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SUMMARY: The 5-methylcytosine content of nuclear DNA from nuclear hepatocellu- 
lar tissues was determined during various phases of hepatic regeneration and 
carcinogenesis. DNA from premalignant nodules and primary hepatocellular 
carcinomas induced by exposure to acetylaminofluorene, as well as PHC induced 
by diethylnitrosamine was undermethylated by 20%, 45%, and 32.5% respectively. 
Since a 12.5% hypomethylation occurred during the DNA synthetic phase of 
hepatic regeneration, the effect of cell proliferation on DNA-methylation in 
malignancies was examined in transplantable hepatocellular carcinomas. The 
DNA from two transplantable hepatocellular carcinoma lines was less methylated 
than predicted rates of cell division in these tumors. This finding suggested 
that an aberration in endogenous DNA methylation may occur during neoplastic 
transformation. 

The DNA of eukaryotes is modified exclusively at cytosine residues by DNA 

methyltransferases which form the methylated base 5-methylcytosine (~I~C)~ (1, 

2). This process occurs subsequent to DNA replication (3) and DNA repair (4, 

5) and, therefore, undermethylated tracts of DNA exist for a period of time 

ranging from several minutes to hours after strand synthesis (3,4,6). 

In non-dividing cells, there are differences in the level of m5C among 

various DNA Cot classes (5,7,8) between satellite and main-band DNA sequences 

(9,lO) and among DNAs of various tissues in the same organism (11,12). Alter- 

ations in the content of m5C have been demonstrated during development (13,14), 

during aging (15), and in different physiological states induced by hormones 

(16,17) or by exogenous compounds that influence the metabolism of SAM (18,19). 

From these diverse findings, many proposals as to the function of DNA methyla- 

1 To whom requests for reprints should be addressed. 

2The abbreviations used are: m5C, 5-methylcytosine; PHC, primary hepato- 
cellular carcinoma; AAF, acetyl aminofluorene; DEN, diethylnitrosamine; 
THC, transplantable hepatocellular carcinoma; and, SAM, S-adenosyl methionine 
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tion have been forthcoming, including its potential role in DNA replication 

(20,21), transcription (22), and cellular differentiation and development 

(23-25). 

Numerous investigations seeking a functional relationship between nucleic 

acid methylation and the malignant phenotype have been conducted. For the 

most part, these experiments have focussed on RNA methylases and methylation, 

especially as related to tRNA function (26). In general, a variety of alter- 

ations in the level or activity of tRNA methylases and in the site-specific 

methylation of bases have been reported to take place in malignant cells. 

In contrast, the information regarding such alterations in terms of DNA 

methylation is very limited and often contradictory. Levels of DNA methyl- 

ases and m5C content have been reported to be increased in leukemic lympho- 

cytes (27,28). Recently, the opposite finding has been reported in bovine 

lympholeukemia, where the DNA has been found to be undermethylated by approx- 

imately 20% (29). During ethionine carcinogenesis, nuclear DNA is under- 

methylated (30,31), possibly as a result of depletion of intracellular SAM 

(31). Gantt et al. (32) have reported that there is no change in the methyl- 

ation of satellite versus main-band sequences in mouse embryo cells after 

transformation by selection on soft agar. Yet, cells transformed by adeno- 

virus (2), polyoma virus (33), and Rous sarcoma virus (34) demonstrate 

elevated levels of m5C in the host genome. 

To examine the relationship between DNA methylation and malignancy, we 

have measured the m5C content in nuclear DNA of normal liver and premalignant 

and malignant hepatic tissues induced by the chemical carcinogens AAF and DEN. 

We report hypomethylation in the nuclear DNA of PHC 

and in the DNA of THC. 

induced by these agents 

MATERIALS AND METHODS 

Animals. Male CFE Sprague-Dawley rats weighing 150 
ectomized by removal of two thirds of the liver, as 

g were partially hepat- 
described previously (35). 

AAF was mixed into a synthetic diet (#lOl, Bio-Serv, Frenchtown, N.J.) 
and fed to male CFE Sprague-Dawley rats, which weighed approximately 80 g. 
The details of the AAF feeding regimen and the induction and characterization 
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of premalignant nodules and malignant tumors have been reported elsewhere 
(36-38). DEN (Eastman) hepatocarcinogenesis resulted from the administration 
of 60 ppm in the drinking water for 10 weeks. The induction and characteriza- 
tion of DEN hepatic tumors will be reported elsewhere (39). Details on the 
growth characteristics of THC and 253 used in these experiments have been 
published (40). 
DNA Purification and Base Analysis. Nuclei were isolated from the livers, 
PHC, and THC by the procedure of Blobel and Potter (41) modified to include 
0.25% Nonidet-P-40 in the homogenizing steps. Nuclei were digested accord- 
ing to Gross-Bellard et al. (42) with proteinase K (Boehringer-Mannheim) and 
the DNA extracted with Sevag (chloroform isoamyl alcohol, 24:1, v/v) then 
banded in preparative CsCl density gradients. The DNA band was recovered and 
dialyzed against TE (0.01 M Tris-HCl, pH 7.9, 1 mM Na-EDTA) and further 
digested with preboiled RNase A and RNase Tl at 10 pg/ml and 5 units/ml, 
respectively, for 30 minutes at 37'C. The DNA was extracted with phenol-Sevag 
(1:l v/v), ethanol precipitated and dried. 

DNA was hydrolysed to bases with concentrated HF for 1.5 hours at 80°C 
(43), and analyzed by high pressure liquid chromatography on a Partisil 10 SCX 
column (0.6x25 cm, Whatman) eluted isocratically with 0.07 M ammonium formate, 
pH 3.2, at room temperature in a Glenco HPLC system. Bases were identified 
relative to the elution of authentic compounds and their quantity determined 
by measurement of the base peak area at 280 rim/base extinction coefficient at 
280 nm at pH 3.2. The m5C content of the samples was then determined in trip- 
licate and this mean was used in the calculation of the mean and standard 
deviation (u) of the sample populations. Statistical significance of the 
results were examined by unpaired t-tests and analysis of variance (F-test). 

RESULTS 

Baseline measurements of the m5C content of the DNA from normal non- 

dividing liver and the DNA isolated during different phases of hepatic regen- 

eration are tabulated in Table 1 for comparison with hepatic malignant tissues. 

The m5C content prior to operation and then 4 hours, 10 hours, 32 hours, and 

one and two weeks after 70% hepatectomy is quite stable (3.60-3.76%). During 

the peak of DNA synthesis (S-period), which occurs 20 to 21 hours after 70% 

hepatectomy (44), the m5C content declines by 12.5% to approximately 3.23% 

(P<<O.Ol,t=4.76). Therefore, this decline in m5C content, which is related to 

the proportion of cells undergoing DNA synthesis, is a factor that must be 

considered when comparing DNA methylation in replicating and non-replicating 

cells. 

To determine the m5C level in PHC, five malignant lesions induced by DEN 

and 11 induced by AAF were analyzed. As seen in Table 2, the m5C content of 

the former had a mean value of 2.88 2 0.19 and the latter, 1.98 2 0.21 - hypo- 

methylation of 20% and 45% when compared to normal liver. 
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Table 1. 5-Methylcytosine content of rat nuclear DNA during liver 
regeneration 

Time after partial hepatectomy Mean m5C/m5C + C x 100 f  P (n) 

0 hrs. 

4 hrs. 

10 hrs. 

21 hrs. 

33 hrs. 

1 wk. 

2 wks. 

3.60 + 0.24 (4) 

3.68 + 0.28 (4) 

3.72 + 0.15 (5) 

3.23 + 0.09 (5)* 

3.76 + 0.14 (5) 

3.66 + 0.29 (2) 

3.70 + 0.34 (4) 

*t=4.76 (P=O.Ol) 

Table 2. SMethylcytosine content of nuclear DNA from carcinogen-induced 
hepatic nodules and hepatocellular carcinomas 

Regimen Mean m5C/m5C + C x 100 + IJ (n) 

DEN 60 ppm x 10 weeks/individual PHC 2.88 + 0.19 (5) 

AAF 4x3 cycles; individual nodules 2.43 + 0.37 (19) 

AAF 4x3 cycles; individual PHC 1.98 + 0.21 (11) 

THC 253 2.65 + 0.23 (3) 

THC 252 2.44 + 0.19 (4) 

To determine if a similar hypomethylation existed during chemical carcino- 

genesis, hepatic nodules were isolated from livers that had been exposed to 

four cycles of AAF. These nodules have been characterized extensively and are 

considered to represent a putative premalignant lesion (36-39), since they are 

at a substantial risk to result in PHC despite cessation of feeding. The m5C 

content of the nuclear DNAs of 19 of these nodules was 2.43% or an hypomethyl- 

ation of 32.5% when compared to normal livers. Data derived from these regen- 

erating livers and hepatic nodules indicate that the DNA polymerase-a level of 
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Table 3. Relative DNA methylation and synthesis in regenerating liver, 252 
THC and 253 THC 

Tissue 
Methylation relative 

Relative m5C Relative DNA synthesis to regenerating liver 

Normal liver 1.00* (4)+ 1.00+ --- 

21-hour 
regenerating 0.88 (5) 9.4 l.OO§ 
liver 

252 THC 0.72 (5) 6.0 0.51 

253 THC 0.62 (8) 5.6 0.41 

*Normalized to 3.62% m5C/m5C + C 

'Experimental sample size 

+ Normalized to specific activi$y of 18,000 cpm/mg DNA measured one hour after 
a subcutaneous dose of 1 pCi[ H]-thymidine (NEN, 6.7 Ci/nmole) per gram body 
weight. 

"Direct proportionality between decline in methylation and level of DNA 
synthesis assumed. Normalized to value obtained in El-hour regenerating 
liver. 

the former is approximately 40% greater than of the latter (Chan and Becker, 

unpublished results). This finding is in accord with results of labeling 

experiments which demonstrated that the ONA of regenerating liver replicated 

faster than that of nodules (35), and DEN and AAF tumors. If hypomethylation 

was due to cell proliferation alone, PHC and nodules would not be expected to 

show lower levels of methylation than S-phase regenerating liver. 

However, to better determine the effect of cell proliferation on methyl- 

ation, DNA synthesis in 21-hour regenerating rat liver was determined and 

compared to that in THC 252 and 253 (39). The rates of DNA synthesis of each 

tissue was derived from a pulse of C3H]-thymidine given subcutaneously one 

hour before sacrifice and the specific activity of the same purified DNA which 

was used for base analysis was determined. As shown in Table 3, DNA synthesis, 

hence the rate of cell proliferation in the 21-hour regenerating liver, was 
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approximately 33% and 39% greater than in THC 252 and 253, respectively. 

Despite this, the THC demonstrated significantly less m5C than the regenerat- 

ing liver. 

A one-way analysis of variance of the data reveals a statistically sig- 

nificant different level of methylation, F4 28 = 78.03 (P<<O.Ol) in the PHC 
, 

and THC sample populations as compared to normal liver and S-phase regenerat- 

ing liver. Considering that DNA methylation lags behind DNA replication (3, 

4,6), increased DNA synthesis should lead to a corresponding increase in the 

amount of newly replicated and correspondingly undermethylated DNA. By 

assuming a model in which the degree of DNA hypomethylation is directly 

proportional to the amount of de novo synthesized DNA, one can assess whether -~ 

there is a component of hypomethylation intrinsic to the tumors, beyond the 

contribution due to cell proliferation. Analysis of the data on THC 252 and 

253, compared with that of regenerating liver, indicates a relative 49% and 

59% hypomethylation in the THC DNA (Table 3). 

DISCUSSION 

In the regenerating rat liver, an elevated level of DNA synthesis was 

associated with a decreased m5C content when compared with normal liver. The 

degree of hypomethylation in putative premalignant lesions, the hepatic 

nodules, PHCs and THCs is greater than that expected from the effect of DNA 

replication alone. The PHC tested in these experiments appear approximately 

3-4 months after the cessation of AAF administration. This delay, along with 

the probable clonal origin of the tumors and the persistence of hypomethyla- 

tion in THC, mitigate against the likelihood that hypomethylation in these 

malignant lesions or in the hepatic nodules is due to persistent binding of 

carcinogens (45). The distinctly differing mechanisms of DNA-interactions of 

the two carcinogens suggest that endogenous mechanism for DNA methylation are 

affected by their interaction with DNA. One consequence of the presence of 

aberrantly methylated DNA after the completion of DNA synthesis might be the 

persistent cell replication that is characteristic of these tissues. 
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