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Introduction

The methyl deficiency model of hepatocarcinogenesis
is notable because hepatocellular carcinomas (HCCs)
arise in rodents chronically fed methyl-deficient diets,
without intentional or adventitious exposure of the ani-
mals to chemical carcinogens,'-* or genetic manipula-
tions of the animals.®-° The tumorigenicity of these diets,
therefore, appears to reside solely on effects they have
on rodent liver. Unfortunately, a large number and vari-
ety of those effects are known, and have been known for
some time,'%-!7 while newly discovered ones are being
steadily reported in the literature. This situation obvi-
ously complicates the evaluation of and search for which
effect(s) contribute(s) to the tumorigenicity of the diets,
and, in particular, directly results in, or leads to, the
genomic alterations that are responsible for cancer in-
duction. Nonetheless, such an effort is ongoing in sev-
eral laboratories, and several promising leads and
working hypotheses are being pursued at the present
time.

In this paper we shall review briefly the results ob-
tained by us in this effort, as well as the hypothesis that
has been underlying our work. Our studies have been
performed on rats fed semi-purified diets, either ade-
quate in choline (CS diet), or essentially devoid of cho-
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line (CD diet), both providing about 50% of the
methionine daily requirement of young, growing rats.
Their detailed composition has been previously re-
ported.*'® When fed initially to young male Fischer-
344 rats, the CD diet has been shown to induce HCCs
consistently, with incidences varying from 30% to 70%,
depending on experimental modalities, and, especially,
the duration of the treatment.>*!® These incidences are
comparable with those observed in the same strain and
sex of rats fed other formulations of methyl-deficient
diets,>? with one exception.'?

The tumorigenicity of methyl-deficient diets: a
working hypothesis

In male Fischer-344 rats, the CD diet causes a condition
of hepatitis that results from repeating cycles of liver
cell death and regeneration, lasting for as long as the
diet is fed.?'-2¢ Induction of such a hepatitis, though, is
not unique to the CD diet, but appears to be a common
effect of all methyl-deficient diets, and to be actually
much more accentuated by some of them.'*2 We attach
a great significance to this hepatitis and the mitogenesis?’
that causes it because we think that it is the major
single effect that underlies the hepatocarcinogenicity of
methyl-deficient diets (Figure 1). Female Fischer-344
rats are largely resistant to CD diet-induced mitogen-
esis, and do not develop HCCs.252

The role that mitogenesis may have in the pathogene-
sis of human and experimental tumors is the object of
much consideration and discussion at the present time,
and the many ways in which it could lead to genomic
alterations, relevant to cancer genesis, have been con-
sidered extensively.?-*3! Two broad classes of mecha-
nisms may be envisaged, one of “accidents” occurring
during the processes of cell replication and the other of
events related instead to cell death, such as the inflam-
matory response elicited by the need to remove cell
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Figure1 Time-course of the intensity of mitogenesis (cell prolifera-
tion induced by cell death; solid line) in relation to the initiation,
promotion, and progression stages of hepatocarcinogenesis in male
Fischer-344 rats fed the CD diet throughout (double solid lines?528).
In two separate studies,?6?” HCCs developed in male Fischer-344
rats fed a methyl-deficient diet for 3 to 4 months (double dotted lines),
followed by feeding control diets (single dotted line), indicating that
initiation occurs during the most intense period of mitogenesis.

debris. Cancer genesis is a multistep process,®>* in
which transition of one step to the next is determined
by the occurrence of genomic alterations that generate
new clones of cells, having heritable phenotypic changes
that favor the genesis of yet further altered clones.?*
The mitogenesis caused by methyl-deficient diets in the
liver, a normally mitotically quiescent organ, could very
well generate such relevant genomic alterations directly
as the result of ““accidents” in cell replication processes.
On the other hand, the enhanced rate of cell division
could lead to the “fixation” of other types of liver cell
DNA damage or of epigenetic changes, such as those
that could arise from nucleotide pool imbalances, hy-
pomethylation of genes,”-* or from the action of oxy-
gen free radicals produced by inflammatory cells.
Another DNA change that can probably be ascribed to
the inflammatory response that accompanies mitogen-
esis by the CD diet is formation of significant levels of
8-OHdG,** which is mutagenic.®

The neoplasia stage

In approaching the study of proto-oncogene activation
by the CD diet, we have so far focused mainly on the
very last stage of the model, because the approach we
adopted was to first screen tumors for the presence of
relevant alterations, and for those detected, to endeavor
to establish then whether they could have occurred at
earlier times in the treatment of the animals. One crite-
rion we used in assessing the relevance of any alteration
was that it be present not only in the tumors, but also
in nontumoral portions of tumor-bearing livers, or in
nontumor-bearing livers of similarly treated rats; that
is, to have an indication that the alteration might have
occurred before, and might have thus contributed to,
the genesis of the tumors.

The level of expression of several proto-oncogenes
was examined, including H-ras, K-ras, and N-ras,* and

myb, n-myc, erb-b, and raf (unpublished observations).
Various degrees of increase in the transcript level of
these proto-oncogenes, relative to those in the liver of
rats fed the control CS diet, were observed in tumors,
but not in nontumoral portions of tumor-bearing livers,
or nontumor-bearing livers of rats fed the CD diet for
an equal period of time. Southern blot analyses re-
vealed no structural alteration of the genes, such as
translocation, deletion, or amplification. Moreover, in
unpublished studies in collaboration with S. Sukumar,
3T3 cell transformation assays performed on 10 HCCs
showed an absence of transforming genes, effectively
ruling out the presence of ras gene mutations. The gene
transcript elevations were thought therefore to be
mostly a reflection of active cell proliferation in the
tumors, rather than contributors to their genesis, and
were considered thus as not “relevant.”

The opposite conclusion was, however, reached in
studies concerning the c-myc proto-oncogene.** Four-
teen of 14 HCCs analyzed were found to carry an ampli-
fication of this gene, ranging from two to 70 fold, and
were accompanied by corresponding increases in tran-
script levels. The amplification was larger in tumors that
arose in rats fed sequentially the CD and control CS
diets than in tumors that developed in rats fed the CD
diet throughout. In the former, low levels of c-myc am-
plification were observed in nontumoral portions of tu-
mor-bearing livers, and amplification of the gene was
present also in 2 HCCs that developed in rats fed the
CD diet for only 3 months, followed by feeding the
control diet for 13 months. Thus, either the amplifica-
tion itself occurred early, or the stage for its later occur-
rence was set early in the treatment of the rats. It
appears, therefore, that occurrence of c-myc amplifica-
tion might be one of the genomic alterations contribut-
ing to the neoplastic transformation of cells in this
nutritional model of hepatocarcinogenesis.

More recently, we directed our attention to two
tumor suppressor genes, the RB and p53 genes. By
Southern blot analysis, a structural alteration of the RB
gene was detected in two of 13 HCCs analyzed, and in
none of 13 non-tumoral portions of tumor-bearing liv-
ers. The alteration consisted of novel hybridization
bands, which were unique to individual tumors.* Alter-
ations of the RB gene, therefore, do not appear to be
one of the more prominent features of CD diet-induced
HCCs. In contrast, mutations of the p53 gene were
found to be present with high frequency in these
HCCs.%7 Availability of highly specific antibodies to mu-
tant p53 proteins made it possible to study this alteration
not only by cDNA sequencing, but also by immunoblot-
ting and immunostaining. Twenty-two of 27 tumors ex-
amined by immunostaining and 18 of 20 analyzed by
immunoblotting revealed the presence of mutant p53
proteins (Figure 2). cDNA sequencing was performed
on 11 HCC:s that expressed mutant p53 proteins. Seven
were found to contain point mutations within the 120-
290 codon region of the gene, and one a microdeletion
in the same region. The site of the mutations was unique
in each tumor, because it involved either different co-
dons or different bases in the same codon; no mutational
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Figure 2 HCC metastasis in the lung of a male Fischer-344 rat fed
the CD diet for 6 months, and then the CS diet for 10 months. The
section was immunostained with the anti-p53 monoclonal antibody
PADb240 and counterstained with hematoxylin. Note the heavy pres-
ence of reaction product (black), predominantly in the cell cyto-
plasm.

hot spot was therefore observed. These findings are
consistent with the lack of evidence that the diet fed to
the rats contains aflatoxin B, or that the animals are
exposed during treatment to other relevant chemical
carcinogen contaminants in their total environ-
ment.23#-50 On the other hand, mutation and amplifica-
tion are structural gene alterations that could very well
originate from a cell replication “accident,””*5! and the
observed randomness of the p53 mutations is also con-
sistent with such a notion.

p53 and c-myc are both involved in the regulation of
cell proliferation,’2* and it may be more than just a
coincidence to find that they are both altered in HCCs
arising after a protracted period of highly abnormal liver
cell turnover. In this respect, however, it should be
noted that alterations of neither the p53 nor the c-myc
genes have been detected in HCCs that arise in
transgenic mice carrying the hepatitis B virus (HBV)
surface antigen.** This model of hepatocarcinogenesis
shares with the CD-diet model the fact that the tumors
also develop after a protracted period of severe liver
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injury and repair, also considered to be the primary
factor in the pathogenesis of these tumors.s Reactiva-
tion of the insulin-like growth factor II gene is one gene
change observed in HBV transgenic mice.* By contrast,
we found that expression of this gene is unchanged
throughout the stages of CD-diet hepatocarcinogenesis,
including the tumors (Figure 3). Distinct differences
appear to exist in the set of oncogenes that contribute
to hepatocarcinogenesis in different animal species. -
The discordant findings made in the two models, there-
fore, may reflect species differences more than being
contradictory of the primary pathogenetic role of mito-
genesis. In human HCCs, c-myc alterations®- and p53
mutations®-# have been reported to occur with moder-
ate frequencies. The type of p53 mutations has been
also observed to vary in different regions of the world.
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Figure 3 Dot-blot analyses of 8 and 2 ug of total RNA, probed
with an IGF-I} ¢cDNA. (A) CD-diet-induced HCCs (T), nontumoral
portions of tumor-bearing livers (L), and livers of rats fed the control
diet (CS); no appreciable differences are apparent. (B) Time course
expression of IGF-1l in the liver of rats fed exclusively either the CD
diet, or the control diet, for the number of weeks (W) or months (M),
as indicated; again no appreciable differences are seen.
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In areas in which both aflatoxin B, and HBV are risk
factors, the mutations have been found to be prevalently
clustered around codon 249 of the gene, pointing to
aflatoxin as the most likely causative agent of the tu-
mors.%7 On the other hand, in areas where HBV but
not aflatoxin B, is a risk factor, the mutations have
been found to be scattered throughout the p53 gene,
implicating the abnormal cell turnover due to the HBV
hepatitis as being most likely responsible for the muta-
tions and the genesis of the tumors.” The CD diet model
of hepatocarcinogenesis in the rat, therefore, seems to
mimic fairly well the latter type of human HCCs.

The progression and promotion stages

In rats fed the CD diet, immunochemical evidence was
also obtained that shows that the occurrence of p53
mutations precedes tumor development, at least at a
time somewhat late in the natural history of these tu-
mors. Positive immunoblotting and/or immunostaining
results were obtained in nontumoral portions of tumor-
bearing livers, and in nontumor-bearing livers of rats
fed the CD diet for 10 months or longer.+ In the latter,
focal areas of mutant p53 positive hepatocytes were
seen, which, in a few cases, could be clearly identified
as preneoplastic nodules. However, the majority of the
positive areas had a cytology and overall morphology
more consistent with those of regenerative nodules in
a fibrotic liver. This observation obviously deserves fur-
ther scrutiny and study, because it could provide clues
about the cell lineage in the development of HCCs in
this model. It is indeed not clear to us, at the present
time, what this cell lineage is. In particular, we have as
yet no direct evidence of the early presence in the liver
of focal clones of cells bearing p53 mutations, c-myc
amplification, or alterations of any other proto-onco-
gene.

Other groups have reported the early occurrence in
rats fed methyl-deficient diets of epigenetic changes of
great potential significance and relevance to the tumori-
genicity of these diets. Those involving gene methyla-
tion are reviewed in this issue by Christman,? while
Shinozuka reviews changes in the expression of growth
factors and their receptors,® and Dr. S.H. Zeisel re-
views changes in signal transduction pathways.% There
appears to be little doubt that epigenetic changes can
play a critical role in a carcinogenic process, as in the
case of those that favor the expansion of clones of al-
tered cells.® To be relevant and significant, though, it
seems that an epigenetic change would have to facilitate
or directly lead to the generation of a new clone of
cells at greater risk of evolution to cancer, if sequential
clonogenicity of newer “hits” is indeed the only means
of cancer genesis.®

The initiation stage

The earliest clones of altered cells that have been seen
so far in the liver of rats fed methyl-deficient diets are
foci of y-glutamyltranspeptidase (GGT) or glutathione

S-transferase, placental form (GST-P) positive hepato-
cytes,*20:8-88 the same type of early lesion that is almost
invariably seen in chemical models of hepatocarcinogen-
esis.® In the latter, the foci represent clonal expansion
of individual cells initiated by the chemical carcino-
gens.” Because chemical carcinogens are not involved
in the tumorigenicity of methyl-deficient diets, two pri-
mary, but not mutually exclusive, possibilities therefore
exist, insofar as the stage of initiation is concerned:
either the diets act as complete carcinogens, able to
initiate liver cells de novo, as well as to promote the
evolution of these cells to cancer; or the diets act simply
as promoters of the evolution to cancer of liver endoge-
nous initiated cells (EICs).

The existence of EICs in rodent liver,* including the
liver of Fischer-344 rats, is now supported by a fairly
large body of experimental evidence.*® Two specific
traits are characteristic of these cells: (1) they bear some
of the same phenotypic changes that are used to identify
and characterize evolving cells initiated by chemical car-
cinogens, such as GGT or GST-P positivity; and (2)
they are present either as single cells or clusters of vari-
ous sizes in the liver of colony animals or of control
rodents not treated with chemical carcinogens. EICs
have been seen in the livers of young and untreated
male Fischer-344 rats,”? and in unpublished observations
we made in collaboration with Shinozuka, in the livers
of newborn male Fischer rats.

A possible, if not probable, involvement of EICs
in the tumorigenicity of methyl-deficient diets, was
clearly indicated by the results of short-term studies
recently performed by Shinozuka et al.® Upon feeding
a CD diet to young male Fischer-344 rats not exposed
to a chemical carcinogen, an increasing number of
single GST-P—positive celis were observed to appear
in the liver, which gradually converted into doublets,
triplets, and eventually into foci of GST-P-positive
hepatocytes. Thus, to the extent that GST-P is indeed
a marker of initiated cells, and that hepatocytes in
GST-P positive foci are indeed precursors of HCCs,
these investigators concluded that a CD diet could very
well act as a pure promoter of the clonal expansion and
evolution of EICs to HCCs.®# Observations consistent
with a participation of EICs in the tumorigenicity of
methyl-deficient diets have been made also in long-
term studies. At least two groups have noted that
only a very iimited number of focal lesions develop
before the HCCs, a number comparable with that
with which spontaneous foci are observed to occur in
the livers of colony rats.?* Occurrence of EICs,
moreover, is not exclusive to the liver.* In experiments
of 16-month duration or longer, we have observed the
development of pre-neoplastic, benign, and occasional
malignant lesions in the pancreas of male and in the
pancreas and breast of female Fischer-344 rats. These
lesions, however, developed with similar incidences
irrespective of whether the rats were fed the CD diet,
or the control, CS diet.?>** We interpreted therefore
their development as being simply the result of the
evolution of EICs present in those organs. The argu-
ments presented above, of course, do not amount to
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proof that methyl-deficient diets act merely and solely
as promoters. However, it seems to us that such a
possibility, and the whole phenomenology and rele-
vance of EICs to carcinogenesis processes, cannot be
simply ignored as proposed by Farber.* In this respect,
one is reminded of the views long held by this author
vis-a-vis the concept of a stem cell compartment in
rodent and human livers. It is amazing indeed to see
the evolution undergone by this concept,®% since
investigators decided to look into it, rather than to
dismiss it.

Unfortunately, a clear and convincing proof that
the diets act as complete carcinogens is also not
available as yet, and the list of potential mechanisms
whereby these diets could lead to an initiation of liver
cells de novo is certainly not short.#'5-'.3" In recent
years, an attractive hypothesis has been formulated
by Ghoshal et al.,”” at least insofar as the CD diet
is concerned. Briefly stated, the hypothesis consists
of generation by this diet of free radicals in the liver
that would trigger a peroxidation of nuclear membrane
phospholipids, leading to DNA damage, and, thereby,
to an initiation of liver cells de novo.® It is surprising,
though, that in almost a decade of work on this
hypothesis, Ghoshal and co-workers have produced
as yet no direct evidence of the presence of conjugated
dienes in the phospholipids of liver nuclear mem-
branes. When this critical question was examined by
us, none was found.® Moreover, the origin of the
conjugated dienes that are detected in the total and
neutral lipids of these livers was traced to stable
fatty acids with conjugated dienes present in the
hydrogenated fat used in the formulation of the CD
diet.” Indeed, when diets containing only corn oil
were used, neither we®* nor Ghoshal et al.'® could
detect conjugated dienes any longer in any of the liver
lipids. Recently, another group, using an altogether
different methodology, also found no evidence of liver
phospholipids peroxidation in mice fed the same CD
diet, while some of the mice nonetheless developed
HCCs. %! Relevant DNA damage, however, could re-
sult from the action of oxygen free radicals produced
by inflammatory cells,1% DNA modifications gener-
ated by altered metabolism such as imbalances in
nucleotide pools* or formation of 8-OHdG,**? or the
epi-mutagenicity of gene undermethylation.!** There
is evidence that cells having the potential to evolve
fully to HCC are already present in male Fischer-344
rats after the initial 3 to 4 months of feeding a
methyl-deficient diet.?1% This is the time during which
mitogenesis by the CD diet is the most intense (Figure
1).5 Thus, initiation of liver cells de novo could also
be a direct result of mitogenesis.> Finally, irrespective
of the mechanism and nature of the first relevant
event induced by these diets, EICs, as well as non-
initiated hepatocytes, could be its targets. There are
no obvious reasons why EICs would be spared the
effects of these diets, including the first relevant event;
as a result of it, though, they would be one step
ahead of hepatocytes initiated de novo.*!% Methyl-
deficient diets, therefore, could very well act at the
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same time as complete carcinogens and pure promot-
ers; given the clonal origin of tumors,'” it may be
eventually feasible to test this possibility.

The mitogenesis of methyl-deficient diets

As acknowledged recently by Ghoshal and Farber,*
Hartroft was one of the most careful pathologists to
study liver changes in choline deficiency.> Here is his
description of how far hepatocytes can accommodate
the uniquely large*!' amounts of fat they have to con-
tend with when rats are fed a CD diet: “If the animals
are maintained on a low-choline diet for 1 or 2 months,
many of the intracellular fat droplets are released from
their parent cells by a process of rupture. The fat, now
extracellular, is contained within the lumen of a cyst.”’18
This description applies equally well, if not better, to
the fatty liver induced by the CD diet currently used in
both Ghoshal and Farber* (see Figure 2, taken after 2
weeks of feeding) and our laboratory (see Figure 7,
taken after 4 weeks).'® In light of present knowledge, it
would be hard to conceive that hepatocytes can survive a
rupture of the plasma membrane and remain viable.
The mechanism described by Hartroft, therefore, might
very well not be the only cause of cell death, and hence
proliferation, in these livers, even though none other
has been as clearly identified and documented as yet;
however, it is certainly one major, if not the major,
cause of it, as even Ghoshal and Farber appear to con-
cede in their earlier paper.?* If one considers that the
rate of fat accumulation in individual hepatocytes is
asynchronous, it is not surprising at all that such a mech-
anism can result in cell death and proliferation within
a few days of feeding.

We think, finally, that the historical records show
that the discovery of the lipotropic action of choline by
Best!® was not accidental,® but the result of a decade
of persistent and very methodical work.!1

Conclusions

In conclusion, considerable progress has been made in
recent years in the study of the multi-faceted and com-
plex effects of methyl-deficient diets on rat liver, and
in the assessment of their potential relevance to the
tumorigenicity of the diets. The overall picture, though,
is still fragmentary, and much of the progress seems to
have been made more at a phenomenological, rather
than mechanistic, level. This appears to be particularly
true in the case of the activation of whatever oncogenes,
and the genesis and nature of the genomic alterations,
that are required for the initiation, promotion, and pro-
gression of the HCCs induced by these diets.

Acknowledgments

We wish to express our thanks to Mrs. Pamela Trbovich
for assistance in the preparation of the manuscript.



Methyl deficiency and hepatocarcinogenesis: Lombardi and Smith

References

1

10

11

12

13
14

15

16

17

18

19

20

21

22

Newberne, P.M., de Camargo, J.L.V., and Clark, A.J. (1982).
Choline deficiency, partial hepatectomy, and liver tumors in
rats and mice. Toxicol. Pathol. 2, 95-106

Mikol, Y.B., Hoover, K.L., Creasia, D., and Poirier, L.A.
(1983). Hepatocarcinogenesis in rats fed methyl-deficient,
amino acid-defined diets. Carcinogenesis 4, 1619-1629
Ghoshal, A.K. and Farber, E. (1984). The induction of liver
cancer by a dietary deficiency of choline and methionine with-
out added carcinogens. Carcinogenesis §, 1367-1370
Lombardi, B. (1989). The choline-devoid diet model of hepato-
carcinogenesis in the rat. In Chemical Carcinogenesis, (F. Feo,
P. Pani, and R. Garcea, eds.), p. 563-581, Plenum Press, New
York, NY USA

Lombardi, B., Chandar, N., and Locker, J. (1991). Nutritional
model of hepatocarcinogenesis - Rats fed a choline-devoid diet.
Dig. Dis. Sci. 36, 979-984

Masuda, R., Yoshida, M.C., Sasaki, M., Dempo, K., and
Mori, M. (1988). High susceptibility to hepatocellular carci-
noma development in LEC rats with hereditary hepatitis. Jpn.
J. Cancer Res. 79, 828-835

Chisari, F., Klopein, K., Pasquinelli, C., Dunsford, H.A.,
Sell, S., Pinkert, C., Palmiter, R., and Brinster, R. (1989).
Molecular pathogenesis of hepatocellular carcinoma in hepati-
tis B virus transgenic mice. Cell 59, 1145-1156

Schirmacher, P., Held, W.A., Yang, D., Biempica, L., and
Rogler, C.E. (1991). Selective amplification of periportal tran-
sitional cells precedes formation of hepatocellular carcinoma
in SV40 large TAg transgenic mice. Am. J. Path. 139, 231-241
Lee, G.H., Merlino, G., and Fausto, N. (1992). Development
of liver tumors in transforming growth factor-a transgenic
mice. Cancer Res. 52, 5162-5170

Best, C.H. and Huntsman, M.E. (1932). The effects of the
components of lecithine upon deposition of fat in the liver. J.
Physiol. 75, 405-412

Lucas, C.C. and Ridout, J.J. (1967). Fatty livers and lipotropic
phenomena. Progr. Chem. Fats Other Lipids 10, 1-150
Hartroft, W.S. (1954). The sequence of pathological events
in the development of experimental fatty livers and cirrhosis.
Ann. N.Y. Acad. Sci. 57, 633-641

Lombardi, B. (1971). Effects of choline deficiency on rat hepa-
tocytes. Fed. Proc. 30, 139-142

Rogers, A.E. and Newberne, P.M. (1980). Lipotrope defi-
ciency in experimental carcinogenesis. Nutr. Cancer2,104-112
Shinozuka, H. and Katyal, S.L. (1985). Pathology of Choline
Deficiency. In Nutritional Pathology, (H. Sidransky, ed.), p.
279-320, Marcel Dekker, New York, NY USA

Newberne, P.M. (1986). Lipotropic Factors and Oncogenesis.
In Essential Nutrients in Carcinogenesis, (L.A. Poirier, P.M.
Newberne, and M.W. Pariza, eds), p. 223-251, Plenum Press,
New York, NY USA

Zeisel, S.H. (1992). Choline: An important nutrient in brain
development, liver function and carcinogenesis. J. Am. Coll.
Nutr. 11, 473-481

daCosta, K.A., Cochary, E.F., Blusztajn, J.K., Garner, S.C.,
and Zeisel, S.H. (1993). Accumulation of 1,2-sn-diradylglyc-
erol with increased membrane-associated protein kinase C may
be the mechanism for spontaneous hepatocarcinogenesis in
choline-deficient rats. J. Biol. Chem. 268, 2100-2105
Nakae, D., Yoshiji, H., Mizumoto, Y., Horiguchi, K., Shira-
iwa, K., Tamura, K., Denda, A., and Konishi, Y. (1992). High
incidence of hepatocellular carcinomas induced by a choline
deficient L-amino acid defined diet in rats. Cancer Res. 52,
5042-5045

Sawada, N., Poirier, L., Moron, S., Xu, Y.H., and Pitot,
H.C. (1990). The effect of choline and methionine deficiencies
on the number and volume percentage of altered hepatic foci
in the presence or absence of diethylnitrosamine initiation in
rat liver. Carcinogenesis 11, 273-281

Rogers, A.E. and MacDonald, R.A. (1965). Hepatic vascula-
ture and cell proliferation in experimental cirrhosis. Lab. In-
vest. 14, 1710-1726

Abanobi, S.E., Lombardi, B., and Shinozuka, H. (1982).

24

25

26

27

28

29

30

31

32

33

34

35
36

37

38

39

40

41

42

43

44

Stimulation of DNA synthesis and cell proliferation in the
liver of rats fed a choline-devoid diet and their suppression by
phenobarbital. Cancer Res. 42, 412-415

Giambarresi, L.K., Katyal, S.L., and Lombardi, B. (1982).
Promotion of liver carcinogenesis in the rat by a choline-devoid
diet: role of liver cell necrosis and regeneration. Br. J. Cancer
46, 825-829

Ghoshal, A.K., Ahluwalia, M., and Farber, E. (1983). The
rapid induction of liver cell death in rats fed a choline-deficient
methionine-low diet. Am. J. Pathol. 113, 309-314

Chandar, N., Amenta, J., Kandala, J.C., and Lombardi, B.
(1987). Liver cell turnover in rats fed a choline-devoid diet.
Carcinogenesis 8, 669-673

Chandar, N. and Lombardi, B. (1988). Liver cell proliferation,
and incidence of hepatocellular carcinomas, in rats fed consecu-
tively a choline-devoid and choline-supplemented diet. Carci-
nogenesis 9, 259263

Ames, B.N. and Gold, L.S. (1990). Chemical carcinogenesis:
Too many rodent carcinogens. Proc. Natl. Acad. Sci. (U.S.A.)
87, 7772-7776

Ghazarian, D.M., Stoik, D., Farber, E., and Ghoshal, A K.
(1990). The protective role of the ovary in the liver damage
induced by a choline deficient diet. Proc. Am. Assc. Cancer
Res. 31, 143a

Saito, R., Palomba, L., Rao, K.N., and Lombardi, B. (1991).
Resistance of female Fischer-344 rats to the hepatonecrogenic
and hepatocarcinogenic actions of a choline-devoid diet. Carci-
nogenesis 12, 1451-1457

Cohen, S.M. and Ellwein, L.B. (1990). Cell proliferation in
carcinogenesis. Science 249, 1007-1011

Preston-Marton, S., Pike, M.C., Ross, R.K., Jones, P.A,
and Henderson, B.E. (1990). Increased cell division as a cause
of human cancer. Cancer Res. 50, 7415-7421

Foulds, L. (1964). Tumor progression and neoplastic develop-
ment. In Cellular Control Mechanisms and Cancer, (P. Em-
melot and O. Muhlbock, eds.), p. 242-258, Elsevier,
Amsterdam, The Netherlands

Farber, E. (1984). The multistep nature of cancer develop-
ment. Cancer Res. 44, 4217

Nowell, P.C. (1976). The clonal evolution of tumor cell popula-
tions. Science 194, 23-28

Fearon, E.R. and Vogelstein, B. (1990). A genetic model for
colorectal tumorigenesis. Cell 61, 759-767

James, S.J., Cross, D.R., and Miller, B.J. (1992). Alterations
in nucleotide pools in rats fed diets deficient in choline, methio-
nine and/or folic acid. Carcinogenesis 13, 2471-2474

Poirier, L.A. (1986). The role of methionine in carcinogenesis
in vivo. In Essential Nutrients in Carcinogenesis, (L.A. Poirier,
P.M. Newberne, and M.W. Pariza, eds), p. 269-282, Plenum
Press, New York, NY USA .

Locker, J., Reddy, T.V., and Lombardi, B. (1986). DNA
methylation and hepatocarcinogenesis in rats fed a choline-
devoid diet. Carcinogenesis 7, 1309-1312

Locker, J., Hutt, S., and Lombardi, B. (1987). Alpha-feto-
protein gene methylation and hepatocarcinogenesis in rats fed
a choline-devoid diet. Carcinogenesis 8, 241-246

Dizik, M., Christman, J K., and Wainfan, E. (1991). Alter-
ations in expression and methylation of specific genes in livers
of rats fed a cancer promoting methyl-deficient diet. Carcino-
genesis 12, 1307-1312

Hinrichsen, L.I., Floyd, R.A., and Sudilovsky, O. (1990). Is
8-hydroxyguanosine a mediator of carcinogenesis by a choline-
devoid diet in the rat liver? Carcinogenesis 11, 18791881
Nakae, D., Yoshiji, H., Maruyama, H., Kinugasa, T.,
Denda, A., and Konishi, Y. (1990). Production of both 8-
hydroxydeoxy-guanosine in liver DNA and -y-glutamyltransfe-
rase-positive hepatocellular lesions in rats given a choline-
deficient, L-aminoacid-defined diet. Jpn. J. Cancer Res. 81,
1081-1084

Cheng, K.G., Cahill, D.E., Kasai, H., Nishimura, S., and
Loeb, L.A. (1992). 8-hydroxyguanine, an abundant form of
oxidative DNA damage, causes G->T and A->C substitutions.
J. Biol. Chem. 267, 166-172

Chandar, N., Lombardi, B., Schultz, W., and Locker, J.

J. Nutr. Biochem., 1994, vol. 5, January 7



Review

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

(1987). Analysis of ras genes and linked viral sequences in rat
hepatocarcinogenesis. Am. J. Path. 129, 232-241

Chandar, N., Lombardi, B., and Locker, J. (1989). c-myc gene
amplification during hepatocarcinogenesis by a choline-devoid
diet. Proc. Natl. Acad. Sci. (U.S.A.) 86, 2703-2707

Smith, M.L., Chandar, N., and Lombardi, B. (1993). Low
frequency of RB gene alterations in rat models of hepatocarci-
nogenesis (in press)

Smith, M.L., Yeleswarapu, L., Scalamogna, P., Locker, J.,
and Lombardi, B. (1993). p53 mutations in hepatocellular car-
cinomas induced by a choline-devoid diet in male Fischer-344
rats. Carcinogenesis 14, 503-510

Gupta, R.C., Earley, K., Locker, J., and Lombardi, B. (1987).
#2P-postlabeling analysis of liver DNA adducts in rats chroni-
cally fed a choline-devoid diet. Carcinogenesis 8, 187-189
Li, D., Chandar, N., Lombardi, B., and Randerath, K. (1989).
Reduced accumulation of I-compounds in liver DNA of rats
fed a choline-devoid diet. Carcinogenesis 10, 605-607

Li, D., Xu, D., Chandar, N., Lombardi, B., and Randerath,
K. (1990). Persistent reduction of indigenous DNA modifica-
tion (I-Compound) levels in liver DNA from male Fischer rats
fed a choline-devoid diet and in DNA of resulting neoplasms.
Cancer Res. 50, 7577-7580

Stark, G.R., Debatisse, M., Giuliotto, E., and Wahl, G.M.
(1989). Recent progress in understanding mechanisms of mam-
malian DNA amplification. Cell 57, 901-908

Levine, A.J. and Momand, J. (1990). Tumor suppressor genes:
the p53 and retinoblastoma sensitivity genes and gene products.
Biochem. Biophys. Acta. 1032, 119136

Eisenman, N. (1989). Nuclear Oncogenes. In Oncogenes and
the Molecular Origins of Cancer, (R.A. Weinberg, ed.), p.
175-221, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY USA

Pasquinelli, C., Bhavani, K., and Chisari, F.V. (1992). Multi-
ple oncogene and tumor suppressor genes are structurally and
functionally intact during hepatocarcinogenesis in hepatitis-B
virus transgenic mice. Cancer Res. 52, 2823-2829

Dunsford, H.A., Sell, S., and Chisari, F. (1990). Hepatocarci-
nogenesis due to chronic liver cell injury in hepatitis B virus
transgenic mice. Cancer Res. 50, 3400-3407

Schirmacher, P., Held, W.A., Yang, D., Chisari, F.V., Rus-
tum, Y., and Rogler, C.E. (1992). Reactivation of insulin-
like growth factor-1I during hepatocarcinogenesis in transgenic
mice suggests a role in malignant growth. Cancer Res. 52,
2549-2556

Donehower, L.A., Harvey, M., Slagle, B.L., McArthur, M.J.,
Montgomery Jr., C.A., Butel, 1.S., and Bradley, A. (1992).
Mice deficient for p53 are developmentally normal but suscep-
tible to spontaneous tumors. Nature 356, 215-221

Anderson, M.W. and Reynolds, S.H. (1989). Activation of
oncogenes by chemical carcinogens. In The Pathobiology of
Neoplasia, (A. Sirica, ed.), p. 291-304, Plenum Press, New
York, NY USA

Yager, J.D. and Zurlo, J. (1989). Oncogene activation and
expression during carcinogenesis in liver and pancreas. In The
Pathobiology of Neoplasia, (A. Sirica, ed.), p. 399-417, Ple-
num Press, New York, NY USA

Strom, S.C. and Faust, J.B. (1990). Oncogene activation and
hepatocarcinogenesis. Pathobiology 58, 153-167

Kaneko, Y. Shibuya, M., Nakayama, T., Hayashida, N.,
Toda, G., Endo, Y., Oka, H., and Oda, T. (1985). Hypometh-
ylation of c-myc and epidermal growth factor receptor genes
in human hepatocellular carcinoma and fetal liver. Jpn. J.
Cancer Res. 76, 1136-1140

Zhang, X,-K., Huang, D.-P., Chiu, D.-K., and Chiu, J.-F.
(1987). The expression of oncogenes in human developing liver
and hepatomas. Bioch. Biophys. Res. Commun. 142, 932-938
Nambu, S., Inoue, K., and Sasaki, H. (1987). Site-specific
hypomethylation of the c-myc oncogene in human hepatocellu-
lar carcinoma. Jpn. J. Cancer Res. 78, 695-704

Zhang, X.-K., Huang, D.-P., Qiu, D.-K., and Chiu, J.-F.
(1990). The expression of c-myc and c-N-ras in human cirrhotic
livers, hepatocellular carcinomas and liver tissue surrounding
the tumors. Oncogene 5, 909-914

8 J. Nutr. Biochem., 1994, vol. 5, January

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

Arbuthnot, P., Kew, M., and Fitschen, W. (1991). c-fos and
¢-myc oncoprotein expression in human hepatocellular carcino-
mas. Anticancer Res. 11, 921-924

Locker, J. (1991). Gene amplification during stages of carcino-
genesis. In Boundaries between Promotion and Progression
during Carcinogenesis, (O. Sudilovsky et al., eds.), p. 157-170,
Plenum Press, New York, NY USA

Farshid, M. and Tabor, E. (1992). Expression of oncogenes
and tumor suppressor genes in human hepatocellular carci-
noma and hepatoblastoma cell lines. J. Med. Virol. 38, 235~
239

Bressac, B., Galvin, K., Liang, T.J., Isselbacher, K., Wands,
J.R., and Ozturk, M. (1990). Abnormal structure and expres-
sion of the p53 gene in human hepatocellular carcinoma. Proc.
Natl. Acad. Sci. (U.S.A.) 87, 1973-1977

Bressac, B., Kew, M., Wands, J., and Ozturk, M. (1991).
Selective G to T mutations of p53 gene in hepatocellular carci-
noma from southern Africa. Nature 350, 429-431

Hsu, [.C., Metcalf, R.A_, Sun, T., Welsh, J.A., Wang, N.J.,
and Harris, C.C. (1991). Mutational hotspot in the p53 gene
in human hepatocellular carcinomas. Nature 350, 427-428
Walker, G.J., Hayward, N.K., Falvey, S., and Cooksley,
W.G.E. (1991). Loss of somatic heterozygosity in hepatocellu-
lar carcinoma. Cancer Res. 51, 4367-4370

Murakami, Y., Hayashi, K., Hirohashi, S., and Sekiya, T.
(1991). Aberrations of the tumor suppressor p53 and retino-
blastoma genes in human hepatocellular carcinomas. Cancer
Res. 51, 5520-5525

Buetow, K.H., Sheffield, V.C., Zhu, M.H., Zhou, T.L.,
Shen, F.M., Hino, O., Smith, M., Mcmahon, B.J., Lanier,
A.P., London, W.T., Redeker, A.G., and Govindarajan, S.
(1992). Low frequency of p53 mutations observed in a diverse
collection of primary hepatocellular carcinomas. Proc. Natl.
Acad. Sci. (U.S.A.) 89, 9622-9626

Oda, T., Tsuda, H., Scarpa, A., Sakamoto, M., and Hiro-
hashi, S. (1992). p53 gene mutation spectrum in hepatocellular
carcinoma. Cancer Res. 52, 6358-6364

Laurentpuig, P., Flejou, J.F., Fabre, M., Bedossa, P., Belgh-
iti, J., Gayral, F., and Franco, D. (1992). Overexpression of
pS3 - A rare event in a large series of white patients with
hepatocellular carcinoma. Hepatology 16, 1171-1175
Ozturk, M., and Collaborators. (1992). p53 mutation in hepa-
tocellular carcinoma after aflatoxin exposure. Lancer 338,
1356-1359

Challen, C., Lunec, J., Warren, W., Collier, J., and Bassen-
dine, M.F. (1992). Analysis of the p53 tumor-suppressor gene
in hepatocellular carcinomas from Britain. Hepatology 16,
1362-1366

Hollstein, M.C., Wild, C.P., Bleicher, F., Chutimataewin, S.,
Harris, C.C., Srivatanakul, P., and Montesano, R. (1993).
p33 mutations and aflatoxin-B1 exposure in hepatocellular car-
cinoma patients from Thailand. Int. J. Cancer 53, 51-55
Nishida, N., Fukuda, Y., Kokuryu, H., Toguchida, J., Yan-
dell, D.W., Ikenega, M., Imura, H., and Ishizaki, K. (1993).
Role and mutational heterogeneity of the p53-gene in hepato-
cellular carcinoma. Cancer Res. 53, 368-372

Yap, E.P.H., Cooper, K., Maharaj, B., and Mcgee, J.O.
(1993). p53 codon 249ser hot-spot mutation in HBV-negative
hepatocellular carcinoma. Lancer 341, 251

Christman, J.K., Chen, M.L., Sheikhnejad, G., Dizik, M.,
Abileah, S., and Wainfan, E. (1993). Methyl deficiency, DNA
methylation and cancer: Studies on the reversibility of the
effects of a lipotrope deficient diet. J. Nutr. Biochem. 4,
672-680

Shinozuka, H., Masuhara, M., Kubo, Y., and Katyal, S.L.
(1993). Growth factor and receptor modulations in rat liver by
choline-methionine deficiency. J. Nutr. Biochem. 4, 610617
Zeisel, S.H. (1993). Choline phospholipids: signal transduc-
tion and carcinogenesis. J. Nutr. Biochem. 4, 258-263
Sarma, D.R.S., Rao, P.M., and Rajalakshmi, S. (1986). Liver
tumor promotion by chemicals: models and mechanisms. Can-
cer Surv. 5, 782-798

Farber, E. and Rubin, H. (1991). Cellular adaptation in the
origin and development of cancer. Cancer Res. 51, 2751-2761



86

87

88

89
90

91

92

93

94

95

96
97

98

Methyl deficiency and hepatocarcinogenesis: Lombardi and Smith

Ghoshal, A K., Rushmore, T.H., and Farber, E. (1987). Initi-
ation of carcinogenesis by a dietary deficiency of choline in
the absence of added carcinogens. Cancer Lett. 36, 289-292
Nakae, D., Yoshiji, H., Maruyama, H., Kinugasa, T., Denda,
A., and Konishi, Y. (1990). Production of both 8-hydroxydeox-
yguanosine in liver DNA and +y-glutamyltransferase-positive
hepatocellular lesions in rats given a choline-deficient, L-amino
acid defined diet. Jpn. J. Cancer Res. 81, 1081-1084
Yokota, K., Singh, U., Shinozuka, H. (1990). Effects of a
choline-deficient diet and a hypolipidemic agent on single glu-
tathione-S-transferase placental form-positive hepatocytes in
rat liver. Jpn. J. Cancer Res. 81, 129-134

Pitot, C. (1990). AHF: their role in murine hepatocarcinogen-
esis. Annu. Rev. Pharmacol. Toxicol. 30, 465-500
Weinberg, W.C., Berkwiths, L., and Iannacone, P.M. (1987).
The clonal nature of carcinogen-induced altered foci of gamma-
glutamyl transpeptidase expression in rat liver. Carcinogenesis
8, 565-570

Schulte-Hermann, R., Timmermann-Troisiener, 1., and
Schuppler, J. (1983). Promotion of spontaneous preneoplastic
cells in rat liver as a possible explanation of tumor production
by nonmutagenic compounds. Cancer Res. 43, 839-844
Moore, M.A., Nakagawa, K., Satoh, K., Ishikawa, T., and
Sato, K. (1987). Single GST-P positive cells - putative initiated
hepatocytes. Carcinogenesis 8, 483-486

Longnecker, D.S., Chandar, N., Sheahan, D.G., Janosky,
E., and Lombardi, B. (1991). Preneoplastic and neoplastic
lesions in the pancreas of rats fed choline-devoid or choline-
supplemented diets. Toxicol. Pathol. 19, 59-65

Ghoshal, A K. and Farber, E. (1993). Choline deficiency,
lipotrope deficiency and the development of liver disease in-
cluding liver cancer: a new perspective. Lab. Invest. 68,
255-260

Gerber, M.A. (1993). Editorial. Liver stem cells and develop-
ment. Lab. Invest. 68, 253-254

Travis, J. (1993). The search for liver stem cells picks up.
Science 259, 1829

Rushmore, T.H., Ghazarian, D.M., Subrahmanyan, V.,
Farber, E., and Ghoshal, A.K. (1987). Probable free radical
effects on rat liver nuclei during early hepatocarcinogenesis
with a choline-devoid low-methionine diet. Cancer Res. 47,
6731-6740

Banni, S., Salgo, M.G., Evans, R.W., Corongiu, F.P., and
Lombardi, B. (1990). Conjugated diene and trans fatty acids

99

100

101

102

103

104

105

106

107

108

109

110

in tissue lipids of rats fed an hepatocarcinogenic choline-devoid
diet. Carcinogenesis 11, 2053-2057

Banni, S., Evans, R.W., Salgo, M.G., Corongiu, F.P., and
Lombardi, B. (1990). Conjugated diene and trans fatty acids
in a choline-devoid diet hepatocarcinogenic in the rat. Carcino-
genesis 11, 2047-51

Moreno, F.S., Ghazarian, D.M., Sharma, R.K., Farber, E.,
and Ghoshal, A K. (1990). Free radical generation and DNA
alteration in rat liver by choline deficient diet with 15% corn
oil. Proc. Am. Assoc. Cancer Res. 31, 143a

Yoshida, L.S., Miyazawa, T., Hatayama, 1., Sato, K., Fuji-
moto, K., and Kaneda, T. (1993). Phosphatidylcholine peroxi-
dation and liver cancer in mice fed a choline-deficient diet with
ethionine. Free Radic. Biol. Med. 14, 191-199

Halliwell, B. and Aruoma, O.1. (1991). DNA damage by oxy-
gen-derived species - its mechanism and measurement in mam-
malian systems. FEBS Lert. 281, 9-19

Wei, H. (1992). Activation of oncogenes and or inactivation
of anti-oncogenes by reactive oxygen species. Med. Hypotheses
39, 267-270

Holliday, R. (1991). Mutations and epimutations in mamma-
lian cells. Mutat. Res. 250, 351-363

Hoover, K.L., Lynch, P.H., and Poirier, L.A. (1984). Pro-
found postinitiation enhancement by short-term severe methio-
nine, choline, vitamin B12 and folate deficiency of
hepatocarcinogenesis in F344 rats given a single low-dose dieth-
yl-nitrosamine injection. J. Natl. Cancer Inst. 73, 1327-1336
Dragani, R.A., Manenti, G., Colombo, B.M., and Della
Porta, G. (1991). Genetic susceptibility to murine hepatocarci-
nogenesis. In Chemical Carcinogenesis 2: Modulating Factors,
(A. Columbano, F. Feo, R. Pascale, and P. Pani, eds.), p.
165~176, Plenum Press, New York, NY USA

Sidransky, D., Frost, P., von Eschenbach, A., Oxasu, R.,
Presinger, A.C., and Vogelstein, B. (1992). Clonal origin of
bladder cancer. N. Engl. J. Med. 326, 737-740

Hatroft, W.S. (1951). Histological studies on fatty infiltration
of the liver in choline-deficient rats. In Liver Diseases, (8.
Sherlock, ed.), p. 90-96, J&A Churchill Ltd, London, UK
Yokohama, S., Sells, M.A., Reddy, T.V., and Lombardi, B.
(1985). Hepatocarcinogenic and promoting action of a choline-
devoid diet in the rat. Cancer Res. 45, 3834-3842
Newberne, P.M. (1993). The methyl deficiency model: History
characteristics and research directions. J. Nutr. Biochem. 4,
618-624

J. Nutr, Biochem., 1994, vol. 5, January 9



