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Abstract

The status of DNA methylation, as measured by the
5-methylcytosine content of nuclear DNA, was examin-
ed in normal livers and in chemically induced or spon-
taneous primary hepatocellular carcinoma (PHC) aris-
ing in three strains of mice. The DNA from spontaneous
tumors of genetic origin in C3H mice and also from
acetylaminofluorene, chlordane, or 3’'-methyl-4-dime-
thylaminoazobenzene-induced tumors in C57Bl and
B6C3 mice was undermethylated compared to the levels
in background and normal liver samples. The DNA
methylase activities from normal liver, background
liver, and PHC were assayed in C3H mice to determine
whether the observed genomic undermethylation is
related to a dysfunction of this enzyme and were com-
pared to the rates of DNA synthesis in these tissues.
Since DNA methylase levels from tumor nuclei were
elevated compared to background, it is concluded that
the undermethylation found in the tumor genomes of
this system is not due to inactivation nor a significant
deficiency of the activity of this enzyme relative to the
demand in tumors for methylation of de novo synthesiz-
ed DNA.

Introduction

The hypothesis that an alteration of DNA is a crucial
step in the carcinogenic process is basic to the rationale
for the use of mutagenicity assays as a means of identi-
fying carcinogenic agents (1 —3). This concept is sup-
ported by a strong correlation between mutagenic
potential in bacterial tests (4 —6) and other assays of
DNA damage (7,8) with carcinogenicity in vivo. Further
evidence has been derived from the susceptibility to
malignant alterations of cells of patients with hereditary
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*Abbreviations: 5-MeCyt, 5-methylcytosine; PHC, primary hepa-
tocellular carcinoma(s); AAF, N-acetylaminofluorene; CRD, chlor-
dane; MeDAB, 3’ methyl4-dimethylaminoazobenzene; THC, trans-
plantable hepatocellular carcinoma(s); NMU, N-methyl-N-
nitrosourea; MMTYV, mouse mammary tumor virus; PMSF, phenyl-
methylsulfonylfluoride; DTT, dithiothreitol; TCA, trichloroacetic
acid; DEN, diethylnitrosamine; AFP, alpha fetoprotein; SAM, S-ade-
nosylmethionine; h.p.l.c., high pressure liquid chromatography; HF,
hydrofluoric acid.

DNA repair-deficiency syndromes (9,10). However, this
hypothesis does not adequately explain the induction of
cancer by nonmutagenic agents (11,12) or hormones
(13), nor does it offer an explantion for the escape of the
neoplastic cell from normal regulatory mechanisms.

Barrett and Ts’o compared the rate of somatic muta-
tion (as gene activation) in Syrian hamster embryo cells
to the rate of development of anchorage-independent
growth in soft agar and found that the latter, which is
highly correlated with tumorigenicity, is 100-fold less
frequent (14). They concluded that neoplastic transfor-
mation is more complex than a single gene mutation
step. These results and other analyses of genetic and en-
vironmental factors in cancer suggest that car-
cinogenesis involves a multi-hit process affecting several
genes or regulatory sites (15,16). However, it might also
signify that transforming hit(s) correspond to 100-fold
less frequent events, such as the inactivation of minor
nucleotide(s) in noncoding or regulatory region(s) of the
genome.

Although the function of postreplication modifica-
tion of a small proportion of cytosines of nuclear DNA
by methylation in eukaryotes (0.1% — 8%) (17,18) has
not been ascertained, recent findings have implicated
undermethylation of DNA with the potential for gene
expression (for review see 19,20). Ethionine, a
hepatocarcinogen (21) that is not mutagenic in the Ames
assay (5,6), has been reported to induce alpha fetopro-
tein (AFP)* synthesis in the liver (22) and globin syn-
thesis in Friend erythroleukemia cells (23), while pro-
ducing an undermethylation of these genomes (23 — 25).
The basis for its action may be related to the formation
of an inactive analog of S-adenosylmethionine (SAM)
(25). Analogs of cytidine in which the C-5 position can-
not be methylated have been shown to induce altered
states of differentiation of 10T1/2 cells and a concomi-
tant, transient undermethylation of the genome (26,27).
In addition, analysis of the status of methylation of
CCGG sequences detected by cleavage with the
isoschizomer pair of restriction enzymes Msp I/Hpa I1
(28,29) has demonstrated a correlation with the
undermethylation of certain of these sequences vicinal
and internal to the genes being expressed (30—32). A
similar undermethylation requirement has been noted
for the expression of integrated viral genes in transform-
ed cells (33 —395).

Previous information on endogenous DNA methyla-
tion in malignancy has been scant and often contradic-
tory. DNA methylation and methylase activity had been
reported to increase in leukemia (36,37), whereas recent-
ly, the opposite finding has been reported (38). We have
reported an undermethylation in the putative premalig-
nant lesions in the rat liver during administration of
N-acetylaminofluorene (AAF) as well as the primary
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hepatocellular carcinomas (PHC) derived from these le-
sions and their transplantable hepatocellular car-
cinomas (THC) (39). Boehm and Drahovsky (40) have
demonstrated a similar undermethylation of the genome
of Raji cells after treatment with N-methyl-N-nit-
rosourea (NMU) that was found to persist even after
cessation of treatment. A rationale for these findings is
provided by the observation that DNA containing AAF
adducts (and by supposition other carcinogen adducts
to DNA bases) is not as efficient a DNA template for in
vitro methylation with semi-purified DNA methylase as
is an unmodified DNA template (41). In the cases where
DNA methylation has been studied during viral on-
cogenesis, cells that are transformed by adenovirus,
polyoma, or Rous sarcoma virus have been reported to
have an elevated 5-methylcytosine (5-MeCyt) content in
their genomes (42 —44). In contrast, in cells transform-
ed by mouse mammary tumor virus (MMTV), there is
evidence the virus causes a generalized undermethyla-
tion of the genome (35).

In order to examine the possibility that altered
methylation of nuclear DNA is a functional aberration
of malignancy, we investigated the level of DNA
methylation in tumors from three different strains of
mice, two of which exhibit a strong tendency toward
spontaneous carcinogenesis of the liver and one that
does not.

Materials and Methods
Carcinogens

AAF was obtained from Tridom Chemicals (Haup-
pauge, NY). Chlordane (octachloro-4,7 methanotetra-
hydroindane) (CRD) was a gift from Velsicol Chemical
Co. (Chicago, IL), and contained 90% CRD with ~
10% heptachlor. 3’-Methyl-4-dimethylaminoazoben-
zene (MeDAB) was purchased from K & K Chemical
Co. (Plainview, NY).

Each of these compounds was mixed with a semi-
synthetic diet (#101, BioServ, Frenchtown, NJ) at
0.03% for AAF, 0.03% for MeDAB, and 0.005% for
CRD, and fed in a pelleted form. A continuous dietary
regimen of the above formulation was fed to the mice ad
libitum beginning at 5 weeks of age for a period of 1
year. Control mice were maintained similarly, but on a
pelleted diet, # 101.

Animals

Male C3H/HeN, male C57B1/6N, and the male Fi
progeny from the cross of female C57B1/6H x male
C3H/HeN, i.e., B6C3, were obtained from the Depart-
ment of Mammalian Genetics of the National Institutes
of Health. These mice were bred at the Charles River
Farms (North Wilmington, MA), and were negative for
MMTV.

DNA methylation

Nuclear DNA was isolated from the liver and PHC
nuclei and analyzed for the methylated base 5-MeCyt as
described in detail previously (39,45). Protein con-
taminants were removed from the DNA by Proteinase K
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digestions, repeated phenol-Sevag (CHCl;:isoamyl
alcohol, 24:1 v/v) deproteinization steps, and, to
remove all traces of RNA, by digestion with a mixture
of RNase A and Tl followed by base hydrolysis with
0.5M NaOH at 60°C for 30 min. The purified DNA was
hydrolyzed to bases with concentrated hydrofluoric acid
(HF) for 1.5 h at 80°C. This procedure has been found
to produce less degradative losses of 5-MeCyt to
thymine by deamination than procedures employing
88% formic acid hydrolysis at 170°C for 30 min or I N
perchloric acid hydrolysis at 100°C for 30 min (45).
Bases were analyzed by high pressure liquid
chromatography (h.p.l.c.) on a Partisil 10-SCX column
(0.46 x 25 cm, Whatman) eluted isocratically with 0.07
M ammonium formate, pH 3.2, at room temperature.
Bases were identified relative to the elution of authentic
compounds and their quantity determined from the
peak areas divided by the extinction coefficient of the
base at pH 3.2 and 280 nm. The steady state content of
5-MeCyt, reported as the quantity of the methylated
base, 5-MeCyt, to total cytosines x 100 was used as a
measure of genomic DNA methylation levels. The mean
of triplicate determinations for each individual sample
was entered for the calculation of the mean and stan-
dard deviation (o) of the sample populations (N).
Statistical significance of the results was examined by
unpaired t-test and an analysis of variance (F-test).

DNA methylase

For the determination of total DNA methylase activi-
ty, purified nuclei were sedimented once in 1.0 M
sucrose, ImM MgCl, 0.5 mM phenylmethylsulfonyl-
fluoride (PMSF) at 4800 x g for 15 min and extracted
with 3.7 volumes of 0.8 M KCl, 0.5% Triton X-100, 0.5
mM PMSF, 0.5 mM dithiothreitol (DTT), 50 mM Tris-
HCI (pH 7.4) essentially as described by Simon et al.
(46). After being stirred for 30 min on ice, the KCl con-
centration of the solution was lowered to 0.3 M by addi-
tion of 1.1 volumes of 10 mM Tris-HCI (pH 7.8), 0.5
mM DTT, and 0.5 mM PMSF. An extract containing
greater than 90% of the enzyme activity was obtained
by centrifugation at 20,000 x g for 15 min. The crude en-
zyme was subsequently dialyzed at 4°C with 20 mM
Tris-HCI, (pH 7.4), 1 mM EDTA, 0.5 mM DTT, 0.05%
Triton X-100, and 10% glycerol. Enzyme assays were
performed in triplicate in a volume of 200 ul with iden-
tical amounts of methylase extract protein (130 ug)
determined by the method of Bradford (47). The assay
contained 10 ug of denatured Micrococcus luteus DNA,
1 uM [*H methyl]SAM (9.0 Ci/mmol, ICN, final
specific activity 19,800 d.p.m./pmol) in 0.02 M Tris-
HCIpH 7.4, 1 mM EDTA, and 0.5 mM DTT. It was in-
cubated for 1 h at 37°C. Reactions were stopped by the
addition of 200 ul of 1 N NaOH followed by the addi-
tion of 40 ug carrier DNA, and by heating for 15 min at
60°C. After cooling to ambient temperature and
neutralization with one-tenth volume of 5N H,;PO,, the
samples were deproteinized twice with phenol-Sevag
(1:1 v/v) and the labeled DNA was precipitated with
10% trichloroacetic acid (TCA) and collected on GF/C
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filter for scintillation counting. DNA methylase activity
was expressed as net pmol CH,/mg protein/h incor-
porated over zero time controls (where the reaction was
stopped with base prior to the addition of enzyme).

DNA synthetic rates

One hour prior to sacrifice, 1.5 uCi/g body weight
(*H-methyljthymidine (10 Ci/mmole, ICN) in sterile
saline was injected i.p. The DNA in the methylase ex-
tract pellet was processed according to a modified
Schmidt-Thannhauser procedure using perchloric acid
(48). The specific activity of the 1 N perchloric acid
DNA hydrolysate was determined by counting an ali-
quot in a perchloric acid-compatible liquid scintillation
cocktail (Scintiverse, Fisher), and assaying the quantity
of DNA therein by the method of Giles and Myers (49).

Results

Male C3H mice demonstrate a genetically determined
predisposition toward the formation of spontaneous
PHC, the incidence of which rises to ~ 52% at 14 mon-
ths of age (50). Male C67B1/6N exhibit virtually no in-
cidence of spontaneous PHC and generally require
substantial exposure to known carcinogens to evoke
malignancy (51). However, continous exposure, beginn-
ing at 5 weeks of age and continuing for 1 year, to the
following regimens regularly induced PHC: 0.03%
AAF, 0.03% MeDAB, and 0.005% CRD in #101.
B6C3, the F1 progeny of these strains, demonstrate a
lesser tendency toward spontaneous carcinogenesis (~
20% — 30% that of C3H/HeN) and approximately the
same susceptibility to AAF induction of PHC as
C57B1/6N. In many instances, the gross appearance of
chemically induced PHC in B6C3 mice was sufficiently
distinctive to allow discrimination from spontaneous
PHC. However, further confirmation by subsequent
histologic examination of each tumor was utilized for
positive identification of the tumor type. Tumors were
excised from surrounding liver tissue (background liver)
and, where necessary, gross necrosis and hemorrhage
were trimmed away. Nuclear DNA was prepared from
isolated nuclei and purified for the analysis of the minor
base, 5-MeCyt by h.p.l.c. as described in Methods.

DNA methylation levels

Figure 1 shows histograms of the level of methylation
of nuclear DNA in PHC, background, and normal liver
from the three mouse strains. Ten spontaneous PHC
from C3H mice were found to have a 5-MeCyt content
of 3.75 £ 0.29%, N=10, 5-MeCyt/total cytosines
(mean x S.D., N). The background tissue (grossly free
of involvement) demonstrated a 5-MeCyt content of
4.26 + 0.12%, N =3. The 5-MeCyt content of livers of
age-matched controls (>40 weeks) and juvenile mice (5
weeks) were 4.62 + 0.28%, N=4 and 4.62 x 0.18%,
N =4, respectively. Using an unpaired t-test, the dif-
ference in methylation between PHC/normal liver was
found to be statistically significant, i.e., t = 2.39,
p <0.05.

The levels of DNA methylation in PHC induced in

DNA methylation in mouse hepatic tissnes

Fig. 1. Nuclear DNA methylation in PHCs, background liver, and
normal (nontumor-bearing) liver in three mouse strains. Each point
(®) is the mean of triplicate determinations of each nuclear DNA
sample for 5-MeCyt determined by h.p.l.c. reported as the percentage
of 5-MeCyt/total cytosines. ([}, normal, i.e., nontumor-bearing liver
at 5 and >40 weeks of age; (), background, i.e., grossly uninvolved
liver from PHC-bearing mice; (), spontaneous PHC; and (§),
AAF-, CRD-, or MeDAB-induced PHC.

C57B1/6N mice following exposure to AAF, CRD, and
MeDAB were 3.35, N=1; 3.95 N=1; and 3.79 =
0.13%, N =3; respectively, compared to a level of 4.20
+ 0.09%, N =3, in the control livers from age-matched
mice. These results, which suggest that a similarity exists
in the undermethylation in both spontaneous and
chemically induced tumors, were examined in a B6C3
hybrid strain in which both tumor forms occur. In
B6C3, the 5-MeCyt content in spontaneous PHC from
unexposed mice was 3.75 + 0.21%, N =3, while those
tumors that bore the histologic characteristics of the
AAF-induced type of tumor from animals exposed to
carcinogen was 3.69 £ 0.23%, N =4. Compared to the
level of methylation in the DNA of normal livers of age-
matched controls, i.e., 3.99 £ 0.23%, N=3, these
tumors demonstrate an undermethylation of their
genomes. In the latter groups, the number of sample
determinations was insufficient to assess statistical
significance.

DNA methylase and DNA synthesis

This led us to determine whether an inactivation or a
deficiency in the DNA methylase (methyltransferase) in
the spontaneous tumors could account for the
undermethylation of the tumor genomes. The experi-
ment was designed not only to measure the rate of DNA
synthesis and compare it to the levels of DNA methyla-
tion, but also to assess if a relative deficiency of the
methylase by dilution in the form of rapid cell division
takes place in the tumors. Thus, 1 h before sacrifice,
each tumor-bearing animal received an i.p. injection of
(*H]thymidine at a dose of 1.5 uCi/g body weight.
Paired samples of background and tumor tissue were
prepared from five animals. DNA methylase was
solubilized from isolated nuclei (see Methods), the
specific activity of the DNA recovered in the pellet
resulting from high-speed centrifugation of a nuclear
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Fig. 2. DNA methyltransferase activity in normal 48 h regenerating
and background livers compared with PHCs in C3H mice. Points (®)
represent the mean of triplicate determinations from single PHCs and
their background in five mice. ((D, normal, 20 week liver; (),
regenerating liver, (§), background liver; and (#4), spontaneous
PHC.

extract was determined by a modified Schmidt-
Thannhauser procedure. The methylase extracts were
adjusted to equal protein concentrations and assayed
with single-stranded M. luteus DNA and [*H-
methyl]SAM. As shown in Figure 2, the DNA methylase
activity in PHC was higher (3.42 + 0.65, N =5). During
the period of peak DNA synthesis in the liver (48 h after
partial hepatectomy), the methylase level increased
3.15-fold to 8.89 + 1.51, N =5 pmol CHy/h/mg protein
from 2.84 + 0.87, N=3 in normal livers from 20 week
old rats.

in Figure 3, the relative rate of DNA synthesis, deter-
mined from the specific activity of the nuclear DNA
frqm each sample used to measure the DNA methylase,
was 126,900 x 50,300 c.p.m./mg DNA, N=4 for
PHC, or a 10.2-fold increase over the mean found in
background liver tissues, i.e., 12,340 + 2,150, N=5. In
the 39 h regenerating liver, the increase in DNA syn-
thesis over normal liver is 26.2-fold, i.e., 425,800 =+
137,000, N=5 to 16,210 + 7,700, N=3 c.p.m./mg
DNA.

Using the ratio of the values in (PHC minus
background) to (regenerating minus normal) x 100 as a
normalized statistic to" measure the relative activity in
tumor versus the induced maximal values obtained in
the regenerating liver, we found that the DNA synthesis
in PHC as 27.9% of the maximum induced level
whereas the increase in DNA methylase in PHC was on-
ly 16.6%. This leads to the conclusion that although
DNA methylase activity is elevated in PHC, the induced
level in PHC is 10% less than predicted from the rate of
DNA synthesis in normal liver. However, since the max-
imum induction of methylase is ~ 3.2-fold to ac-
comodate a 26.2-fold increase in DNA synthesis in
regenerating liver, and the likelihood that the cell main-
tains a slight excess rather than a limiting amount of
DNA methylase, viz., the basal level in the quiescent
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Fig. 3. DNA synthesis in normal, 48 h regenerating and background
liver compared with PHC in C3H mice. Rates of nuclear DNA syn-
thesis were determined as the specific activity of nuclear DNA 1 h
following a single i.p. injection of *H Jthymidine at a dosage of 1.5
uCi/g body weight. These DNAs were isolated from the pellet
resulting from high-speed centrifugation of the nuclear extracts used
to assay the DNA methyltransferase activity in Fig. 2.

normal liver, it seems unlikely that the quantity of DNA
methylase in the PHC is limiting. Experiments in this
laboratory (52) have also demonstrated an elevated
DNA methylase activity in a transplantable rat
hepatoma despite an undermethylation of the hepatoma
DNA (39) that was found to accept more methyl groups
than that from regenerating or normal liver.
Measurements of the relative levels of normal and
malignant tissue enzyme activity were invariant when
assayed with three different diagnostic DNA templates
including M. luteus DNA used in this study.

Discussion

In this study, nuclear DNA from spontaneous PHC
and PHC induced by three different carcinogens were
demonstrated to be undermethylated in three mouse
strains. The results also indicated that the defect in
DNA methylation in spontaneous C3H tumors is not
due to inactivation of deficiency in DNA methylase ac-
tivity. The resultant undermethylation may be due to
other factors, such as: (1) aberrant metabolism or
unavailability of the methyl-donor SAM; (2) altered
chromatin configuration or accessibility, possibly due to
a difference in tumor .nonhistone chromosomal protein
complement in C3H PHC (53) or, (3) a change in the
specificity in DNA methyltransferase during car-
cinogenesis.

It is presently not possible to assess experimentally the
functional effect of changes in endogenous DNA
methylation on gene function or altered states of expres-
sion during carcinogenesis. However, several lines of
evidence cited previously suggest that DNA methylation
may play a role in the regulation and integration of gene
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function at a higher level required for differentiation
and development (54 —57). Because of this possible
function, an aberration in DNA methylation during car-
cinogenesis either by chemicals or by some genetic im-
balance may play an etiologic role in the conversion of
normal differentiated cells to neoplastic and fully malig-
nant cells. Thus, the findings bearing on the change in
methylation observed in spontaneous and chemically in-
duced hepatomas reported here; in PHC and THC in-
duced by AAF and diethylnitrosamine (DEN) (39); in
Raji cells with NMU (40); and, in murine breasts car-
cinoma induced by MMTYV (35) may be highly signifi-
cant.
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