary, promoters of tumor
development provide only support for the expansion
of initiated cells[28-30] To determine the possible
role of alterations in DNA methylation in regard to

deficient diet for 18 weeks or longer is the irreversible
hypomethylation of hepatic DNA. The fact that the
growth of the GS*-positive lesions occurred even
during re-feeding of the methyl-adequate diet indicates

the carcinogenic process, we evaluated the evolution of that DNA hypomethylatioin, not the methyl-deficient

GSTw-positive preneoplastic lesions in liver after re-
feeding methyl-deficient rats diet with adequate level
of methyl donors. This approach clearly allows dis-

diet per se, may be more directly responsible for the
maintenance of liver tumor promotion. Analysis of the
average total area of G&Tlesions, which is at least 5

crimination between reversible and persistentlesionsin times higher than in the group exposed to deficiency
hepatocarcinogenesis because only lesions that persisfor 9 weeks, supports this conclusion because of the
after removal of carcinogen are regarded as preneoplas-established observation that promoter-mediated clonal

tic or neoplastic in naturg28,30] In animals exposed
to methyl deficiency for 18, 24, or 36 weeks, liver

expansion of initiated cells leads to change in size
distribution of these lesions in livgB1]. The results of

tissue was characterized by the substantial presencethe present study show that stable DNA hypomethy-
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. . . . . L [9] S.J. James, |.P. Pogribny, M. Pogribna, B.J. Miller, S. Jernigan,
foci. Taking into consideration that the majority of S. Melnyk, Mechanisms of DNA damage, DNA hypomethy-
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[10] J.K. Christman, G. Sheikhnejad, M. Dizik, S. Abileah, E. Wain-
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