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• ~ethylation ¢([ ( '  residues in ('p(; .sites in the regulatory regions ((fa wide variety (qgenes ha.s" been linked 
to sih'ncing of  their expression, lJuring normal mammalian development, loss o]  methrlation at .SlWC(fic 
siws accompanies tissue-spectfic activation ¢~t t;ene,s. Overall decrea,ses in the h'vel of  DNA methvlation 
and alteration.s in the pattern of  nlethylation of,specific gene,s are also clo,seh" linked to tumor development 
in human,s" and other mammals, lJietarv vnethyl deficiency .su.l~ficient to cause hel~atocarcinogenesi.s in male 
rats reduces pr(gbund and rapid changes in the moqfludogy and metabolic activity of  liver cells. ,4s we 
have previously reported, these changes include a decrea,se in the overall h'vel of  I)NA methrlation and 
alternations in the patterns ¢{1 meth vlation and h, vels of  transcripts ({l,SlWC(lk growth-related gem's. These 
alterations persist as long a,s the rolA are maintained on a methyl-deficwnt diet. 

"/he starting hypothesLs lor the studws summarized here is that methrl deficiency induced change,s in 
liver cell,s that persist, even when dietary sottrce.~ Ol methyl tfroup.s are re.stored, art" more likely to he 
critical ]or establishment ~g neoplasia than those that are rm'ersil~h'. We lind lhat los,s ~l" methylation at 
,v)ec(lic sites in liver D,N'A per.sist,s Jor at h'ast 9 week.~ after restoration o.f methionine, choline. Jblatc. and 
vitamin B:., to the diet of  rats l>reviously depriw'd of the,se nutrients tot  4 weeks. Other moh'ctdar change.~ 
are reversed in h,.s.~ thatt .? weeks. /Tti.~ suggests that expo.sure <{l rals to alternating Iwriod~ ql dietary 
methyl deficiency and sufficiency may provide an experimental model.tiff deterntining whether persistent 
alterations in ntethvlation (*f ,growth rc~,tl, lalor.v tg: ' / tds allow aJ.'l~'cted hepal<wyle.s to e.scalw colp,lraittLs Oil 
cell division because tttev resl~ond to growth stitnuli d(fferently than cells in wttich flu' genes are normalh" 
methvhm'd. (J. Nutr. Biochcm. 4:672-680. 1993.) 
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Introduction 

Enzymatic addition of methyl groups to carbon 5 of 
cytosinc [C] rcsiducs in DNA can bc considcrcd thc 
cquivalent of introducing a fifth base. thus providing a 
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mechanism for postsynthetic alteration of the informa- 
tion content of the genome. In mammalian cells, the 
most thoroughly documented function of this informa- 
tion is in providing one level of regulation of genc ex- 
pression. '.~ The presence of 5-methyl cytosine [5mC] 
residues in DNA influences interaction between pro- 
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teins and D N A .  5mC residues in regulatory regions 
of  genes can directly prevent  or enhance  binding of  
t ranscript ion factors. .'-s 5mC residues in D N A  also en- 
hance binding of  proteins that may serve to alter the 
accessibility of  D N A  to transcription factors or to en- 
hance or stabilize the packaging of  D N A  into " ' inactive" 
chromat in .  ''-~ Al though  interactions between 5mC resi- 
dues in D N A  and protein have generally been found 
to have a negative influence on transcription,  there is 
no a priori reason to rule out the possibility that 5mC 
residues in specific sites in D N A  might also enhance  
transcript ion by blocking binding of  negative regulatory 
fitctors or  enhancing binding of  positive reguhitory filc- 
tors. A positive correhtt ion between gene expression 
and methyhlt ion has been repor ted  for a few genes." '" 

Mcthylat ion of  D N A  appears  to phiy an impor tant  
role in normal  embryon ic  d e v e l o p m e n t . "  Patterns of  
meihvhlt ion of  specific genes undergo characterist ic 
modii ' ication during deve lopment .  Loss of  methyhtt ion 
at regulatory sites correlates  wi th  their activation in 
specific tissues. "I'herc is evidence that inactivation of 
one of  the two X c h r o m o s o m e s  in female mammal ian  
somat ic  cells involves D N A  methvlat ion and that allele- 
specific methv la t i on  nlav be a t]lctor in generate ina- 
printing. '-' '- 

Converse ly ,  disruption of  normal  tissue-specific pat- 
terns of  D N A  methyla t ion has been implicated in devel- 
opment  of  cancer.  Manv carcinogens block D N A  
methvlat ion ei ther  by direct alkvlation and inactivation 
of  I ) N A  mcthyl t ransferasc  or  bv forming adducts  with 
D N A  that render  it a poor  substrate for the methyl trans-  
fcrase. '~e" The 5mC content  of  D N A  from tumors  and 
tumor-dcr ivcd  cell lines is generally lower than that 
observed  in normal  tissues.-'" Ftypomethyla t ion of  spe- 
cific sites in p ro to -oncogcncs  such as c-rove, c-Ki-rus 
and c-tla-ras has been detected in a variety of  human 
and animal tumors.-': -'" In terference with nlcthylat ion 
in vivo has also been shown to lead to tumor  format ion 
in animals. Feeding of  methvhit ion inhibitors such as l.- 
ethionine or 5-azacvtidine and induction of  decreased 
ratios of  A d o M c t : A d o l  Icy through dietary deplet ion ¢5t 
mcth ion inc  and choline have all been shown to induce 
format ion  (5t tumors  in the liver and o ther  organs in 
rats.: :  " 

In one of  the best-studied examples  of  human tumor  
progression,  it has been shown that hypomethyla t ion  
of  D N A  is an early event in the deve lopment  of  colon 
cancer ,  a l though the changes observed do not always 
correlate  with changes  in gone expression,  z-~.>.:" In addi- 
tion, some genes in the colon tumors  become "'hyper- 
methyhtted, '"  leading to the suggestion that silencing of  
tumor  suppressor  genes by methvlat ion may also play 
a rolc in tumor  deve lopment .  ''.'~ 

The studies summar ized  here represent  our  approach  
to de termining how loss of  methylat ion tit specific sites 
in growth rcguhi tory genes  is related to the ability of  
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altered hepatocytes  to escape the normal  constraints  on 
cell division. 

M e t h o d s  and mater ia l s  

Animals and diet 

The diets used were based on a semisynthetic formulation, 
ADD-AI4400. obtained from Research Diets, Inc.. New 
Brunswick. NJ USA. This formulation lacks mcthionine, cho- 
line, vitamin B,.,, and folio t, cid. Male Fischer 344 rats were 
fed either a methyl-deficient diet [MDD-Diet A 14403-A1)I) 
supplemented wil]T 9 g,'kg D,l.-homocystine] or an adequate 
diet [('SD-Dict AI4404-ADI) supplemented with 5 g DL- 
methioninc, 2 g choline chloride, 5 rng folio acid, and 11)0 Ixg 
vitamin B 12.kg]. MDI) is more severely deficient in sources 
of methyl donor than diets reterred to by other authors in 
this series.' ..... Hov,'cver. during a 4-week course of feeding, 
the effects of this diet on the liver cannot bc distinguished from 
those el  a diet deficierit soleh in choline and methionine?' 
1o compare the effecls of MDI) with effects of carcinogen 
exposure, rats xverc fed ad libitum Purina chow (meal) (Rals- 
iOll Purina. SI. Louis, M() USA) conlaining a carcinogenic 
dose of 2-acetvhiminofluorcne [AAt.-(I.(16% wt,'wt] or DL- 
ethionine [0.5/; , wtwtl as indicated. All rats were cared for 
in accordance v.'ith institutional guidelines. The diets, feeding 
protocols, and methods for I)NA and RNA methvhransfer- 
ase. I)NA and RNA isolation, and for assays of methvltr,tns- 
ferase activity and evaluation of I)NA nTethvlation status of 
bulk DNA and specific genes have bccn described.'- "' 

l,abeling index 

BrdUrd [200 mgkilo] was in coted intraperitoneally 1 hr prior 
to sacrifice. One x 1.2 x 0.3-cm pieces from each liver lobe 
were fixed in rieutral buffcrcd formalin for 24 hr prior to 
paraffin embedding. A representative section of ileum was 
processed on each slide as a positive control for BrdUrd incor- 
poration. For immunohistological staining. 5-#m sections 
were mounted on slides coated v,'ith 0.5<f gehltin in 0.(i5<5 " 
potassium dichromate. The sections were depariffinized, rehy- 
drated, and sequentially digested with pepsin and a combina- 
lion of EcoRI nuelease with Exonucleasc Ill as described.'" 
After incubation for 311 rain in fl.3% H_,O_, to block endogenous 
peroxidase, the sections were incubated for 30 rain with O. I G 
bovine serum albumin in phosphate buffered saline to reduce 
nonspecific antibody binding. Incubation x~.ith monoclonal 
anti-Brdtird (M-744, Dako Corp., ('arpinteria, ( 'A USA) at 
a dilution of 1:20 was carried out overnight at 4" ('. AB('- 
peroxidasc slaining was carried out as described bv the sup- 
plier ot reagellts (Vectastain. Vector t.aboratorics, Inc., Bur- 
Iingamc. ( 'A USA). l.iver sections trom untreated rats and 
sections reacted with noninlnlune goat IgG were used as nega- 
tive controls. All sections ,,,,'ere lightly counterstained with 
hcmatoxvlin prior Io microscopic examination for labeled nu- 
clei. accumulation of fat droplets, and altered morphology. 
The labeling index (L[) was determined by counting the num- 
ber of BrdUrd-labcled nuclei in 111 random XI() fields. 

Resul ts  

Effects of  methyl deficiency on nucleic acid 
methylation and gene expression 

Short - term ( 1 to 4 week) feeding of  M D D  to rats leads 
to significant hypomethyla t ion  of  D N A  and t R N A  in 
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the liver as determined by thc ability of thcsc nucleic 
acids to serve as substrates for methyltransferases in 
vitro'" ('Fable 1). The methyl group acceptance of DNA 
isolated from the livers of rats fed M D D  for 4 weeks is 
3 to 4-fold higher than acceptance by DNA from livers 
of rats CSD for the same period of time. Methyl accept- 
ante  of tRNA from the same livers is 5- to 10-fl)ld higher 
in rats fed M D D  compared  with CSD. This suggests 
that during feeding of M D D  both I )NA and tRNA arc 
being synthesized under conditions that arc not optimal 
for cfficicnt transfer of methyl groups, i.e., thal newly 
synthesized nucleic acids arc not bcing fully mcthvlatcd 
in vivo which makes them better  methyl acccptors in 
vitro. It can be concluded that hypomethylat ion does 
not result from increased turnovcr or dccrcascd synthe- 
sis of methyltransferase becausc an increase in the activ- 
it\ of both DNA methvltransfcrasc and N2-guanine 
tI~NA methyltransfcrasc II ' '  (Tahh" 1)is obscrved in 
extracts from the same livers that contain hypomcthyl-  
atcd nucleic acids. Ht)wcvcr, depletion of intracelhdar 
pools of thc mcthyl donor  AdoMct  and an incrcasc in 
levels of AdoHcy ,  a competit ivc inhibitor of AdoMct-  
dcpcndcnt  methyl transfer reactions, that occur within 
1 wcck of feeding MDD:" (diet 5) arc likely Io accounl 
for inhibition of nucleic acid mcthvlation. 

Fccding of M D D  for periods of 1 to 4 wccks also 
leads to a t imc-depcndent  loss of mcthvlation of specific 
( ' ( ' G G  sites in thc c-tta-ras, c-lb,s, and'c-myc genes that 
can be detected as increased sensitivity to cutting by the 
restriction endonuclcasc t lpa l l .  Hpal l  cleaves ( ' ( "GG 
sites but not ( ' S m C G G  sites where 5m(" is present in 
onc [hcmi-methylatcd sites] or both strands [fully nlcth- 
vhttcd sites]. The alteration in mcthylation pattcrns of 
ihesc genes is accompanied by an increasc in the levels 
of their m R N A  transcripts. It should be notcd that the 
effccts of the diet on DNA methvlation in thc liver arc 
ncithcr random nor universal. Nonc of thc gcnes studied 
lost methylation at all C ( ' G G  sites, as would be indi- 
catcd by detecting thc same cleavage pattcrn in i | pa l l -  
and Mspl-digestcd DNA. ( ' ( ' G G  sites in the c-Ki-ras 
genes remain fully mcthylatcd,  and c-Ki-ra,s m R N A  Icy- 

els do not change in the livers of rats fed MDI)  f o r  4 
weeks?  ~ These results suggest that methylation at some 
CpG sites is maintaincd more efficiently than at others 
when the supply of AdoMet  is limiting. It remains to 
bc determined whether this difference is due to tin effect 
of the scquencc context of CpG sites on the activilv of 
mammalian DNA methyltransfcrase or to differences 
in association with specific nuclear proteins or in chro- 
matin configuration at some ('pC; sites that limits their 
ability to serve as substrates for DNA methvltransfcr- 
aSC.  

It has been well documented that feeding of lipo- 
trope-deficient diets to rats for periods as short as 1 week 
causes fat accumulation in liver cells and a stimulation oI 
ccll proliferation. ::s-' "' Although thcrc is marked varia- 
tion between animals in the dcgrcc of proliferative re- 
sponse, fccding of MDD consistently Icads to at least 
a four-fold increase in the number  o(prol i fe ra tmg cells 
within 24 to 96 hr (Tabh' 2). The labeling index of liver 

Table 2 Effect of d~etary methyl deflc,ency ar'd suoseouen; 
res:ora: or" of adeQuate levels of methyl grotJps oq fhe ,abel:ng ndex 
~n rat hver 

D,e! 

MDD 

CSD 

MDD for 28 (Jays 
fohowea by 
CSD fo r 

Days Br,qUrd ( • ) Nt.cleC 

t 
,I 

78 
1 
4 

28 
56 

I 
2 
A 

28 

230 - "50 (8) 
"60 '00 {8) 
200 80 (8) 

60 10 (,1; 
1 (.; 5 (,1) 
8 ? (,1 ; 
b (.1) 

46 '0 
20 5 
'6 5 
7 2 

"Average nt, mber of perox~dase (. { ) ndCleL'10 x 10 helds .*- SE ~r~ 
bssbe shces denvod from three c~fferent areas of ',he I vor l he 
rlumoe r Of we's examined ~s ~nd~catec ~n parentheses 

T a b l e  1 Reverslbmty of d,et - lnduced alterahons m DNA and !RNA rT:etilylatlon and ~n levels of DNA arid IRNA methyltransforase act Vitles 
in rat hve r 

Methyl acceptance n v ire 

DNA tqNA 
Die:" (cpm × 10 ' Cq-t...2#g) (cpm "., ' 0  • :Ct l ,  101~c,) 

Methyltrans'erase actwHy 

DNA [RNA 
(cpm • 10 C ' H ,  m g  protein) (cpq- :., 1O • ' ;CH, rT'g protelr,) 

CSD. 4 weeks 5 1 0 8 32 5 
MDD 4 weeks " i  0 8 1 "00 ';2 

MDD. 4 weeks 
Followed by 

CSD. 1 week 5 8 ~ ,5 36 6 8 
CSD 2 weeks 4 4 1 -1 35 6 6 

Data shown are from a represeqtahve experiment Each point ~s the average value for tr:phcate aelermmabons ~n two separate assays or] 
pooled DNA or IRNA or enzyme extract from three an~r'na~s Vanahon between determmabons did not exceed .*_ 8% Adapted from data m, 
Reference 54 
"MDD ,s a methyl-deflc~erlt sem~synlhet~c d~el [ADD] supplemented w~th 9 g.kg D.L-homocyshne: CSD ~s an adequale d~et. ADD. supplemenleo 
wdh 5 g DL-meth~on~ne. 2 g chohne chlonde. 5 mg fol,c acid. and 100 #g wtam~n B.: 8 kg 
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cells remains high throughout 4 weeks of feeding MDD 
(Table 2). Fat accumulation can be detected within 48 
hr in the liver cells of all animals fed MDD (Figure la). 
Within 96 hr, large fat droplets are present in almost 
all cells in the liver (Figure lb), the fat content of the 
liver continues to increase until, by 4 weeks, normal- 
appearing hepatocytes are rare. 

Reversal of  effects o f  MDD feeding 

To determine the stability of the metabolic and morpho- 
logical changes and changes in nucleic acid methylation 
and gene expression induced in liver cells by short-term 
dietary methyl deficiency, adequate levels of methio- 
nine, choline, folate, and vitamin B~: (CSD) were re- 
stored to the diet of rats fed MDD for 4 weeks. The 
rate of cell proliferation, as indicated by incorporation 
of BrdUrd into DNA, dropped precipitously within 24 
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hr and returned to the levels found in age-matched 
animals continually maintained on CSD within a few 
days (Table 2). The overall extent of DNA and RNA 
methylation were restored to normal levels within 1 to 
2 weeks of restoring lipotropes to the dice 4 (Table 1). 
At the same time, activities of DNA and tRNA methyl- 
transferases in the liver dropped to normal values ( Table 
I). mRNA levels for all of the growth regulatory genes 
studied also returned to control levels within 1 to 3 
weeks. :~ Northern analysis of c-myc mRNA levels is 
shown as an example (Figure 2). In contrast. MDD- 
induced hypomethylation of specific HpalI sites in c- 
mvc, c-los, and c-Ha-ras genes persisted fl~r up to 3 
weeks after refeeding an adequate diet. "4 

We arc in the process of examining the extent of 
mcthvlation of Hpall  sites in these genes during an 
extended period after restoring lipotropcs to the diet 
of rats fed MDD for 4 weeks. Southern blot analysis 
of Hpall  digests of the e-row" gene in DNA isolated 
from rat liver during a course of feeding of MDI) indi- 
cates that fragments of ~-1.7 and 1.5 kbp become more 
abundant, and that there is progressive loss of HpaIl 
fragments >4.2 to 5 kbp ~ (Figure 3, compare lanes 1 
and 2 in regions indicated by arrows). Even though 
sufficient levels of methyl donors are available to allow 
normal mcthvlation of tRNA and bulk I)NA. these 
alterations in the normal pattern of liver cell c-rove gene 
methvlation persist for at least 9 weeks (Figure ~, lanes 
3-5).  During the same period, the normal morphology 
of the liver is slowly restored (Data not shown). Al- 
though little cell proliferation is occurring (Tahle 2), 
the number of normal-appearing hepatocytes increases 
in a few days, presumably because secretion of very low 
density lipoprotcin (VLDL) resumes after restoration 
of methioninc and choline to the diet. ''' t lowevcr,  even 
after 4 weeks on an adequate diet. the livers of rats 
previously fed MDD still have patches of cells with large 
fat droplets. 

I 2 3 4 5 6 7 8 9 I0 II 

V ~ 4.72 kb 

C-MIrC 

1,87 kb 

Figure 1 Rapid effect of dietary methyl deficiency on accumulation 
of lipid in rat hver A: 48-hr feeding of MDD Mulhple large fat vacuoles 
(unstained areas) are obvious in most hepatocytes B: 96-hr feed,ng 
of MDD Fat vacuoles are greatly expanded in size compared w,th 
those seen at 48 nr Normal hepatocyte morphology ,s severely 
disrupted. Representative areas from formalin-fixed liver sechons 
processed as described ~n Methods and materials Animals were 
~nlected ,.p with BrdUrd 1 hr pnor to harveshng hver. Solid arrows 
indicate BrdUrd posihve nuclei Photomicrographs were taken at 
1000 x magnification 

Figure 2 Effect o! d,etary methyl defioency and subsequent feed- 
ng of an adequate d,et on levels of c-myc mRNA ,n rat hver Northern 
blot analys,s of poly(A • ) RNA (5 #g.'lane) of rats fed lane 1. centre! 
d~el (CSD) for 4 weeks: laqe 2. metnyl deficient diet (MDD) for 4 
weeks: lanes 3-5. CSD for 5 weeks: lanes 6-8. MDD for 4 weeks 
followed by CSD for 1 week. Lanes 9-11. MDD for 4 weeks followed 
by CSD for 3 weeks RNAs ,n each lane were prepared from indw,d- 
ua. livers. The blot was probed w~th pSVcmycl, which contains the 
second and tnird exons of the mouse c-myc gene All methods have 
been previously described "" 
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! 2 3 4 5 6 7 8 mw choline-deficient diets for 12 months.": Although wc 
have not bccn able to detect increased p53 protein pro- 
duction in rat liver after 4 weeks of fccding MDD by 
immunohistochcmical methods or by Western blotting 
(data not shown), levels of p53 mRNA incrcasc mark- 
cdlv within 2 wccks (Figure 4. hmcs 7.8).  This incrcasc 
is comparable to that found on feeding the hcpatocarcin- 
ogcns AAF or t),t,-ethionine for 2 to 4 weeks (Figure 
4, lanes 1. 4, 5) and only slightly lower than that ob- 
scrvcd in an AAF-induccd tumor (kigure 4. lane 9). 
Hpall  sites in thc p53 gcnc(s) that become hypomcthyl- 
ated in DNA from livers of rats fcd MDD (Figure 5, 
compare lancs 1, 2 with lanes 3, 4) can be detected 
using full-length human p53 eDNA as probe. ''~ Similar 
to what was observed for c-rove, c-tJa-ras, and c-]0s 
genes, loss of mcthylation at these sites persists for 
at least 3 wceks (lanes 5. 6). This suggests that 
hypomethylation of the p53 gent  may also act to 
enhance its transcription. However. because there are 
at least two p53 pseudogenes in the rat genomc. '~' it 
will be necessary to localize the tmmcthylated Hpall  

I I I  I 
itpall Mspl 

F igu re  3 Effect of dietary methy, deflc ency and sL.bsequen! feeo- 
ing of an adequa te  d.et on rrethylat lon of CCGG s,tes r: tqe c-myc 
ger',e Southern blot analysis of Hpal l  (la'~es 1 6) and Mspl (.Lanes 
7 8) d igested DNAs from rats fed aries 1 7 corr ,o l  diet (.CSD) for 
4 weeks, lane 2. me thy  deflc,ent diet (MDD) for 4 weeks ane 3 
MDD for 4 weeks fo l lowed by CSD for 3 weeks lanes 4.8 MDD for 
4 weeks ;ol lowed by CSD for 6 weeks Lane 5. MDD io" 4 weeks 
fol:ovved by CSD for 9 weeks. Lane 6 CS.D for 13 weeks Arrows 
ind care 'ragr'nents whose concenl ra l ,on was altered i r  d igests of 
DNA from MDD- 'ed  rats as comoa~ed with CSD-fed rar, s The blot 
was p robed  w.th a puri f ied 2 4 kbp Xbal-I- ' lndll l  f ragq 'e r t  f ro,r  
pSVc"nycl  that ipcludes the s e c o r d  and third oxen Of the moL.se 
c-roVe gone  ,. 

Effect of  MDD on p53 gene methylation and 
expression 

The p53 tumor supprcssor gcnc product, which can act 
as a transcription factor? ~ appears to negatively regulate 
passage of cells through the cell cycle. ~ .. . .  (['ells lacking 
functional p53 protein continue through S-phase after 
I)NA damage, while cells with normal p53 protein arrest 
in Gn. ''~ It has bccn suggested that loss of p53 or func- 
tional changes in p53 protcin that prevent this block 
might allow more frequent use of a damaged template 
and fixation of mutagcnic lesions. ''~ Expression of abnor- 
mal p53 protein has been detected in livers of rats fed 

I I I I I I I I  I 
- 4 . 7 2  k b 

/ 

r o w ,  mlb I l l  - 1 . 8 7 k b  

1 2 3 4 5  6 7 8  9 

Figure 4 Effect o' carcn logen feeding or meIt'.yl def ic iency on 
levels of P53 mRNA ,n rat iver Northern blot aria ysls of Doly(A 1- ) 
RNA (5 ~g .ane) el rats fed Lar'e ~. 0 06% wt..wt AAF :n PL.r na chow 
for 3 weeks, la res  2 3. PL.r~na chow rats age matched to tr 'ose fed 
(:ar(:~nogens ~or 2 and 4 weeks respechve~y, lanes 4.5 0 5% wtwt  
DL elh~on~ne r: Pdnna chow for 2 and 4 weeks, respechvely: a n e  
6 CSD for 2weeks .  lane 7 MDD for 2weeks .  l a n e 8  P u n n a c h o w  
for 10 rues ,ane 9. tur'nor ~ndL.cod by ~ee(J~ng of AAF re" 8 :'r'os AI 
rats were 6 8 weeks o d at the t~me fee(.,'~ng o' experr'ner~tal d~els 
was started Female Fisher 344 rats were dSed for exper iments w~th 
D.L-etl"~or~:ne feed~Pg because males are not sus(:ephble to D.L- 
elh~o",ne carc inogenes is  - Ma,e F~sher 344 rats were uh'.~zed for all 
o theroxpenrnents  The blot was p r o b e d w : t h a p t m f l e d 2  1 kbBan,f l l l  
f ragment fr(,m pnp53c1"  that ,":or'taft's "he er,t:re cod~nq reg,or~ (" 
ht.q'an P53 :.;DNA 
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1 2 3 4 5 6 

O 

. • 
| 

I I 

Hpall  

41. 

Figure 5 Effect o' d~etary mothy deficiency and subsequent feed- 
iqg of an adequate d~et o' metnylahor~ of CCGG s~tes ~n the p53 
gene Southern blot analys~s of Hpall (anes " 6) and Mspl (lane 
7) d~ges:ed DNAs from "ats fed lanes 1 conlrol d~et (CSD) for 4 
weeks, lane 2 me'.qyl-deflc~enl d~et (MDD} for 1 week: aries 3.4. 
MDD for 4 weeks: lane 5 MDD for 4 weeks followerj by CSD fo" 1 
week: ,ane 6. MDD for 4 weeks followed by CSD ~o, 3 weeks Ar'ows 
~nd ca'e fragments whose concentrahon was ~r'creased ~n d~gosts 
of DNA from hvers of rats 'ed MDD for 4 weeks [lanes 3 4 or MDD 
for 4 weeks followed by CSD for 1 3 weeks [lapes 5.6] as compared 
wilqan~malsfedCSDcont~nuobsy(lar 'e i) These add~horal bands 
~nd~cate that at east some CCGG s~tes ~r~ the 053 gone became 
comp ere y and sers,sten: y unmetbylated dt.Jnng the oe';od c' d,- 
etary methyl deficiency The olot was p'obec w~th a pur:fled 2 1 kb,. 
BamHI fragment from php53c1" that conta~r,,s the en!,re coding 
region of human 053 eDNA 

sites in the active p53 gene before a link betxveen 
the pattern of methvlation of the p53 gene and its 
expression can be established. 

D i s c u s s i o n  

Because of the rapid disruption of normal liver cell 
morphology and the large number  of metabolic changes 
induced by dietary lipotrope deficiency in rodents, it is 
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7 d i f f i cu l t  to  ascr ibe  the  d ie t ' s  a b i l i t y  to  p r o m o t e  o r  cause 

liver carcinogenesis to any one factor. Rapid fat accu- 
mulation in livers with accompanying and continued 
cycles of cell death and proliferation are likeh' to have 
a promoting effect on tumor developmcnt ,  acting to 

. favor the expansion of clones of initiated liver cells.-': ~-' "" 
Potentially mutagenic radicals gcncratcd by increased 
lipid peroxidation may also play the role of initiators 
of hepatocarcmo,cnems.  ":" Our studies havc  focused 

,,,, on early changes in transmethvlation reactions that are 
influenced by hepatic levels of AdoMct  and Adol lcv .  
The results of these studies arc consistenl with lhc hy- 
pothesis that the abilit~ of lipotropc-deficient diets to 

l ~  induce alterations in the pattern of DNA methvlation 
contributes to their promoting and carcinogenic poten- 

D tial by allowing incrcascd expression of some critical 
gcne or gcncs. Howc~cr,  it is highl.~ unlikely that the 
massixc changcs ~.c detect in extent of mcth\ lat ion in 
specific [)NA scquellces during MI)I )  feeding would 
be possible in the absence of the proliferative cffcct of 
the diet. Thc complelc disappearance of some largc 
Hpal l  fragments of the c-rove genes in the lixer after 4 
weeks of feeding MI_)D (/"igure 3. hmc 2) indicatcs that 
at least one I lpa[l site in these fragments has become 
completely unmethvlatcd in virtually al l  copies of this 
gene in the liver. It' loss of mcthvlation occurs primari b. 
its a result of lailure to methvlate nc~vh' synthesized 
I )NA after replication, almost all o f thc  cells in the liver 
would have to undergo 2 to 3 rounds of DNA replication 
in the absence of mcth\ lat ion at these site,, for such a 
COllvcrsiol3 to occur . ' ;  

()ur aitn in studying the effcct of restoring lipotropes 
to thc diets of rats led MI)D was to determine which 
of the changes resulting from short-term exposure to 
dictarv methvl-dcficiencv arc pcrsistent and ,  thus, morc 

Mspl likely Io bc preneoplastic or neoplastic in nature."" 
Among the parametcrs  ~vc have studied, changes in 
patterns of methvlalion of spccific gcnes proved to bc 
the most persistent, \v i th  sotnc C'('(}(; sites maintaining 
their unnleth~l,ttcd status for ;,is long as 9 weeks. Be- 
causc lhe percenlagc of proliferating lixer cells returns 
to a normal levcl within a te~v days of  restoring lipo- 
tropes to rats fcd MDD.  and overall Ic~cls of IRNA 
and DNA methvlation return to normal in 1 to 2 wccks, 
this persistent hypomethylation cannot be the result of 
continuing svnthcsis of hypomclhylated DNA. Rather,  
it indicates that dc novo mcthvh,tion at the completely 
unmcthvhtted sites rccognized by Hpai l  occurs very 
slowly, if at all. in adult rat hcpatocytcs. If this is the 
case, il can bc predicted tha! lhc pattcrn of methvlation 
of specific genes will rcturn to normal only if hcpato- 
cvtes with hypomethyhlted sites in their [)NA arc re- 
placcd by cells with normal patterns of methvlation 
during livcr cell turnover. This could occur if stem cclls 
in the liver were either better able to maintain normal 
patterns of DNA mcthvlation during feeding of a lipo- 
trope-deficient diet or bcttcr able to mcthvhtte com- 
pletely unmethxhitcd sites do tlOVO than nlature 
hepatocytes. 

While pcrsistcnt hypomethyhition of c-row', cqbs, 
and c-tla-ras genes m a \  be required for the sustained 
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increase in transcript levels observed lit the liver during 
MI) I )  feeding, it is clearly not sufficient to maintain 
them in quiescent cells. Levels of c -eve ,  cqo.s, and c- 
tta-ra.s m R N A s  return to normal within 1 to 3 weeks 
of restoring an adequate source of lipotropcs to thc dim 
while hypomethylat ion of these genes may persist for 
up to 9 weeks. This suggests that transcription factors 
needed for efficient expression of these genes inav be 
prescnt only in mitogenically stimulated or proliferating 
liver cells. However .  if hyponlcthylatcd growth regula- 
tory gerics are more readily activated than the corres- 
ponding gcnes with normal patterns of methvlation for 
adult liver, cells containing thc hypomethytated genes 
may, be more likely to escape normal conslrainls on cell 
division when exposed to low doses of carcinogen or to 
mitogenic stimuli. 

Current  theories of carcinogenesis postulate that 
multiple gone alterations arc necessary for the develop- 
ment of malignant tumors."> -: Thcsc include actix alien 
of several classes of onccgenes,  inactivation or loss of 
tumor suppressors,  and changes m expression of genes 
rcguhiting metastasis. Activation of oncogencs can bc 
accomplished by mutation,  amplification, or increased 
levels tit" expression." '  Loss of the negative influence 
of tumor suppressors on cell grmvth can occur either 
through gone deletion or inactivation or inlroducthm of 
mutations that cause loss of function in the product of 
one or both alleles. <~-~ 

As deseribed above, feeding of a lipotropc-deficient 
diet leads to increased levels of p53 mRNA in the liver 
aiTd decreased rnethvlation of sites irl a p53 gene. This 
result is the opposite of what would be expcclcd if early 
silencing of p53 expression by increased mcthvlation of 
the p53 genc plays a role in the carcinogenic effects 
of lipotropc dcficiencx. Beck, use mcrcases in both p53 
m R N A  and protein occur prior to DNA s~nthesis in 
iTontransforined quiescent cells stimulated to elTter thc 
cell c\'clc, -¢ increased p53 m R N A  levels may simply 
reflect the fact that most of the cells in the liver of 
lipotropc-dcficient animals have been recruited fronl (ill 
into active cell division. A second possibility is that the 
increase in p53 m R N A  represents a cclluhu response 
to increased oxidative damage to DNA. I.evels of p53 
proteir i  have beell  shown to increase  in l 'espt)nse to 
DNA damage.  ''~ This causes cells that produce normal 
p53 to arrest in (;; and allov~.s repair of I )NA lesions. 
(.'ells that do not express p53 protein or express a nlulunl 
p53 protein continue through S-phase, presumably 
allowing more frequent use of damaged DNA temphltes 
and fixation of mutagenic lesions."' lnterestingl,~, it has 
been reported that overproduction of normal p53 pro- 
loin can lead to self aggregation and loss of functh,)n; a 
correlation has been found between the elevated stabil- 
ity of normal p53 that results from sell" aggregation and 
cell transformation.-" Conversely,  overexprcssion el  
normal p53 protein can inhibit focus formation bv trans- 
formed cells and cause apoptosis m cells lackmg normal 
p53 function. '-  :" 

The low levels of p53 protein found in normal cells 
are the result of production of p53 protein with a charac- 
teristically short half life." ...... Our  inability to detect ill- 
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creased levels of p53 protein in livers of rats fed MDD 
for 4 weeks tends to favor the hypothesis that p53 
m R N A  levels in the livers of methyl-deficient rats arc 
elevated in proportion to the number  of cycling cells. 
but that little p53 protein accumuhttes because of ils 
rapid turnover. However.  wc cannot rule out the possi- 
bility that overproduction of p53 protein occurs in a 
small proportion of liver cells undergoing apoptosis,  or 
that with continued feeding of MDD some cells arc 
transformed through overproduction of p53 protein. 

There are a number  of indications that common altcr- 
aliens in gone expression occur during the process of 
hepatocarcinogenesis,  regardless of thc initiating carcin- 
ogen or promoting regime. Thesc include increased ex- 
pression of c - eve  and onc or more rnembers of lhe rus 
gene family and decreased expression of cell surface 
receptors such as the epidermal grov,'th factor receptor 
and the insulin receptor. ''~: Many of these alterations 
are still present in liver tumor cells. For example, hypo- 
methvlation of ( ' ( ' G G  silcs in the region of the second 
to third oxen of the c - eve  gone, the same sites thal 
become pcrsistcntly hypomethylated after feeding t)f ~, 
methyl dcficicnt diet, arc a common feature of tumor- 
derivcd cell lines and human hepatomas." .... An incrcasc 
in the Icvcl of p53 m R N A  appears to fall in this catego D 
of changes. The same elevated levels of p53 m R N A  arc 
fotind ill AAF-induced liver tumors: in livers of rats 
fed methyl-deficient diets: livers of rats fecl AAF,  a 
mulagenic carcinogen that forms I )NA adducts: and 
livers of rats fed t.-ethionme, a nonmutagenic carcino- 
gen that acts to inhibit transmethvlation reactions. 

The methyl-deficient diet employed in onr studies is 
soscxerc  that it does not allow survixal of rats for the 70 
Io g() ~vceks required for tun]or formation." '  Hmvevcr,  
feeding MI)I )  for 15 weeks, followed by maintenance 
on a cho~ dict. is sufficient it) achieve a 24 < i iricidcncc 
of ncophtstic nodules in the liver2' suggcsting that tile 
irreversible changes required for tumor dcvclopmerii 
occur fairlx rapidly with this dict. Studies are in progress 
comparing the effects of MDD fceding on liver cell 
division and gone expression in age-matched rats contin- 
uallv fed CSI) and rats that halve recovered from a 4- 
week course of MDI)  feeding that still have h,vpomcth- 
vlatcd silcs in liver I)NA. These studies should allow 
;.ill evaluation of the importance of persistent under-  
mcthvlation of growth rcguhitory genes for hcpatocarci- 
nogcncsis. 

Although it is unlikely that human diets arc ever as 
severely mcthvl deficient as the experimental  diet used 
here, m many parts of the ~orld it is not uncommon to 
find diets that are marginally dcficicnt in lipotropes."" 
In both rural and industrialized nations, excess intake 
of alcohol, administration of certain therapeutic drugs, 
and exposure to mycotoxins or chemical carcinogens are 
not infrequent. '~ ' ...... "All of these factors arc capable of 
inhibiting DNA methvhition either b,~ reducing AcloMct 
levels, inactivating [)NA mcth.vltransferase, or modi- 
fying I )NA in such a way as to render it a poor substratc 
for methvhition. If unmethylatcd sites m specific genes 
induced I:Lv exposure to intermittent exposure to dietary 
methyl deficiency or other factors that inhibit I )NA 
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methylation are as resistant to de novo  methylation as 
the experimentally induced unmethylated sites detected 
in our studies, it is possible that cumulative hypomethyl-  
a/ion of genes could contribute to the causation of liver 
cancer in humans.  
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