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POTENTIAL FOR ONCOGENE EXPRESSION IN THE LIVER AND IN
SPONTANEOUS AND CHEMICALLY-INDUCED HEPATOMAS
OF THE B6C3F1 MOUSE

by

Roseann Lorraine Vorce

The male hybrid B6C3F1 mouse exhibits a 30% spontaneous hepatoma
incidence, whereas the paternal C3H/He strain and the maternal C57BL/6 strain
exhibit a 60% and a negligible incidence, respectively. The Ha-ras, Ki-ras, and
myc oncogenes have been implicated in a variety of solid tumors. Specifically,
Ha- and, less frequently, Ki-ras have been reported to be activated in B6C3F1
mouse liver tumors. The first objective of this study was to examine two possible
points of transcriptional control of Ha-ras, Ki-ras, and myc in all three mouse
strains, the hypothesis being that these oncogenes may be primed for expression in
the nascent liver of those strains exhibiting a high spontaneous hepatoma
incidence.

A positive correlation has been established between gene expression and
both hypomethylation and the presence of DNase I hypersensitive sites. It was
found that Ha-ras is hypomethylated in a site-specific manner in B6C3F1 and
C3H/He mouse liver as compared to C57BL/6 mouse liver. DNase I hypersensitive
sites were observed in the Ha-ras and myc oncogenes in the three mouse strains.
However, Ha-ras appears to possess an additional site in B6C3F1 and C3H/He as
compared to C57BL/6. Similarly, the Ki-ras oncogene exhibited a DNase I
hypersensitive site only in B6C3F1 and C3H/He mouse liver. These results
indicate that the hepatoma-prone strains (B6C3F1 and C3H/He) may have a
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greater potential for Ha- and Ki-ras expression than does the non-hepatoma-prone
strain (C57BL/6). This may explain, in part, the high propensity of B6C3F1 and
C3H/He mice toward hepatoma development.

It was also hypothesized that Ha-ras, Ki-ras and myc have an increased
potential for expression in B6C3F1 mouse liver tumors. Therefore, the methyla-
tion states of these genes was examined in spontaneous liver tumors and in tumors
induced by three diverse hepatocarcinogens: benzidine, phenobarbital, and
chloroform. Ha-ras was found to be hypomethylated in all tumors examined,
whereas Ki-ras was sometimes hypomethylated. The methylation state of myc
usually was unaltered, although this gene appeared to be amplified in tumors.
These results suggest that a compounent of the mechanism by which these
oncogenes are activated in B6C3F1 mouse liver tumors involves an increased
potential for expression, via hypomethylation of the ras oncogenes and amplifi-
cation of myc. Therefore, it appears that common mechanisms may underlie the
development of both spontaneous and chemically-induced B6C3F1 mouse liver

tumors.



ACKNOWLEDGEMENTS

I sincerely thank Dr. Jay Goodman for his guidance and encouragement
throughout this project. Our many and varied discussions have been vital to my
development both as a scientist and as a person. The conscientious participation
of Drs. Hsing-Jien Kung, James Trosko, Robert Roth, and Ken Moore as members
of my guidance committee is very much appreciated. I also thank Dr. John Burch
for his suggestions regarding the DNase I experiments; Laurie Mead Varner for
technical assistance; and Diane Hummel for her expertise during the preparation
of this dissertation.

The award of a competitive fellowship by The Pharmaceutical Manufactur-
ers Association Foundation, Inc., is gratefully acknowledged.

The friendship of Karen Mudar, Jean Ray, Beth VandeWaa, Debbie MacKen-
zie-Taylor, Donna Lehman, Candy, Ginger, and Murray has been invaluable to me
during the course of this project. Finally, I thank my husband, Paul Stemmer, for

his unwavering love, patience, and support.



TABLE OF CONTENTS

LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS

INTRODUCTION

1.
2.

3.

4.
5.

The B6C3F1 mouse in carcinogen bioassays
Oncogene involvement in tumorigenesis

A. Oncogenes as normal components of the genome
B. Oncogenes in neoplastic growth
C. Activated oncogenes in B6C3F1 mouse liver tumors

Methylation and transcriptional activity of genes

A. Methylation as a regulation point of gene transcriptions

B. Gene activation through induction of a hypomethylated
state

C. Hypomethylation and cancer

D. Use of restriction endonucleases to assess gene methyla-
tion state

Deoxyribonuclease I hypersensitivity and transcriptional acti-
vity of genes
Hypothesis and experimental objectives

MATERIALS AND METHODS

1.
2.
3.

6.

Aunimals: Maintenance and carcinogen treatment

Isolation of DNA: Marmur method

Restriction enzyme digestion, agarose gel electrophoresis and
Southern transfer of DNA to nitrocellulose paper

A. Restriction enzyme digestion

B. Agarose gel electrophoresis
C. Southern transfer

Amplification and isolation of plasmids containing pRSA 13 and
myc Pst I fragment

Nick translation of the Ha-ras BS-9 probe

Hybridization of DNA affixed to nitrocellulose membranes

Page

vii

—t

Nk b

1
10

(=]

12
15

17

19
23

26

26
27

28

28
28
29

30
31
33



TABLE OF CONTENTS (continued)

7.

8.
9.

10.
11.

12.

13.
14.
15.

RESULTS
1.
2.
3.

4.
5.

Simultaneous isolation of DNA and RNA: CsCl method

A. DNA isolation
B. RNA isolation

Isolation of DNase I-treated DNA
Restriction enzyme digestion, electrophoresis, and Southern
transfer of DNA to Gene Screen Plus

A. Restriction enzyme digestion
B. Agarose gel electrophoresis
C. Southern transfer

Labelling of probes with 32p, Random primers method
Hybridization of DNA affixed to Gene Screem Plus with
labelled probes

Electrophoresis and Northern transfer of DNA

A. Preparation of RNA
B. Electrophoresis and Northern transfer

Hybridization of Northern blots
Assessment of RNA integrity

Autoradiography

325,

Methylation status of the Ha-ras, Ki-ras, and myc oncogenes in
B6C3F1, C3H/He, and C57BL/6 mouse liver

Oncogene methylation state in B6C3F1 mouse liver tumors
Assessment of oncogene methylation state with Hha I

DNase I studies

RNA studies

DISCUSSION

1.

Differential potential for expression of oncogenes in B6C3F1,
C3H/He, and C57BL/6 mouse liver

A. Hypomethylation of Ha-ras in B6C3F1 and C3H/He mouse
liver

B. Methylation state of the Ki-ras and myc oncogenes in
B6C3F1, C3H/He, and C57BL/6 mouse liver

C. DNase I hyperseunsitive sites in oncogenes

Increased potential for oncogene expression in 36C3F1 mouse
liver tumors

A. Hypomethylation of the Ha-ras oncogene
B. Hypomethylation of the Ki-ras oncogene
C. Amplification and hypomethylation of the myc oncogene

33

34
34

35

36

36
37
37

38

38
39

39

40
41
42

43

57
74

110
120

120

120

125
125

127

127
130
132



TABLE OF CONTENTS (continued)

Page
3. Level of Ha-ras mRNA in benzidine-induced B6C3F1 mouse
liver tumors 134
4. Implication of increased potential for oncogene expression 136
SUMMARY AND CONCLUSIONS 140

BIBLIOGRAPHY 142



LIST OF TABLES

Table Page
1 Methylation state of the Ha-ras in three mouse strains 46
2 Ha-ras mRNA levels in benzidine-induced B6C3F1 mouse liver

tumors and adjacent non-tumor tissue 119



Figure

10

11
12

13

14

LIST OF FIGURES

Recognition sites of the restriction endonucleases Msp I,
HpaII, and Hha I

Schematic diagram of chromatin alterations involved in gene
activation and the relationship of these changes to semsitivity
of genes to DNase I digestion

Methylation state of the Ha-ras oncogene in B6C3F1, C3H/He,
and C57BL/6 mouse liver using the BS-9 clone

Methylation pattern of the Ha-ras oncogene in coutrol mice

Methylation pattern of the Ha-ras oncogene in mice of the
opposite sex

Effect of the omission of the depurination step on the transfer
of large DNA fragments

Methylation status of the Ki-ras oncdgene in control mice
Methylation status of the myc oncogene in control mice

Methylation status of the Ki-ras oncogene in mice of the
opposite sex

Methylation status of the myc oncogene in mice of the
opposite sex

Methylation status of the serum albumin gene in control mice

Methylation status of the Ha-ras ouncogene in benzidine-
induced hepatic tumors and adjacent non-tumor tissue

Lack of effect of depurination on the methylation assessment
of Ha-ras in benzidine-induced tumor and non-tumor tissue

Methylation status of the Ha-ras oncogene in phenobarbital-
and chloroform-induced hepatic tumors

18

20

47

49

50
51
52

55
56

58

59

60



LIST OF FIGURES (continued)

Figure

15

16

17

18

19

20

21

22

25

26

27

Methylation status of the Ha-ras oncogeme in spoutaneous
hepatic tumors

Methylation status of the Ki-ras oncogene in benzidine-
induced hepatic tumors and adjacent non-tumor tissue

Methylation status of the Ki-ras oncogene in phenobarbital-
and chloroform-induced hepatic tumors

Methylation status of the Ki-ras oncogene in spontaneous
hepatic tumors

Methylation status of the Ha-ras oncogene following partial
hepatectomy

Methylation status of the Ki-ras oncogene following partial
hepatectomy

Methylation status of the myc oncogene in benzidine-induced
hepatic tumors and adjacent non-tumor tissue

Methylation status of the myc oncogene in phenobarbital- and
chloroform-induced hepatic tumors

Methylation status of the myc oncogene in spontaneous hepa-
tic tumors

Methylation status of the serum albumin gene in benzidine-
induced hepatic tumors and adjacent non-tumor tissue

Methylation status of the serum albumin gene in phenobarbi-
tal- and chloroform-induced hepatic tumors

Methylation status of the serum albumin gene in spontaneous
hepatic tumors

Hha I assessment of the methylation state of the Ha-ras
oncogene in B6C3F1, C3H/He, and C57BL/6 mouse liver

Hha I assessment of the methylation state of the Ha-ras
oncogene in benzidine-induced tumors and adjacent non-tumor
tissue

62

63

64

66

69

70

n

72

73

75

76

7

79

82



LIST OF FIGURES (continued)

Figure
29

30

31

32

33

34

35

36

37

38
39

41

Hha I assessment of the methylation state of the Ha-ras
oucogene in phenobarbital-induced, chloroform-induced, and
spoutaneous hepatic tumors (short exposure time)

Hha I assessment of the methylation state of the Ha-ras
oncogene in phenobarbital-induced, chloroform-induced, and
spontaneous hepatic tumors (long exposure time)

Hha I assessment of the methylation state of the Ki-ras
oncogene in B6C3F1, C3H/He, and C57BL/6 mouse liver
\

Hha I assessment of the methjhtion state of the Ki-ras
oncogene in benzidine-induced tumors and adjacent non-tumor
tissue

Hha I assessment of the methylation state of the Ki-ras
oncogene in phemnobarbital-induced, chloroform-induced, and
spontaneous hepatic tumors

Hha I assessment of the methylation state of the myc onco-
geue in B6C3F1, C3H/He, and C57BL/6 mouse liver

Hha I assessment of the methylation state of the myc onco-
gene in benzidine-induced tumors and adjacent non-tumor
tissue

Hha I assessment of the methylation state of the myc onco-
gene in phenobarbital-induced, chloroform-induced, and spon-
taneous hepatic tumors

Hha I assessment of the methylation state of the serum
albumin gene in B6C3F1, C3H/He, and C57BL/6 mouse liver

Extent of DNA digestion in DNase I-treated nuclei

Assessment of the Ha-ras oncogene for the presence of DNase
I hypersensitive sites in B6C3F1 mouse liver using EcoR1

Assessment of the Ha-ras oncogene for the presence of DNase
I hypersensitive sites in C3H/He mouse liver using EcoR1

Assessment of the Ha-ras oncogene for the presence of DNase
I hypersensitive sites in C57BL/6 mouse liver using EcoR1

85

86

88

90

92

95

96
99

101

103

104



LIST OF FIGURES (continued)

Figure

42

45

46

47

49

51

52
53

Assessment of the Ha-ras oncogene for DNase I hypersensitive
sites in B6C3F1 mouse liver using Hind III

Confirmation of the presence of a Ha-ras band at 1.9 kb in
DNase I-treated B6C3F1 mouse liver DNA digested with Hind
m

Assessment of the Ha-ras oncogene for the presence of DNase
I hypersensitive sites in C3H/He mouse liver using Hind I

Assessment of the Ha-ras oncogene for the presence of DNase
I hypersensitive sites in C57BL/6 mouse liver using Hind III

Assessment of the Ki-ras oncogene for the presence of DNase
I hypersensitive sites in B6C3F1 mouse liver

Assessment of the Ki-ras oncogene for the presence of DNase
I hyperseunsitive sites in C3H/He mouse liver

Assessment of the Ki-ras oncogene for the presence of DNase
I hypersensitive sites in C57BL/6 mouse liver

Assessment of the myc oncogene for the presence of DNase I
hypersensitive sites in B6C3F1 mouse liver

Assessment of the myc oncogene for the presence of DNase 1
hypersensitve sites in C3H/He mouse liver

Assessment of the myc oncogene for the presence of DNase I
hypersensitive sites in C57BL/6 mouse liver

Assessment of RNA integrity

Levels of Ha-ras mRNA in benzidine-induced tumors and
adjacent non-tumor tissue

Page

105

106

107

108

109

111

112

113

114

115
116

118



LIST OF ABBREVIATIONS

DEN diethylnitrosamine
DNA deoxyribonucleic acid
DNaseI deoxyribonuclease I
Ha-ras Harvey-ras

Ki-ras Kirsten-ras

mRNA messenger RNA

RNA ribonucleic acid
RNase ribonuclease

SAM S-adenosylmethionine



INTRODUCTION

1. The B6C3F1 Mouse in Carcinogen Bioassays

The B6C3F1 mouse (male C3H/He x female C57BL/6) was developed by the
National Cancer Institute in the 1960s for use in carcinogen bioassays. Several
advantages exist for the choice of this strain in these long-term studies (Cameron
et al,, 1985). As a hybrid, the B6C3F1 mouse is genetically heterogeneous, a trait
shared with the human population, and hybrids exhibit increased hardiness and
longevity over inbred strains. In addition, the B6C3F1 mouse has a low incidence
of mammary tumors and leukemia relative to many murine strains. However, the
male B6C3F1 mouse has a spontaneous hepatoma incidence of approximately 30%
(Becker, 1982; Maronpot et al., 1987); spontaneous hepatoma incidence in females
is much lower at 7-8% (Maroupot et al., 1987). This characteristic is heritable
and, in males, intermediate between that of the paternal C3H/He strain and the
maternal C57BL/6 strain which exhibit 60% incidence and virtually zero inci-
dence, respectively, at 18 months of age (Becker, 1982). Tumors exhibit a low
level of malignancy, and neither metastasize nor kill the host.

The liver of the B6C3F1 mouse (both males and females) is extremely
sensitive to tumor induction by a wide variety of chemicals, including classic
tumor initiators such as diethylnitrosamine (DEN) (Vesselinovitch and Mihailovich,
1983; Stowers et al.,, 1988), N-hydroxy-2-acetylaminofluorene (Wiseman et al.,
1986), and other genotoxicants (Ashby and Tennant, 1988). In addition, a number
of Ames test-negative chemicals effectively induce liver tumors in this animal

(Ashby and Tennant, 1988). An example of a chemical falling into this category is



phenobarbital, a non-mutagenic rodent tumor promoter. This chemical is able to
increase the hepatoma incidence in B6C3F1 mice to 100% when admiunistered in
drinking water at a concentration of 0.05% for one year (Becker, 1982).
Furthermore, the B6C3F1 mouse liver appears to be semnsitive to hepatoma
induction by high doses of some chemicals, including trichloroethylene and other
chlorinated ethane derivatives, which rarely produce tumors in other species or at
other sites (Claysom, 1987). Another chemical falling into this category is
butylated hydroxytoluene (BHT), a widely used food preservative which is not
considered mutagenic. BHT has been reported to cause liver tumors in male, but
not female, B6C3F1 mice at the maximum tolerated dose of 2% in the diet (Inai
et al,, 1988). In fact, a comprehensive survey evaluating 222 chemicals conducted
by the U.S. National Cancer Institute/National Toxicology Program revealed that
mouse liver accounts for 24% of all chemical/tissue reports of carcinogenicity
among the 115 carcinogens plus the 24 equivocal carcinogens evaluated for
carcinogenicity in B6C3F]1 mice and Fisher 344 rats (Ashby and Tennant, 1988).
This same survey found that only 30% of the mouse liver-specific carcinogens are
mutagenic in the Ames test. Thus, it is obvious that some characteristic of
B6C3F1 mouse liver counfers upon it a predisposition to the development of
tumors.

The high spontaneous hepatoma incidence and semsitivity to chemical
induction of liver tumors in the B6C3F1 mouse have fueled the controversy over
whether or not mouse liver tumors are a valid endpoint for carcinogen bioassays.
The classification of mouse liver-positive chemicals as carcinogens, despite
negative results in both a bioassay using another rodent species and the Ames
test, is especially disconcerting. It is interesting to note that phenobarbital, were
it bioassayed today, would be placed in the Environmental Protection Agency's

Category I (probable human carcinogen), with zero tolerance and no threshold. In



reality, epidemiological studies have produced no evidence that chronic admini
stration of this drug is carcinogenic in humans (Clemmesen and Hjalgrim-Jensen,
1978a,b, 1980, 1981). In addition, Becker (1982) found that phenobarbital is unable
to induce liver tumors in the non-hepatoma prome C57BL/6 mouse, although
B6C3F1 and C3H/He mice, both of which are hepatoma-prone strains, showed a
strong positive response. Thus, the simple extrapolation of the results of the
carcinogen bioassay to a wide variety of species based on a positive response in
mouse liver alone may be an overly conservative interpretation.

Based on the above discussion, data generated using the B6C3F1 mouse in
carcinogen bioassays led to the suggestion that this animal exhibits an abnormal
response during the promotion phase of tumor development. Supporting this view
is the finding by Drinkwater and Ginsler (1986) and Hanigan and coworkers (1988)
that the increased susceptibility of the paternal, hepatoma-prone C3H/He mouse
over the maternal, non-hepatoma-prone C57BL/6 mouse to DEN induction of liver
tumors is heritable and largely determined by a single genetic locus which appears
to exert its effects during tumor promotion. Specifically, the proliferative rate
of both normal and preneoplastic hepatocytes is increased in animals possessing
this HCS (hepatocarcinogen semsitivity) locus. Similarly, Dragani et al. (1987)
have hypothesized that the increased susceptibility to carcinogenesis induced by
DEN/1,4-bis [ 2-(3,5-dichloropyridyloxy)] benzene (a phenobarbital-like chemical)
observed in B6C3F1 mice as compared to a non-hepatoma-prone murine strain is
due to a higher proliferative rate of initiated B6C3F1 hepatocytes.

Because promotion is considered to cousist of epigenetic alterations (i.e.,
changes in gene expression) which lead to a proliferative advantage of initiated
cells, this study was designed to examine putative coutrol points of transcriptional
activity of specific oncogenes believed to be involved in hepatocarcinogenesis.

The hepatoma-prone B6C3F1 mouse is an excellent model in which to study the



molecular mechanisms by which a phenotypically normal cell is transformed into a
malignant cell. In addition, it is hoped that the rational interpretation of

carcinogen bioassay data will be facilitated by the results presented herein.

2. Oncogene Involvement in Tumorigenesis
A. Oncogenes as normal components of the genome

Oncogenes are a group of normal cellular genes which are highly
conserved in evolution (Shilo, 1984; Shilo and Weinberg, 1981) and appear to play a
vital role in normal growth and differentiation. For example, the myc oncogene is
differentially expressed both temporally and spatially during development of the
fetal and neonatal mouse (Slamon and Cline, 1984; Ruppert et al., 1986;
Zimmerman et al, 1986) and in developing human placenta (Pfeifer-Ohlsson et al.,
1984). The src oncogene has been implicated in the differemtiation of neural
tissue, and fos appears to be involved in the differentiation of cells of different
hematopoietic lineage (Muller, 1986).

The expression of a number of oncogenes has been demonstrated to be
cell cycle-dependent, i.e., expression of these genes is minimal or absent in
quiescent cells, but greatly elevated in proliferating cells (for review see
Kaczmarek, 1986). Oncogenes falling into this category include myc, fos, myb,
Ha-ras, Ki-ras, and N-ras. The expression of two of these (myc and myb) have
been found to vary in a mammer dependent on the different stages of the cell
cycle.

Although it is clear from the above discussion that oncogenes are
somehow involved in cell proliferation and differentiation, the precise biochemi-
cal role of oncogene products remains unclear. In general, oncogenes can be
classified into one of four categories (Weinberg, 1985; Pitot, 1986; Garrett, 1986).

The protein products of a number of oncogenes, including src and abl, function as



kinases, the unusual substrate being a tyrosine residue of various proteins. It is
well established that phosphorylation of many enzymes serves to alter their
kinetic properties, so it is likely that this oncogene functions in a similar manner.
The products of a second group of oncogenes, such as Ha- and Ki-ras, are located
on the plasma membrane and bind GTP. Thus, the function in these oncogene
products is speculated to involve transmembrane signalling. The products of a
third class of oncogenes binds DNA. The expression of two members of this class,
myc and myb, is elevated just prior to DNA replication. These two traits make it
likely that such oncogenes are necessary for DNA synthesis. The last class of
oncogene products are homologs of growth factors (e.g., sis and platelet-derived
growth factor) or growth factor receptors (e.g., erbB and the epidermal growth
factor receptor). These oncogenes most likely play a role in the pathway of
mitogen-induced cell proliferation.
B. Oncogenes in neoplastic growth

It has become increasingly obvious in recent years that oncogenes play
a causal role in tumorigenesis (Land et al., 1983a; Cooper and Lane, 1984; Slamon
et al., 1984; Spandidos, 1985). Two major lines of evidence lead to this
conclusion. First, the study of acute transforming retroviruses has revealed that
such viruses contain oncogenes (v-onc) which are responsible for the transforma-
tion of host cells into malignant cells. The discovery of homologous cellular (host)
oncogenes (c-onc) (DeFeo et al, 1981) led to the subsequent finding that
activation of such genes could occur during tumorigenesis (Der et al., 1982). It is
interesting to note that retroviral omcogenes originated from the host and
apparently were acquired as a consequence of the ability of retroviruses to
reversibly integrate and recombine into the host's DNA. The second line of
evidence has demonstrated that transfection of DNA from transformed cells into

NIH3T3 cells results in their acquisition of the transformed phenotype. It has



been shown that the activated oncogenes, primarily from the src and ras families,
are the critical entity transferred to NIH3T3 cells in such cases.

A number of mechanisms have been discerned by which oncogenes are
activated. The ras and src oncogenes are often activated by point mutation. For
example, a mutation in the 12th (Reddy et al., 1982; Tabin et al., 1982;
Taparowsky et al., 1982) or 61st (Sekiya et al., 1985) codon of the Ha-ras
oncogene appears to be a requirement for conferring the transforming capacity on
this gene. Mammary tumors induced by N-nitroso-N-methylurea have been
reported to contain a specific point mutation, a G to A transition, in codon 12 of
the Ha-ras oncogene (Zarbl et al., 1985). The p2l1 protein product of such a
mutated gene exhibits altered electrophoretic mobility as compared to the normal
protein (Quintanilla et al., 1986; Harper et al., 1987), and it is believed that an
accompanying alteration in biochemical function contributes to the malignant
phenotype. Mutation has also been demounstrated to be the mechanism by which
the Ki-ras oncogene is activated (Santos et al., 1984; O'Hara et al., 1986; Liu et
al,, 1987). In contrast, overexpression of the myc oncogene is commonly seen in
malignant cells. This occurrence may be due to gene amplification (Alitalo et al.,
1987), rearrangement to the region of the immunoglobulin heavy chain locus (Blick
et al, 1986; Murphy et al.,, 1986), or unknown causes (Rothberg et al., 1984;
Erisman et al., 1985; Yoshimoto et al., 1986). Similarly, an increased transcrip-
tion rate of Ha-ras is sufficient for transformation of NIH3T3 cells (Chang et al.,
1982; DeFeo, 1981).

The multistep nature of cancer points to multiple changes in multiple
genes, and there is evidence that activation of more than one oncogene is required
to effect transformation (Glaichenhaus et al.,, 1985). The ras and myc oncogenes
have qualitatively different effects which can act in a complementary fashion in

the transformation process: the ras oncogene is potent in inducing refractile



morphology, anchorage independence, and growth factor secretion and is weak in
its ability to immortalize cells, whereas the myc oncogene is capable of
immortalizing cells (Land et al.,, 1986). Due to these characteristics, an activated
(mutated) Ha-ras oncogene is able to transform NIH3T3 cells when transfected
into them, whereas transfection of myc, as expected, has no effect in this already
immortal cell line. It has been shown that neither Ha-ras nor myc alone is able to
transform rat embryo fibroblasts (REFs) in the in vitro transfection assay,
whereas simultaneous introduction of these two oncogenes into REFs produces a
high degree of transformation (Land et al., 1983b; Birrer et al., 1988; Storer et
al, 1988). Similarly, an activated Ha-ras oncogene is able to transform hamster
fibroblasts only if they have previously been immortalized by carcinogen treat-
ment (Newbold and Overell, 1983). These results are corroborated by observations
in vivo: an activated ras oncogene has been found together with an activated myc
oncogene in a promelocytic leukemia and in an American Burkitt lymphoma
(Murray et al, 1983), and two or more oncogenes were found to be tramscrip-
tionally active in a variety of human malignancies (Slamon et al., 1984).
C. Activated oncogenes in B6C3F1 mouse liver tumors

The presence of activated oncogenes was first idemtified in sponta-
neous B6C3F1 mouse liver tumors by Fox and Watanabe in 1985. To this eund,
tumor DNA was transfected into NIH3T3 cells; subsequent foci formation was
taken as evidence that an activated oncogene was contained in the tumor DNA.
Reynolds and coworkers (1986) identified Ha-ras as the activated oncogene
species in the majority (11/13) of transfection assay-positive spontaneous tumors
examined. The p21 protein product derived such tumors (i.e., those containing an
activated Ha-ras oncogene) has been shown to exhibit altered electrophoretic

mobility as compared to the normal protein (Reynolds et al., 1986; Wiseman et al.,



1986; Reynolds et al.,, 1987; Stowers et al., 1988), suggesting that activation of
Ha-ras is the result of a mutation in this gene.

As mentioned in the previous section, activation of the Ha-ras
oncogene is often due to a mutation in codon 61. Hybridization of tumor DNA
with oligonucleotide probes capable of detecting a single base change in codon 61
has revealed that this codon is mutated in 50/57 chemically-induced (Wiseman et
al, 1986; Reymolds et al., 1987; Stowers et al.,, 1988) and 15/15 spontaneous
(Reynolds et al., 1987) B6C3F1 mouse liver tumors containing an activated Ha-ras
oncogene; mutations in codons 13 or 17 of Ha-ras have been seen in 7/57
chemically-induced tumors (Reynolds et al., 1987). In addition, an activated Ki-
ras oncogene, as well as other oncogenes, occasionally has been observed
(Reynolds et al., 1987). These results indicate that the presence of an activated
oncogene in B6C3F1 mouse liver tumors is frequently associated with mutation of
Ha-ras, usually within codon 61, regardless of whether the tumors were chemical-
ly-induced or spontaneous.

It must be noted that DNA from non-tumor B6C3F1 mouse liver has
not been demonstrated to contain activated oncogenes in the aforementioned
studies, suggesting that the frequently-observed mutation in codon 61 of Ha-ras is
an acquired characteristic. Therefore, this mutation cannot be responsible for the
predisposition of the B6C3F1 mouse to hepatoma development. In addition, a
number of spontaneous and chemically-induced tumors have tested negative in the
NIH3T3 traunsfection assay. This result suggests that a mechanism other than
mutation of Ha-ras, either through disruption of transcriptional regulation of Ha-
ras or activation of another oncogene, underlies hepatoma development in these
cases.

The transformation of a phenotypically normal cell into a malignant

cell is considered to comsist of an initial mutagenic event, termed initiation,



followed by epigenetic events leading to a selective growth advantage of initiated
cells (promotion), putatively through changes in gene expression patterns. It has
been demonstrated that mutational activation of Ha-ras is an early event in
B6C3F1 mouse liver carcinogenesis (Wiseman et al,, 1986), as well as mammary
(Zarbl et al, 1985) and skin (Quintanilla et al., 1986; Bizub et al, 1986; and
Pelling et al., 1986) carcinogenesis. Once a critical mutation occurs, deregulation
of gene expression becomes pivotal in determining whether or not the cell
proceeds to a phenotypically malignant state. The Ha-ras oncogene in the nascent
liver of the B6C3F1 mouse may be primed for expression, leading to an increased
possibility that an activating mutation will be expressed and will thereby result in
the phemotypic alterations associated with malignancy. In addition, a compro-
mised ability to comtrol the transcriptional activity of Ha-ras may be the
heritable factor responsible for the high spontaneous hepatoma incidence and the
sensitivity to chemical induction of liver tumors in the B6C3F1 mouse.

Supporting this view is the fact that B6C3F1 mouse liver appears to
respond abnormally during tumor promotion (see Section 1). In addition, it has
been demonstrated that DEN-induced hepatomas in Fisher 344 rats do not possess
activated Ha-ras oncogenes (0/28), whereas Ha-ras was activated in 14/14 DEN-
induced hepatomas in B6C3F1 mice (Stowers et al., 1988). Since it is unlikely that
DEN produces different mutation frequency and/or patterns in these two species,
it seems reasonable to suspect that a critical mutation in Ha-ras of B6C3F1
mouse liver is more likely to exert phemotypic effects due to an increased
probability of Ha-ras expression in this species. Therefore, the studies which
comprise this thesis examined two parameters of gene expression with regard to
the oncogenes putatively involved in B6C3F1 mouse hepatocarcinogenesis. First,
the methylation state of these genes was examined due to the established

correlation between hypomethylation of a gene and its potential for expression.
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Second, these genes were assessed for the presence of deoxyribonuclease I (DNase
1) hypersensitive sites, as transcriptionally active genes are known to contain sites
which are exquisitely sensitive to the action of this enzyme.

3. Methylation and Transcriptional Activity of Genes
A. Methylation as a regulation point of gene transcription

In mammals, a number of regulatory mechanisms participate in the
control of gene expression. At the DNA level, one of these mechanisms has been
identified as the methylation state of a gene (Riggs and Jones, 1983; Jones, 1985).
In gemeral, a relatively low degree of genme methylation (hypomethylation) is
associated with gene expression, whereas a relatively high degree of gene
methylation (hypermethylation) acts to block transcription.

The ounly naturally-occurring methylated base found in mammalian
DNA is 5-methylcytosine (5-MC). Approximately 3% of all cytosine residues exist
in the form of 5-MC, and at least 90% of these methylated bases occur in the
sequence 5'-CG-3' (termed "CpG islands"). Depending on the species and tissue,
between 70 and 90% of such CG sequences are methylated. Furthermore, these
sites are methylated in a symmetrical fashion, i.e., cytosine residues are

methylated on both strands:

Me
5'-éG -3
3'-G(': -5
Me
It has been hypothesized that 5-MC exists at all sites that will ever be

methylated early in embryounic development (Singer et al., 1979; Razin and Riggs,
1980). Tissue-specific patterns of gene expression then are established during the
DNA replication accompanying cell division through selective inhibition of
methylation of genes destined to be tramscriptionally active or through active

demethylation of specific genes (Razin et al., 1986). Once a methylation pattern
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is established within a cell's genome, it is propagated through successive rounds of
cell division, as described below.

Replication of DNA contaiging a 5-MC residue results in the formation
of hemimethylated DNA, i.e., DNA that is methylated on only the parental strand.
It has been demounstrated that a maintenance methylase activity exists in
mammalian cells which recognizes hemimethylated sites. Using S-adenosyl
methionine (SAM) as the methyl group donor, this enzyme methylates the newly
synthesized strand of DNA, thereby forming the fully methylated site. Thus, once
a pattern of gene methylation is established, maintenance methylase activity
allows somatic heritability of this trait.

Hypomethylation of a gene has been associated with its transcriptional
activity in a variety of systems. The serum albumin gene is hypomethylated in
normal rat hepatocytes, but hypermethylated in non-parenchymal cells (Vorce and
Goodman, 1985), conditions consistent with expression in the former cell type and
non-expression in the latter. Similarly, Ichinose and coworkers (1988) have
demonstrated a correlation between hypomethylation of the pepsinogen gene and
its expression in developing rat stomach. Conversely, it has been observed that
CpG islands within housekeeping genes on the inactive mammalian X chromosome
are methylated; methylation has therefore been proposed as the mechanism by
which the inactivity of such genes is maintained (Bird, 1986). Supporting this
hypothesis is the finding that demethylation of three CpG islands within the
glucose-6-phosphate dehydrogenase gene on the inactive X chromosome is asso-
ciated with activation of this gene (Toniolo et al., 1988).

Methylation of certain regions of a gene appears to be more critical
than others in inhibiting gene expression. Specifically, methylation of the 5' end
of a number of genes appears to regulate transcription. One such example is the

hamster adenine phosphoribosyltransferase gene. When the body of this gene is
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artificially methylated, there is no inhibition of tramscription, but when a region
near the 5' end is methylated, transcription is significantly reduced (Keshet et al.,
1985). A similar situation has been found in other systems: absence of
methylation in the 5' region of the calcitonin gene has been correlated with its
expression in a medullary thyroid carcinoma cell line (Baylin et al.,, 1986), and a
region of the albumin gene extending from the 5' end to the middle is hypomethyl-
ated in a hepatoma cell line which synthesizes albumin, but methylated in a
nonproducing variant (Orlofsky and Chasin, 1985; Ott et al., 1982). However, in
other genes, different patterns of methylation appear to be necessary for gene
expression. In S49 lymphoma cells, the metallothionine gene is heavily methyl-
ated and not expressed; when induced to synthesize metallothionine by UV
irradiation, a region of one allele spanning this geme becomes demethylated
(Lieberman et al., 1983). A variant of the mouse hepatoma cell line Hepa-1 has a
high constitutive level of cytochrome P1-450 expression which appears to be due
to hypomethylation of a specific site in the middle of the P1-450 gene (Peterson
et al., 1986). Hypomethylation of regions near the 3' end of a gene has also been
found to be necessary for expression. The myc oncogene is methylated at a site
near the 3' end in normal cultured fibroblasts, but hypomethylated in three of five
tumor cell lines (Cheah et al., 1984). Thus, hypomethylation of regions of geunes
near the 5' end, 3' end, and middle has been correlated with gene expression.
B. Gene activation through induction of a hypomethylated state

The cytidine analog 5-azacytidine (5-azaCR) is capable of inducing a
hypomethylated state in proliferating cells by virtue of its ability to inhibit
maintenance methylase irreversibly following its incorporation into DNA (Taylor
et al., 1984; Jones, 1985). 5-AzaCR treatment of a variety of cell types has been
demonstrated to activate previously quiescent, methylated genes (Jones, 1985).

For example, 5-azaCR is able to induce expression of the hypoxanthine guanine
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phosphoribosy! transferase gene contained on the inactive X chromosome (Mohan-
das et al., 1981; Graves, 1982; Lester et al., 1982). Other genes whose expression
has been induced by 5-azaCR treatment include prolactin, growth hormone,
globin, and thymidine kinase (Jones, 1985).

5-AzaCR also has been shown to induce cellular differentiation (Jones,
1985). New phenotypes induced by 5-azaCR treatment of various cell lines
include muscle cells, adipocytes, chrondrocytes, and others. Similarly, immuno-
resistance acquired by tumor cells via loss of tumor antigen expression can be
eliminated through 5-azaCR treatment (Altevogt et al., 1986). These results
indicate that inhibition of methylation by 5-azaCR results in derepression of
transcription in a variety of genes.

5-AzaCR treatment has been shown to induce transformation of
established cell lines (Yasutake et al., 1987; Hsiao et al., 1985) and primary rat
tracheal epithelial cultures (Walker and Nettesheim, 1986). An increased ability
to form experimental metastases was observed after 5-azaCR treatment of Blé
melanoma cells (Trainer et al.,, 1985). Furthermore, there is evidence that 5-
azaCR is carcinogenic in mice (Cavaliere et al.,, 1987). It thus appears that
alteration of gene expression via 5-~azaCR-induced gene hypomethylation plays a
role in the transformation process. It follows that derangement of methylation
patterns may play a role in in vivo carcinogenesis (Riggs and Jones, 1983; Jones,
1985; Boehm and Drahovsky, 1983).

Support for this hypothesis comes from dietary studies in which
animals are fed a methyl-deficient diet. It has been observed that rats fed a diet
deficient in methionine and choline develop liver tumors (Yokoyama et al., 1985;
Ghoshal and Farber, 1984; Mikol et al., 1983). It has been demonstrated that a
methyl-deficient diet results in a decrease in available methyl groups, i.e., the

ratio of S-adenosyl methionine to S-adenosyl homocysteine is significantly
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lowered in animals fed the choline/methionine-deficient diet as compared to
controls (Wilson et al., 1984). Furthermore, the 5-MC content of hepatic DNA, as
assessed by high performance liquid chromatography, is significantly decreased in
rats fed this methyl-deficient diet for 22 weeks (Wilson et al.,, 1984). A similar
decrease in 5-MC countent of hepatic DNA was seen in rats fed a choline-devoid
diet for 14 months (Locker et al., 1986). In this case, restriction endonuclease
analysis (using enzymes that can distinguish between methylated and unmethyl-
ated recognition site) showed hepatic DNA to be hypomethylated in both tumor
and non-tumor tissue of animals fed the methyl-deficient diet as compared to
hepatic DNA from animals fed the control diet. These results suggest that a
methyl-deficient diet may be carcinogenic by virtue of its ability to transcrip-
tionally activate critical genes through the induction of a generalized state of
DNA hypomethylation. However, reversible alkali-labile lesions, indicating DNA
damage and repair (Rushmore et al., 1986), and free-radical production (Rushmore
et al., 1987) have been observed as early events resulting from commencent of a
methyl-deficient diet. Thus, it is possible that mutations also result from this
dietary regimen and may thereby contribute to carcinogenesis. It is interesting to
note that a choline-devoid diet causes a high level of cell proliferation in the liver
which persists after the reintroduction of choline, although the proliferative rate
decreases with time (Chandar and Lombardi, 1988). This result suggests that DNA
hypomethylation may activate genes involved in mitogenesis. Indeed, hypo-
methylation of Ha-ras and Ki-ras has been observed in preneoplastic and neo-
plastic livers of rats maintained on a methyl-deficient diet (Bhave et al., 1988),
and ras gene transcription is enhanced during rat hepatocarcinogenesis induced by

choline deficiency (Yaswen et al., 1985).
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C. Hypomethylation and cancer

It has been proposed that modifications of DNA methylation are
involved in the inheritance of epigenetic defects, including those seen in carcino-
genesis (Holliday, 1987a,b). A mumber of studies have shown that the 5-MC
content of DNA is lower in malignancies than in normal tissue (Riggs and Jones,
1983). A reduction in 5-MC was observed in both benign and malignant human
colon tumors (Feinberg et al., 1988) and hamster kiduey tumors (Lu et al., 1988) as
quantitated by HPLC analysis. Similar results were obtained by restriction
enzyme analysis: hypomethylation was observed in a variety of genes in DNA
derived from benign and malignant human colon neoplasms relative to the
methylation state of these genes in normal tissue (Goelz et al., 1985). Genomic
hypomethylation was also observed in a number of metastatic variants selected
from a poorly metastatic human melanoma cell lines (Liteplo and Kerbel, 1987).
These results indicate that generalized DNA hypomethylation is a common
phenomenon in transformed cells. This condition may facilitate aberrant gene
expression, including those genes involved in the carcinogenic process.

Hypomethylation of specific oncogenes has been observed in numerous
neoplasms. The Ha- and Ki-ras oncogenes were found to be hypomethylated in
various human tumors (Feinberg and Vogelstein, 1983), and the 5' region of the
Ha-ras oncogene is undermethylated in a leukemic cell line (Barbieri et al., 1987).
Hypomethylation of the myc oncogeme, but not two other gemes, has been
observed in human hepatocellular carcinomas (Kaneko et al., 1985). Furthermore,
a specific site in the third exon of the myc oncogene is hypomethylated in human
hepatocellular carcinoma (Nambu et al, 1987) and in a set of human tumor cell
lines (Cheah et al., 1984). Thus, it appears that oncogenes thought to be involved

in carcinogenesis often possess an increased potemtial for expression in tumors
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versus non-tumor tissue. Furthermore, site-specific hypomethylation may be
sufficient to permit transcriptional activity of certain genes.

Treatment of cultured cells with a number of carcinogens results in a
decrease in genomic 5-MC content (Wilson and Jones, 1984; Wilson et al., 1987a;
Boehm et al, 1983). In vitro, the transfer of a methyl group from SAM to
hemimethylated DNA is inhibited by a range of ultimate carcinogens (Wilson and
Jones, 1983), a result suggesting that the activity of maintenance methylase may
be inhibited by carcinogenic species. Paradoxically, methylase activity is higher
in tumorgenic as compared to non-tumorigenic cell lines (Kautiainen and Jones,
1986); the activity of this enzyme is also higher in target rat tissues after in vivo
treatment with N-methyl-N-nitrosourea (Pfohl-Leskowicz and Dirheimer, 1986).
In agreement with this observation, de novo methylation is increased following
treatment of cells with N-acetoxy-N-2-acetylaminofluorene, even though this
chemical causes an initial dose-dependent decrease in maintenance methylase
activity (Boehm et al., 1983). The physical and catalytic properties of methylase
derived from normal rat liver and a transplantable hepatocellular carcinoma have
been compared and found to be indistinguishable (Ruchirawat et al.,, 1985).
Therefore, although many carcinogens possess the ability to inhibit methylation of
DNA, the mechanism does not appear to involve long-term depression of methyl-
ase activity. However, transient inhibition of methylase by carcinogens during
periods of hyperplasia could result in propogated DNA hypomethylation since the
methylation state of genes is somatically heritable. It is also possible that the
rebound increase in methylase activity results from increased transcription of the
wmethylase gene due to its hypomethylation.

Although methylation of genes appears to be a control point of geme
expression, hypomethylation alone is not considered sufficient to produce tran-

scriptional activity. This is illustrated by the fact that some hepatoma cell line
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variants contain a hypomethylated serum albumin gene yet do mnot produce
albumin. In addition, it has been shown that the stimulation of prolactin and
growth hormone production by 5-azaCR is a function of time, i.e., maximal
stimulation occurs 3 weeks after drug exposure (Laverriere et al., 1986). These
observations indicate that further epigenetic alterations beyond hypomethylation
are necessary for tranacription to proceed.
D. Use of restriction endonucleases to assess gene methylation state

To assess the methylation state of a geme, the restriction endo-
nucleases Msp I and Hpa II may be utilized. The Msp I/Hpa II igoschizomeu cleave
double-stranded DNA at the following recognition sequece: 5'-CCGG-3' (Figure
1). However, Msp L, but not Hpa II, is able to perform this function when the
internal cytosine residue is methylated. Conversely, Hpa II, but not Msp I, will
cleave this sequence when the external cytosine is methylated. Since more than
90% of 5-methylcytosine occurs in the sequence of 5'-CG-3' (Riggs and Jones,
1983), the methylation state of a gene may be assessed by comparing the
restriction patterns produced by digestion with MspI and HpaIl. If a gene is
hypomethylated, very similar restriction patterns will be produced by digestion
with either enzyme. However, if a gene is hypermethylated, digestion with Msp I
will produce more bands of a smaller size than will digestion by Hpall. In
addition, the restriction enzyme Hha I can be used for methylation state assess-
ment (Figure 1). This restriction enzyme cleaves the sequence 5'-GCGC-3' only
when the internal cytosine residue is unmethylated. Since this recognition site
also contains the 5'-CG-3' sequence at which most 5-MC occurs, Hha I will more
readily cleave hypomethylated regions of DNA. Because an isoschizomer is not
available which cleaves this site when methylated, Hha I analysis can only be used

to compare the methylation state of a gene between samples.
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4. Deoxyribonuclease I Hypersensitivity and Transcriptional Activity of Genes

Deoxyribonuclease I (DNase 1) is a non-specific endonuclease that splits
phosphodiester linkages of DNA, producing 5' phosphate terminated polynucleo
tides. Although purified DNA is randomly degraded by this enzyme, transcrip-
tionally active regions of chromatin are approximately 10-fold more sensitive to
DNase I digestion than are quiescent regions of chromatin (Gross and Garrard,
1988). This property is a comsequence of the DNA/RNA/protein interactions
which determine the conformation of DNA within chromatin. As can be seen in
Figure 2A, chromatin in the region of quiescent gemes is normally condemnsed.
However, as a gene becomes prepared for transcription, the structure of chroma-
tin becomes altered locally (stage 1). Full activation involves commencement of
DNA transcription in this area of decondensed chromatin (stage 2).

Figure 2B illustrates the fact that both genes actively transcribing RNA and
genes with the potential for transcriptional activity are preferentially semsitive to
DNase I digestion, supposedly because such regions are more accessible to this
enzyme.

It has been discovered that the 5' end of genes with the potential for
transcription (whether transcribing RNA or not) contains sites which are exqui-
sitely sensitive to DNase I digestion (Elgin, 1981, 1982; Gross and Garrard, 1988).
Such sites are roughly two orders of magnitude more sensitive to DNase I than is
bulk chromatin and are thought to represent areas which allow tramscription
factors (such as RNA polymerase and topoisomerases) to gain access to regulatory
(e.g., promoter) regions of genes. These DNase I hypersensitive sites appear to be
nucleosome-free and lack histone proteins, a condition which would be expected
to promote DNA/transcription factor interactions, as well as DNA/DNase I
interactions. However, not all genes possessing a DNase I hypersensitive site are

actively engaged in RNA transcription.
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Figure 2. Schematic diagram of chromatin alterations involved in gene
activation and the relationship of these changes to sensitivity of genes to DNase I
digestion. (A) Chromatin becomes decondensed as a gene becomes readied for
transcription (Stage 1), and this change in conformation becomes more pronounced
as the gene is actively transcribed (Stage 2). (B) Due to the decondensed
conformation of chromatin in the region of genes with the potential for
transcription and those genes actively transcribing DNA, DNase I can more
readily degrade DNA in these areas than in highly condensed regions of chromatin
containing quiescent genes. (Adapted from Molecular Biology of the Cell, Garland
Publishing Company, New York, 1983.)
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Depending on the gene, DNase I hypersensitive sites may be constitutive,
inducible, developmental, or tissue-specific (Gross and Garrard, 1988). For
example, DNase I hypersensitive sites appear in the metallothionein gene when
cells are induced to express this enzyme by cadmium treatment (MacArthur and
Lieberman, 1987). Similarly, a site at the 5' end of the B -major globin gene was
observed after dimethylsulfoxide induction (Balcarek and McMorris, 1983). This
site appears prior to observed increases in globin mRNA, suggesting that
alterations in chromatin are necessary to allow transcription to commence.
DNase I hypersensitive sites have been found to be regulated developmentally in
the a-fetoprotein geme (Turcotte et al., 1986), and tissue-specific DNase I
hypersensitive sites have been observed in the cardiac myosin light chain gene
(Winter and Arnold, 1987). DNase I hypersensitive sites can be induced in the
major chicken vitellogenin gene by hormone treatment, but only in specific tissues
(Burch and Weintraub, 1983). Again, the appearance of hypersensitive sites in the
gene precedes its expression.

Few studies have examined oncogenes with regard to DNase I hypersensiti-
vity. DNase I hypersensitive sites have been observed 5' to the myc oncogene in
HL-60 cells (Tuan and London, 1984) and a Burkitt lymphoma (Siebeunlist et al.,
1984) expressing myc. In some Burkitt lymphomas, translocation of myc to the
immunoglobulin region is associated with the appearance of new DNase I
hypersensitive sites, suggesting that sites normally involved in the regulation of
the immumoglobulin gene may now exert influence over myc transcription (Dyson
and Rabbits, 1985). A similar result was obtained in myc-transfected plasma-
cytoma cells (Feo et al., 1986) using S1 nuclease, an enzyme which closely
resembles DNase I in its ability to recognize hypersensitive sites. A S1 nuclease-
sensitive site was also detected in the myc oncogene in HL-60 cells upon chemical

induction of differentiation, a regimen known to increase the expression of myc
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(Grosso and Pitot, 1985). Conversely, induction of differentiation in HL-60 cells
results in a decrease in transcriptional initiation of my.c expression; this phenome-
non was accompanied by a concurrent locs of two DNase I hypersensitive sites
near the myc promoter (Siebenlist et al., 1988). Thus, there is precedent for the
association of nuclease hypersensitive sites with oncogene expression.

5. Hypothesis and Experimental Objectives

The hypothesis underlying this study counsists of two related parts. First,
because the liver of the B6C3F1 mouse exhibits a high spontaneous tumor
incidence and exceptional semsitivity to chemical inducﬁm of tumors, I have
hypothesized that certain oncogenes possess a relatively high potential for
transcriptional activity in the nascent liver of this animal. The oncogenes
examined include Ha-ras and Ki-ras, both of which have been identified as
activated oncogenes in B6C3F1 liver tumors, and myc, which has been shown to
cooperate with ras oncogenes to effect transformation of normal cells. In
addition, because of the heritable nature of hepatoma development, the potential
for expression of these three oncogenes was assessed in the liver of the two
parental strains, C3H/He and C57BL/6. In this mammer, it is possible to compare
the potential for expression of each oncogene among the three mouse strains with
respect to their spontaneous hepatoma incidence. I predicted that those strains
having a high spontaneous tumor incidence (B6C3F1 and C3H/He) possess an
elevated potential for Ha-ras, Ki-ras, or myc expression versus the strain
displaying a low spontaneous tumor incidence (C57BL/6).

Two different parameters of gene expression were examined for each
oncogene: the methylation state of the gene and the presence or absence of
DNase I hypersensitive sites. Restriction enzyme analysis was used to assess the

methylation state of a gene, and an assay for DNase I hypersensitive sites was
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developed. Hypomethylation and the presence of DNase I hyperseunsitive sites
appear to be necessary, but not sufficient, for gene expression. It follows that a
state of relative hypomethylation of and/or DNase I hyperseunsitive sites in an
oncogene in one mouse strain as compared to another strain would be indicative of
a higher potential for expression of that gene in the first strain. This increased
potential for transcriptional activity may facilitate aberrant gene expression,
which may, in turn, comtribute to hepatoma development. This approach may
identify a heritable factor underlying the differemtial incidence of spontaneous
hepatomas in the B6C3F1, C3H/He, and C57BL/6 mouse strains.

The second part of my hypothesis is that an increased potential for
expression is a component of the mechanism by which the I-Ia-fn, Ki-ras, and myc
oncogenes are activated in B6C3F1 mouse liver tumors. Experimental evidence
suggests that a point mutation in the Ha-ras oncogene is often present in B6C3F1
mouse liver tumors. However, phenotypic effects of such a mutation cannot
occur unless the gene is also expressed; the critical step then becomes deregula-
tion of gene expression. Therefore, to determine whether or not the Ha-ras, Ki-
ras, and myc oncogenes possess an increased potential for expression in B6C3F1
mouse liver tumors, the methylation state of each gene was assessed by
restriction enzyme analysis.

It was also important to determine whether or not oncogene activation
through an increased potential for expression is qualitatively similar in sponta-
neous and chemically-induced B6C3F1 mouse liver tumors. To this end, tumors
were chemically-induced in three groups of mice, and spontaneously-arising
tumors were harvested from a fourth mouse group. The three carcinogens used
included: 1) benzidine, a mutagenic complete carcinogen; 2) chloroform, a non-
mutagen which is capable of producing liver tumors in the B6C3F1 mouse; and 3)

phenobarbital, a non-mutagenic rodent liver tumor promoter. This approach
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provided a group of tumors arising from diverse treatments, and thereby allows
the determination of whether or not tumor development in the different groups
shares common mechanisms of oncogene activation.

Lastly, a determination of tramscriptional activity of each oncogene was
made in control liver as well as in hepatoma tissue. To accomplish this, the
amount of messenger RNA for Ha-ras, Ki-ras, and myc was assessed by Northern
blot analysis. This portion of the study allows comparisons to be made between
the potential for transcription displayed by each geme with the RNA product of
transcription.

From these experiments, it is believed that the molecular mechanisms
underlying hepatoma development in the B6C3F1 mouse, as well as carcinogenesis
in general, has been further elucidated. In additiomn, insight has been gained
regarding heritable factors underlying the propensity of the B6C3F1 mouse to

develop spontaneous and chemically-induced hepatomas.



MATERIALS AND METHODS

1. Animals: Maintenance and Carcinogen Treatment

Primarily, male B6C3F1 male C3H/He, and female C57BL/6 mice were used
in these studies. Where indicated, the opposite sex of these animals (female
B6C3F1, female C3H/He, and male C57BL/6 mice) were employed. Young adult
mice (18-19 g) were purchased from Charles River Laboratories (Portage, MI),
housed in constant temperature and humidity conditions with a 12-hr light/dark
cycle, and provided with food and water ad libitum.

Male B6C3F1 mice were used for carcinogen treatment. The benzidine-
treated animals were given 120 ppm benzidine in drinking water for one year prior
to sacrifice; this treatment resuited in an 85% tumor incidence. For the
phenobarbital-treated group, animals received 0.05% (w/v) phenobarbital in drink-
ing water for one year and were sacrificed six months later. Tumors were
apparent in 68% of these animals. Tumors were induced with chloroform by
administering 200 mg/kg of this chemical in a corn oil vehicle by gavage twice
weekly for one year, a regimen resulting in a tumor incidence of 80%. A group of
animals was allowed 24 months for the development of spontaneous tumors in the
absence of any chemical treatment.

Partial hepatectomies were performed on ome group of comtrol B6C3F1
mice. Methoxyfluorene or ketamine was used for anesthesia, and surgery was

performed as described by Higgins and Anderson (1931).

- &
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2. Isolation of DNA: Marmur Method

Hepatic nuclei were prepared by the method of Blobel and Potter (1966) as
follows. Fresh liver was homogenized in 3 volumes of ice-cold 0.25 M sucrose, 50
mM Tris (pH 7.5), 25 mM KCl, 5 mM MgCl, (STKM) and filtered through cheese
cloth. A 10-ml! aliquot of homogenate was mixed with 2 ml of 20% Triton X-100,
diluted with 8 ml STKM, and centrifuged at 750 x g for 10 min at 4°C. The
resulting nuclear pellet was washed once with the same volumes of STKM and
Triton X-100 and once with STKM alone. '

High molecular weight DNA was isolated from nuclei by a modification of
the method of Marmur (1961). Nuclei from 10 m] homogenate were suspended in
15 ml 10 mM Tris (pH 7.9), 0.1 M NaCl, 5 mM EDTA, 0.5 M NaClO4, and 0.5%
sodium dodecyl sulfate and incubated at 37°C for 40 minutes. An equal volume of
chloroform:3% isoamyl alcohol was used to deproteinize the suspeunsion, followed
by centrifugation at 400 x g for 9 minutes; this wash was repeated once. DNA
was precipitated from the upper (aqueous) fraction with 2 volumes of ice-cold
95% ethanol and pelleted by centrifugation at 12,100 x g for 10 minutes at 4°C.
The DNA was redissolved in 10 mM Tris (pH 7.9), 5 mM EDTA, and ribonuclease A
(Sigma; heat-treated at 80°C for 10 min to destroy DNase activity) was added to a
final concentration of 200 pg/ml. After incubation at 37°C for 40 min, the NaCl
concentration was adjusted to 0.1 M and 3 mg/ml protease (Sigma; heat-treated at
80°C for 10 minutes) was added. Incubation was continued at 37°C for 90 minutes.
An equal volume of chloroform:3% isoamyl alcohol was used to deproteinize the
solution, and this was followed by a wash with an equal volume of redistilled
phenol. Ome-half volume of 7.5 M ammonium acetate and 2 volumes 95% ethanol
were used to precipitate the DNA, which was stored overnight at -20°C. The
DNA was dissolved in 5 ml 10 mM Tris (pH 7.8), 5 mM EDTA, reprecipitated with

0.5 volumes ammonium acetate and 2 volumes 95% ethanol, and again stored at
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-20°C overnight. The DNA was then dissolved in 250 pl-1000 pl 5 mM Tris (pH
7.8), 0.5 mM EDTA. Absorbance at 260 nm was used to quantitate the
concentration of DNA, as one A260 unit equals 50 yg DNA/ml. The A26O/A280
ratio was used to assess its purity, and the ratios obtained were approximately
1.7. (The ratio of a pure DNA solution is approximately 2.0, and this value

decreases with increasing protein contamination.)

3. Restriction Enzyme Digestion, Agarose Gel Electrophoresis and Southern
Transfer of DNA to Nitrocellulose Paper

A. Restriction enzyme digestion
Forty microgram aliquots of DNA were digested to completion with 5
units/yg Msp I or Hpa II (BRL, Gaithersburg, MD) at 37°C for 2 hours in a reaction
volume of 120 pl. Reaction buffers were supplied as a 10X concentrate by BRL,
and the final reaction mixture contained 50 mM Tris (pH 8.0), 10 mM MgCl, for
Msp I, and 20 mM Tris (pH 7.4), 10 mM MgClz for Hpa II. Following digestion, 10
H1 of marker dye (composed of 50% glycerol, 0.25% bromophenol blue, and 0.25%
xylene cyanole FF) was added. Samples, along with 2 pg lambda phage Hind III
fragments (BRL, Gaithersburg, MD) diluted to 120 pl with rumming buffer, were
heat-treated at 65°C for 10 minutes to dissociate "sticky ends" formed by
restriction enzymes digestion, and cooled on ice.
B. Agarose gel electrophoresis
Electrophoresis was carried out in a model HO/HI horizontal electro-
phoresis apparatus using TBE (89 mM Tris, pH 8.3, 89 mM boric acid, 2.5 mM
EDTA) as the running buffer. Wick gels consisting of 1.4% agarose in TBE were
poured and covered with TBE to a depth of approximately 2.5 cm. A 0.9% agarose
gel was prepared in TBE by heating the solution to 100°C to dissolve the agarose,
followed by cooling with stirring to 55-60°C. The edges of the gel support tray

were sealed to the wick gels by pipetting liquid agarose into this space and
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allowing it to solidify. The remainder of the agarose was then poured, the well
former was inserted, and the gel was allowed to solidify for at least one hour.
After careful removal of the well former, the samples were loaded into the
wells using a Pasteur pipette; unused wells were filled with TBE. Electrophoresis
was carried out at 40-50 V for 16 hours. The gel was then cut at the ends of the
gel support tray and placed in a solution of 0.5 yg/ml ethidium bromide for 15
minutes in order to stain the DNA. The gel was destained in glass distilled water
for 10 minutes. The DNA was visualized on a UV light box (Fotodyne, New Berlin,
WI) and photographed through a Kodak No. 9 Wrattan gelatin filter at an aperture
of 8 for 1 second using Type 667 black and white Polaroid film. A ruler was
placed along the gel to assess the distance migrated by the lambda Hind IO
fragments. The molecular weights of these fragments, which range from 2.2 to
23.1 kilobases in size, were plotted on the ordinate of semilog paper as a function
of distance.
C. Southern transfer
After being photographed, the gel was soaked in 0.25 N HCl for 10
minutes to fragment the DNA by random depurination; this facilitates the
transfer of high molecular weight DNA (Wahl et al, 1979). Otherwise, the
transfer procedure was performed according to the method of Southern (1975).
The gel then was soaked in 1.5 M NaCl, 0.5 M NaOH for 2 hours with occasional
agitation in order to denature the DNA. This solution was decanted and replaced
with 1 M Tris (pH 8.0), 1.5 mM NaCl. Neutralization was carried out for 2 hours
with occasional agitation. The gel was inverted and placed on a piece of 3 MM
paper (Whatman) prewet in 10X SSC (1.5 M NaCl, 0.5 M sodium citrate, pH 7.0)
with the ends of the 3 MM paper immersed in a tray of 10X SSC to serve as wicks.
A piece of nitrocellulose paper (Schleicher and Schuell) was cut to the exact size

of the gel and wet in glass distilled water. In the event that the nitrocellulose
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membrane failed to wet completely, it was covered with boiling water. The
membrane then was immersed briefly in 10X SSC before being placed on the gel.
Several blotting pads (BRL) and approximately 2 inches of paper towels (both cut
to the same size as the gel) were stacked on top of the membrane. A 600¢g
weight was placed on top of the paper towels, and the entire assembly was
covered with plastic wrap to prevent drying of the wick. Transfer of the DNA to
the nitrocellulose by capillary action was carried out for 20-24 hours, during
which time the wet paper towels were removed several times. At the end of the
transfer period, the paper towels and blotting pads were discarded and the
nitrocellulose was carefully peeled off the gel and air-dried on 3 MM paper. The

DNA was affixed to the membrane by baking in a vacuum oven for 2 hours at
80°C.

4. Awmplification and Isolation of Plasmids Containing pRSA 13 and myc Pst 1
Fragment

The pRSA 13 clone of serum albumin (Sargent et al., 1981) and the Pst I
fragment of myc (Vennstrom et al., 1981) had been cloned into the pBR322
plasmid leaving an intact tetracycline resistance gene. The plasmids were
amplified and isolated as described by Maniatis et al. (1982). Ten milliliters of
M-9 glucose medium (0.6% NazHPO4, 0.3% KHZPO4, 0.05% NaCl, 0.1% NH,CI,
0.5% glucose 0.5% Casamino acids, .002% thiamine-HCl, 1 mM MgClz) plus 0.015
mg/ml tetracycline was innoculated with E. coli strain HB101 containing the
pBR322 plasmid. The immoculum was incubated overnight at 37°C with constant
shaking; it was sometimes necessary to allow the incubation to proceed for an
additional 24 hours. Following incubation, the entire 10 ml were added to 1 liter
of M-9 medium, and the mixture was incubated and shaken at 37°C. When the
absorbance at 600 nm reached 0.5-0.6, 150 mg of chloramphenicol (Sigma

Chemical) was added per liter of culture, and the plasmid was allowed to amplify
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overnight. Cells were chilled on ice for 5 minutes, then centrifuged at 5,000 rpm,
10 minutes at 5°C. Cells were suspended in 40 ml of 10 mM Tris (pH=8.0) and 1
mM EDTA (washing buffer) and centrifuged at 5000 rpm, 10 minutes, 5°C. Cells
were resuspended in 4 ml freshly prepared lysozyme (2 mg/ml), 50 mM glucose, 10
mm EDTA, and 25 mM Tris (pH=8.0) and incubated at 0°C for 30 minutes. Two
volumes of alkaline SDS (0.2 N NaOH, 1% SDS) were added and the mixture was
incubated at 0°C for 5 additional minutes. Following the addition of 1.5 volumes
of 3 M sodium acetate (pH=4.8), the suspension was incubated at 0°C for 1 hour,
followed by centrifugation at 15,000 rpm for 20 minutes. The supernatant was
precipitated with 2 volumes of ethanol overnight at -20°C followed by centrifuga-
tion at 10,000 rpm for 15 minutes. The pellet was resuspended in 15 ml of sterile
10 mM Tris (pH=7.4) and 1 mM EDTA, and 15.8 g cesium chloride and 7.5 mg
ethidium bromide was added. The suspension was centrifuged in a type 60 Ti fixed
angle rotor at 22°C, 40,000 rpm for 48 hours. The supercoiled plasmid DNA (lower
UV-visible band) was removed and the ethidium bromide was extracted with an
equal volume of water-saturated butanol until the pink color of the top layer
disappeared. The top layer (approximately 8 ml) was dialyzed overnight against 1
liter of 10 mM Tris, 0.1 mM EDTA, and the dialysis buffer was changed once. The
dialysate was washed once with redistilled phenol and once with chloroform. The
plasmid DNA was precipitated by the addition of 0.1 volume of 20% sodium
acetate (pH 5.2) and 2 volumes of 95% ethanol and pelleted by centrifugation at
10,000 rpm for 20 minutes, 5°C. After decanting the supernatant, the pellet was

solubilized in 500 pl of 10 mM Tris, 0.1 mM EDTA and stored at 20°C.

5.  Nick Translation of the Ha-ras BS-9 Probe
The BS-9 clone of Ha-ras (Ellis et al., 1981) is a 450 base clone correspond-

ing to the 5' region of the gene, commencing approximately 50 base pairs
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upstream from the N-terminus of the p2l protein (Dahr et al., 1982). This probe
was 3ZP-labelled using a nick translation kit purchased from BRL. On ice, 1 ug
BS-9-containing plasmid DNA was mixed with 8 pl each a->2P-labelled dATP,
dCTP, dGTP, and ATTP (New England Nuclear; 10 mCi/ml; 800 Ci/mmol) and glass
distilled water to a volume of 45 pl. After a brief mixing, 5 vl of a 10X reaction
buffer containing DNA polymerase I and DNase I was added. Final composition of
the reaction solution was 2.08 yM in each of the four radiolabelled nucleotides,
0.04 U/ul DNA polymerase I, 4 pg/yl DNase I, 5 mM Tris (pH 7.5), 0.5 mM
magnesium acetate, 0.1 mM 2-mercaptoethanol, 0.01 mM PMSF (phenylmethyl-
sulfonyl fluoride), 10 pg/ml bovine serum albumin and 5% glycerol. Nick
translation was carried out at 15°C for one hour. The reaction vial then was
placed on ice, and 38 yl STE and 12 pl of a bromophenol blue solution was added
(final volume = 100 p1l).

Separation of newly labelled probe from unincorporated nucleotides was
accomplished by spun colummn chromatography (Maniatis et al., 1982). Colummus
were prepared by packing Sephadex G-50 Fine in a 1-ml syringe plugged with glass
wool. To this end, Sephadex was equilibrated in STE (10 mM Tris, pH 8.0, 1 mM
EDTA, 0.1 M NaCl), and transferred to the column with a Pasteur pipette. The
column was placed in a 15-ml Corex tube and centrifuged (IEC Centra 7-R) at
2000 rpm for 8 minutes. Sephadex was added to the column and recentrifuged
until the post-centrifugation volume reached 0.9 ml. Columns were washed at
least twice with 100 pl STE before use.

An Eppendorf tube (cap removed) was placed in a 15-ml Corex tube, and the
column was placed in the tube such that the tip was within the Eppendorf tube.
The entire 100 pl nick translation mixture was applied to the top of the column,
which was centrifuged at 2000 rpm for 8 minutes. The colummn, which retains

unincorporated nucleotides along with bromophenol blue, was discarded. The
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labelled DNA contained in the Eppendorf tube was diluted with 100 pl STE, and 2
pl aliquots were counted in a Packard Tricarb Model 460C scintillation counter
using Safety Solve (RPL, Mount Prospect, IL) scintillation cocktail.

6. Hybridization of DNA Affixed to Nitrocellulose Membranes

Membranes were wet in a minimum volume of hybridization buffer (50%
formamide, 10 mM Hepes (pH 7.4), 3X SSC, 1 mg/ml yeast tRNA, 1X Denhardts
buffer (0.02% each Ficoll 400, polyvinyl pyrollidone, and bovine serum albumin),
and 100 pg/ml denatured salmon sperm DNA). After wrapping in plastic wrap,

325,

the membranes were prehybridized at 42°C for approximately 16 hours. The
labelled probe (prepared by nick translation) was dematured by boiling for 5
minutes in a water bath and 106 cpm were added to a small amount of
hybridization buffer. The probe solution was spread oun plastic wrap, and the
nitrocellulose membrane was placed on it DNA side down. The membrane was
rewrapped with plastic wrap and massaged to spread the probe evenly across the
membrane. Hybridization was carried out at 42°C for 48 hours.

Membranes were washed 4 times with 2X SSC-0.1% SDS at room tempera-
ture for 5 minutes each, twice with 1X SSC-0.1% SDS at 55°C for 10-15 minutes
each and, finally, 4 times with 0.1X SSC-0.1% SDS at 55°C for 10-15 minutes
each. Membranes were allowed to air dry and wrapped in plastic wrap for

autoradiography.

7. Simultaneous Isolation of DNA and RNA: CsCl Method

DNA and RNA were isolated simultaneously by an adaptation of the method
described by Chirgwin et al. (1979). For this procedure, livers were excised and
immediately frozen in liquid nitrogen. Tissue was either used immediately or

stored at -85°C. Frozen tissue was ground to a fine powder in liquid nitrogen with



34

a mortar and pestle. The frozen powder was then stirred into at least 24 volumes
of 4.0 M guanidinium isothiocyanate, 0.5% sarcosyl, 1 M sodium citrate (pH 7.0),
and 0.5% B-mercaptoethanol until a particle-free viscous liquid was produced.
This was then layered onto a CsCl step gradient (3 ml 5.7 M CsCl, 2 ml 3.0 M
CsCl; CsCl made in 0.1 M EDTA, treated overnight with 0.1% diethylpyrocarbo-
nate, and autoclaved) and ultracentrifuged at 29,000 rpm for 22 hours at 20°C in a
Beckman SW41 rotor. At the end of the centrifuge rum, the upper guanidium-
containing layer was removed and discarded.
A. DNA isolation

The DNA, which migrate; to just below the 5.7 M/3.0 M CsCl inter-
face, was removed with a wide-mouth pipette. RNase A (Sigma; preboiled 10 min)
was added to the DNA-containing solution to a final concentration of 50 pg/ml
and the DNA was dialyzed against 1 liter of 10 mM Tris/1 mM EDTA/0.1% SDS
(pH 7.5) for one hour at room temperature. Proteinase K (BMB, Indianapolis, IN)
was added to a final concentration of 50 yg/ml, the dialysis buffer was changed,
and dialysis was continued for 1 hour. The DNA was then dialyzed against 2 liters
of 10 mM Tris/1 mM EDTA (pH 7.5) at 4°C for 16-20 hours. An equal volume of
ultra-pure phenol (equilibrated with 0.5 M Tris, pH 8.0 until the aqueous layer
reached pH 7.6) was used to extract proteins, and this was followed by a wash
with an equal volume of chloroform:3% isoamyl alcohol. The DNA was then
precipitated with 0.5 volumes of 7.5 M NH 4OAc and 2 volumes of ethanol. After
DNA was dissolved in TE (10 mM Tris/1 mM EDTA, pH 8.0), it was reprecipitated
with NH 4OAc and ethanol and again dissolved in TE. DNA was quantitated by the
A260 absorbance, and the A260/A280 ratio routinely approached 1.8.

B. RNA isolation
After removal of the DNA fraction, the remaining CsCl solution was

decanted by rapid inversion of the centrifuge tube, and the tube was allowed to
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drain for several minutes. A razor blade was used to cut the tube approximately
1.5 cm from the end, thus forming a "cup”, the bottom of which contains the RNA
pellet. The RNA was dissolved in diethyl pyrocarbonate-treated water (RNA from
1g of liver in 500 pl water), and washed twice with an equal volume of
chloroform:butanol (4:1). The phases were separated by cemtrifugation in a
Brinkman microfuge at 14,000 rpm for 1 minute. The top, RNA-containing layer
was removed to an RNase-free 15-ml Corex centrifuge tube. One-tenth volume
2.0 M potassium acetate (pH 5.2; DEPC-treated and autoclaved) and 2.5 volumes

100% ethanol were used to precipitate the RNA, which was then stored at -20°C.

8. Isolation of DNase I-Treated DNA

The methods of Burch and Weintraub (1983) were followed for preparation of
nuclei, DNase I treatment, and DNA isolation. Preliminary studies identified 15°C
as the optimum temperature for DNase I digestion as the control sample (no added
DNase 1) remains viscous after incubation at this temperature for 10 minutes.

Fresh mouse liver (approximately 1 g) was chopped finely in ice-cold SSCT
(1X SSC, 10 mM Tris, pH 7.4). The liver pieces were washed several times with
ice-cold SSCT to remove contaminating blood elements, and briefly (5 secouds)
centrifuged at 1500 rpm in an IEC Centra-7R centrifuge at 4°C to pellet the
tissue.

After decanting the supernatant, the liver was homogenized in 10 ml RSB
(10 mM Tris, pH 7.4, 10 mM NaCl, and 3 mM MgClz) plus 0.5% Nonidet P-40 (NP-
40) and 1 mM PMSF. Nuclei were pelleted by centrifugation at 1500 rpm for 10
minutes at 4°C (IEC Centra-7R centrifuge) and washed twice in RSB plus 0.5%
NP-40. Nuclei from the livers of 5-6 mice were pooled in 7-ml RSB plus 0.1 mM
CaCl,. One milliliter aliquots of the nuclei suspension were added to tubes

containing 0 (2 tubes), 28, 33, 38, 43, or 47 units DNase . DNase I-treated
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samples were incubated at 15°C for 10 minutes; one control tube was incubated at
0°C, and one countrol tube was incubated at 15°C to assess intrinsic nuclease
activity. The reaction was halted by the addition of an equal volume of stop
buffer (1% SDS, 0.6 M NaCl, 20 mM Tris, pH 7.5, 10 mM EDTA, and 400 pg/ml
proteinase K). Samples were incubated for 2 hours at 37°C and diluted to a
volume of 4-5 ml for deproteination. A wash with an equal volume of phenol
(neutral pH) was followed by a wash with an equal volume of chloroform:3%
isoamyl alcohol; separation of the phases was accomplished by centrifugation at
400 x g for 15 minutes for the first wash and 10 minutes for the second wash.
DNA was preciptiated by the addition of 0.5 volumes 7.5 M ammonium acetate
and 2 volumes ethanol. The DNA was rinsed in 70% ethanol, allowed to dry
briefly, and dissolved in 1 ml TE (10 mM Tris, pH 8.0, 1 mM EDTA). DNA
concentration was assessed by absorbance at 260 nm.

To visualize the extent of DNase I digestion, 1 yg samples were diluted to a
volume of 20 pl and 4 pl of 5X marker dye (15% Ficoll 400, 0.125% bromophenol
blue, 0.125% xylene cyanode ff, and 5X TBE) was added. DNA was loaded onto a
submerged 0.9% agarose baby gel in TBE (model H6, BRL) and electrophoresed for
2 hours at 30 V. The gel was stained with 1 pg/ml ethidium bromide for 15-30

minutes, destained overnight, and photographed as described in Section 3B.

9. Restriction Enzyme Digestion, Electrophoresis, and Southern Transfer of
DNA to Gene Screen Plus

A. Restriction enzyme digestion
Restriction enzyme digestion of DNA was performed as described in
Section 3A with the following modifications. Twenty microgram aliquots of DNA
were digested with restriction enzyme in a reaction volume of 60 pl. A Ficoll-
based marker dye was used (5X = 15% Ficoll 400, 0.125% bromophenol blue,
0.125% xyleme cyanole ff, and 5X TBE).
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Reaction buffers for Msp I and Hpa II were as described in Section 3A.
For the other enzymes used, the reaction buffers (all supplied as a 10X
concentrate by BRL) were as follows: Hha I, Hind IIl, and Pst I - 5 mM Tris (pH
8.0), 1 mM MgCl,, and 5 mM NaCl; Eco R1 - 5 mM Tris (pH 8.0), 1 mM MgCl,,
and 10 mM NaCl. DNA was digested with 5 units Hha I per yg DNA, and 3 umits
Hind III, Pst L, or Eco R1 per ug DNA.

B. Agarose gel electrophoresis

Preparation of the agarose gel was performed as described in Section
3B with the following modifications. A 0.9% agarose gel (0.8% where indicated)
in 300 ml TBE was prepared and poured in a gel support tray which had the ends
taped to contain the agarose. After solidification and tape removal, the gel was
placed in a HO/H] electrophoresis unit and covered with TBE to a depth of
approximately 5 mm. Samples were loaded into the wells using a Pipetman
(Rainin). Electrophoresis, ethidium bromide staining, and photography were
performed exactly was described in Section 3B.

C. Southern transfer

Transfer of DNA to Gene Screen Plus was performed as suggested by
the manufacturer (NEN/DuPont). All gel soaks were performed with constant
agitation on a Orbit Shaker (LabLine).

DNA was depurinated in 0.25 N HCI] for 10 minutes and denatured in
0.4 N NaOH, 0.6 M NaCl for 30 minutes. The gel then was neutralized in 1.5 M
NaCl, 0.5 M Tris (pH 7.5) for 30 minutes. The transfer was set up as described in
Section 3C except that 5-6 pieces of 3 MM paper were used in place of blotting
pads.

At the end of the transfer, the Gene Screen Plus membrane was peeled

off the gel and briefly immersed in 0.4 N NaOH to denature the DNA; it was then
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neutralized by dipping in 0.2 M Tris, 2X SSC (pH 7.5). The membrane was allowed

to air dry, and, in some cases, it was baked at 80°C for 2 hours in a vacuum oven.

10. Labelling of Probes with >2P: Random Primers Method

Probes for Ha-ras, Ki-ras and myc were purchased from Oncor (Gaithers-
burg, MD). The Oncor Ha-ras probe differs from the BS-9 clome in that it is
approximately 66% larger, extending about 300 base pairs further in the 3'
direction than does the BS-9 clone. The 1.5 kb Pst I fragment of myc (Vennstrom
et al.,, 1981) and the pRSA 13 clone of serum albumin (Sargent et al., 1981) were
both utilized as inserts in pBR322. A random primers labelling kit was purchased
from BRL. For each reaction, 25 ng of DNA was denatured by boiling for 5
minutes and immediately placed on ice. dATP, dGTP, and dTTP were added to a
final concentration of 0.02 mM each, along with a 3.3X buffer concentrate
(containing 18 AZ60 units/ml oligodeoxyribonucleotide hexamers, 0.67 M Hepes,
0.17 M Tris, 17 mM MgClz, 33 mM 2-mercaptoethanol, and 1.33 mg/ml BSA, pH
6.8), and GDW to 49 pl. Approximately 50 yCi of a->2P dCTP (10 mCi/ml; 3000
Ci/mmol) was added and mixed briefly prior to the addition of 3 units of the
Klenow fragment of DNA polymerase L. Labelling was performed at 25°C for one
hour. The volume was increased to 100 pl by the addition of 38 pyl STE and 12 pl
of a bromophenol blue solution. Separation of newly labelled probe from
unincorporated nucleotides was accomplished by spun column chromatography as

described in Section 5.

11. Hybridization of DNA Affixed to Gene Screen Plus with >2P-Labelled
Probes

Prehybridization and hybridization were carried out in Scotch-pak (Kapak)

heat-sealable bags placed in a 65°C water bath with counstant agitation (as
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recommended by NEN/DuPont for Gene Screen Plus). Membranes were prehybri-
dized for at least 15 min with approximately 50 ul/cmz of a solution containing
10% dextran sulfate, 1% SDS, and 1 M NaCl, preheated to 65°C. This solution was
sometimes buffered with 50 mM Tris, pH 7.5. Denatured probe (1:105 cpm per ml
hybridization solution; prepared by random primers method) and sonicated salmon
sperm DNA (100 pyg/ml) in 500 yl1 STE were then added and mixed thoroughly with
the prehybridization solution by pulling the bag back and forth over an edge.
Hybridization was carried out for approximately 16 hours. Membranes were
washed twice with 2X SSC for 5 minutes at room temperature, twice with 2X
SSC/1% SDS for 15 minutes each at 65°C, and twice with 0.1X SSC for 15 min
each at room temperature (250 ml solution per wash), all with constant agitation.
Membranes were then blotted with 3 mm paper (Whatman) and wrapped in Handi-
Wrap (Dow Chemical Co.) in such a manner as to prevent drying.

Membranes that were to be rehybridized were stripped of probe after
autoadiography (Section 15) by pouring boiling 10 mM Tris/1 mM EDTA/1% SDS,
pH 7.5 over them and agitating until cool; this procedure was then repeated.
Autoradiography was performed on the stripped membranes to ensure complete

probe removal prior to rehybridization, which was performed as described above.

12. Electrophoresis and Northern Transfer of RNA
A. Preparation of RNA
Water used in the preparation of RNA was treated with 0.1% DEPC
(diethyl pyrocarbonate), allowed to sit overnight and autoclaved. Concentrated
running buffer was autoclaved before use. RNA preparation and electrophoresis
was performed according to the method suggested by NEN/DuPont. RNA was
pelleted by centrifugation at 17,600 x g for 20 minutes at -10°C. Pellets were

washed with 1 ml absolute ethanol at room temperature and recentrifuged as
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above. RNA was dried under a stream of ethanol and dissolved in 100-250 ul
water. The concentration of RNA was quantitated by absorbance at 260 nm (1
Aypo umit = 40 ug RNA/ml). RNA was then diluted to a concentration of 4.4
vg/ul. A 3.7-yl aliquot was removed to an Eppendorf tube and stored at -85°C
until assessment of RNA integrity was performed (Section 14).

A 4.5-pl aliquot of RNA (20 pg) was denatured in a solution of 1X
MOPS (5X MOPS = 0.2 M morpholinopropanesulfonic acid, 50 mM sodium acetate
and 5 mM EDTA, pH 7.0), 2.2 M formaldehyde and 50% deionized formamide in a
volume of 20 pl. Samples were incubated at 60°C for 10 minutes, and 5 pl of
sterile loading buffer (50% glycerol, 1 mM EDTA, 0.4% bromophenol blue and
0.4% xylene cyanode ff) was added.

B. Electrophoresis and Northern transfer

RNA samples were loaded onto a 1.0% agarose gel prepared in 2.2 M
formaldehyde and 1X MOPS. Gels were submerged in 1X MOPS, and electropho-
resis was carried out at 30 V for 18-20 hours.

Prior to transfer of RNA to Gene Screen Plus, the gel was rinsed 5
times in an equal volume of glass distilled water (1 minute per wash). The
transfer was set up exactly as described in Section 3C, except that blotting pods
were omitted; transfer was carried out for approximately 22 hours. After the
membrane was removed from the gel, it was rinsed in 2X SSPE (0.3 M NaCl, 20
mM NaHzPO 4’ and 2 mM EDTA, pH 7.4), allowed to air dry, and baked at 80°C in

a vacuum oven.

13. Hybridization of Northern Blots
Northern blots were hybridized in heat-sealable plastic bags (Scotch-pak,

Kapak Corp.) according to the method described by NEN/DuPont. Membranes
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were prehybridized in a minimum volume (approximately 50 ul/cmz) of prehybri-
dization solution (5X SSPE, 50% deionized formamide, 5X Denhardt's solution,
10% dextran sulfate and 1% SDS) for 2-4 hours in a 42°C water bath with constant
agitation. To hybridize, 4x10° cpm/ml demnatured, 32p_abelled probe (random
primers method) was added and the bag was resealed. Mixing of the probe into
the prehybridization solution was accomplished by pulling the bag back and forth
over an edge several times. Hybridization was carried out for 16-18 hours at 42°C
with constant agitation.

Membranes were washed twice with 250 ml 2X SSPE at room temperature,
twice with 400 ml 2X SSPE/2% SDS at 65°C, and twice with 250 ml 0.1X SSPE at
room temperature; all washes were 15 minutes in duration. After blotting on 3
MM paper, membranes were wrapped in Handi-Wrap in preparation for autoradio-
graphy (Section 15).

The resulting autoradiograph was scanned with an LKB UltroScan XL
densitometer to assess the relative degree of hybridization of probe to RNA
samples. The resulting peaks were cut out and weighed to quantitate this

relationship.

14. Assessment of RNA Integrity

RNA samples were thawed and denatured in a mixture of 50% DMSO, 0.01 M
NaH,PO, (pH 7.0), and 6.8% deionized glyoxal at 50°C for 1 hour in a volume of
16 pl as described in Maniatis (1982). Four microliters of RNA marker dye were
added, and a 13 pl (13 pg) aliquot of each sample was loaded onto a 1% agarose
gel prepared and submerged in 0.01 M NaHzPO 4 (pH 7.0). Electrophoresis was
carried out at 30 V for 2 hours; running buffer was changed every 30 minutes.

Gels were stained with 1 pg/ml ethidium bromide for 15 minutes and destained
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overnight in glass distilled water. Photography of the gel was performed as
described in Section 3B.

15. Autoradiography

The Handi-Wrap-wrapped, hybridized membrane was taped to a Cromex
Lightning Plus intensifying screen in a film holder. In complete darkness, a sheet
of X-OMAT AR f{ilm was placed over the membrane, and another intensifying
screen was placed over the film before the film holder was closed. The film
holder was then wrapped in aluminum foil and clipped between two clipboards.
Autoradiography was carried out at -85°C for 1-7 days.

Prior to film development, the autoradiographic apparatus was allowed to
equilibrate to room temprature. In complete darkness, the film was removed
from the film holder, and immersed in GBX developer (Kodak) for 5-6 minutes.
The film was then rinsed in water for one minute, and immersed in GBX fixer

(Kodak) for 5-6 minutes before being rinsed in water and allowed to dry.



RESULTS

1.  Methylation State of the Ha-ras, Ki-ras, and myc Oncogenes in B6C3F1,
C3H/He, and C57BL/6 Mouse Liver

The degree of methylation of Ha-ras in male B6C3F1, male C3H/He, and
female C57BL/6 mouse liver was assessed by comparison of the restriction
patterns obtained following digestion with either Msp I or Hpa II. If the patterns
were similar the gene examined was considered relatively hypomethylated. If the
patterns were dissimilar (resistant to digestion by Hpa II), the gene was considered
relatively hypermethylated. In some cases, an intermediate degree of methyla-
tion was noted.

The methylation state of the Ha-ras oncogene was assessed using two
different probes. The BS-9 clone, described by Ellis et al. (1981), covers
approximately 450 base pairs toward the 5' end of the Ha-ras gene. The Oncor
clone is approximately 66% larger, extending approximately 300 base pairs in the
3' direction.

The results of hybridizing Msp I- and Hpa II-digested DNA with the BS-9
probe for the Ha-ras oncogene are shown in Figure 3. When B6C3F1 mouse
hepatic DNA is digested with Msp I (lane 1), a number of bands are produced,
ranging in size from < 1.9 kilbases (kb) to 8.8 kb. Hpa II digestion of the same
DNA (lane 2) produces some fragments of comparable size (i.e., 1.9 kb, 2.7 kb, 8.8
kb). In addition, hybridization is clearly evident at a molecular weight of 23.1 kb.
These results indicate that the Ha-ras oncogene is methylated to an intermediate
degree in the liver of the B6C3F1 mouse. Digestion of C3H/He hepatic DNA with

Msp I (lane 3) and Hpa I (lane 4) produces very similar restriction maps, with
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Figure 3. Methylation state of the Ha-ras oncogene in B6C3F1, C3H/He, and
C57BL/6 mouse liver using the BS-9 clone. DNA was isolated by the method of
Marmur from B6C3F1 (lanes 1 and 2), C3H/He (lanes 3 and 4), C57BL/6 (lanes 5
and 6) mouse liver and d:gested with MspI (M) or Hpa I (H). The resulting
fragments were el 3Z:nd transferred to nitrocellulose paper. The
DNA was then hybridi d to the labelled BS-9 probe for the Ha-ras oncogene,
and regions of homology were visualized by autoradiography.
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homologous bands occurring at 23.1 kb, 5.8 kb, and two sizes <2.4 kb. It is thus
evident that the Ha-ras oncogene is hypomethylated in the liver of the C3H/He
mouse as compared to the B6C3F1 mouse. In contrast, hepatic DNA from the
C57BL/6 mouse shows a different restriction pattern when digested by Msp I (lane
5) as compared to Hpa II (lane 6). Msp I digestion produces three major bands of a
relatively low molecular weight, whereas Hpa II digestion produces several bands,
two at relatively high molecular weights (23.1 kb and 5.8 kb), and only ome
corresponding to a band produced by Msp I digestion (2.4 kb). Because Msp I
cleaves the Ha-ras oncogene in C57BL/6 liver DNA to much greater extent than
does Hpa II, it is concluded that the Ha-ras oncogene is hypermethylated in the
liver of this mouse.

The results of restriction enzyme analysis performed on a number of animals
showed a consistent trend (Table 1). Ha-ras was either hypomethylated or
methylated to an intermediate degree in 4/4 B6C3F1 mice and 5/7 C3H/He mice.
In C57BL/6 mice Ha-ras was hypermethylated in 4 animals and methylated to an
intermediate degree in 2 animals.

The results of experiments using the Oncor probe for methylation assess-
ment are presented in Figure 4. In young adult animals, there is one difference in
the methylation state of Ha-ras among the three strains. An additional 15 kb
band is apparent in Msp I-digested C57BL/6 DNA (lanes 9 and 11; see arrow), but
not in Msp I-digested DNA from B6C3F1 and C3H/He mice. This band is probably
due to the relatively rare occurrence of a methyl group on the external cytosine
residue of a 5'-CCGG-3' recognition site, thus preventing Msp I from completely
cleaving this fragment. Because male mice of the B6C3F1 and C3H/He strains
and female C57BL/6 mice were used for this experiment, it is possible that the
site-specific methylation of the Ha-ras gene seen in C57BL/6 mouse liver results

from sex differences. To address this possibility, hepatic DNA from female
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TABLE 1

METHYLATION STATE OF THE Ha-ras ONCOGENE IN
THREE MOUSE STRAINS

Hypo- Intermediate Hyper-
methylation Methylation methylation
B6C3F1 rAd 2 0
C3H/He 2 3 2
C57BL/6 0 2 4

*Numbers refer to the number of individual animals displaying
the indicated level of methylation.
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Figure 4. Methylation pattern of the Ha-ras oncogene in control mice. Hepatic
DNA was isolated from male B6C3F1 (lanes 1-4), male C3H/H: (lanes 5-8), and
female C57BL/6 (lanes 9-12) mice on a CsCl gradient, digested with Msp I (M) and
Hpa II (H), and electrophoresed in a 0.9% agarose gel. DNA was then transferred
to Gene Screen Plus, hybridized to a ““P-labelled probe for the Ha-ras oncogene
(Oncor), and visualized by autoradiography. The arrow poiunts to a 15 kb band
present in Msp I-digested C57BL/6 DNA but absent in B6C3F1 and C3H/He DNA.
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B6C3F1, female C3H/He, and male C57BL/6 (opposite sex) was subjected to
restriction enzyme assessment of Ha-ras methylation state. As seen in Figure 5,
a 15-kb band was observed in Msp I-digested C57BL/6 DNA, but not in Msp I-
digested DNA from the other two strains, when probed with Ha-ras (see arrow).
This result confirms the finding that the Ha-ras oncogene is hypomethylated in a
site-specific manner in B6C3F1 and C3H/He mouse liver as compared to C57BL/6
mouse liver.

In other respects, the Ha-ras oncogene appears to be relatively hyper-
methylated in liver of mice of all three strains (Figures 4 and 5). This conclusion
is based on the fact that Msp I digestion (M) is extensive, producing a number of
bands ranging from a few hundred base pairs to ~9 kb, whereas the bulk of
hybridization to Hpa II-digested DNA (H) occurs at very large (> 23 kb) fragments,
with 2 bands occurring at smaller molecular weights.

The importance of complete transfer of high molecular weight DNA in the
determination of gene methylation state by Msp I/Hpa II analysis is illustrated in
Figure 6. Although DNA samples used in Figures 4 and 6 were digested,
electrophoresed, and transferred to nylon membranes concurrently, the depurina-
tion step of gel processing was omitted in the experiment shown in Figure 6. A
high degree of hybridization at the region > 23 kb is seen in Hpa II-digested DNA
that underwent depurination (Figure 4, eveﬁ-numbered lanes), whereas little
hybridization is seen in this region when depurination was omitted (Figure 6, even-
numbered lanes). It must be noted that the 15 kb band seen in Msp I-digested
C57BL/6 DNA is not apparent in Figure 6. Thus, in order to assess accurately the
methylation state of genes using restriction enzyme analysis, efficient transfer of
large DNA fragments must be assured through inclusion of a depurination step.

The methylation state of the Ki-ras (Figure 7) and myc (Figure 8) oncogenes

was also assessed in the three mouse strains. Comparison of the restriction
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Figure 5. Methylation pattern of the Ha-ras oncogene in mice of the opposite
sex. Hepatic DNA from female B6C3F1 (lanes 1-4), female C3H/He (lanes 5-8)
and male C57BL/6 (lanes 9-12) was isolated and treated as described in Figure 4.
The arrow points to a 15 kb band present in Msp I-digested C57BL/6 DNA but
absent in B6C3F1 and C3H/He DNA.
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Figure 6. Effect of the omission of the depurination step on the transfer of large

DNA fragments. DNA samples were Msp I (M)- or Hpa I (H)-digested, electro-
phoresed, and transferred to Gene Screen Plus concurreuntly with the samples
shown in Figure 4, except that the HCI soak prior to Southern transfer was
omitted. DNA was derived from male B6C3F1 (lanes 1-4), male C3H/He (lanes 5-
8), and female C57BL/6 (lanes 9-12) mouse liver.
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Figure 7. Methylation status of the Ki-ras oncogene in coatrol mice. The
aembra.ne shown in Figure 2 was stripped of the Ha-ras probe and rehybridized to

P-labelled probe for Ki-ras. Autoradiography shows the methylation pattern of
the Ki-ras oncogene to be similar in all three mouse strains.
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Figure 8. Methylation status of the myc oncogene in coatrol mice. The
membrane shown in Figure 7 was stripped of the Ki-ras probe and, rehybridized to
a ““P-labelled probe (Ouncor) for myc. Autoradiography shows the methylation
pattern of myc to be similar in all three mouse strains.
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patterns produced by Msp I digestion of male B6C3F1, male C3H, and female
C57BL/6 hepatic DNA shows no differences for Ki-ras (Figure 7, lanes 1, 3, 5, 7,
9, and 11) or myc (Figure 8, lanes 1, 3, 5, 7, 9, and 11); the same is true for Hpa II-
digested DNA hybridized to Ki-ras (Figure 7, lanes 2, 4, 6, 8, 10, and 12) and myc
(Figure 8, lanes 2, 4, 6, 8, 10, and 12). These results indicate that no differences
exist between the three mouse strains with regard to the methylation state of the
Ki-ras and myc oncogenes. Furthermore, the increased extemt of digestion by
Msp I versus Hpa II seen in both figures indicates that Ki-ras and myc are
hypermethylated in male B6C3F1, male C3H/He, and female C57BL/6 mouse
liver. Msp I/Hpa II analysis using hepatic DNA from mice of the opposite sex
mice (female B6C3F1, female C3H/He, and male C57BL/6) produced an identical
result for Ki-ras (Figure 9) and myc (Figure 10), indicating that these two
oncogenes are hypermethylated to a similar extent in the liver of mice of the
opposite sex. Within each strain, Mspl and Hpa II restriction patterns were
observed to be very consistent when probed with Ha-ras; this was also true for Ki-
ras and myc.

The serum albumin gene is known to be expressed in normal liver. There-
fore, this gene was used as a positive control for restriction enzyme analysis of
gene methylation state. Figure 11 shows that MspI and Hpa II digestion of
B6C3F1 (lanes 1-4), C3H/He (lanes 5-8) and C57BL/6 (lanes 9-12) DNA produces
very similar restriction patterns when probed with the serum albumin clone pRSA
13 as evidenced by a major band at 6.0 kb in Msp I-digested samples (lanes 1, 3, 5,
7, 9, and 11) and 6.4 kb in Hpa [I-digested samples (lanes 2, 4, 6, 8, 10, and 12). A
similar result was seen in DNA from mice of the opposite sex (data not shown).
These results not only indicate the expected result of hypomethylation of this
gene, but also provide evidence that the conditions of restriction enzyme

reactions were appropriate for complete digestion.
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B6C3F1 C3H/He C57BL/6
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Fig;.‘re 9. Methylation status of the Ki-ras oncogene in mice of the opposite sex.
The membsine shown in Figure 5 was stripped of the Ha-ras probe and rehybri-
dized to a “ " P-labelled probe for Ki-ras.
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Figure 11. Methylation status of the serum albumin gene in control mice. The

aembrane shown in Figure 8 was stripped of the myc probe and rehybridized to a
P-labelled probe for serum albumin.
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2.  Oncogene Methylation State in B6C3F1 Mouse Liver Tumors

Figure 12 shows the results of hybridizing the probe for Ha-ras to benzidine-
induced tumor (lanes 3, 4, 7, 8) and adjacent non-tumor (lanes 1, 2, 5, 6) DNA that
has been digested with Msp I and Hpa II. A striking difference in the restriction
pattern is obvious between Hpa II-digested tumor and non-tumor DNA. Hpa I
digestion of tumor DNA produced intense bands at 4.4, 3.2, and 2.6 kb (lanes 4 and
8; see arrows) which are not apparent in mnoun-tumor DNA (lanes 2 and 6).
Furthermore, the smaller two of these three bands correspond to bands produced
by Msp I digestion of tumor and non-tumor DNA, indicating that these bands
result from a loss of methylation at 5'-CChI‘ EG-B' sites. This result was observed
in all 4 tumor/non-tumor pairs of samples examined from the benzidine-treated
group of mice. Note that DNA derived from adjacent non-tumor liver tissues
(lanes 1, 2, 5, and 6) produces restriction patterns nearly identical to those seen in
control (young adult) animals (see Figure 4, lanes 1-4). Because Southern transfer
of DNA from the benzidine treatment group was carried out without depurination,
this experiment was repeated for Ha-ras with inclusion of the HCIl treatment
(Figure 13). Again, bands are seen in Hpa II-digested tumor DNA (lanes 4 and 8)
which are not apparent in non-tumor DNA (lanes 2 and 6). Therefore, the results
of experiments presented in Figures 12 and 13 are qualitatively similar, despite
the lack of high molecular weight DNA transferred in the former.

A similar outcome for Ha-ras was produced by Msp I/Hpa II analysis of
tumor DNA from the other three treatment groups. DNA derived from young
adult male B6C3F]1 mouse liver was used for controls in these experiments. The
restriction patterns produced by Msp I and Hpa II digestion of control DNA were
essentially identical to those seen in Figure 4 (lanes 1-4) in all cases. Hpa II
digestion of phenobarbital-induced tumor DNA (Figure 14, lanes 4 and 6),

chloroform-induced tumor DNA (Figure 14, lanes 8, 10, 12, and 14), and
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Figure 12. Methylation status of the Ha-ras 8! in
hepati and adj non-tumor tissue. DNA was isolated from non-tumor
hepatic tissue (lanes 1, 2, 5 and 6) or adjacent tumors (lanes 3, 4, 7 and 8) on a
CsCl gradient and digested with MspI (M) or Hpa I (H). Electrophoresis and
Southern transfer to Gene Screen Plus were performed as described in Methods,
except the depurination step was omitted. Lanes 14 represent DNA isolated
from one animal, and lanes 5-8 represent DNA isolated from a second animal.
Note the increased intemsity of the bands marked by arrows in the Hpa I-digested
tumor DNA (lanes 4 and 8) as compared to non-tumor DNA (lanes 2 and 6).
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Figure 13. Lack of effect of depurination on the methylation assessment of Ha-
ras in benzidine-induced tumor and non-tumor tissue. Tumor (T) and non-tumor
(N)-derived DNA was digested with Msp I (M) or Hpa II (H), electrophoresed and
transferred to Gene Screem Plus as described in Methods with inclusion of the
depurinaton step. Note that extra bands are again observed in Hpa [I-digested
tumor DNA (lanes 4 and 8) as compared to non-tumor DNA (lanes 2 and 6).
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spontaneous tumor DNA (Figure 15, lanes 4, 6, 8, and 10) produces additional
bands at 4.4, 3.2, and 2.6 kb which are not seen in Hpa II-digested control DNA
(Figures 14 and 15, lane 2). The appearance of these bands indicate that the Ha-
ras oncogene is hypomethylated in all tumors examined, regardless of treatment
group.

Methylation assessment of the Ki-ras oncogene in tissue from the benzidine
group is presented in Figure 16. A 8.5 kb band is obvious in Hpa II-digested tumor
DNA (lanes 4 and 8), whereas a band of this size is not readily apparent in non-
tumor DNA (lanes 2 and 6). This band corresponds to a band produced by Msp I
digestion of 5'-Cg 56-3' sites. Two out of four tumor/non-tumor pairs of samples
analyzed from the benzidine-treated group showed this result. It thus appears
that the Ki-ras oncogene is sometimes hypomethylated in benzidine-induced
tumor DNA.

Experiments assessing the methylation state of Ki-ras in tumors from the
other three treatment groups produced similar results. Hpa II-digested DNA from
phenobarbital-induced tumors (Figure 17, lanes 4 and 6), chloroform-induced
tumors (Figure 17, lanes 8, 10, 12, and 14) sometimes produces extra bands or
bands of increased intensity as compared to control (lane 2) at 6.0 (lane 10), 5.0
(lanes 12 and 14) and 4.0 kb (lanes 4, 8, 10, 12, and 14). Spontaneous tumor DNA
(Figure 18) digested with Hpa II sometimes produces a band of increased intensity
at 8.5 kb (lane 8) and extra bands at 5.0 (lanes 4 and 8) and 3.0 kb (lanes 4, 6, 8,
and 10). These results indicate that the Ki-ras oncogene is sometimes hypo-
methylated in tumors from all four treatment groups, but this phenomenon has a
lesser degree of commonality than does hypomethylation of Ha-ras.

Because cell proliferation is a component of tumor development, it is

important to determine whether or not the Ha- and Ki-ras oncogenes become

hypomethylated during compensatory hyperplasia following partial hepatectomy.
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Figure 15. Methylation status of the Hn-rn g in sp hepati
tumors. DNA from sp was isolated and d as described in

Figure 4. Arrows point to bands observed in Hpn n—dige:ted tumor DNA (lanes 2,
4, 6, 8, and 10) which are not p in Hpa II trol DNA (lane 2).
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Figure 16. Methylation status of the Ki-ras g in benzidine-induced
h i and adj non-tumor tissue. The membrﬁe shown in Figure 12

was stripped of the Ha-ras probe and rehybridized with a ““P-labelled probe for
Ki-ras. The arrow shows a more intense band in Hpa [I-digested tumor DNA (lanes
4 and 8) as compared to non-tumor DNA (lanes 2 and 6).
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Figures 19 and 20 show the result of methylation analysis of Ha-ras and Ki-ras,
respectively, 24 hours post-2/3 hepatectomy. Comparison of Hpa II-digested
control DNA (lane 2, each figure) with Hpa I-digested DNA from proliferating
tissue (lanes 4, 6, 8, and 10, each figure) reveals that the extra bands or bands of
increased intensity seen in tumor DNA are not apparent in Hpa II-digested DNA
from partially hepatectomized animals. These results indicate that the hypo-
methylation observed in tumor tissue is not due to cell proliferation per se. Thus,
it can be concluded that the Ha-ras and Ki-ras oncogenes are often markedly less
methylated in liver tumors than in non-tumor tissue or during compensatory
hyperplasia following partial hepatectomy.

The methylation status of the myc oncogene in benzidine-induced tumors
and non-tumor tissue was assessed and the results are presented in Figure 21. No
differences were discerned in the banding pattern between non-tumor tissue (lanes
1, 2, 5, and 6) and tumor tissue (lanes 3, 4, 7, and 8). This result indicates that the
myc oncogene is methylated to a similar degree in both normal and tumor tissue.
However, hybridization of the myc probe to tumor-derived DNA was more inteuse
than was hybridization to the non-tumor DNA, as evidenced by the darker bands in
lanes 3 and 7 as opposed to the bands in lanes 1 and 5. This result may indicate
that the myc oncogene is ampiified in tumor DNA. As discussed in the
Introduction, increased transcription of myc is often due to amplification.

The methylation state of myc was also assessed in DNA derived from
phenobarbital-induced (Figure 22, lanes 3-6), chloroform-induced (Figure 22, lanes
7-14), and spontaneous (Figure 23, lames 3-10) tumors. No difference was
discerned in the restriction patterns of myc in tumors compared to control DNA
(lanes 1 and 2, each figure), indicating that the methylation state is not altered in

tumors. However, similar to the results seen in Figure 21, the degree of
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Figure 19. Methylation status of the Ha-ras oncogene following partial
hepatectomy. Mice were sacrificed 24 hours following 2/3 hepatectomy. Hepatic
DNA was isolated and treated as described in Figure 4. Note that Hpa II-digested
DNA from partially heptectomized animals (lanes 4, 6, 8, and 10) in the region of
2.3 to 4.4 kb shows no difference as compared to Hpa II-digested control DNA
(lane 2).
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Figure 20. Methylation status of the Ki-ras oncogene following partial
hepatectomy. The gimbme shown in Figure 19 was stripped of Ha-ras probe and
rehybridized with a ““P-labelled probe for Ki-ras. Note that no differences exist
between Hpa II-digested control DNA (lane 2) and DNA from partially hepatecto-

wised animals (lane 4, 6, 8, and 10).



7

23.1
9.4

6.6

Figure 21. Methylation status of the myc in induced hepati
tumors and adjacent non-tumor tissue. The membra %E shown in Figure 16 was
stripped of the Ki-ras probe and rehybridized with a ““P-labelled probe for myc
(Oncor). Note the increased intensity of bands in tumor DNA (lanes 3 and 7) as
compared to non-tumor DNA (lanes 1 and 5).
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Figure 22. Methylation status of the myc oncogene in phenobarbital- and
chloroform-induced hepatic tumors. The membranszshowu in Figure 17 was
stripped of the Ki-ras probe and rehybridized to a ““P-labelled probe for myc
(Pst I fragment). Note the increased intensity of bands in tumor-derived DNA
(lanes 3-14) as compared to control DNA (lanes 1-2).
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Figure 23. Methylation status of the myc oncogene in spontanecus hepatic
tumors. DNA from spontaneogi tumors was treated and described in Figure 4
except hybridization was to a ““P-labelled probe for myc (Pst I fragment). Note
the increased intensity of bands in tumor-derived DNA (lanes 3-10) as compared
to control DNA (lanes 1-2).
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hybridization of the myc probe to tumor DNA is greater than to control DNA. It
thus appears that myc may be amplified in tumors from all four treatment groups.

As an internal control, the methylation state of the serum albumin gene was
assessed in all samples. As can be seen in Figure 24, Msp I and Hpa II digestion of
each sample from the benzidine group produces nearly idemtical restriction
patterns. This result indicates that the serum albumin gene is hypomethylated in
both tumor and non-tumor tissue. Similar results were seen when DNA from the
phenobarbital (Figure 25, lanes 3-6), chloroform (Figure 25, lanes 7-14) and
spontaneous (Figure 26, lanes 3-10) tumor groups were probed with pRSA 13.
Thus, the nearly identical restriction patterns produced by Mspl and Hpa II
digestion indicate that the serum albumin geme is uniformly hypomethylated in

control DNA and tumor DNA from all four groups.

3.  Assessment of Oncogene Methylation State with Hha I

The methylation state of each oncogene was also assessed in all samples
relative to each other using the restriction endonuclease Hha L Figure 27 shows
the result of hybridizing the Ha-ras probe to Hha I-digested DNA derived from
male B6C3F1 (lanes 1-4), male C3H/He (lanes 5-8), female C57BL/6 (lanes 9-12),
female B6C3F1 (lanes 13-14), female C3H/He (lanes 15-16), and male C57BL/6
(lanes 17-18) mouse liver. It can be seen that a major band of very high molecular
weight DNA (> 23.1 kb) results in each case. Smaller bands at 6.2 and 2.6 kb of
similar intensity in each samples were also produced, although this is more
evident on the actual autoradiograph. These results indicate that the Ha-ras
oncogene is methylated to a similar extent in the liver of both sexes of all three
mouse strains.

When a similar experiment was performed using non-tumor and tumor DNA

from the benzidine group, Hha I did not produce identical restriction patterns in
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Figure 4. Methyhdon status of the serum albumin gene in benzidine-induced

t tissue. The mem! shown in Figure 21
was stripped o! the myc probe and rehybridized with a labelled probe for
serum albumin.
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all cases (Figure 28). The high molecular weight band produced by Hha I digestion
of tumor DNA (lanes 2, 4, 6, and 8) was observed to exhibit consistently greater
electrophoretic mobility than the corresponding band produced in noun-tumor
tissue by this enzyme (lanes 1, 3, 5, and 7). This indicates that Hha I is able to
cleave DNA in the area of Ha-ras to a greater extent in benzidine-induced tumors
due to hypomethylation of sites in this tissue as compared to adjacent non-tumor
tissue.

Similar results were obtained when DNA from phenobarbital-induced (Figure
29, lanes 2-3), chloroform-induced (Figure 29, lanes 4-7) and spontaneous (Figure
29, lanes 8-11) tumors were digested with Hha 1. Compared to control DNA (lanes
1 and 12), the major band produced by Hha I-digested tumor DNA sometimes
exhibited greater electrophoretic mobility (lanes 2 and 9) and a doublet was
frequently produced (lanes 3, 6, 7, 8, and 10). An increased exposure time of the
membrane shows a much greater intensity of band at 2.6 and 6.2 kb in all tumors
as compared to controls (Figure 30). The greater ability of Hha I to cleave tumor
DNA than control DNA indicates that the degree of methylation of Ha-ras is
often decreased in tumor tissue as compared to control liver.

Hha I analysis was also used to examine the methylation state of Ki-ras
(Figure 31) in male B6C3F1 (lanes 1-4), male C3H/He (lanes 5-8), female C57BL/6
(lanes 9-12), female B6C3F1 (lanes 13-14), female C3H/He (lanes 15-16) and male
C57BL/6 (lanes 17-18) mouse liver. Two very high molecular weight bands (> 23
kb) are produced by Hha I digestion of each sample indicating that no strain or sex
differences exist in the methylation state of the Ki-ras oncogene.

When DNA samples from the benzidine group were analyzed with Hha I
(Figure 32), greater mobility of the lower band was observed in two tumor samples
(lanes 2 and 6) as compared to non-tumor samples (lanes 1, 3, and 5) when

hybridized to Ki-ras. This result suggests that the Ki-ras oncogene is sometimes
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Figure 29. Hha I assessment of the methylation state of the Ha-ras oncogene in
phenobarbital-induced, chloroform-induced, and spontaneous hepatic tumors (short
exposure time). DNA derived from phenobarbital-induced (lanes 2-3), chloroform-
induced (lanes 4-7), and spontaneous (lanes 8-11) tumors was isolated and treated
as described in Figure 27, except that a 0.8% agarose gel was used and
electrophoresis was carried out for an additional 4 hours. Note the altered
mobility of some bands in tumor samples (lanes 2-11) as compared to control DNA
(lanes 1 and 12).
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Figure 30. Hhal aueslment of the methylation state of the Ha-ras oncogene in
phenob 158 hl duced, and n (long
exposure time). The membrane shown in Figure 29 was reexposed to x-ray film
for double the amount of time. The arrows point to bands whose intensity is much
greater in tumor DNA (lanes 2-11) than in control DNA (lanes 1 and 12).
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Figure 32. Hha I assessment of the methylation state of the Ki-ras oncogene in
. benzidine-induced tumors and adjacent non-tumor tissue. DNA derived from
tumors (lanes 2, 4, and 6) and non-tumqg, tissue (lanes 1, 3, and 5) was isolated and
treated as described in Figure 27. A ““P-labelled probe for Ki-ras was used for
hybridization.
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hypomethylated at 5'-GCGC-5' sites in tumor versus non-tumor liver tissue.
Similarly, when Hha I was used to digest tumor DNA from the phenobarbital,
chloroform, and spontaneous groups (Figure 33), a band was sometimes observed
at approximately 20 kb (lanes 2, 4, 6, 7, 8, and 10; see arrow) which was not
observed in control DNA (lanes 1 and 12). These results indicate that the Ki-ras
oncogene is sometimes hypomethylated in phenobarbital-induced, chloroform-
induced, and spontaneous B6C3F1 mouse liver tumors.

Figure 34 shows the result of hybridizing Hha I-digested DNA from coutrol
and opposite sex mice to the myc probe. In each sample, a band is apparent at
approximately 12 kb, although some non-specific hybridization occurs at higher
molecular weights. It thus appears that myc is methylated to the same extent in
B6C3F1, C3H/He, and C57BL/6 mice of both sexes.

Hhal was also used to assess the relative methylation state of myc in
benzidine-induced tumors and non-tumor tissue (Figure 35). A band at 14.5 kb is
apparent in non-tumor DNA (lanes 1, 3, and 5) whereas this band displays a size of
13.5 kb in tumor samples (lanes 2, 4, and 6). This decrease in band size indicates
that some 5'-GCGC-3' sites have acquired a demethylated status in tumor tissue.
An extra band was sometimes observed in Hha I-digested tumor DNA from the
phenobarbital- and chloroform-induced and spontaneous tumors (Figure 36, lanes
3, 6, 7, and 10; see arrow) which was not present in control DNA (lanes 1) or in
DNA from the other tumors. The presence of this > 23 kb band may be indicative
of myc hypomethylation in some tumors from the three treatment groups depicted
in this figure.

Hybridization of the serum albumin probe to Hha I-digested comtrol and
opposite sex DNA is shown in Figure 37. In each sample, bands at 10 and 8 kb are
produced. These results indicate that serum albumin is methylated to the same

extent in male and female B6C3F1, C3H/He, and C57BL/6 mouse liver. A simlar
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Flgura 35. th I assessment of the methylation state of the myc oncogene in

and adj non-tumor tissue. The memb shown in
Figure 32 was stripped of the Ki-ras probe and rehybridized to a labelled
probe for myc (Pst I fragment).
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Plcm 36. B‘h-t of tht hylation state oltha myc oncogene in

P d, and The

m z;l.nn‘ :hmm in Figure 33 was stripped ol the ‘Kiras probe and rehybridized to
labelled probe for myc (Pst I fragment).
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result was observed when the serum albumin probe was hybridized to Hhal-
digested DNA from all four groups of tumors (data not shown). These results
indicate that the methylation state of the serum albumin gene is not altered in

tumor tissue as compared to normal liver.

4. DNase I Studies

A photograph of an ethidium-bromide-stained baby gel upon which was
electrophoresed a set of DNase I-treated B6C3F1 DNA samples is presented in
Figure 38. In this figure, as in the following DNase I figures (Figures 39-51), the
0°C control sample is in lane 1, the 15° control sample is in lane 2, and lanes 3-7
represent DNA treated with increasing concentrations of DNase I (28-47 umits/
ml). As can be seen in lane 1, electrophoresis of the 0°C control sample results in
a band of very high molecular weight DNA. Similarly, the 15°C control DNA (lane
2) also produces a single band of high molecular weight, although DNA in this
sample exhibits slightly greater electrophoretic mobility as compared to the 0°C
control. The DNase I-treated samples show evidence of smaller DNA fragments
in a concentration-dependent manner, as evidenced by a faint smear of DNA down
the gel. These results indicate that the 0°C control DNA is undegraded, whereas
the 15°C control DNA exhibits minimal degradation. Furthermore, it appears that
a limited DNase I digestion has been achieved in the DNase I-treated samples.

Figure 39 shows the result of hybridizing EcoRl-digested DNase I-treated
B6C3F1 DNA to the Ha-ras probe. It can be seen that two bands at 4.4 and 3.0 kb
(see arrows) appear in the DNase I-treated samples (lanes 3-7) in a concentration-
dependent manner; these bands are extremely faint (probably due to some
endogenous nuclease activity) or not present in the controls (lanes 1-2). The
appearance of these bands indicate the presence of DNase I hypersensitive sites in

the Ha-ras oncogene B6C3F1 mouse liver.
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Figure 39. Assessment of the Ha-ras oncogene for the presence of DNase I
hypersensitive sites in B6C3F1 mouse liver using EcoRl. DNA isolated from 0°C
(lane 1) or 15°C (lame 2) control muclei or nuclei treated with increasing
councentrations of DNase I (lanes 3-7; 28-47 umits/ml) wusiigested with EcoRl.
Electrophoresis, Southern transfer, and hybridization to a “~“P-labelled probe for
Ha-ras (Oncor) was performed as described in Methods. Bands resulting from
digestion at DNase I hypersensitive sites are indicated by arrows.
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Similar results were observed when DNase I-treated DNA from C3H/He
(Figure 40) and C57BL/6 (Figure 41) mouse liver was digested with EcoRl and
hybridized to the Ha-ras probe. In each case, bands at approximately 4.4 and 3.0
kb were observed in the DNase I-treated samples (lanes 3-7) whereas these bands
are absent in the 0°C control sample (lane 1). It thus appears that the Ha-ras
oncogene possesses DNase I hypersensitive sites in all three mouse strains.

The enzyme Hind III was also used to examine the Ha-ras oncogene for the
presence of DNase I hypersensitive sites. As seen in Figure 42, digestion of
DNase I-treated B6C3F1 DNA (lanes 3-7) with this enzyme produces bands at 4.0
and 1.9 kb, whereas corresponding bands are not seen in 0°C control DNA (lane 1).
The presence of the 1.9 kb and was corroborated in a repeat of this experiment
(Figure 43). A similar result was seen in DNase I-treated C3H/He DNA (Figure
44). A 4.0 kb band is apparent only in the DNase I-treated samples (lanes 3-7); a
1.9 kb band is not visible. In contrast, no additional bands are seen when DNase I-
treated C57BL/6 DNA was digested with Hind IIl (Figure 45) even after a longer
exposure of the x-ray film (not showm). These results indicate that DNase I
hypersensitive sites exist in the Ha-ras oncogene when Hind IIl is used for analysis
in both B6C3F1 and C3H/He mouse liver, but appear not to be present in C57BL/6
mouse liver.

The Ki-ras oncogene was also examined for the presence of DNase I
hypersensitive sites. When DNase I-treated B6C3F1 DNA was digested with Pst I,
bands at 10 and 4.8 kb were observed in the DNase I-treated samples (Figure 46,
lanes 3-7) but not in the control samples (lanes 1-2). Furthermore, the sizes of
these two bands sum to 14.8 kb. It can be seen that a band of approximately 14.5
kb decreases with intensity as the concentration of DNase I is increased. It thus
appears that the 10 and 4.8 kb bands may result from the action of DNase I at a

hypersensitive site within the 14.5 kb fragment. These results indicate that the
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Figure 40. Assessment of the Ha-ras oncogene for the presence of DNase I

tive sites in C3H/He mouse liver using EcoR1. DNA isolated from 0°C
(lane 1) or 15°C (lane 2) comtrol nuclei or nuclei digested with increasing
concentnﬁon- of DNase I (lanes 3-7; Z&G‘I \min/ml) was %ﬂguted with EcoRl.

y Southern fer, and b tion to a ~“P-labelled probe for
Hn-ru (Om:ar) was per!omed as ducribed in Methods. Bands resulting from
tion at DNase I hyp itive sites are indi d by arrows.
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Figure 41. Assessment of the Ha-ras oncogene for the presence of DNase I

tive sites in C57BL/6 mouse liver using EcoR1. DNA isolated from 0°C

(lane 1) or 15°C (lane 2) coumtrol nuclei or nuclei treated with increasing

ccncntndou of DNue I (hna 3-7; 2847 tmib/nl) was., ﬂuted with EcoRl.

, and hy to a labelled probe for

En-ru(Oucor)wu,‘ d as described in Method Blndsrenltingirom
digestion at DNase I h itive sites are indicated by
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Figure 42. Assessment of the Ha-ras oncogene for DNase I hypersensitive sites in
B6C3F1 mouse liver using Hind III. DNA was prepared and treated as described in
F;gge 39 except that Hind IIl was used for digestion. Lane 1, 0°C control; lane 2,
1 control; lanes 3-7, DNA from nuclei treated with increasing concentrations
of DNase I (28-47 umits/ml). Bands resulting from digestion at DNase I
hypersensitive sites are indicated by arrows.
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Figure 43. Confirmation of the presence of a Ha-ras band at 1.9 kb in DNase I-
treated B6C3F1 mouse liver DNA digested with Hind Il. DNA was prepared and
treated exactly as described in Figure 42. Bands resulting from digestion at
DNase I hyp itive sites are indi d by arrows.
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Figure 44. Assessment of the Ha-ras oncogene for the presence of DNase I
hypersensitive sites in C3H/He mouse liver using Hind IIl. DNA was prepared and
treated as described in Figure 40 except that Hind Il was used for digestioun.
Lane 1, 0°C control; lane 2, 15°C countrol; lanes 3-7, DNA from nuclei treated with
increasing concentrations of DNase I (2847 umits/ml). The arrow points to a band
resulting from digestion at a DNase I hypersensitive site.
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Figure 45. Assessment of the Ha-ras oncogene for the presence of DNase I
hypersensitive sites in C57BL/6 mouse liver using Hind IIl. DNA was prepared and
treated as described in Figure 41 except that Hind Il was used for digestion.
Lane 1, 0°C countrol; lane 2, 15° control; lanes 3-7, DNA from nuclei treated with
increasing concentrations of DNase I (28-47 units/ml).
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Figure 46. Assessment of the Ki-ras oncogene for the presence of DNase I
hypersensitive sites in B6C3F1 mouse liver. DNA was prepared and treated as
described in F 39 except that Pst I was used for digestion and the DNA was
hybridized to a lled probe for Ki-ras. Lane 1, 0°C control; lane 2, 15°C
coutrol; lanes 3-7, DNA from nuclei treated with increasing concentrations of
DNase I (28-47 units/ml). The 10.0 and 4.8 kb bands appear to result from
cleavage of the 14.5 kb band at a DNase I hypersensitive site (see arrows).
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Ki-ras oncogene possesses a DNase I hyperseunsitive site in B6C3F1 mouse liver.
DNase I-treated C3H/He DNA digested with Pst I shows a similar result (Figure
47) with bands appearing at 10 and 4.8 kb only in the DNase I-treated samples. In
contrast, bands corresponding to these sizes are not apparent in DNase I-treated
C57BL/6 DNA digested with this enzyme (Figure 48). These results indicate that
the Ki-ras oncogene possesses a DNase I hypersensitive site in B6C3F1 and
C3H/He mouse liver, but this site appears to be absent in the liver of the C57BL/6
mouse.

The assessment of the myc oncogene for DNase I hypersensitive sites in
B6C3F1 mouse liver is presented in Figure 49. When digested with Hind III, bands
appear at 3.1 and 2.3 kb in DNase I-treated DNA (lanes 3-7), but these bands are
not evident or faint (probably due to endogenous nuclease activity) in control DNA
(lanes 1-2). It appears that these bands may result from the cleavage of the 5.1
kb band, which shows a decrease in intemsity as the concentration of DNase I
increases. Similar results were observed in DNase I-treated C3H/He (Figure 50)
and C57BL/6 (Figure 51) DNA. In both cases, bands appear at approximately 3
adn 2 kb in the DNase I-treated DNA, whereas the 5 kb band shows a concurrent
decrease in intemsity. These results indicate that the myc oncogene exhibits a

DNase I hypersensitive site in B6C3F1, C3H/He, and C57BL/6 mouse liver.

5. RNA Studies

The integrity of RNA samples was assessed by electrophoresis of glyoxal-
denatured RNA followed by ethidium bromide staining (Figure 52). The 28S and
18S ribosomal RNA bands are clearly visible, with little evidence of RNA with
greater electrophoretic mobility than these bands. It thus is evident that the

RNA shows no indication of degradation and is therefore assumed to be intact.
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Figure 47. Assessment of the Ki-ras 8 for the p of DNase I
hypersensitive sites in C3H/He mouse liver. DNA was prepared and treated s
described in F 40 except that Pst I was used for digestion and the DNA was
hybridized to a labelled probe for Ki-ras. Lane 1, 0°C control; lane 2, 15‘C
control; lanes 3-7, DNA from nuclei d with i i

DNase I (28-47 units/ml). The 10.0 and 4.8 kb bands appelr to result from
cleavage of the 14.5 kb band at a DNase I hypersenstiive site.
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Figure 48. Assessment of the Ki-ras oncogeme for the presence of DNase I
hypersensitive sites in C57TBL/6 mouse liver. DNA was prepared and treated as
described in F 41 except that Pst I was used for digestion and the DNA was
hybridized to a labelled probe for Ki-ras. Lane 1, 0°C control; lane 2, 15°C
coutrol; lanes 3-7, DNA from nuclei treated with increasing concentrations of
DNase I (28-47 units/ml).
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Figure 49. Assessment of the myc 8 for the p of DNase I

hypersensitive sites in B6C3F1 mouse liver. DNA was prepared and treated as
described in Figure except that Hind III was used for digestion and the DNA
was hybridized to a labelled probe for myc (PstI fragment). Lamne 1, 0°C
control; lane 2, 15°C countrol; lanes 3-7, DNA from nuclei treated with increasing
concentrations of DNase I (28-47 umits/ml). The bands of approximately 2 and 3
kb appear to result from cleavage of the 5 kb band at a DNase I hypersensitive
site (see arrows).
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Figure 50. Assessment of the myc omcogene for the presence of DNase I
hyperseusitve sites in C3H/He mouse liver. DNA was prepared and treated as
described in Figure except that Hind Il was used for digestion and the DNA
was hybridized to a labelled probe for myc (Pst I fragment). Lane 1, 0°C
control; lane 2, 15°C coutrol; lanes 3-7, DNA from nuclei treated with increasing
concentrations of DNase I (28-47 units/ml). The bands of approximately 2 and 3
kb appear to result from cleavage of the band at approximately 5 kb at a DNase I
hypersensitive site (see arrows).
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Figure 51. Assessment of the myc oncogene for the presence of DNase I
hypersensitive sites in C57BL/6 mouse liver. DNA was prepared and treated as
described in Figure except that Hind III was used for digestion and the DNA
was hybridized to a labelled probe for myc. lane 1, 0°C control; lane 2, 15°C
control; lanes 3-7, DNA from nuclei treated with increasing concentrations of
DNase I (28-47 units/ml). The bands at approximately 2 and 3 kb appear to result
from clcav:ge of the approximately 5 kb band at a DNase I hypersensitive site
see arrows).
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Figure 52. A of RNA integrity. Total RNA was denatured with
glyoxal, lnd 13 ve ples were el h d on a 1.0% agarose gel. After
hidi ini the gel was illuminated with UV light and photo-

graphed. The figure shows a typlca.l result, and RNA was assumed to be intact
ouly if a similar result was obtai
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Figure 53 presents the result of hybridizing RNA derived from benzidine-
induced tumors (lanes 2, 4, 6, and 8) and adjacent non-tumor tissue (lanes 1, 3, 5,
and 7) to the 3?‘P-labelled Ha-ras probe. It can be seen that in 3 cases, RNA from
tumors shows a slightly greater degree of hybridization (lanes 4, 6, and 8) than
RNA from the adjacent non-tumor tissue (lanes 3, 5, and 7). Densitometry
revealed that the intensity of the Ha-ras band is increased from 14% to 67% in
tumor versus non-tumor in these three cases (Table 2). It thus appears that
tumors sometimes contain an elevated level of Ha-ras mRNA as compared to non-
tumor tissue.

When a duplicate Northern transfer was hybridized to the Ki-ras probe, very
faint bands were produced, even after an extended exposure period (not shown).
Hybridization of another duplicate Northern transfer to the myc probe produced
no bands (not shown). These results indicate that there is a low level of Ki-ras
mRNA in benzidine-induced tumors and adjacent non-tumor tissue, whereas the
level of mRNA coresponding to myc, if present, is beyond the limits of detection
by the method used.
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Figure 53. Levels of Ha-ras mRNA in benzidine-induced tumors and adjacent
non-tumor tissue. RNA was isolated, denatured with formaldehyde, and electro-
phoresed as described in Methods. Lanes 1, 3, 5, and 7, non-tumor RNA; lanes 2,
4, 6, and 8, tumor RNA. Note the increased intensity of the hybridization in lanes
4, 6, and 8 as compared to lanes 3, 5, and 7, respectively.



119

TABLE 2

Ha-ras mRNA Levels in Benzidine-Induced B6C3F1 Mouse Liver
Tumors and Adjacent Non-tumor Tissue

Lane Number Sample" Intensityb % Cha,ngec
1 N-1 0.245
2 T-1 0.137 -44
3 N-2 0.107
4 T-2 0.152 +42
5 N-3 0.141
6 T-3 0.160 +14
7 N-4 0.084
8 T-4 0.140 +67

aN represents RNA isolated from non-tumor liver tissue; T represents RNA
isolated from adjacent tumor tissue.

bEa.::'n lane on the autoradiograph presented in Figure 53 was scanned with
an LKB UltroScan XL densitometer. The resulting peaks were cut out and
weighed.

CThe difference in inteunsity between non-tumor and corresponding tumor
samples was divided by the intensity of the non-tumor sample.



DISCUSSION

1. Differential Potential for Expression of Oncogenes in B6C3F1, C3H/He, and
C57BL/6 Mouse Liver

A. Hypomethylation of Ha-ras in B6C3F1 and C3H/He mouse liver

Use of the BS-9 probe for methylation state assessment revealed that
the Ha-ras oncogene is differentially methylated in the liver of B6C3F1, C3H/He,
and C57BL/6 mice. This gene is relatively hypermethylated in the CS57BL/6
mouse, a condition counsistent with quiescence. In contrast, the Ha-ras oncogene
tends to be relatively hypomethylated in B6C3F1 and C3H/He mice, thus
suggesting that this gene has a greater potential for activity in these two strains
than in the C57BL/6 mouse.

Due to the frequency with which an activated Ha-ras oncogene has
been observed in B6C3F1 mouse liver tumors (Reynolds et al., 1986; Wiseman et
al., 1986; Reynolds et al., 1987; Stowers et al., 1988), it appears that Ha-ras
activation may play a causal role in the genesis of hepatomas in this animal. It is
possible that a state of relative hypomethylation of the Ha-ras omncogene
facilitates its aberrant expression and thereby comtributes to neoplastic growth.
When considering the three strains of mice examined in this study, a positive
correlation has been discerned between relative hypomethylation of Ha-ras and
spontaneous hepatoma incidence. The Ha-ras oncogene is relatively hypomethyl-
ated in B6C3F1 and C3H/He mouse liver, and both of these strains have a high
propensity for hepatoma development (both spontaneous and chemically-induced).
In contrast, this gene is relatively hypermethylated in C57BL/6 mouse liver, and

this strain exhibits a spontaneous hepatoma incidence of nearly zero and appears
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to be less semsitive to induction of liver tumors by chemicals such as
phenobarbital (Becker, 1982). Thus, the methylation state of the Ha-ras oncogene
in nascent mouse liver may be a determinant of the propensity of this geme to
become activated.

The state of relative hypomethylation of Ha-ras in the liver of B6C3F1
and C3H/He mice as compared to the C57BL/6 mouse discerned using the BS-9
clone was corroborated by use of a Ha-ras probe from Oncor. These studies
revealed that the Ha-ras oncogene is hypomethylated in a site-specific manner in
B6C3F1 and C3H/He versus C57BL/6 mouse liver. This was observed in both
sexes. This absence of a methylated site in the two hepatoma-prone strains may
play a role in facilitating expression of this geme. Two mechanisms for this
phenomenon are possible. First, the site under consideration may play a key role
in the control of Ha-ras transcription. In other words, when this site is
unmethylated, transcription of Ha-ras is permitted, whereas methylation acts to
impede transcription. Second, to the extent that hypomethylation is one of the
requirements for trancription of a gemne, the absence of methylation at ome
critical site can be viewed as bringing the gene a step closer to the degree of
hypomethylation required to permit enhanced tramscription. Thus, the Ha-ras
oncogene in B6C3F1 and C3H/He mouse liver may be primed for expression by
virtue of its relatively hypomethylated state. However, the dissimilar restriction
pattern produced by Msp I and Hpa II digestion indicate that the Ha-ras oncogene
is generally hypermethylated and therefore has a low potential for expression.

This scenario is compatible with the view that a critical mutation is
involved in the activation of the Ha-ras oncogene. It is axiomatic that an
activating mutation cannot exert phenotypic effects unless the gene is also
expressed. If the altered gene is quiescent, no effect will be seen, although the

cell is now primed for transformation. At this point, the critical step becomes
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deregulation of gene expression. Onmly if the mutated gene achieves a state
permissive for expression can phenotypic changes be seen. On the other hand, a
mutation in an active gene or in a gene in a state permissive for expression may
have a more immediate effect. This scenario is supported by the finding that the
c-Ha-ras gene is hypomethylated in mouse epidermis, a cell type known to be
susceptible to oncogenic conversion by a single-point mutation (Ramsden et al.,
1985). It has been speculated that carcinogens can more easily access hypo-
methylated regions of DNA (Balmain et al., 1986); i.e., hypomethylated genes are
mutational "hot spots”. However, an alternate explanation is that hypomethylated
genes are primed for expression. A mutation in such a gene would thus have a
high probability of affecting the phenotype of the cell (Goodman et al., 1986).
Support for this hypothesis comes from the finding that the methyla-
tion state of the Ha-ras oncogene exerts a profound effect om its transforming
ability. In an elegant study by Borrello and coworkers (1987), the pT24-C3
plasmid, which contains an Ha-ras oncogene possessing an activating mutation in
codon 12, was evaluated for its ability to transform NIH 3T3 cells when
methylated and unmethylated. It was found that methylation of the internal
cytosines at all 5'-CCGG-3' and 5'-GCGC-3' sites results in an 80% decrease in
the transforming efficiency of this plasmid, and a longer delay prior to foci
formation was noted after transfection with the methylated versus the unmethyl-
ated oncogene. The promoter region was found to be demethylated in all
transformants, whereas the body of the gene exhibited variable methylation,
suggesting that hypomethylation of the promoter region, at minimum, is necessary
for transcription to proceed. Furthermore, 5-azaCR treatment of NIH 3T3 cells
transfected with the methylated plasmid increased the number of foci produced to
the level of 5-azaCR treated NIH 3T3 cells transfected with an unmethylated

oncogene. These results indicate that the ability of the Ha-ras oncogene to exert
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phenotypic effects is dependent on its expression. Inhibition of transcription via
methylation abolishes the transforming capacity of pT24-C3, even though an
activating mutation is present.

The relatively hypomethylated state of the Ha-ras oncogene in
B6C3F1 and C3H/He mouse liver may result from an inability of this gene to be
maintained in a methylated state. Two possible mechanisms, discussed below,
may be pictured as underlying this phenomenon.

Because Ha-ras expression has been found to be elevated in developing
(Zhang et al., 1987) and regenerating (Thompson et al., 1986) liver, the protein
product of this gene appears to play a role in liver development. Therefore, it is
likely that the Ha-ras gene exists in a hypomethylated state in fetal liver and
acquires a hypermethylated state as the liver matures and Ha-ras expression
diminishes; this is probably accompanied by Ha-ras methylation through de novo
methylase activity. It is possible that the Ha-ras oncogene near the observed
unmethylated site is a poor substrate for the methylase. Ome explanation for this
possibility is alteration of the DNA sequence in this region of the Ha-ras gene in
B6C3F1 and C3H/He as compared to C57BL/6 mice. As a counsequence, the
conformation of chromatin may be altered in such a way that the methylase
cannot access this site.

The second possibility involves altered demethylase activity at the Ha-
ras locus. Demethylation of DNA appears to be enzymatic (Gjerset and Martin,
1982; Razin et al., 1986) and has been proposed as a mechanism to activate tissue-
specific genes during differentiation (Razin et al., 1986). The Ha-ras oncogene in
B6C3F1 and C3H/He mouse liver may be a good substrate for the demethylase,
resulting in a relatively hypomethylated state of this geme. Again, this could

result from an alteration in base sequence near the observed unmethylated site in
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Ha-ras, resulting in a chromatin configuration that facilitates demethyalse acti-
vity at this site.

Supporting the idea that a mutation can affect a gene's potential for
transcriptional activity is the finding that the T24 form of the Ha-ras oncogene
contains a mutation in an intervening sequence whose effect is to increase the
expression level of this gene ten-fold (Cohen and Levinson, 1988). Because the
mutation occurs in a non-coding region, it is unlikely that it results in an altered
protein product; further experiments revealed no qualitative alterations in the p21
protein as a result of this mutation.

The possibility that an altered base sequence can affect the transcrip-
tion rate of a gene Qithout altering the protein product is intriguing for a number
of reasons. First, a compromised ability of Ha-ras to be maintained in a
methylated state as a result of an altered base sequence in the Ha-ras gene of
B6C3F1 and C3H/He mice as compared to C57BL/6 mice is a heritable trait.
Assuming that activation of Ha-ras is necessary for hepatoma development and
hypomethylation of Ha-ras plays a role in this activation process, this possibility
agrees with the observed heritable incidence of hepatoma development in B6C3F1
and C3H/He, and C57BL/6 mice. Second, it has been observed that transfection
of multipotential murine stem cells with a twelfth codon-mutated Ha-ras onco-
gene, followed by induction of differentiation, produces fibroblasts displaying the
transformed phenotye and expressing a high level of the p21 protein product (Bell
et al, 1986). Other differentiated cells were non-transformed and expressed a
low level of p21. However, transfection of the same gene into already differenti-
ated fibroblasts produced no transformants. These results suggest that expression
of Ha-ras in stem cells may be required for differentiated cells to be subject to
Ha-ras-induced transformation and also indicate that cell type specificity exists

for sensitivity to transformation. Deranged control of Ha-ras expression during
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liver development through altered methylation may predispose hepatocytes to Ha-
ras-induced transformation. Furthermore, this study clearly demonstrated that an
increased level of Ha-ras expression is required for transformation to occur.

B. Methylation state of the Ki-ras and wmyc omcogenes in B6C3Fl,
C3H/He, and C57BL/6 mouse liver

No differences in the methylation state of hepatic K-ras and myc
oncogenes were discerned between B6C3F1, C3H/He, and C57BL/6 mice. These
results indicate that there is no increased potential for expression of these
oncogenes in the hepatoma-proune strains as compared to the non-hepatoma-prone
strain. Furthermore, Ki-ras and myc were observed to be hypermethylated in all
cases, suggsting that these genes possess a low potential for expression in normal
mouse liver.

C. DNase I hypersensitive sites in oncogenes

Using the restriction endonuclease EcoR1, the Ha-ras oncogene was
found to possess a DNase I hypersensitive site in B6C3F1, C3H/He, and C57BL/6
mouse liver, suggesting that this gene has some potential for expression in all
three strains. However, use of Hind IIl for DNase I hypersensitive site detection
revealed such a site only in B6C3F1 and C3H/He mouse liver. Although it is
possible that detection of the same DNase I hypersensitive site was achieved by
the two enzymes, this is unlikely due to the fact that a DNase I hypersensitive
site in the Ha-ras gene of C57BL/6 mouse liver was observed following EcoR1 but
not Hind II digestion. It thus appears that the Ha-ras oncogene possesses two
DNase I hyperseunsitive sites in both hepatoma-prone strains, whereas this gene
contains only one DNase I hypersensitive site in the non-hepatoma-prone strain
C57BL/6. This result suggests that Ha-ras may have a greater potential for
trancriptional activity in B6C3F1 and C3H/He mouse liver as compared to
C57BL/6 mouse liver, a finding in agreement with the differences detected in the

methylation status of this gene in the three strains (Section 1A). Indeed, the
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phenomena of relative hypomethylation of Ha-ras and an increased number of
DNase I hypersensitive sites may be related. It has been found that amn
unmethylated gene, when transfected ito mouse L cells, integrates into the host
DNA in a DNase I-sensitive conformation, whereas integration of a methylated
gene occurs in a DNase I-inseunsitive conformation (Keshet et al., 1986). These
results suggest that methylation of a gene affects chromatin structure by altering
the interactions of its DNA, RNA, and protein components.

A number of studies have demonstrated a correlation between an
increased number of DNase I hypersensitive sites in a gene and an increased
potential for its expression. For example, both the major chicken vitellogenin
geue (Burch and Weintraub, 1983) and the mouse metallothionein gene (MacArthur
and Lieberman, 1987) exhibit one or more DNase I hypersensitive sites during
periods of quiescence. When expression of these genes is induced, an additional
set of DNase I hypersensitive sites becomes evident. These results indicate that
an increase in the number of hypersensitive sites in a gene is associated with an
increased potential for its expression. This relationship supports the assertion
that an additional DNase I hypersensitive site in the Ha-ras oncogene of B6C3F1
and C3H/He mouse liver as compared with the C57BL/6 mouse liver may indicate
an increased potential for its expression in the former two strains.

Similarly, the Ki-ras oncogene was found to possess a DNase I
hypersensitive site in B6C3F1 and C3H/He mouse liver, but not in C57BL/6 mouse
liver. Again, this result suggests a greater potential for Ki-ras expression in the
two hepatoma-prone strains .than in the non-hepatoma-prone strain. In contrast,
the myc oncogene exhibits a DNase I hypersensitive site in the liver of all three
mouse strains, suggesting an equal potential for transcriptional activity of myc in
each. During compensatory hyperplasia following partial hyperplasia, expression

of myc and ras oncogenes has been found to increase within 2 hours and 15 hours,
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respectively (Thompson et al., 1986). Therefore, these genes must possess some
potential for transcriptional activity in normal adult liver in order for expression
to commence so quickly. The presence of at least one DNase I hypersensitive site

in Ha-ras and myc observed in this study may be indicative of this potential.

2. Increased Poteuntial for Oncogene Expression in B6C3F1 Mouse Liver Tumors
A. Hypomethylation of the Ha-ras oncogene

Msp I/Hpa II restriction enzyme analysis revealed that the Ha-ras is
hypomethylated in benzidine-, phenobarbital-, and chloroform-induced and spon-
taneous B6C3F1 mouse liver tumors as compared to nmon-tumor liver tissue. In
DNA from each tumor, a shift in the Hpa II restriction pattern to more closely
resemble that of Msp I indicates that Ha-ras has acquired a hypomethylated state,
suggesting that this gene has a greater potential for expression in neoplastic
tissue than in normal tissue. This conclusion is supported by the results of
experiments using Hhal for methylation assessment. In benzidine-induced
tumors, a consistent shift in the Ha-ras band to a smaller size was observed; in
tumors from the other three treatment groups, a similar alteration was sometimes
seen, along with the appearance of additional bands of a much smaller size. Thus,
it appears that regulation of tramscriptional activity of the Ha-ras oncogene is
compromised in tumor tissue. This situation may serve to facilitate Ha-ras
expression and thereby contribute to hepatoma development.

A number of investigators have found that overexpression of the
normal (non-mutated) Ha-ras oncogene can cause transformation under certain
conditions. The normal rat (DeFeo et al.,, 1981) and human (Chang et al., 1982)
Ha-ras oncogenes, when transfected into NIH 3T3 cells, are unable to effect
transformation. However, when these genes are ligated to an efficient viral

promoter, the ability to transform these cells is acquired. In both cases, a high
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level of the p21 protein product was evident in foci. These results indicate that
an increased level of expression of the normal cellular Ha-ras oncogene is
sufficient for transformation in this paradigm.

Similarly, the normal Ha-ras oncogene can transform NIH 3T3 cells if
a large amount (15-30 yg DNA/Z:IO5 cells) of cloned oncogene is used for
transfection (Pulciani et al., 1985). Foci were found to contain multiple copies of
the Ha-ras gene, and expression was proportional to copy number. Further
experiments revealed no evidence of an activating mutation. In contrast,
overexpression of the normal Ha-ras oncogene in the rat embryo fibroblast cell
line Rat-1 is capable of producing only partial transformation; a mutated Ha-ras
oncogene was required for full transformation (Ricketts and Levinson, 1988). The
differential ability of overexpression of Ha-ras to transform NIH 3T3 and Rat-1
cells may be due to the fact that NIH 3T3 cells display characteristics of a semi-
transformed cell line and may be easier to transform. In addition, overexpression
of the normal Ha-ras oncogene in early passage rat cells can rescue these cells
from senescence (Spandidos and Wilkie, 1984). Taken together, these results
indicate that increased expression of the normal Ha-ras oncogene contributes to
transformation, although the degree to which this ability is manifested depends
upon the characteristics of the cell system used.

The transforming efficiency of a mutation-activated Ha-ras oncogene
also has been demonstrated to be influenced by its level of expression. The T24
Ha-ras oncogene, which contains a mutation in codon 12, can transform early
passage rodent cells when linked to transcriptional enhancers (Spandidos and
Wilkie, 1984; Spandidos, 1986). Other investigators have reported that T24 is
unable to effect transformation in rat embryo fibroblasts unless a second,
complementing oncogene is cotransfected into these normal cells (Land et al.,

1983b; Ruley, 1983); this observation may be due to a low level of T24 Ha-ras
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expression. It thus appears that a mutant Ha-ras oncogene, when expressed at a
high level, is sufficient for full transformation of normal cells, whereas a low
level of expression requires further alterations supplied by a second oncogene. In
addition, an increased level of T24 Ha-ras has been correlated with an increased
metastatic potential in 10T1/2 and NIH 3T3 cells (Egan et al., 1987). The above
results indicate that an elevated level of expression of a mutated Ha-ras oncogene
may elicit a shift toward the phenotypic alterations characteristic of malignancy.

In vivo, the level of Ha-ras expression has been found to be elevated
during carcinogenesis, most notably in skin (Balmain et al., 1984; Pelling et al.,
1986, 1987) and liver (Makino et al., 1984a; Corcos et al., 1984; Cote et al., 1985;
Yaswen et al., 1985). It appears that an increase in transcriptional activity is a
relatively early event in the carcinogenic process, having been observed in benign
skin papillomas (Balmain et al.,, 1984; Pelling et al., 1986, 1987), and in liver early
after the commencement of a hepatocarcinogenic diet (Yaswen et al., 1985).
Therefore, increased expression of Ha-ras may contribute to the transformation
process. However, an activating point mutation has been detected in the Ha-ras
oncogene concurrent with its overexpression (Pelling et al., 1987), suggesting that
both alterations are required for full transformation.

B6C3F1 mouse liver tumors frequently possess an Ha-ras oncogene
containing a critical mutation, often in codon 61 (Wiseman et al., 1986; Reynolds
et al.,, 1986, 1987; Stowers et al., 1988). The p21 product of this mutated gene
exhibits altered electrophoretic mobility and, presumably, altered biochemical
activity compared to the normal p2l protein. Thus, it appears that Ha-ras
activation in B6C3F1 mouse liver often involves mutation. However, these same
studies show that some B6C3F1 liver tumors test negative in the NIH 3T3 cell
transfection assay, indicating that a mutated Ha-ras oncogene does not exist in

these tumors. This suggests that other biochemical mechanisms exist by which
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phenotypically normal mouse hepatocytes can be transformed into malignant
cells. Ome such mechanism is the activation of Ha-ras through increased
expression in the absence of a mutation that alters physical and biochemical
characteristics of the p21 protein. The finding in this study that Ha-ras possesses
a relatively high potential for expression in tumors supports this possibility. An
increased potential for tranmscriptional activity also may contribute to the
activation of Ha-ras in the presence of a critical mutation. Furthermore, the
relatively high potential for Ha-ras expression may underlie the high frequency
with which this gene is observed to be activated in B6C3F1 mouse as compared to
rat liver tumors (Stowers et al., 1988).
B. Hypomethylation of the Ki-ras oncogene

Assessment of the methylation state of the Ki-ras oncogene in
benzidine-, phenobarbital-, and chloroform-induced and spontaneous tumors re-
vealed that this gene is frequently methylated to a lesser degree in tumors as
compared to normal liver tissue. Msp I/Hpa II analysis showed that the Hpa II
restriction pattern was often shifted to resemble more closely that of MspI in
tumor samples, whereas a shift to a smaller size was frequently observed in tumor
DNA digested with Hha I. These results indicate that the Ki-ras oncogene is
hypomethylated in tumors as compared to non-tumor tissue and therefore suggests
that this oncogene possesses an increased potential for expression in tumor tissue.
Therefore, the hypomethylated state of Ki-ras may contribute to the development
of hepatomas by facilitating aberrant expression of this oncogene.

A variety of tumors have been demonstrated to contain an amplified
Ki-ras oncogene (Winter et al., 1985; Winter and Perucho, 1986; Heighway and
Hasleton, 1986; Bos et al., 1986). This observed increase in copy number is
thought to result in an overall increase in transcription of the amplified gene. In

addition, greatly increased expression of Ki-ras has been observed in a bomne
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marrow-derived mouse cell line (George et al.,, 1986). Experimental evidence
indicates that this is the result of integration of viral DNA containing an efficient
promoter upstream from the first exon of Ki-ras. These results suggest that
overexpression of Ki-ras may contribute to carcinogenesis.

In addition, a number of tumors have been observed to contain a
mutated Ki-ras oncogene (Guerrero et al., 1984; Nakano et al., 1984; Shimizu et
al,, 1983; Tahira et al., 1986; Bos et al., 1986). Similar to the Ha-ras oncogene,
activating point mutations have been most frequently observed in codons 12 and
61 of Ki-ras. This is not surprising since both ras oncogenes encode a protein of
molecular weight 21 kD (p21) which binds GTP. Presumably, an activating
mutation alters the biochemical activity of the Ki-ras protein product in a mamer
such that it acquires the transforming capacity. However, it is axiomatic that the
Ki-ras oncogene must be expressed before the p2l1 protein product can exert its
transforming effects on phenotype.

Supporting this idea is the finding that the degree of transformation of
rat fibroblast cells containing a mutated Ki-ras oncogene is a function of the level
of Ki-ras expression (Winter and Perucko, 1986). Specifically, transfection of a
mutated Ki-ras into the Rat-4 cell line resulted in morphological transformation
only when Ki-ras was amplified; expression was determined to be proportional to
copy number. Furthermore, those cells with a low copy number were observed to
exhibit a low ability to grow in soft agar, whereas a small increase ( < 10-fold) in
gene dosage resulted in a greatly increased degree of anchorage independence and
the acquisition of tumorigenicity. Similarly, a mutant Ki-ras oncogene is over-
expressed relative to the normal allele in lung carcinoma cell lines, and this is
sometimes associated with moderate amplification of the mutant gene (Winter et
al., 1985). It thus appears that quantitative changes in Ki-ras expression may be

involved in the transformation process.
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The above results indicate that a moderate increase in expression of Ki-ras
can exert a profound effect on phenotype. Therefore, the finding that the Ki-ras
oncogene is often hypomethylated in B6C3F1 mouse liver tumors is significant.
The increased potential for expression of Ki-ras in tumors may facilitate
transcriptional activity of this oncogene. Increased Ki-ras expression may, in
turn, contribute to the phenotypic alterations associated with malignancy. In-
deed, an increased level of Ki-ras expression has been observed during hepato-
carcinogenesis (Corcos et al., 1984; Cote et al., 1985; Yaswen et al.,, 1985),
providing further support for the hypothesis that an increased potential for Ki-ras
expression may contribute to B6C3F1 mouse liver tumor development.

C. Amplification and hypomethylation of the myc oncogene

Hybridization of the myc probe to Msp I- and Hpa II-digested DNA
showed an increased degree of hybridization to B6C3F1 mouse liver tumor DNA
than to non-tumor DNA. This was observed in all tumor DNA samples, regardless
of whether the tumors were chemically-induced or spontaneous. A probable
explanation for this observation is amplification of the myc oncogene in tumors.
It is possible that the increased inteunsity of myc bands in tumor-derived DNA is
the result of a greater quantity of DNA affixed to the membrane. However,
comparison of the general intensity of bands produced by hybridization of the Ha-
and Ki-ras probes prior to and the pRSA 13 probe following myc hybridization
make this scenario unlikely.

Because an increased copy number of a gene provides increased
template available for transcription, it is thought that an amplified gene possesses
the potential for enhanced expression. In addition, use of Hha I for methylation
state assessment revealed that the myc oncogene is relatively hypomethylated in

some tumors as compared to non-tumor liver tissue. These results suggest that
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B6C3F1 mouse liver tumors have acquired an incrased potential for expression of
the myc oncogene.

Many transformed cells exhibit an elevated myc expression level
(Alitalo et al., 1987). This may result from amplification of the myc gene or
alterations (including chromosomal rearrangement) such that myc is more effi-
ciently transcribed. In addition, myc-containing retroviruses are thought to exert
their transformating effects as a consequence of a high level of myc expression.
Thus, it is clear that myc overexpression appears to participate in the carcino-
genic process.

As mentioned in the Introduction, myc is thought to be involved in cell
immortalization. The protein product encoded by the myc oncogene is known to
bind DNA, and it has been demonstrated that the presencé of myc protein is
necessary for the commencement of DNA synthesis (Studzinski et al., 1986;
Kaczmarek et al,, 1985). A role for aberrant myc expression in transformed cells
has been suggested by the finding that cell cycle control of myc expression is lost
in a murine embryonic fibroblast cell line after chemically-induced transforma-
tion, although overexpression was not apparent (Campisi et al., 1984). Deregu-
lated expression also has been found to inhibit differentiation of erythroleukemia
cells (Prochownik and Kukowska, 1986; Dmitrovsky et al., 1986), suggesting that
myc may play a role in the dedifferentiation often seen in malignancies.

Experimental evidence indicates that myc overepxression also may
result in more overt signs of malignancy. The immortal cell line EK-3 requires
transfection of both myc and ras to produce morphological transformation (Katz
and Carter, 1986), suggesting that myc performs some additional function beyond
immortalization in the carcinogenic process. Furthermore, overexpression of myc
is sometimes sufficient to induce transformation. For example, a highly ex-

pressed myc oncogene in transgenic mice is thought to be reponsible for their
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frequent lymphoma development (Adams et al., 1985). Similarly, quail embryo
fibroblasts exhibit a transformed morphology after infection with a highly
expressed myc oncogene (Martin et al., 1986), and a high level of myc expression
has been found to confer anchorage-independence and tumorigenicity upon rat
fibroblasts (Pellegrini and Basilico, 1986).

An increased potential for myc expression has been noted in neoplastic
tissue (Alitalo et al., 1987). This gene is hypomethylated in a number of human
tumor cell lines (Cheah et al., 1984) and in human hepatocellular carcinoma
(Nambu et al., 1987). Elevated myc expression has been noted in regenerating
liver (Makino et al., 1984b) and during hepatocarcinogenesis (Makino et al., 1984a;
Cote et al., 1985; Dragani et al., 1986). An elevated level of myc mRNA also has
been noted in B6C3F1 mouse liver tumors (Dragani et al., 1986). These results
suggest a causal role for the action of myc in hepatocarcinogenesis. Therefore,
the finding in this study that myc has the potential for increased expression in
B6C3F1 mouse liver tumors suggests that overexpression of myc may be involved
in the development of these tumors.

Thus far, B6C3F1 mouse liver tumors have not been reported to
contain an activated myc oncogene as assessed by the NIH 3T3 cell transfection
assay, probably because this test is unable to detect overexpressed myc due to the
fact that immortal cells are employed. Therefore, the novel finding that myc
possesses an increased potential for expression in chemically-induced and sponta-
neous hepatomas is compatible with the results of studies utilizing NIH 3T3 cells

for activated oncogene detection.

3. Ha-ras mRNA in Benzidine-Induced B6C3F1 Mouse Liver Tumors
Northern blot analysis of RNA in benzidine-induced liver tumors and

adjacent non-tumor tissue from B6C3F1 mice revealed a moderately increased
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level of Ha-ras mRNA in the neoplastic tissue in three out of four cases. This
result suggests that tumors have an increased rate of Ha-ras transcription. The
observed elevated Ha-ras mRNA level supports the assertion that the Ha-ras
oncogene has an enhanced potential for tramscriptional activity in tumors versus
non-tumor tissue. Therefore, the mechanism by which the Ha-ras oncogene is
activated in B6C3F1 mouse liver tumors may include increased expression of this
gene, ultimately resulting in an elevated level of the p21 protein product.

As discussed in Section 2A, an increase in the p21 protein of the Ha-ras
oncogene can greatly increase its transforming capability. Conversely, it has
been demonstrated that even a two-fold reduction in the level of an activated p21
protein from a closely related ras gene leads to reversion of the transformed
phenotype in a spontaneous human fibrosarcoma cell line (Paterson et al., 1987).
Therefore, the modest increase in Ha-ras mRNA levels observed in benzidine-
induced tumors may have a profound impact on B6C3F1 mouse liver tumorigene-
sis.

It has been proposed that the Ha-ras oncogene is expressed at a basal level
in a tightly controlled manner; expression then is subject to extensive modulation
by a novel regulatory element (Cohen and Levinson, 1988). A number of studies
have discerned a moderate increase (2-3 fold) in Ha-ras mRNA levels during rat
hepatocarcinogenesis (Beer et al., 1986; Cote et al., 1985; Corcos et al., 1984;
Makino et al., 1984a), suggesting that the escape of this gene from normal
regulation is a common phenomenon during liver carcinogenesis. In agreement
with this, a slightly elevated level of Ha-ras mRNA also has been observed in
DEN-induced B6C3F1 mouse liver tumors (Dragani et al., 1986).

Due to the frequency with which a critical mutation has been detected in
Ha-ras in B6C3F1 mouse liver tumors, it is probable that altered biochemical

activity of the p21 protein product plays a role in tumorigenesis. However, an
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increased transcription rate of Ha-ras is likely to exacerbate the effects of such a
mutation by increasing the amount of p2l. Thus, the increased level of Ha-ras
mRNA seen in three of four benzidine-induced B6C3F1 mouse liver tumors may be
involved in the mechanism by which a normal cell is transformed into a malignant

cell.

4. Implications of Increased Potential for Oncogene Expression

The fact that B6C3F1 and C3H/He mice possess a relatively hypomethylated
Ha-ras oncogene suggests that transcriptional activation of this gene may require
fewer steps than activation of the same gene in the C57BL/6 mouse; this
characteristic may facilitate aberrant Ha-ras expression. Since Ha-ras appears to
be primed for expression, the occurrence of an activating mutation within this
gene would be expected to have a high probability of exerting phenotypic effects.
In this manner, both a predisposition toward Ha-ras expression and a mutation at a
critical site in the Ha-ras gene may contribute to the Ha-ras activation believed
to be involved in the development of both spontaneous and chemically-induced
liver tumors.

Tumorigenesis may result from pleiotropic effects of B6C3F1 mouse liver
carcinogens. Many B6C3F1 mouse hepatocarcinogens are mutagens. Therefore,
one obvious comnsequence of carcinogen treatment is the production of an
activating mutation in the Ha-ras oncogene. However, over half of the chemicals
which produce hepatomas in the B6C3F1 mouse are non-mutagens as assayed in
the Ames test (Ashby and Tennant, 1988). Therefore, this group of B6C3F1 mouse
hepatocarcinogens may exert their effects in an epigenetic manner, possibly by
altering the methylation state of the Ha-ras gene.

It has been observed that treatment with a number of carcinogens results in

decreased levels of DNA methylation (Wilson and Jones, 1983; Boehm et al., 1983;
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Wilson et al., 1987a). Several mechanisms of carcinogen action may countribute to
this phenomenon. First, carcinogen/DNA adducts may inhibit maintenance
methylase from accessing hemimethylated sites. This effect on the Ha-ras
oncogene may be exacerbated if, as previously proposed, a region of this gene is
already a poor substrate for the methylase enzyme. Second, since some
methylation of daughter strand DNA is delayed for up to several hours after DNA
replication (Woodcock et al., 1986), it is possible that the hyperplasia caused by
many carcinogens may result in a failure to complete this phase of methylation.
Third, carcinogens may inhibit maintenance methylase activity, either by direct
inhibition of the enzyme or by perturbing the substrate pool. Fourth, demethylase
activity may be stimulated by carcinogen treatment, producing hypomethylation.
If a region of Ha-ras is already a good substrate for the demethylase, an even
greater degree of hypomethylation may result in this gene.

It is thus clear that a number of mechanisms exist by which carcinogens may
interfere with DNA methylation. The possibilities involving an alteration of
methylase or demethylase activity are especially intriguing, as these mechanisms
involve an epigenetic event with a threshold effect level and are most likely to
come into play during periods of cell proliferation. These three characteristics
also are counsistent with properties of chemicals known to be tumor promoters. As
was noted in the Introduction, the B6C3F1 mouse appears to exhibit an altered
respounse during the promotion phase of hepatocarcinogenesis compared to non-
hepatoma-prone mice. Therefore, the B6C3F1 mouse liver may be especially
sensitive to carcingen-induced DNA hypomethylation. In addition, due to the
relatively hypomethylated state of the Ha-ras oncogene in B6C3F1 and C3H/He
mouse liver, carcinogen-induced hypomethylation may more readily bring about

the degree of hypomethylation required for enhanced transcriptional activity.
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Spontaneous tumors in B6C3F1 and C3H/He mouse liver may arise from an
Ha-ras oncogene which has been activated, in part, by hypomethylation in the
absence of carcinogen treatment. ';'be level of genomic 5-MC has been observed
to decrease with age (Wilson et al., 1987b). It is possible that the Ha-ras
oncogene, being relatively hypomethylated in young adult B6C3F1 and C3H/He
animals, rapidly reaches the degree of hypomethylation permissive for enhanced
transcription due to this normal aging phenomenon. Once again, a spontaneous
mutation may be involved in full activation of the Ha-ras oncogene in this
scenario.

Regardless of whether hypomethylation of Ha-ras occurs through the actions
of carcinogens or through natural processes (e.g., aging), it appears that this
phenomenon plays a role in B6C3F1 mouse liver carcinogenesis. This statement is
based on the fact that Ha-ras was observed to be hypomethylated in all tumors
examined, regardless of whether they were spontaneous or induced by benzidine,
phenobarbital, or chloroform.

The presence of a greater number of DNase I hypersensitive sites in the Ha-
ras and Ki-ras oncogenes in B6C3F1 and C3H/He as compared to C57BL/6 mouse
liver suggests that these genes have a greater potential for expression in the
former two strains. Due to the chromatin conformation associated with DNase I
hypersensitive sites, transcription factors such as RNA polymerase and topo-
isomerases might more easily access these genes in B6C3F1 and C3H/He mouse
liver. In this manner, the Ha- and Ki-ras oncogenes might be expressed more
readily in these two hepatoma-prone strains. In addition, both the relative hypo-
methylation of Ha-ras and the presence of additional DNase I hypersensitive sites
in this gene support the assertion that the Ha-ras oncogene possesses an increased
potential for transcriptional activity in the liver of B6C3F1 and C3H/He mice as

compared to the C57BL/6 mouse.
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The finding that the myc oncogene is amplified and therefore has achieved a
high potential for expression in B6C3F1 mouse liver tumors is significant in light
of the observation that more than one oncogene is required for full transforma-
tion. As discussed in the Introduction, myc and ras oncogenes appear to behave in
a complementary fashion, and the actions of both oncogene products are neces-
sary to effect transformation of normal cells. Therefore, amplification of myc

may contribute significantly to the tumorigenic process.



SUMMARY AND CONCLUSIONS

Six major findings have resulted from the studies presented in this thesis.
First, the Ha-ras oncogene appears to possess an increased potential for expres-
sion in the liver of the B6C3F1 and C3H/He hepatoma-prone mouse strains than in
the liver of the non-hepatoma-prone C57BL/6 mouse. This conclusion is based on
the observation that the Ha-ras gene is hypomethylated in a site-specific manner
and possesses an additional DNase I hypersensitive site in the liver of the B6C3F1
and C3H/H strains as compared to the C57BL/6 strain. Second, the fact that
B6C3F1 and C3H/He mouse liver possesses a DNase I hypersensitive site in the
Ki-ras oncogene whereas no evidence of this site was observed in C57BL/6 mouse
liver suggests that Ki-ras also has an increased potential for expression in the two
hepatoma-prone strains. Third, the Ha-ras oncogene was found to display a
greatly increased potential for expression in B6C3F1 mouse liver tumors as
compared to non-tumor liver tissue. Hypomethylation of Ha-ras was observed in
all tumors from the benzidine-, phenobarbital- and chloroform-induced and
spontaneous groups, suggesting that increased Ha-ras expression is a common
phenomenon in Ha-ras activation in B6C3F1 mouse liver tumors. Fourth, Ki-ras
was sometimes observed to have an increased potential for expression in B6C3F1
mouse liver tumors from all four treatment groups. This result suggests that
activation of Ki-ras may contribute to hepatocarcinogenesis, but with a lesser
degree of commonality than that seen with Ha-ras. Fifth, the myc oncogene was
found to be amplified in all tumors, regardless of whether they were chemically-

induced or spontaneous. Therefore, increased potential for myc expression
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appears to be a common event in tumorigenesis in B6C3F1 mouse liver. Sixth, an
elevated level of Ha-ras mRNA was observed in three of four benzidine-induced
liver tumors, providing evidence that the increased potential for expression
observed in this gene indeed results in increased transcription.

Based on these results, it can be concluded that the Ha-ras oncogene might
be frequently activated in B6C3F1 mouse liver tumors as a consequence of its
basally high potential for transcriptional activity. According to this scenario, a
critical mutation, whether spontaneous or chemically-induced, would have a high
probability of producing transforming phenotypic effects. This characteristic
may, in part, underlie the high propensity for hepatoma development exhibited by
B6C3F1 and C3H/He mice. In addition, it appears that increased potential for
expression of oncogenes might be an underlying mechanism by which their
aberrant expression is brought about in the multistep process by which a normal
cell is transformed into a cancer cell. Hypomethylation of Ha-ras and Ki-ras, as
well as amplification of myc, appear to be common mechanisms by which these
oncogenes are activated in B6C3F1 mouse liver tumors. This observation supports
the assertion that tumors induced by different classes of carcinogens or arising
spontaneously share common biochemical pathways of oncogene activation during
tumorigenesis.

These conclusions illustrate the importance of examining epigenetic para-
meters of oncogene expression in studies aimed at elucidating the molecular
mechanisms by which cancer develops. In addition, it is clear that information
regarding basal oncogene potential for expression is vital in formulating a rational

interpretation of carcinogen bioassay data.



BIBLIOGRAPHY



BIBLIOGRAPHY

Adams, J.M., Harris, A.W., Pinkert, C.A., Corcoran, L.M., Alexander, W.S., Cory,
S., Palmiter, R.D. and Brinster, R.L.: The c-myc oncogene driven by

immunoglobulin enhancers induces lymphoid malignancy in transgenic mice.
Nature 318: 533-538, 1985.

Alitalo, K., Koskinen, P., Makela, T.P., Saksela, K., Sistonen, L. and Winqvist, R.:
myc oncogenes: Activation and amplification. Biochim. Biophys. Acta 907:
1-32, 1987.

Altevogt, P., von Hoegen, P. and Schirrmacher, V.: Immunoresistant metastatic
tumor variants can re-express their tumor antigen after treatment with
DNA methylation-inhibiting agents. Intl. J. Cancer 38: 707-711, 1986.

Ashby, J. and Tennant, R.W.: Chemical structure, Salmonella mutagenicity and
extent of carcinogenicity as indicators of genotoxic carcinogenesis among
222 chemicals tested in rodents by the U.S. NCI/NTP. Mutation Res. 204:
17-115, 1988.

Balcarek, J.M. and McMorris, F.A.: DNase I hypersensitive sites of globin genes
of uninduced Friend erythroleukemia cells and changes during induction with
dimethyl sulfoxide. J. Biol. Chem. 258: 10622-10628, 1983.

Balmain, A., Ramsden, M., Bowden, G.T. and Smith, J.: Activation of the mouse

cellular Harvey-ras gene in chemically induced benign skin papillomas.
Nature 307: 656-660, 1984.

Barbieri, R., Piva, R., Buzzoni, D., Volinia, S. and Gambari, R. ¢ Clustering of
undermethylated CCGG and GCGC sequences in the 5' region of the Ha-ras-
1 oncogene of human leukemic K562 cells. Biochem. Biophys. Res.
Commun. 145: 96-104, 1987.

Baylin, S.B., Hoppener, J.W.M., de Bustros, A., Steenbergh, P.H., Lips, C.J.M. and
Nelkin, B.D.: DNA methylation patterns of the calcitonin gene in human
lung cancers and lymphomas. Cancer Res. 46: 2917-2922, 1986.

Becker, F.F.: Morphological classification of mouse liver tumors based om
biological characteristics. Cancer Res. 42: 3918-3923, 1982.

Beer, D.G., Schwarz, M., Sawada, N. and Pitot, H.C.: Expression of H-ras and c-
myc protooncogenes in isolated y-glutamyl carcinomas induced by diethyl-
nitrosamine. Cancer Res. 46: 2435-2441, 1986.



143

Bell, J.C., Jardine, K. and McBurney, M.W.: Lineage-specific transformation
after differentiation of multipotential murine stem cells containing a human
oncogene. Mol. Cell. Biol. 6: 617-625, 1986.

Bhave, M.R., Wilson, M.J. and Poirier, L.A.: c-H-ras and c-K-ras gene
hypomethylation in the livers and hepatomas of rats fed methyl-deficient,
amino acid-defined diets. Carcinogenesis 9: 343-348, 1988.

Bird, A.P.: CpG-rich islands and the function of DNA methylation. Nature

Birrer, M.J., Segal, S., DeGreve, J.S., Kaye, F., Sausville, E.A. and Minna, J.D.:
L-myc cooperates with ras to transform primary rat embryo fibroblasts.
Mol. Cell. Biol. 8: 2668-2673, 1988.

Bizub, D., Wood, A.W. and Skalka, A.M.: Mutagenesis of the Ha-ras oncogene in
mouse skin tumors induced by polycyclic aromatic hydrocarbons. Proc.
Natl. Acad. Sci. USA 83: 6048-6052, 1986.

Blick, M., Westin, E., Wong-Staal, F., Gallo, R., McCredie, K. and Gutterman, J.:
Rearrangement and enhanced expression of c-myc oncogene in fresh tumor
cells obtained from a patient with acute lymphoblastic leukemia. Leukemia
Res. 10: 381-387, 1986.

Blobel, G. and Potter, V.R.: Nuclei from rat liver: Isolation method that
combines purity with high yield. Science 154: 1662-1665, 1966.

Boehm, T.L.J., Grunberger, D. and Drahovsky, D.: Aberrant de novo methylation
of DNA after treatment of murine cells with N-acetoxy-N-2-acetylamino-
fluorene. Cancer Res. 43: 6066-6071, 1983.

Boehm, T.L.J. and Drahovsky, D.: Altered enzymatic methylation of DNA
cytosines by chemical carcinogens: A mechanism involved in the initiation
of carcinogenesis. J. Natl. Canc. Inst. 71: 429-432, 1983.

Borrello, M.G., Pierotti, M.A., Bongarzoune, 1., Donghi, R., Mondellini, P. and Della
Porta, G.: DNA methylation affecting the transforming activity of the
human Ha-ras oncogene. Cancer Res. 47: 75-79, 1987.

Bos, J.L., Verlaan-de Vries, M., Marshall, C.J., Veeneman, G.H., van Boom, J.H.
and van der Eb, A.J.: A human gastric carcinoma contains a single mutated
and an amplified normal allele of the Ki-ras oncogene. Nucleic Acids Res.
14: 1209-1217, 1986.

Burch, J.B.E. and Weintraub, H.: Temporal order of chromatin structural changes
associated with activation of the major chicken vitellogenin gene. Cell 33:

Cameron, T.P., Hickman, R.L., Kornreich, M.R. and Tarone, R.E.: History,
survival, and growth patterns of B6C3F1 mice and F344 rats in the National
Cancer Institute Carcinogenesis Testing Program. Fundam. Appl. Toxicol.
5: 526-538, 1985.



144

Campisi, J., Gray, H.E., Pardee, A.B., Dean, M. and Sonenshein, G.E.: Cell-cycle
control of c-myc but not c-ras expression is lost following chemical
transformation. Cell 36: 241-247, 1984.

Cavaliere, A., Bufalari, A. and Vitali, R.: 5-Azacytidine carcinogenesis in Balb/c
mice. Cancer Lett. 37: 51-58, 1987.

Chandar, N. and Lombardi, B.: Liver cell proliferation and incidence of
hepatocellular carcinomas in rats fed consecutively a choline-devoid and a
choline-supplemented diet. Carcinogenesis 9: 259-263, 1988.

Chang, E.H., Furth, M.E., Scolnick, E.M. and Lowy, D.R.: Tumorigenic
transformation of mammalian cells induced by a normal human geme

homologous to the omncogene of Harvey murine sarcoma virus. Nature
(London) 297: 479-483, 1982.

Cheah, M.S.C., Wallace, C.D. and Hoffman, R.M.: Hypomethylation of DNA in
human cancer cells: A site-specific change in the c-myc oncogene. J. Natl.
Cancer Inst. 73: 1057-1065, 1984.

Chirgwin, J.M., Przybyla, E.,, MacDonald, R.J. and Rutter, W.J.: Isolation of
biologically active ribonucleic acid from sources eunriched in ribonuclease.
Biochemistry 18: 5294-5299, 1979.

Clayson, D.B.: The need for biological risk assessment in reaching decisions
about carcinogens. Mutation Res. 185: 243-269, 1987.

Clemmesen, J. and Hjalgrim-Jensen, S.: A follow-up for cancer through 1933-
1972 among 8,078 epileptics admitted for anticonvulsant therapy 1933-1962.
In Proceedings of the First International Congress of Toxicology. Academic
Press, New York, pp. 264-283, 1978a.

Clemmesen, J. and Hjalgrim-Jensen, S.: Is phenobarbital carcinogenic? A
follow-up of 8,078 epileptics. Ecotoxicol. Environ. Safety 1: 457-470, 1978b.

Clemmesen, J. and Hjalgrim-Jensen, S.: Epidemiological studies of medically
used drugs. Arch. Toxicol., Suppl. 3: 19-25, 1980.

Clemmesen, J. and Hjalgrim-Jeunsen, S.: Does phenobarbital cause intracranial
tumors? A follow-up through 35 years. Ecotoxicol. Environ. Safety 5: 255-
260, 1981.

Cohen, J.B. and Levinson, A.D.: A point mutation in the last intron responsible
for increased expression and transforming activity of the c-Ha-ras onco-
gene. Nature 334: 119-124, 1988.

Cooper, G.M. and Lane, M.A.: Cellular transforming genes and oncogenesis.
Biochim. Biophys. Acta 738: 9-20, 1984.

Corcos, D., Defer, N., Raymondjean, M., Paris, B., Corral, M., Tichonicky, L. and
Kruh, J.:  Correlated increase of the expression of the c-ras gemes in
chemically induced hepatocarcinomas. Biochem. Biophys. Res. Commun.
122: 259-264, 1984.



145

Cote’ GQJ.’ L”tl‘a, BOA.’ COOk, J-Ro, Huang, D-po atl.d Chi“, J"F.S Oncogene
expression in rat hepatomas and during hepatocarcinogenesis. Cancer Lett.
262 121-127, 1985.

DeFeo, D., Gonda, M.A., Young, H.A., Chang, E.H., Lowy, D.R., Scolick, E.M.
and Ellis, R.W.: Analysis of two divergent rat genomic clones homologous

to the transforming genes of Harvey murine sarcoma virus. Proc. Natl.
Acad. Sci. USA 78: 3328-3332, 1981.

Der, C.J., Krontiris, T.G. and Cooper, G.M.: Transforming genes of human
bladder and lung carcinoma cell lines are homologous to the ras genes of
Harvey and Kirsten sarcoma viruses. Proc. Natl. Acad. Sci. USA 79: 3637-
3640, 1982.

Dhar, R., Ellis, R.W., Orozlan, S., Shapiro, B., Maizel, J., Lowy, D. and Scolnick:
Nucleotide sequence of the p21 tramnsforming protein of Harvey murine
sarcoma virus. Science 217: 934-937, 1982.

Dmitrovsky, E., Kuehl, W.M., Hollis, G.F., Kirsch, LR., Bender, T.P. and Segal, S.:
Expression of a transfected human c-myc oncogene inhibits differentiation
of a mouse erythroleukaemia cell line. Nature 322: 748-750, 1986.

Dragani, T.A., Manenti, G. and Della Porta, G.: Genetic susceptibility to murine
hepatocarcinogenesis is associated with high growth rate of NDEA-initiated
hepatocytes. J. Cancer Res. Clin. Oncol. 113: 223-229, 1987.

Dragani, T.A., Manenti, G., Della Porta, G., Gattoni-Celli, S. and Weinstein, LB.:
Expression of retroviral sequences and oncogenes in murine hepatocellular
tumors. Cancer Res. 46: 1915-1919, 1986.

Drinkwater, N.R. and Ginsler, J.J.: Genetic control of hepatocarcinogenesis in
C57BL/6J and C3H/HelJ inbred mice. Carcinogenesis 7: 1701-1707, 1986.

Dyson, P.J. and Rabbitts, T.H.: Chromatin structure around the c-myc gene in
Burkitt lymphomas with upstream and downstream tramslocation points.
Proc. Natl. Acad. Sci. USA 82: 1984-1988, 1985.

Egan, S.E., McClarty, G.A., Jarolim, L., Wright, J.A., Spiro, L, Hager, G. and
Greenberg, A.H.: Expression of H-ras correlates with metastatic potential:
Evidence for direct regulation of the metastatic phenotype in 10T1/2 and
NIH 3T3 cells. Mol. Cell. Biol. 7: 830-837, 1987.

Elgin, S.C.R.: DNAase I-hypersensitive sites of chromatin. Cell 27: 413-415,
1981.

Elgin, S.C.R.: Chromatin structure, DNA structure. Nature (London) 300: 402-
403, 1982.

Ellis, R.W., DeFeo, D., Shih, T.Y., Gonda, M.A., Young, H.A., Tsuchida, N., Lowy,
D.R. and Scolnick, E.M.: The p21 src genes of Harvey and Kirsten sarcoma

viruses originate from divergent members of a family of normal vertebrate
genes. Nature (London) 292: 506-511, 1981.



146

Erisman, M.D., Rothberg, P.G., Diehl, R.E., Morse, C.C., Spandorfer, J.M. and
Astrin, S.M.: Deregulation of c-myc gene expression in human colon

carcinoma is not accompanied by amplification or rearrangement of the
gene. Mol. Cell. Biol. 5: 1969-1976, 1985.

Feinberg, A.P., Gehrke, C.W., Kuo, K.C. and Ehrlich, M.: Reduced genomic 5-
methylcytosine content in human colonic neoplasia. Cancer Res. 48: 1159-
1161, 1988.

Feinberg, A.P. and Vogelstein, B.: Hypomethylation of ras oncogenes in primary
human cancers. Biochem. Biophys. Res. Commun. 111: 47-54, 1983.

Feo, S., Harvey, R., Showe, L. and Croce, C.M.: Regulation of translocated c-
myc genes transfected into plasmacytoma cells. Proc. Natl. Acad. Sci. USA
83: 706-709, 1986.

Fox, T.R. and Watanabe, P.G.: Detection of a cellular oncogene in spontaneous
liver tumors of B6C3F1 mice. Science 228: 596-597, 1985.

Garrett, C.T.: Oncogenes: Critical Review. Clin. Chim. Acta 156: 1-40, 1986.

George, D.L., Glick, B., Trusko, S. and Freeman, N.: Enhanced c-Ki-ras
expression associated with Friend virus integration in a bone marrow-
derived mouse cell line. Proc. Natl. Acad. Sci. USA 83: 1651-1655, 1986.

Ghoshal, A.K. and Farber, E.: The induction of liver cancer by dietary deficiency
of choline and methionine without added carcinogens. Carcinogenesis 5:
1367-1370, 1984.

Gjerset, R.A. and Martin, D.W. Jr.: Presence of a DNA demethylating activity in
the nucleus of murine erythroleukemic cells. J. Biol. Chem. 257: 8581-8583,
1982.

Glaichenhaus, N., Mougneau, E., Connan, G., Rassoulzadegan, M. and Cuzin, F.:
Cooperation between multiple oncogenes in rodent embryo fibroblasts: An
experimental model of tumor progression? Adv. Cancer Res. 45: 291-305,
1985.

Goelz, S.E., Vogelstein, B., Hamilton, S.R. and Feinberg, A.P.: Hypomethylation
of DNA from benign and malignant human colon neoplasms. Science 228:
187‘190, 19850

Goodman, J.L, Vorce, R.L. and Baranyi-Furlong, B.L.: Genetic toxicology:
Chemical carcinogens modify DNA in a non-random fashion. Trends
Pharmacol. Sci. 7: 354-357, 1986.

Graves, J.A.M.: 5-Azacytidine-induced re-expression of alleles on the inactive
X-chromosome in a Mus musculus x M. carol cell line. Exp. Cell Res. 141:
99-105, 1982.

Gross, D.S. and Garrard, W.T.: Nuclease hypersensitive sites in chromatin. Ann.
Rev. Biochem. 57: 159-197, 1988.



147

Grosso, L.E. and Pitot, H.C.: Chromatin structure of the c-myc gene in HL-60
cells during alterations of transcriptional activity. Cancer Res. 45: 5035-
5041, 1985,

Guerrero, L., Villansante, A., Corces, V. and Pellicer, A.: Activation of a c-K-ras
oncogene by somatic mutation in mouse lymphomas induced by gamma
radiation. Science 225: 1159-1162, 1984.

Hanigan, M.H., Kemp, C.J., Ginsler, J.J. and Drinkwater, N.R.: Rapid growth of
preneoplastic lesions in hepatocarcinogen-sensitive CeH/HeJ male mice
relative to C57BL/6J male mice. Carcinogenesis 9: 885-890, 1988.

Harper, J.R., Reynolds, S.H., Greenhalgh, %A., Strickland, J.E., Lacal, J.C. and
Yuspa, S.H.: Analysis of the ras™ oncogene and its p2l product in

chemically induced skin tumors and tumor-derived cell lines. Carcinogene-
sis 8: 1821-1825, 1987.

Heighway, J. and Hasleton, P.S.: c-Ki-ras amplification in human lung cancer.
Br. J. Cancer 53: 285-287, 1986.

Higgins, G.M and Anderson, R.M.: Experimental pathology of liver. L
Restoration of liver of white rat following partial surgical removal. Arch.
Pathol. (Chicago) 12: 186-202, 1931.

Holliday, R.: The inheritance of epigenetic defects. Science 238: 163-170,
1987a.

Holliday, R.: DNA methylation and epigenetic defects in carcinogenesis.
Mutation Res. 181: 215-217, 1987b.

Hsiao, W.-L.W., Gattoni-Celli, S. and Weinstein, I.LB.: Effects of 5-azacytidine on
the progressive nature of cell transformation. Mol. Cell. Biol. 5: 1800-1803,
1985.

Ichinose, M., Miki, K., Furihata, C., Tatematsu, M., Ichihara, Y., Ishihara, T.,
Katsura, L, Sogawa, K., Fujii-Kuriyama, Y., Tanji, M., Oka, H., Matsushima,
T. and Takahashi, K.: DNA methylation and expression of the rat
pepsinogen gene in embryonic, adult, and neoplastic tissues. Cancer Res.
48: 1603-1609, 1988.

Inai, K., Kobuke, T., Nambu, S., Takemoto, T., Kou, E., Nishina, H., Fujihara, M.,
Yonehara, S., Suehiro, S-I., Tsuya, T., Horiuchi, K. and Tokuoka, S.:
Hepatocellular tumorigenicity of butylated hydroxytoluene administered
orally to B6C3F; mice. Jpu. J. Cancer Res. 79: 49-58, 1988.

Jones, P.A.: Effects of 5-azacytidine and its 2'-deoxyderivative on cell
differentiation and DNA methylation. Pharmac. Ther. 28: 17-27, 1985.

Kaczmarek, L.: Biology of Disease: Protooncogene expression during the cell
cycle. Lab. Invest. 54: 365-376, 1986.

Kaczmarek, L., Hyland, J.K., Wait, R., Rosenberg, M. and Baserga, R.: Micro-
injected c-myc as a competence factor. Science 228: 1313-1315, 1985,



148

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

Katz, E. and Carter, B.J.: A mutant cell line derived from NIH/3T3 cells: Two
oncogenes required for in vitro transformation. J. Natl. Cancer Inst. 77:
909-914, 1986.

Kautiainen, T.L. and Jones, P.A.: DNA methyltransferase levels in tumorigenic
and nontumorigenic cells in culture. J. Biol. Chem. 261: 1594-1598, 1986.

Keshet, L, Lieman-Hurwitz, J. and Cedar, H.:  DNA methylation affects the
formation of active chromatin. Cell 44: 535-543, 1986.

Keshet, L, Yisraeli, J. and Cedar, H.: Effect of regional DNA methylation on
gene expression. Proc. Natl. Acad. Sci. USA 82: 2560-2564, 1985.

Land, H., Parada, L.F. and Weinberg, R.A.: Cellular oncogenes and mulistep
carcinogenesis. Science 222: 771-778, 1983a. .

Land, H., Parada, L.F. and Weinberg, R.A.: Tumorigenic conversion of primary
embryo fibroblasts requires at least two cooperating oncogemes. Nature
(London) 304: 596-601, 1983b.

Land, H., Chen, H.C., Morgenstern, J.P., Parada, L.F. and Weinberg, R.A.:
Behavior of myc and ras oncogenes in transformation of rat embryo
fibroblasts. Mol. Cell. Biol. 6: 1917-1925, 1986.

Laverriere, J-N., Muller, M., Buisson, N., Tougard, C., Tixier-Vidal, A., Martial,
J.A. and Gourdji, D.: Differential implication of deoxyribonucleic acid
methylation in rat prolactin and rat growth hormone gene expressions: A
comparison between rat pituitary cell strains. Endocrinology 118: 198-206,
1986.

Lester, S.C., Korn, N.J. and DeMars, R.: Derepression of genes on the human
inactive X-chromosome: Evidence for differences in locus-specific rates of
derepression and rates of transfer of active and inactive genes after DNA-
mediated transformation. Somat. Cell Genet. 8: 265-284, 1982.

Lieberman, M.W., Beach, L.R. and Palmiter, R.D.: Ultraviolet radiation-induced
metallothionein-I gene activation is associated with extemsive DNA de-
methylation. Cell 35: 207-214, 1983.

Liteplo, R.G. and Kerbel, R.S.: Reduced levels of DNA 5-methylcytosine in
metastatic variants of the human melanoma cell line MeWo. Cancer Res.
47: 2264-2267, 1987.

Liu, E., Hjelle, B.,, Morgan, R., Hecht, F. and Bishop, J.M.: Mutations of the
Kirsten-ras proto-oncogene in human preleukaemia. Nature (London) 330:
186-188, 1987,

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



149

Lu, L-J.W., Liehr, J.G., Sirbasku, D.A., Randerath, E. and Randerath, K.:
Hypomethylation of DNA in estrogen-induced and -dependent hamster
kidney tumors. Carcinogenesis 9: 925-929, 1988.

MacArthur, C.A. and Lieberman, M.W.: Different types of hypersensitive sites in
the mouse metallothionein gene region. J. Biol. Chem. 262: 2161-2165,
1987.

Makino, R., Hayashi, K., Sato, S. and Sugimura, T.: Expression of the c-Ha-ras
and c-myc genes in rat liver tumors. Biochem. Biophys. Res. Commun. 119:
1096-1102, 1984a.

Makino, R., Hayashi, K. and Sugimura, T.: c-myc transcript is induced in rat
liver at a very early stage of regeneration or by cycloheximide treatment.
Nature 310: 697-698, 1984b.

Maniatis, T., Fritsch, E.F. and Sambrook, J.: Molecular cloning: A laboratory
manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, 1982.

Marmur, J.: A procedure for the isolation of deoxyribonucleic acid from
microorganisms. J. Mol. Biol. 3: 208-218, 1961.

Maronpot, R.R., Haseman, J.K., Boorman, G.A., Eustis, S.E., Rao, G.N. and Huff,
J.E.: Liver lesions in B6C3F1 mice: The National Toxicology Program,
experience and position. Arch. Toxicol., Suppl. 10: 10-26, 1987.

Martin, P., Henry, C., Ferre, F., Duterque-Coquillaud, M., Lagrou, C., Ghysdael,
J., Debuire, B., Stehelin, D. and Saule, S.: Transformation of quail embryo

fibroblasts by a retrovirus carrying a normal human c-myc gene. Ewmbo J.
5: 1529-1533, 1986.

Mikol, Y.B., Hoover, K.L., Creasia, D. and Poirier, L.A.: Hepatocarcinogenesis in
rats fed methyl-deficient, amino acid-defined diets. Carcinogenesis 4:
1619-1629, 1983.

Mohandas, T., Sparkes, R.S. and Shapiro, L.J.: Reactivation of an inactive human
X chromosome: Evidence for X inactivation by DNA methylation. Science
211: 393-396, 1981.

Muller, R.: Proto-oncogenes and differentiation. Trends in Biochem. Sci. 11:
129-132, 1986.

Murphy, W., Sarid, J., Taub, R., Vasicek, T., Battey, J., Lenoir, G. and Leder, P.:
A translocated human c-myc oncogene is altered in a comserved coding
sequence. Proc. Natl. Acad. Sci. USA 83: 2939-2943, 1986.

Murray, M.J., Cunningham, J.M., Parada, L.F., Doutry, F., Lebowitz, P. and
Weinberg, R.A.: The HL-60 transformating sequence: A ras oncogene
coexisting with altered myc genes in hematopoietic tumors. Cell 33: 749-
757, 1983.



150

Nakano, H.,, Yamamoto, F., Neville, C., Evans, D., Mizuno, T. and Perucho, M.:
Isolation of transforming sequences of two human lung carcinomas. Struc-
tural and functional analysis of the activated c-K-ras oncogenes. Proc.
Natl. Acad. Sci. USA 81: 71-75, 1984.

Nambu, S., Inoue, K. and Sasaki, H.: Site-specific hypomethylation of the c-myc
oncogene in human hepatocellular carcinoma. Jpn. J. Cancer Res. 78: 695-
704, 1987.

Newbold, R.F. and Overell, R.W.: Fibroblast immortality is a prerequisite for
transformation by EJ c-Ha-ras oncogene. Nature (London) 304: 648-651,
1983.

O'Hara, B.M., Oskarsson, M., Tainsky, M.A. and Blair, D.G.:  Mechanism of
activation of human ras genes cloned from a gastric adenocarcinoma and a
pancreatic carcinoma cell line. Cancer Res. 46: 4695-4700, 1986.

Orlofsky, A. and Chasin, L.A.: A domain of methylation change at the albumin
locus in rat heptoma cell variants. Mol. Cell. Biol. 5: 214-225, 1985.

ott, M-OO, S'pel’ling, Lo’ CESSiO, D.’ Levimers, Jo, s‘la.Trepat, J' and wei‘s, M-Co:
Undermethylation at the 5' end of the albumin gene is necessary but not

sufficient for albumin production by rat hepatoma cells in culture. Cell 30:
825-833, 1982.

Paterson, H., Reeves, B., Brown, R., Hall, A., Furth, M., Bos, J., Jones, P. and
Marshall, C.: Activated N-ras controls the transformed phenotype of
HT1080 human fibrosarcoma cells. Cell 51: 803-812, 1987. '

Pellegrini, S. and Basilico, C.: Rat fibroblasts expressing high levels of human c-
myc transcripts are anchorage-independent and tumorigenic. J. Cell.
Physiol. 126: 107-114, 1986.

Pelling, J.C., Ernst, E.M., Strawhecker, J.M., Johnson, J.A., Nairn, R.S. and Slaga,
T.J.: Elevated expression of Ha-ras is an early event in two-stage skin
carcinogenesis in sencar mice. Carcinogenesis (London) 7: 1599-1602, 1986.

Pelling, J.C., Fischer, S.M., Neades, R., Strawhecker, J. and Schweickert, L.:
Elevated expression and point mutation of the Ha-ras protooncogene in
mouse skin tumors promoted by benzoyl peroxide and other promoting
agents. Carcinogenesis 8: 1481-1484, 1987.

Peterson, T.C., Gonzalez, F.J. and Nebert, D.W.: Methylation differences in the

murine P.450 and P3450 genes in wild-type and mutant hepatoma cell
culture. Biochem. Phdrmacol. 35: 2107-2114, 1986.

Pfeifer-Ohlsson, S., Goustin, A.S., Rydnert, J., Wahlstrom, T., Bjersing, L.,
Stehelin, D. and Ohlsson, R.: Spatial and temporal pattern of cellular myc
oncogene expression in developing human placenta: Implications for em-
bryounic cell proliferation. Cell 38: 585-596, 1984.

Pfohl-Leszkowicz, A. and Dirheimer, G.: Changes in de novo DNA (cytosine-5)-
methyltransferaes activity in oncogenically susceptible rat target tissues
induced by N-methyl-N-nitrosourea. Cancer Res. 46: 1110-1113, 1986.



151

Pitot, H.C.: Oncogenes and human neoplasia. Adv. Immunopathol. 6: 167-179,
1986.

Prochownik, E.V. and Kukowska, J.: Deregulated expression of c-myc by murin
erythroleukaemia cells prevents differentiation. Nature 322: 848-850, 1986.

Pdlciani, S., Santos, E., Long, L.K., Sorrentino, V. and Barbacid, M.: ras Gene
amplification and malignant transformation. Mol. Cell. Biol. 5: 2836-2841,
1985.

Quintanilla, M., Brown, K., Ramsden, M. and Balmain, A.: Carcinogen-specific
mutation and amplification of Ha-ras during mouse skin carcinogenesis.
Nature (London) 322: 78-80, 1986.

Ramsden, M., Cole, G., Smith, J. and Balmain, A.: Differential methylation of
the c-H-ras gene in normal mouse cells and during skin tumour progression.
Embo J. 4: 1449-1454, 1985.

Razin, A. and Riggs, A.D.: DNA methylation and gene function. Science 210:
604-610, 1980.

Razin, A., Szyf, M., Kafri, T.,, Roll, M. Giloh, H., Scarpa, S., Carotti, D. and
Cantoni, G.L.: Replacement of 5-methylcytosine by cytosine: A possible
mechanism for transient DNA demethylation during differentation. Proc.
Natl. Acad. Sci. USA 83: 2827-2831, 1986.

Reddy, E.P., Reynolds, R.K., Santos, E. and Barbacid, M.: A point mutation is
responsible for the acquisition of transforming properties by the T24 human
bladder carcinoma oncogene. Nature (London) 300: 149-152, 1982.

Reiley, H.E.: Adenovirus early regoin 1A enables viral and cellular transforming
genes to transform primary cells in culture. Nature 604: 602-606, 1983.

Reymolds, S.H., Stowers, S.J., Maronpot, R.R., Anderson, M.W. and Aaronson,
S.A.: Detection and identification of activated oncogenes in spontaneously
occurring benign and malignant hepatocellular tumors of the B6C3F1 mouse.
Proc. Natl. Acad. Sci. USA 83: 33-37, 1986.

Reymnolds, S.H., Stowers, S.J., Patterson, R.M., Maronpot, R.R., Aaronson, S.A.
and Anderson, M.W.: Activated oncogenes in B6C3F1 mouse liver tumors:
Implications for risk assessment. Science 237: 1309-1316, 1987.

Ricketts, M.H. and Levinson, A.D.: High-level expression of c-H-rasl fails to
fully transform Rat-1 cells. Mol. Cell. Biol. 8: 1460-1468, 1988.

Riggs, A.D and Jones, P.A.: 5-Methylcytosine, gene regulation and cancer. Adv.
Cancer Res. 40: 1-30, 1983.

Rothberg, P.G., Erisman, M.D., Diehl, R.E., Rovigatti, U.G. and Astrin, S.M.:
Structure and expression of the oncogene c-myc in fresh tumor material
from patients with hematopoietic malignancies. Mol. Cell. Biol. 4: 1096-
1103, 1984.



152

Ruchirawat, M., Becker, F.F. and Lapeyre, J.N.: Indistinguishable physical and
catalytic properties of DNA methyltransferase from normal rat liver and a

transplantable rat hepatocellular carcinoma. Carcinogenesis 6: 877-882,
1985.

Ruppert, C., Goldowitz, D. and Willie, W.: Proto-oncogene c-myc is expressed in
cerebellar neurons at different developmental stages. Embo J. 5: 1897-
1901, 1986.

Rushmore, T.H., Farber, E., Ghoshal, A.K., Parodi, S., Pala, M. and Taningher, M.:
A choline-devoid diet, carcinogenic in the rat, induces DNA damage and
repair. Carcinogenesis 7: 1677-1680, 1986.

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

Santos, E., Martin-Zanca, D., Reddy, E.P., Pierotti, M.A., Della Porta, G. and
Barbacid, M.: Malignant activation of a K-ras oncogene in lung carcinoma
but not in normal tissue of the same patient. Science 223: 661-664, 1984.

Sargent, D., Yang, M. and Bonner, J.: Nucleotide sequence of cloned rat serum
albumin messenger RNA. Proc. Natl. Acad. Sci. USA 78: 243-246, 1981.

Sekiya, T., Prassolov, V.S., Fushimi, M. and Nishimura, S.: Transforming activity
of the c-Ha-ras oncogene having two point mutations in codons 12 and 61.
Jpu. J. Cancer Res. 76: 851-855, 1985.

Shilo, B.-Z.: Evolution of cellular oncogenes. Adv. Viral Oncol. 4: 29-44, 1984.
Shilo, B.-Z. and Weinberg, R.A.: DNA sequences homologous to vertebrate

oncogenes are conserved in Drosophila melanogster. Proc. Natl. Acad. Sci.
USA 78: 6789-6792, 1981.

Shimizu, K., Birnbaum, D., Reiley, M.A., Fasano, O., Suard, Y., Edlund, L.,
Taparowsky, E., Goldfarb, M. and Wigler, M.: Structure of the Ki-ras gene
of the human lung carcinoma cell line Calv-1. Nature 304: 497-500, 1983.

Siebenlist, U., Bressler, P. and Kelly, K.: Two distinct mechanisms of
transcriptional control operate on c-myc during differentiation of HL60
cells. Mol. Cell. Biol. 8: 867-874, 1988.

Siebenlist, U., Hennighausen, L., Battey, J. and Leder, P.: Chromatin structure
and protein binding in the putative regulatory region of the c-myc gene in
Burkitt lymphoma. Cell 37: 381-391, 1984.

Singer, J., Roberts-Ems, J., Luthardt, F.W. and Riggs, A.D.: Methylation of DNA
in mouse early embryos, teratocarcinoma cells and adult tissues of mouse
and rabbit. Nucleic Acids Res. 7: 2369-2385, 1979.

Slamon, D.J. and Cline, M.J.: Expression of cellular oncogenes during embryonic
and fetal development of the mouse. Proc. Natl. Acad. Sci. USA 81: 7141~
7145, 1984.




153
Slamon, D.J., Dekernion, J.B., Verma, LM. and Cline, M.J.: Expression of
cellular oncogenes in human malignancies. Science 224: 256-262, 1984.

Southern, E.M.: Detection of specific sequences among DNA fragments
separated by gel electrophoresis. J. Mol. Biol. 98: 503-517, 1975.

Spandidos, D.A.: Mechanism of carcinogenesis: The role of omncogenes,
transcriptional enhancers and growth factors. Anticancer Res. 5: 485-498,
1985.

Spandidos, D.A.: The human T24 Ha-rasl oncogene: A study of the effects of
overexpression of the mutated ras gene product in rodent cells. Anticancer

Spandidos, D.A. and Wilkie, N.M.: Malignant transformation of early passage
rodent cells by a single mutated human oncogene. Nature 310: 469-475,
1984.

Storer, R.D., Allen, H.L., Kraynak, A.R. and Bradley, M.O.: Rapid induction of
an experimental metastatic phenotype in first passage rat embryo cells by

cotransfection of EJ c-Ha-ras and c-myc oncogenes. Oncogene 2: 141-147,
1988.

Stowers, S.J., Wiseman, R.W., Ward, J.M., Miller, E.C., Miller, J.A., Anderson,
M.W. and Eva, A.: Detection of activated proto-oncogenes in N-nitroso-

diethylamine-induced liver tumors: A comparison between B6C3F1 mice
and Fischer 344 rats. Carcinogenesis 9: 271-276, 1988.

Studzinski, G.P., Brelvi, Z.S., Feldman, S.C. and Watt, R.A.: Participation of c-
myc protein in DNA synthesis of human cells. Science 234: 467-470, 1986.

Tabin, C.J., Bradley, S.M., Bargmann, C.L, Weinberg, R.A., Papageorge, A.G.,
Scolnick, E.M., Dhar, R.,, Lowy, D.R. and Chang, E.H.: Mechanism of
activation of a human oncogene. Nature (London) 300: 143-149, 1982.

Tahira, T., Hayashi, K., Ochiai, M., Tsuchida, N., Nagao, M. and Sugimura, T.:
Structure of the c-Ki-ras genme in a rat fibrosarcoma induced by 1,8-
dinitropyrene. Mol. Cell. Biol. 6: 1349-1351, 1986.

Taparowsky, E., Suard, E., Fasano, O., Shimizu, K., Goldfarb, M. and Wigler, M.:
Activation of the T24 bladder carcinoma transforming gene is linked to a
single amino acid change. Nature (London) 300: 762-765, 1982.

Taylor, S.M., Constantinides, P.A. and Jones, P.A.: 5-Azacytidine, DNA
methylation, and differentiation. In Current Topics in Microbiology and
Immunology, Vol. 108. Springer-Verlag, Berlin-Heidelberg, pp. 115-127,
1984.

Thompsoun, N.L., Mead, J.E., Braun, L., Goyette, M., Shank, P.R. and Fausto, N.:
Sequential protooncogene expression during rat liver regeneration. Cancer
Res. 46: 3111-3117, 1986.



154

Touniolo, D., Martini, G., Migeon, B.R. and Dono, R.: Expression of the G6PD
locus on the human X chromosome is associated with demethylation of three
CpG islands within 100 kb of DNA. Embo J. 7: 401-406, 1988.

Trainer, D.L., Kline, T., Mallon, F., Greig, R. and Poste, G.: Effect of 5-
azacytidine on DNA methylation and the malignant properties of B16
melanoma cells. Cancer Res. 45: 6124-6130, 1985.

Tuan, D. and London, LM.: Mapping of DNase I-hypersensitive sites in the
upstream DNA of human embryonic €-globin gene in K562 leukemia cells.
Proc. Natl. Acad. Sci. USA 81: 2718-2722, 1984.

Turcotte, B., Guertin, M., Chevrette, M., LaRue, H. and Belanger, L.: DNase I
hyperseunsitivity and methylation of the 5'-flanking region of the a,-
fetoprotein gene during developmental and glucocorticoid-induced repres-
sion of its activity in rat liver. Nucleic Acids Res. 14: 9827-9841, 1986.

Venustrom, B., Moscovici, C., Goodman, H.M. and Bishop, J.M.: Molecular
cloning of the avian myelocytomatosis virus genome and recovery of
infectious virus by transfection of chicken cells. J. Virol. 39: 625-631, 1981.

Vesselinovitch, S.D. and Mihailovich, N.: Kinetics of diethylnitrosamine hepato-
carcinogenesis in the infant mouse. Cancer Res. 43: 42534259, 1983.

Vorce, R.L. and Goodman, J.L: Methylation of the serum albumin gene as
compared to the Kirsten-ras oncogene in hepatocytes and non-parenchymal
cells of rat liver. Biochem. Biophys. Res. Commun. 126: 879-883, 1985.

Wahl, G.M., Stern, M. and Stark, G.R.: Efficient transfer of large DNA
fragments from agarose gels to diazobenzyloxymethyl-paper and rapid
hybridization by using dextran sulfate. Proc. Natl. Acad. Sci. USA 76: 3683-
3687, 1979.

Walker, C. and Nettesheim, P.: In vitro transformation of primary rat tracheal
epithelial cells by 5-azacytidine. Cancer Res. 46: 6433-6437, 1986.

Weinberg, R.A.: The action of oncogenes in the cytoplasm and nucleus. Science
230: 770-776, 1985.

Wilson, M.J., Shivapurkar, N. and Poirier, L.A.: Hypomethylation of hepatic
nuclear DNA in rats fed with a carcinogenic methyl-deficient diet. Bio-
chem. J. 218: 987-990, 1984.

Wilson, V.L. and Jomes, P.A.: Inhibition of DNA methylation by chemical
carcinogens in vitro. Cell 32: 239-246, 1983.

Wilson, V.L. and Jomes, P.A.: Chemical carcinogen-mediated decreases in DNA
5-methylcytosine content of BALB/3T3 cells. Carcinogenesis 5: 1027-1031,
1984.

Wilson, V.L., Smith, R.A., Longoria, J., Liotta, M.A., Harper, C.M. and Harris,
C.C.: Chemical carcinogen-induced decreases in genomic 5-methyldeoxy-
cytidine content of normal human bronchial epithelial cells. Proc. Natl.
Acad. Sci. USA 84: 3298-3301, 1987a.



155

Wilson, V.L., Smith, R.A., Ma, S. and Cutler, R.G.: Genomic 5-methyldeoxy-
cytidine decreases with age. J. Biol. Chem. 262: 9948-9951, 1987b.

Winter, B.B. and Arnold, H.H.: Tissue-specific DNase I-hyperseunsitive sites and
hypomethylation in the chicken cardiac myosin light chain gene (L2-A). J.
Biol. Chem. 262: 13750-13757, 1987.

Winter, E. and Perucho, M. Oncogene amplification during tumorigenesis of
established rat fibroblasts reversibly transformed by activated human ras
oncogenes. Mol. Cell. Biol. 6: 2562-2570, 1986.

Winer, E., Yamamoto, F., Almoguera, C. and Perucho, M.: A method to detect
and characterize point mutations in transcribed genes: Amplification and
overexpression of the mutant c-Ki-ras allele in human tumor cells. Proc.
Natl. Acad. Sci. 82: 7575-7579, 1985.

Wiseman, R.W., Stowers, S.J., Miller, E.C., Anderson, M.W. and Miller, J.A.:
Activating mutations of the c-Ha-ras protooncogene in chemically induced
hepatomas of the male B(>C31“1 mouse. Proc. Natl. Acad. Sci. USA 83:
5825-5829, 1986.

Woodcock, D.M., Simmons, D.L., Crowther, P.J., Cooper, LA., Trainor, K.J. and
Morley, A.A.: Delayed DNA methylation is an integral feature of DNA
replication in mammalian cells. Exp. Cell Res. 166: 103-112, 1986.

Yasutake, C., Kuratomi, Y., Ono, M., Masumi, S. and Kuwano, M.: Effect of 5-
azacytidine on malignant transformation of a mutant derived from the
mouse BALB/c3T3 cell line resistant to transformation by chemical carcino-
gens. Cancer Res. 47: 4894-4899, 1987.

Yaswen, P., Goyette, M., Shank, P.R. and Fausto, N.: Expression of c-Ki-ras, c-

Ha-ras, and c-myc in specific cell types during hepatocarcinogenesis. Mol.
Cell Biol. 5: 780-786, 1985.

Yokoyama, S., Sells, M.A., Reddy, T.V. and Lombardi, B.: Hepatocarcinogenic
and promoting action of a choline-devoid diet in the rat. Cancer Res. 45:
2834-2842, 1985.

Yoshimoto, K., Hirohashi, S. and Sekiya, T.: Increased expression of the c-myc
gene without gene amplification in human lung cancer and colon cancer cell
lines. Jpn. J. Cancer Res. 77: 540-545, 1986.

Zarbl, H., Sukumar, S., Arthur, A.V., Martin-Zanca, D. and Barbacid, M.: Direct
mutagenesis of Ha-ras-1 oncogenes by N-nitroso-N-methylurea during ini-
tiation of mammary carcinogenesis in rats. Nature (London) 315: 382-385,
1985.

Zhang, X-K., Huang, D-P., Chiu, D-K. and Chiu, J-F.: The expression of
oncogenes in human developing liver and hepatomas. Biochem. Biophys.
Res. Commun. 142: 932-938, 1987.



156

Zimmerman, K.A., Yancopoulos, G.D., Collum, R.G., Smith, R.K., Kohl, N.E.,
Denis, K.A., Nau, M.M., Witte, O.N., Toran-Allerand, D., Gee, C.E., Minna,
J.D. and Alt, F.W.: Differential expression of myc family genes during
murine development. Nature (London) 319: 780-783, 1986.






