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A digoxigenin-labeled nonradioactive detection system was used
to screen a zebrafish ¢cDNA library for p53-like and ras-like genes.
One clone was isolated and identified as an incomplete p53-like
gene. The insert size of this clone is 1777 bp, which encodes part of
evolutionarily conserved region II and all of regions III, IV, and V. A
magnetically enriched whole zebrafish ¢cDNA library was constructed
to enhance possible recovery of ras-like genes in zebrafish. One
clone, termed Zras-Bl, carried an insert of 2592 bp ‘with an open
reading frame encoding a 188 amino acid residue ras p2l protein.
Based on total protein sequence, this expressed zebrafish ras p21 is
most closely related to human N-ras (91% homology), with lesser
homology to Ha-ras (84%) and Ki-ras (85%). Preliminary partial
sequence data  obtained by genomic and reverase_ transcriptase-
polymerase chain reaction (RT-PCR) screening indicate the presence
of at least one additional expressed ras gene in zebrafish.

" The tumorigenicity and Ki-ras mutational properties of dietary

7,12-dimethylbenz[a]Janthracene (DMBA) and dibenzo[a,l]pyrene



(DBP) were compared in rainbow trout. Both chemicals elicited
predominantly 12(1)G— A and 12(2)G— T mutations in trout liver
tumors. Two {12(1)G-»T and 12(2)G->T} and one {12(1)G—> A and
12(2)G—-> T} double mutation were also observed in DBP livers
tumors, but not in DMBA liver tumors. Some stomach tumors from
both chemicals exhibited so much DNA degradation that routine PCR
amplification was not possible. Among sixtten DMBA stomach
tumors with intact DNA, no Ki-ras mutations were found. Of sixteen
DBP stomach tumors examined, one had 12(1)G— A and two had
13(1)G— C mutations. The observed G— T transversions are
compatible with apurinic mutagenesis driven by unstable DNA
adducts arising from one-electron oxidation, but this is not true for
the major G— A transitions or G— C transversions and rare double
mutations found in this study. The low sensitivity of direct
sequencing may limit the frequency of ras mutant detection in this

study.



Copyright by Ronshan Cheng
August 8, 1995
All Rights Reserved



Ras Oncogenes and p53 Suppressor Genes in Fish Carcinogenesis

Models

by
Ronshan Cheng

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy

Completed August 8, 1995

Commencemant June 1996



Doctor_of Philosophy thesis of Ronshan Cheng presented on August 8.
1995

APPROVED:

Lamate e g = - - "7
Major Professor, representing Food Science and Technology

D= I KK re P - SV

7 4 ~
Chaijy’ of Department of Food Science and Technology

Dean of Grad@ Schooﬂ

I understand that my thesis will become part of the permanent
collection of Oregon State University libraries. My signature below

authorizes release of my thesis to any reader upon request.

\' TN

Ronshan Cheng, Author



ACKNOWLEDGMENTS

I would like to thank the staff of Marine and Freshwater Biomedical
Sciences Center and Food Toxicology and Nutrition Laboratory for
help in this project. In particular, my advisor Dr. George S. Bailey for
his mentorship guidance and support during my study period in his
laboratory and Dr. 'Jerry D. Hendricks for his instructive work to help
me study pathology in fish. I also thank Dr. Philip N. McFadden for
his zebrafish cDNA library and assistance, Dr. Daniel P. Selivonchick
for his instruction and Dr. Margy J. Woodburn for her encouragement
and suggestions in this project. I would also thank Ms Kate Mathews
for the technique discussions and Ms Sandra Ernst for reading my
thesis and friendship from many in this Food Toxicology Group in

Food Science and Technology Department.



TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION

References

CHAPTER 2: LITERATURE REVIEW

Ras signal transduction pathway

(A). Membrane receptor tyrosine kinase interaction and
regulation of ras protein

(B). Ras downstream signal transduction: cytoplasm to
nucleus

Biological consequences of oncogenic ras
Stage of ras mutation relative to tumor formation

The biological and biochemical function of p53 tumor
Suppressor gene

Chemical carcinogenesis and ras mutation spectrum by
polycyclic aromatic hydrocarbons

(A). Polycyclic aromatic hydrocarbons: bioactivation and
DNA binding

(B). Adduct formation is DNA context dependent
(C). The spectrum of ras mutation by DMBA, DBP ~

References

10

15

16

17

21

24

25

30



TABLE OF CONTENTS (Continued)

CHAPTER 3: A P53-LIKE CLONE FROM A ZEBRAFISH 51
(BRACHYDANIO RERIO) cDNA LIBRARY DETECTED
BY A NONRADIOACTIVE DIGOXIGENIN COLORIMETRIC

SYSTEM.

Abstract 52

Introduction 53

Material and Methods 54
(A). Reagents 54
(B). RNA and DNA isolation 55
(C). Primer 55
(D). Probe preparation by PCR amplification 56
(E). Southern blotting 57
(F). cDNA library screening and DNA sequencing 57
(G). 5' RACE (rapid amplification of cDNA end) 58

Results 59
(A). Southernblotting of the zebrafish p53-like gene 59
(B). An incomplete p53 clone from the zebrafish cDNA 59
library

Discussion 64

Acknowledgments 66

References 67



TABLE OF CONTENTS (Continued)

CHAPTER 4: MOLECULAR CLONING AND SEQUENCING OF AN

69

EXPRESSED RAS GENE FROM AN ENRICHED ZEBRAFISH

(BRACHYDANIO RERIO) cDNA LIBRARY

Abstract
Introduction

Material and Methods
(A). Reagents
(B). RNA and DNA isolation
(C). Primers

(D). Polymerase chain reaction (PCR) amplification,
cloning, and sequencing

(E). Magnetically enriched ras ¢cDNA library
construction

(F). Plaque hybridization and chemiluminescent
detection

Results

(A). Initial screening for zebrafish ras-like sequences
in genomic DNA and mRNA

(B). A full-length zebrafish ras clone isolated from
enriched cDNA library

Discussion
Acknowledgments

References

70
71
72

772

73

74

74

75

76

77

77

80

83
86
87



TABLE OF CONTENTS (Continued)

CHAPTER 5: COMPARATIVE TUMORIGENIC POTENCY 90
AND Ki-RAS MUTATION BY DIETARY 7,12
DIMETHYL[a]JANTHRACENE AND DIBENZ0[a,l]]JPYRENE

IN RAINBOW TROUT

Abstract 91
Introduction 93
Materials and Methods 95
(A). Reagents 95
(B). Carcinogenesis study 95
(C). PCR hygiene for tumor isolation and amplification 96
(D). Primers 99
(E). PCR amplification and sequencing 100
Results 100
(A). Tumor incidence 100
(B). Tumor multiplicity 101
(C). Ki-ras mutation 104
Discussion 107
Acknowledgments 110
References 111
CHAPTER 6: CONCLUSION 116
Summary 116
References 123

BIBLIOGRAPHY 124



LIST OF FIGURES

Figure Page
2.1 Ras signaling pathway 14
2.2 p53 functional domains and mutational locations 20
3.1 The existence of a p53 gene in zebrafish genomic 60

DNA by Southern blotting

3.2 The nucleotide sequence of the zebrafish Z-53 clone 61
and deduced amino acid sdequence

3.3 Comparsion of conserved regions among rainbow 63
trout, human and the deduced amino acid of zebrafish
p53 protein '

4.1 Nucleotide sequence comparsion of rainbow trout 78
Ki-ras exon 1 region with two types of zebrafish ras-like
sequences

4.2. Ras exon 1 and 2 region nucleotide sequence 79

comparison of zebrafish RTPCR-1 and -2 clones, Zras-Bl
cDNA clone and rainbow trout Ki-ras

4.3. Nucleotide sequence of Zras-B1 clone and deduced 81
amino acid codon

4.4. Deduced amino acid of Z-ras protein compared to 82
mammalian N-, Ha-, and Ki-ras

5.1. Dietary DBP stomach tumor multiplicity 102
5.2. Dietary DBP liver tumor multiplicity 102
5.3.  Dietary DMBA stomach tumor multiplicity 103

5.4. Dietary DMBA liver tumor multiplicity 103



LIST OF FIGURES (Continued)

5.5. Direct sequencing of Ki-ras gene exon I region of 106
rainbow trout tumor initiated by DMBA and DBP



5.2.

5.3.

5.4.

6.1.

LIST OF TABLES

Ras mutation spectra of spontaneous tumor from mice
DMBA induced ras mutations

Twelve month tumor incidence of rainbow trout
(Oncorhynchus mykiss) after 4 month dietary DMBA

treatment

Twelve month tumor incidence of rainbow trout
(Oncorhynchus mykiss) after 4 month dietary DBP
treatment

Mutation profile of Ki-ras gene induced by dietary
DMBA in rainbow trout

Mutation profile of Ki-ras gene induced by dietary
DBP in rainbow trout

Chemical carcinogenesis induced Ki-ras mutation

spectra in rainbow trout codon 12(GGA), codon 13(GGT),

and codon 61(CAQG)

98

105

105

121



Ras Oncogenes and p53 Suppressor Genes in Fish Carcinogenesis

Models

Chapter 1: Introduction

Ronshan Cheng

Department of Food Science and Technology

Oregon State University, Corvallis, Oregon



INTRODUCTION

It has been appreciated for many years that chemical
carcinogens after bioactivation interact with macromolecules to
form specific adducts. DNA adduction can lead to the introduction
of single base mutations, deletions, or rearrangements in the
genetic material. Although many adducts resulting from treatment
of DNA or cells with chemical carcinogens have been identified, the
biological significance of specific adduct formation has not been
clear. Some of the major adducts may be readily repaired, whereas
minor adducts could be those responsible for the initiation of
genetic alternations inside the cell. The chemical characteristics of
each carcinogen determine the specific DNA adducts formed, and
the nucleotides adducted. Bulky DNA adducts might affect the
fidelity of DNA polymerase and DNA repair systems (Scicchitano et
al., 1992). Indeed, carcinogen-mediated genetic alternations such
as point mutations, translocations, or gene amplification have been
implicated in the activation of proto-oncogenes to an oncogenic
state or inactivation of tumor suppressor gene function (Hollstein
et al.,, 1991; Lowy et al., 1993). The ras oncogene and p53 tumor
suppressor gene are the most prevalent genetic alterations found
in human and animal models. Chapter 2 is a literature review of
the biological and biochemical functions of the ras proto-oncogene
and p53 tumor suppressor gene. Ras oncogene mutation induced
by chemical carcinogens, especially, 7, 12

diemthylbenz[a]Janthracene (DMBA) and dibenzo(a,l]pyrene (DBP),



in animal tumors will be reviewed. Much of the research in this
thesis used the trout as a surrogate vertebrate for cancer research.
Among the several aquarium species also being developed
(Ahmed, 1993), the zebrafish (Brachydanio rerio) is of great
interest and potential as an environmental toxicology and
carcinogenesis model (Stanton, 1965; Streisinger et al., 1981).
Although the zebrafish has a well established development biology
of embryogenesis, the role of proto-oncogene and tumor
suppressor gene expression in differentiation and tumorigenesis is
unknown. In chapters 3 and 4, we provide the first isolation of the
p53 tumor suppressor gene and ras proto-oncogene from zebrafish
cDNA libraries, for further studies of oncogene and tumor
suppressor function in this species.

During the past decade, our knowledge of polycyclic aromatic
hydrocarbons (PAH) in the aquatic and terrestrial environment
has advanced substantially to encompass studies of bioavailability,
metabolism, toxic effects, and their ecological and biological
consequences (Varanasi, 1989). The impetus for these studies has
come from reports of epizootics of diseases in animal population
from PAH-contaminated areas, and a general awareness towards
human health. Moreover, because many aquatic organisms reside
in confined waters, where they may be exposed to xenobiotics
over long periods of time, they may serve as good models for
studies to establish cause and effect relationships between
exposure to xenobiotics and subsequent biological effects (Bailey et
al., 1989). Until recently, DMBA has been the most popular

synthetic pollycyclic aromatic hydrocarbon used in carcinogenesis



studies. However, recent attention has focused on
dibenzo[a,l]pyrene, a natural polycyclic aromatic hydrocarbon and
one of the most potent PAH carcinogens tested in rodent models
(Cavalieri et al., 1989). In chapter 5, we investigate the
tumorigenicity and Ki-ras mutational properties of these two
compounds in dietary studies with rainbow trout. In the last
chapter, I try to summarize the research results and propose some

new directions for future research.
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CHAPTER 2: LITERATURE REVIEW

Malignant cells arise as an accumulation of genetic events that
lead to oncogene activation, tumor suppressor gene inactivation,
and genomic instability, which escape the cell cycle control
checkpoints and finally result in indefinite life span. Recent results
have indicated that the activation of cellular ras proto-oncogenes
by specific base mutations or overexpression may participate in
the transformation of normal cells to malignancy. Ras protein
function in receptor-mediated proliferation or differentiation is
determined by the cell (Feig, 1993). These two responses may
share overlapping signaling mechanisms. In defining ras protein
functions, it is necessary to identify the molecules in the cell that
interact with p2lras, and to establish how th‘is leads to the
activation of signal transduction pathways coupled to cell

proliferation and morphological transforamtion.

Ras signal transduction pathway

The ras genes belong to a GTPase superfamily encoding proteins
of 188-189 amino acids that bind guanine nucleotides GDP and
GTP with high affinity and possess intrinsic GTPase activity. Ras
proteins cycle between an active GTP-bound form and an inactive
GDP-bound state (Bourne et al., 1990). Mammals have three well-
defined ras genes, Ha- , N-, and Ki-ras (Parada et al.,, 1982; Der et
al., 1982; Taparowsky et al., 1983), which encode closely related

21 KDa guanine nucleotide-binding proteins thought to play a



central role 1in cellular signal transduction. Mammalian ras
homologues have been found in yeast, mollusks, and fish (DeFeo et
al., 1983; Swanson et al., 1986; Nemoto et al., 1986; McMahon et
al., 1990; Mangold et al.,, 1991), and their functions are sufficiently
conserved that they can be biologically active in heterologous
systems (Barbacid, 1987). Based on their protein sequence, ras
proteins can be divided into three regions: the first domain,
including the fifst 86 amino acids of the N-terminal region is
highly conserved; the next 80 amino acid regions contains the
second domain and has diveraged slightly; the remaining amino
acids are highly variable, except the CaaX (C= cysteine amino acid,
a= aliphatic amino acid, X= any amino acid) motif in the C-terminal
end (Schafer et al, 1989). Post-translational processing of ras
proteins, which 1is required for cytoplasmic inner membrane
localization, normal signal transduction or transformation ability,
includes isoprenylation, proteolysis, and carboxyl methylation in

the highly conserved CaaX box.

(A): Membrane receptor tyrosine kinase interaction
and regulation of ras protein

Activating point mutations in the p2lras proteins have been
found in a variety of animal tumors, thus implicating these
proteins with other cellular proteins involved -~ in cellular
malignancies. Despite this evidence, the function of p2lras in the
regulation of normal cell growth, mitogenic signal transduction,
and cell differentiation is still unclear. Recent extensive genetic

and biochemical evidence indicates that ras proteins can function



downstream of various growth or nongrowth factor receptor
tyrosine kinases and upstream of cytosolic serine/threonine
kinases (Abdellatif et al., 1994). Hydrolysis of GTP appears to be
much faster in vivo than in vitro, suggesting that in vivo normal
p2lras exists mainly in the inactive GDP form (Trahey et al.,
1987). Indeed, in the cells ras activities are controlled by two
types of proteins, guanine nucleotide releasing factors (GNRFs) and
GTPase activating proteins (GAPs). The GNRFs and GAPs are tissue-
, Teceptor-, and ras-specific in their regulation of ras activity
(Pronk et al., 1994). The GNRPs serve as positive regulators by
facilitating the release of GDP, thereby allowing GTP to bind to ras.
The GAPs act as negative regulators by stimulating the low
intrinsic GTPase activity of ras. Neurofibromatosis type 1 (NF-1),
the tumor suppressor gene encoding a protein known as
neurofibromin, has a region homologous to the catalytic domain of
GAP and is more abundant in the nervous system. In the NF-1
derived malignant Schwannomas that lack neurofibromin but
express normal levels of pl20GAP, the p2lras-GTP 1s at normal
level thus indicating null GAP activity (Basu et al 1992, DeClue et
al 1992). So it seems that, in Schwann cells, pl20GAP has little or
no part in p2lras-GTPase activation, and that neurofibromin is the
major negative regulator. Conversely, in mouse fibroblasts
p120GAP activity is sufficient to maintain p2lras in its inactive
state despite the presence of neurofibromin (Zhang et al, 1991).
These observations imply that, although neurofibromin and
pl20GAP are both ubiquitous, one or the other predominates to

determine the fraction of p2lras that is in the active GTP state.
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The existence of different ras regulating proteins in specific cells
might imply that ras mutations found in animal and human are
tissue specific.

~ Studies have shown that p2lras-GTP can be regulated by
signals generated from membrane receptors. There are two type of
membrane receptors, which through ligand binding are able to
stimulate the ras protein to its activate state. The first type are
receptors with tyrosine kinase activity, like platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), nerve growth
factor (NGF), and insulin receptors. The second type of receptors
contain no intrinsic tyrosine kinase activity, but couple to non-
receptor tyrosine kinase, such as T cell receptor for interleukins
and erythropoietin receptor (Pronk et al., 1994). The stimulation of
a variety of cell surface receptors promote the accumulation of the
active, GTP-bound form of ras proteins in cells. To reach the active
GTP-bound state, ras proteins must first release bound GDP and
reduce the GTPase activity by inhibiting the GAP activity. This
rate-limiting step in GTP binding is thought to be catalyzed by
guanine nucleotide releasing factors (GNRFs). Several potential
activators of ras have been discovered in a variety of animals,
such as Sos gene for Drosophila, mSos-1 and mSos-2 for mouse,
and pl40ras-GRF for rat (Shou et al., 1992). In the case of growth
factor receptors with tyrosine kinase activity, ligand activation will
stimulate the autophosphorylation of receptors at tyrosine
residues. These phosphorylated-tyrosine residues in turn trigger
the binding of adaptor proteins, such as Grb2 protein, which will

bring the guanine nucleotide exchange factor to the membrane to
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activate the ras proteins (Pawson, 1994). The data in summary
indicate that these adaptor proteins facilate the association of
GNRFs with receptor tyrosine kinase.

Activation of tyrosine kinase receptors such as PDGF or EGF
with the appropriate ligands, or transforming of cells with tyrosine
kinase oncogene product (e. g., v-src), resulted in the
phosphorylation of GAP at tyrosine residues and association with
receptors. The association of receptors and GAP reduces the
amount of free GAP in the cytosol and leaves ras protein in its
activate state. Thus, the ras/GAP complex is regulated by the
tyrosine kinase signal transduction cascade.

The association of GAP with two cellular proteins p62 and p190
suggests that GAP may actually serve a dual function, as an
effector and an attenuator of ras (Downward, 1992). The
interaction between GAP and the ras effector domain, amino acid
residues 32-40, demonstrates clearly that GAP 1is an effector
molecule of ras. These results support the concept that tyrosine
phosphorylation of GAP results in the inhibition of its GTPase-
stimulating activity, leading to increase GTP-bound p2lras, which
might then affect mitogenic signaling through some as yet
undetermined downstream component. Indeed, in some studies, no
effect on nucleotide exchange activity in the cell was observed,
with the decrease of GAP activity being directly responsible for

the ras-GTP accumulation (Downward, 1992).

(B). Ras. downstream signal transduction: cytoplasm
nucleus

to
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Signals initiated at various receptors in the plasma membrane
must traverse the cytoplasm and converge in the nucleus. The
convergence of these signals alters the expression of specific genes
and commits a cell to proliferation or differentiation. Ras proteins
serve as pivotal molecules to transduce the signal from the
membrane to activate the cytoplasmic serine/threonine protein
kinase in response to many different growth factors (Kyriakis et al
1992). In 1986, Smith et al. discovered that inhibition of p2lras
by neutralizing antibodies does not abolish v-raf-induced
transformation, indicating either that v-raf acts as a downstream
effector, or is independent of p2lras. Later on, Yamada et al.
(1991), showed retransformation of revertants from oncogenic ras
transformed NIH 3T3 cells by raf oncogene. This result implies
that raf acts downstream of ras in signal transduction. Kyriakis et
al. (1992) discovered a signalling mechanism based on a v-raf
transformed cell line, in which mitogen-activated protein kinases
p44MAPK and PA42ZMAPK (MAPKs), also known as extracellular-
signal-regulated kinases 1 and 2 (ERK1 and ERK2), and MAPK
kinase are constitutively expressed and activated by c-raf at their
serine/threonine residues, indicating that c-raf-1 1is an
immediately upstream activator of MAPKs in vivo. A direct
association of raf-1 with the activate state of ras was later
demonstrated that the N-terminal region of raf-1 _protein was
bound to the effector domain of ras protein.

The presence of MAPKs and members of MEK (MAPK or ERK
Kinase) in the cytoplasm and nucleus of Hela cells after response to

growth factors indicated that regulation of nuclear MAPKs and
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MEK activities by growth factors is coordinated with immediate-
early gene expression (Chen et al.,1992). Indeed, in vitro, MAPK
and MEK phosphorylate histone H3 and the c-fos, c¢-jun
transcription factors in a variety of cells. These in vitro studies
raise the possibility that the MEK/MAPK signal transduction
pathway represents a tyrosine, serine/threonine phosphorylation
cascade for the rapid transmission of growth-regulating
information from the membrane, through the cytoplasm, and to
the nucleus.

AP-1 activity, which is composed of the jun and fos gene
products, is stimulated by growth factors, tumor promoters, and
transforming oncoproteins (Angel et al., 1988; Lamph et al.,, 1988;
Schonthal et al.,, 1988; Wasylyk et al., 1989) and is required for
proliferation of fibroblasts and their transformation by the ras
oncogene (Lloyd et al., 1991). While part of the increase in AP-1
activity is due to increased jun and fos gene transcription, post-
translational modifications by phosphorylation play an important
role, at least in the initial phase of the response. In the case of c-
jun, phosphorylation of two to three C-terminal sites next to its
DNA binding domain negatively regulates DNA binding, whereas
phosphorylation of two N-terminal sites residing within its
activation domain stimulates its transactivation activity (Smeal et
al, 1991). While the tumor promoter tetradecanoyl phorbol acetate
(TPA) stimulates c-jun activity by inducing dephosphorylation of
the inhibitory sites, transient or stable expression of the Ha-ras
oncoprotein leads to both partial dephosphorylation of the

inhibitory sites and hyperphosphorylation of the stimulatory sites
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(Boyle et al, 1991). Other oncoproteins with distinct biochemical
activities, Ha-ras, v-sis, v-src and an activated form raf-1 also
display an identical effect on c-jun phosphorylation and activity
(Smeal et al, 1991). Expression of all four proteins stimulates
phosphorylation of serine 63 and 73 within the c-jun activation
domain. Therefore, c-jun 1s a downstream target for a
phosphorylation cascade 1involved in cell proliferation and
transformation. Evidence may suggest that receptor tyrosine
kinase-induced signalling through p2lras is a more or less simple
linear pathway, however this does not appear to be the case
(Pronk et al., 1994). A more divergent and complicated pathway
will be cell and tissue dependent and also depend on certain
physiological conditions. A generalized ras signaling pathway is

presented in Figure 2.1.
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Figure 2.1: Ras signaling pathway
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Biological consequences of oncogenic ras protein
Oncogenic ras is constitutively locked in the active GTP form,
through mutations that either inhibit the hydrolysis of bound GTP
or increase the rate of guanine nucleotide exchange, so favoring
increased levels of p2lras-GTP. The ras oncogenes function by
indirectly controlling expression of a set of undefined genes that
are crucial for cell growth and differentiation. The downstream
nuclear transcriptional factors, c-jun and c-fos have been
associated with ras-induced gene expression. The discovery of
gene promoters with AP-1 binding sites will be helpful to
elucidate the biological functions induced by oncogenic ras genes.
One such gene, the DNA methyltransferase has been identified
(Rouleau et al., 1995), which contains several AP-1 sites in the 5'
regulatory region. Introduction of an oncogenic Ha-ras into a
adrenocortical tumor cell line, Y1, increased the level of DNA
methylation and DNA methyltransferase activity (Macleod et al.,
1995). The methylation activity has been associated with gene
regulation, however, the biological consequence of increasing DNA
methylation by oncogenic ras gene 1is still unclear. Several
biological consequences have been related with the oncogenic
activity of ras, such as up regulation of ornithine decarboxylase
(Hurta et al., 1994), aberration of histone HI1 . _protein and
chromatin structure (Denko et al., 1994), and reduction of the cell
surface and extracellular matrix proteins like fibronectin and type
I collagen (Schonthal et al.,, 1988; Slack et al., 1992).

Transformation with oncogenic ras and other oncogenic proteins
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has been reported to repress transcription of the collagen gene and
induce cells to synthesize high levels of matrix-degrading
enzymes. A more surprising observation is an increase of genomic
instability (Laitinen et al., 1995), which is associated with early
genetic events in tumor progression and might imply a strong

correlation with aberrant chromatin structure (Denko et al.,1994).

Stage of ras mutation relative to tumor formation
Initial evidence suggested that ras activation was a late event
(Albino et al.,, 1984). These researchers reported that, among five
melanoma cell lines originating from separate metastatic tumors,
only one contained an activated H-ras gene. Similar conclusions
were reached by Vousden et al. (1984), who found that a mouse T
cell lymphoma contained a activated Ki-ras gene in a metastatic
derivative of this lymphoma. This suggested that ras activation
was not involved in tumor initiation or maintenance but occurred
at the stage of metastasis. A similar finding was published recently
by Sugio et al. (1994), who demonstrated that in lung cancer, K-ras
mutation is a late event and may be associated with the malignant
phenotype. This supported the previous suggestion that the ras
mutation might be a late event for cancer formation. However,
other data suggest that activation of ras genes can also be an early
event in in vivo carcinogenesis (Zarbl et al., 1985; Quintanilla et al.,
1986). In these studies, only a single dose of MNU or DMBA was
applied, yet H-ras activation was consistently found, not only in

carcinoma but also in premalignant papillomas. These findings are
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consistent with the observation of Kumar et al (1990), in which
mutated H-ras and K-ras alleles are found in mammary glands 2
weeks after the carcinogen treatment and 2 months prior to tumor
appearance. Thus mutant ras oncogenes can remain dormant in the
target tissue and require addition events before tumors develop.
In humans, colorectal cancers were used to study the timing of
activation of ras genes since this type of cancer has a well-defined
premalignant stage in the form of adenomas or polyps. Histological
analysis frequently shows that adjacent to carcinoma tissue tissue,
adenoma tissue from the benign precursor lesion of the tumor may
be present (Bos et al.,, 1987). In all carcinoma tissues examined,
only one lacked an activated ras gene in the adenoma; in all others
situations both the carcinoma and adenoma contained the same
mutated ras gene. This indicated that ras activation may be an
initiating event, but other genetic events are required to drive the

cancerous cell to a futher degree of malignancy.

The biological and biochemical function of p53 tumor
suppressor gene

The p53 tumor suppressor gene 1is highly conserved in the
veterbrate kingdom (Soussi et al., 1990) and found in a variety of
species including the human, mouse, rat, chicken, hamster, frog
and trout (Oren et al., 1983; Matlashewski et al., 1984; Coulier et
al., 1985; Louis et al.,, 1988; Smith et al., 1988; Legros et al., 1992;
de Fromentel et al., 1992). Although there is sequence diversity of
the p53 gene among species, the p53 coding sequence consists of

five evolutionarily conserved domains that are believed to specify
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the important functions of this protein (Soussi et al., 1990; Prives,
1994). Many lines of evidence suggest the importance of p53 in
human carcinogenesis, chief among these being that mutations
within the p53 gene are the most frequent genetic aberration thus
far associated with human cancer (Nigro et al., 1989; Hollstein et
al., 1991). The diversity of aberrant p53 proteins associated with a
variety of tumors has provided important clues to the biological
and biochemical functions of p53 proteins inside the cell. Based on
the primary amino acid sequences, there are three functional
domains of the p53 protein (Levine, 1993). The first 80 amino
acids at the N-terminal end are acidic in nature and function as a
transcriptional activator. The next 75 amino acids located in the
central region of p53 protein are proline-rich and quite
hydrophobic and reflect a crucial role in structural stability. The
carboxyl domain, containing about 100 amino acid from the C-
terminal end, has many basic amino acids and functions as a
domain for p53 protein oligomerization, DNA-binding, and a motif
for nucleus localization signal. The evolutionarily conserved
domains are located between the N- and C-terminal functional
domains, and contain about 200 amino acids including the proline-
rich region. The p53 mutations identified in cancer cells are
generally point mutations within the evolutionarily conserved
domains (Hollstein et al., 1991; Harris, 1993). It is.believed that
wild type p53 acts as a transcriptional factor to modulate gene
expression and functions as a cell cycle checkpoint at the G1/S
phase to protect the integrity of genome in response to X-ray,

oxidative stress, or drug-induced damage (Fields et al., 1990; Kern
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et al., 1991; Lane, 1992; Funk et al., 1992; Seto et al., 1992; Zhan et
al., 1993; Tishler et al., 1993). By contrast, cells with mutant p53
proteins do not pause in GIl, but progress into S-phase with
damaged DNA (Hicks et al. 1991). This results in genomic
instability, increased mutation, and even selection of mutant
clones having the properties of cancerous cells. p53 has also been
shown to have negative effects on the transcription of various
genes as well as to act as a DNA-binding transcriptional
transactivator (Weintraub et al., 1991; Mercer et al., 1991; Shiio et
al.,, 1992; Dutta et al., 1993; Dameron et al.,, 1994). Although p53
can block the progression of the cell cycle when artificially
expressed at high levels, it appears to play little role in normal cell
cycle control (Louis et al., 1988; Donehower et al., 1992), because
p53-deficient mice develop normally but have an increased
incidence of tumors. The molecular functions of the wild type p53
protein are still emerging. A outline of p53 protein biochemical
properties and p53 mautation location found in various human

tumor is given in Figure 2.2
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Chemical carcinogenesis and ras mutation spectrum
by polycyclic aromatic hydrocarbons

A large body of data has been published over the past years on
ras activation in human and animal tumors and significant ras
activation frequencies have been linked to several types of tumors
(Guerrero et al.,, 1987; Bos, 1988). In human carcinogenesis, key
parameters as to the carcinogenic agent and genetic background
are frequently uhknown. Therefore, a considerable number of
animal model systems have been established to study
carcinogenesis at the molecular level. Ras proto-oncogenes are
activated by point mutations (Bos, 1988), insertion of repeat
sequences, small deletions in the coding sequence (Higinbotham et
al., 1994; Wiest et al., 1994), mutation at promoter regions
(Chakraborty et al., 1991), or overexpression of ras protein by
aberrant splicing (Cohen et al., 1988), all of which may result in a
transformed cell in vivo or in vitro. Although mutations at other
codons have been reported, the animal tumors mainly contain ras’
oncogenes activated by point mutation at codon 12, 13 or 61
(Barbacid, 1987). It is noteworthy in the case of chemically
induced tumors that the type of carcinogenic compound used for
tumor induction strongly influences the types of mutation found in
ras gene. Whether ras oncogene mutations represent early
initiating events in tumorigenesis or play a role at later stages of
the process remains to be determined. However, ras activation
alone appears insufficient to promote the continual growth of a
tumor, and subsequent accumulation of additional genetic damage

is required to make the tumor invasive and metastatic (Burmer et
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al., 1989; Fearon et al., 1990). Regardless, evidence clearly
indicates that the cellular ras protooncogene can serve as a target
for environmental carcinogens, such as PAH, to initiate
carcinogenesis under the influence of endogenous or exogenous

promotion.

(A). Polycyclic aromatic hydrocarbons: bioactivation
and DNA binding

The polycyclic aromatic hydrocarbons (PAH) are products
formed by incomplete combustion of organic compounds. Sources
of environmental PAH include industrial and domestic furnaces,
gasoline and diesel engines and tobacco smoke. The basic
hypothesis of chemical carcinogenesis by PAH is that formation of
a covalent bond between the PAH and DNA represents the first
essential step in the tumor initiation process. DNA adduction by
promutagenic compounds may be non-complementary or lead to
errors during DNA replication. Most PAH need metabolic activation
to bind covalently to cellular macromolecules and the ultimate
reactive species, which are electrophilic in character, react with
nucleophilic groups of cellular macromolecules (Sims et al., 1981).
Benzo[a]pyrene was the first PAH to be shown in cells to form a
chemical reactive intermediate, diol-epoxide (Sims et al., 1974).
Over the last decade, metabolism, mutagenicity, DNA-binding, and
tumorigenicity studies have established that bay-region diol
epoxides are the ultimate carcinogens of at least a dozen polycyclic
aromatic hydrocarbons (Jerina et al., 1986). However, in some

cases, activation to other intermediates have led other
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investigators to postulate that radical cations arising from removal
of one electron from PAH are important electrophilic species
capable of reacting with cellular nucleophiles to form unstable
DNA adducts (Cavalieri et al., 1985; Devanesan et al., 1990).

Early data lead to the belief that most carcinogens react
preferentially with guanine residue in DNA (Jeffrey, 1985).
However, experiments used DMBA and other polycyclic aromatic
hydrocarbons by the transfection assay in NIH/3T3 cells
demonstrated that an H-ras codon 61(2)A— T transversion was the
exclusive mutation found in PAH-initiated mouse skin tumors
(Bizub et al., 1986). More direct evidence for A— T transversion
caused by DMBA was provided by Cheng et al. (1988), who
reported that the syn 3,4-dihydrodiol 1,2-epoxide of DMBA reacts
almost exclusively with deoxyadenosine in DNA. The diol epoxide
and one electron oxidation pathways of PAH bioactivation, are
both capable of providing initiated DNA adduct formation at
guanine or adenine residues ( Bigger et al., 1983; Cheng et al,
1988). The diol epoxides are believed to form stable DNA adducts,
while one electron oxidation reportedly leads to unstable DNA
adducts almost all of which are lost from DNA by spontaneous
depurination (Devanesan et al.,, 1990). Until recently, DMBA, the
synthetic PAH, was the most potent known carcinogenic PAH.
However, the natural occurring dibenzo[a,l]Jpyrene (DBP) has been
established recently as the strongest PAH carcinogen ever tested
in rodent and human cell lines (Cavalieri et al., 1991). However,
the in vivo genetic mechanisms including ras oncogene activation,

induced by DBP have not been defined.
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(B). Adduct formation is DNA context dependent

A significant number of chemical carcinogens are known to
form adducts with DNA bases. Whereas some of these adducts are
quickly repaired by the DNA repair system, others are highly
mutagenic due to their miscoding properties, generation of
apurinic sites, or the limited fidelity of repair polymerase
(Downers et al., 1993; Hanawalt, 1994). In addition, there is
increasing awareness of the heterogeneity of DNA structure, which
may be a factor in such mutation targeting (Marien et al., 1989;
Georgiadis et al.,, 1991; Hoffmann et al.,, 1993). Targeting of
mutation, in principle, can be caused by bias of the damaging
agent and damage repair activities for or against certain DNA
sequences. The reproducible activation of ras oncogenes in
carcinogen-induced tumors has made it possible to correlate their
activating mutation with the known mutagenic effects of certain
carcinogens. In the case of N-nitroso compounds, N-methyl-N-
nitrosourea (MNU) methylates DNA at a number of sites, including
the OO position of guanine. The resulting of O%-methylguanine-
DNA adduct is converted to a G— A point mutation in the second
nucleotide of Ha-ras codon 12 during DNA synthesis (Zarbl et al.,
1985). Tissue susceptibility to the carcinogenic effect of
nitrosoureas shows a strong inverse relation with the amount of
alkyltransferase repair activity (Dumenco et al., 1993). Unlike
MNU or other alkylation agents, which produced adducts repaired
by alkyltransferase, the PAH form large adducts with

deoxyguanine and deoxyadenine residues that lead to excision
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repair, and generate point mutations of undefined specificity. In
the case of benzo[a]pyrene, the mutation spectrum is influenced by
the rate of excision repair and the strand-specific preference of

adduct position (Chen et al.,, 1992; Wei et al., 1995).

(C): The spectrum of ras mutation by DMBA, DBP

While it is clear that the nature of the initiating carcinogen can
strongly affect the profile of ras mutations detected in tumors, it is
also evident that other factors, such as species, tissue type,
promoter, dosing regimen, could also exert important influence
(Loktionov et al., 1990; Manam et al., 1992; Manam et al., 1995).
For example, in the case of DMBA-induced mouse tumors,
mammary and skin tumors have predominantly an Ha-ras codon
61(2)A—T transversion (Loktionov et al., 1990), liver tumors carry
both the Ha-ras codon 61 mutation and a Ki-ras codon 13(1)G—C
transversion, and lung tumors contain a variety of Ki-ras
mutations but no Ha-ras mutation. This is consistent with other
research showing a strong preference for Ki-ras gene activation in
mouse rat and human lung tissue (Manam et al., 1992), and
supports previous results that ras mRNA expression is different in
different tissues of mouse (Leon et al., 1987). The ras mutation
profile can also be affected by the genetic background of the
species used. Spontaneous tumors in mice commonly carry ras
genes activated by mutations in codons 12, 13 or 61 (Table 2.1).
Therefore, the detection of ras mutations in chemically induced

mouse tumors does not always demonstrate that the chemical in



Table 2.1: Ras mutation spectra of spontaneous tumor from mice.

Strain Tumor  Oncogene (Frequency) Mutation Reference

B6C3F1 lung K-ras (3/16) G355A Candrian et al., 1991

B6C3F1 liver H-ras (67/103) cl8l4; A182,T,G Reynolds et al., 1987

B6C3F1 liver H-ras (32/50) Ccl81A; A182,1 G Fox et al., 1990

B6C3F1 liver H-ras (18/32) cl8la; Al182,G ferreira et al., 1995

A/l lung K-ras (10/11) G345C; G355A,T; You et al., 1989
Al182,G; A1835T

A/l lung K-ras (17/19) G345C; G355A, T, You et al., 1994
Al82,T, G; AI835T, C

C57 liver H-ras (2/12) Al82,T Anderson et al., 1992

C3H/He liver H-ras (6/21) cl81A Rumsby et al., 1991

CD-1 lung K-ras (17/20) G355A,T; G385A; Manam et al., 1992a

/ A182,G T
CD-1 liver H-ras (3/36) | Ccl81,4; A182,G Manam et al., 1992b

CD-1 liver H-ras (10/36) cl81,4; A182,G Manam et al., 1995
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question acts as a mutagen; instead, it might act as by a
nongenotoxic mechanism through facilitating a clonal expansion of
cells bearing a spontaneous mutation.

The administration of tumor promoters in carcinogenesis
studies can also influence the frequency of ras mutations. For
example, promotion with prolactin reduces the frequency of Ha-
ras mutations among rat mammary tumors induced by MNU
(Zhang et al.,, 1990). Also, when the promoters phenobarbital,
dieldrin, ciprofibrate, or chloroform (Fox et al., 1990; Hegi et al.,
1993), are given alone to mice, the liver tumors have a low
frequency of Ha-ras codon 61 mutations compared with that found
in spontaneous tumors. The molecular mechanisms behind the
promotion effect are largely wunclear, but appear to require
cytotoxicity and tissue regeneration (Ledda-Coiumbano et al.,
1993; Costa, 1995).

The carcinogen dosing schedule or dose level might also affect
ras mutation frequency in chemically induced tumors. The
frequency of Ha-ras codon 12 mutations among rat mammary
carcinomas has been reported to decrease with increased MNU
dose (Zhang et al., 1990). Likewise, the frequency of Ha-ras codon
61 mutation in C57B1/J6 mouse liver tumors reported varies
inversely with dose of vinyl carbamate (Stanley et al., 1992). In
B6C3F1 mouse DEN-induced liver tumors, the frequency and
profile of Ha-ras codon 61 mutations was affected by both the
dose and the time point at which the tumors were taken (Chen et

al., 1993) and at low dose there was a high frequency of codon

61(2)A—G. Mouse thymic lymphomas induced by multiple doses of
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MNU have about 4-fold higher frequency of ras mutations than
lymphomas induced by a single dose (Corominas et al., 1991). In
the case of DMBA, single or multiple doses were reported to induce
the same frequency of ras mutation (Manam et al.,, 1995). An
summary of reported DMBA- induced ras mutations is presented

in Table 2.2.



Table 2.2: DMBA induced ras mutation spectra.

Animal Strain Tissue Ras gene mutation Reference

Mouse NIH/Swiss skin H-ras, 61(2) A>T Brown et al., 1990
TG:AC skin H-ras, 61(2) A>T Mills et al., 1993
CD-1 skin H-ras, 61(2)A—>T Bizub et al., 1986
CD-1 lung K-ras, 12(1)G-C; Manam et al., 1992a

12(2)G-T; 13(1)G-C;
61(2)A-G,T; 61(3)A-T,C

CD-1 liver H-ras, 61(2)A—>T. K-ras, Manam et al., 1992b, 1995
13(1)G-C
rasH2 lung H-ras, 61(2) A>T Doi et al., 1994
spleen
forestomach
Rat S-D mammary H-ras, codon 61 Zarbl et al., 1985
Hamster Syria pouch H-ras, 61(2)A->T Gimenez et al., 1992
Syria skin H-ras, 61(2) A>T Robles et al., 1993
Rabbit ) ear skin H-ras, 61(2)A->T Corominas et al., 1991
Trout shasta liver K-ras, 12(1)G-A, 12(2)G-T Fong et al., 1993
61(2)A-T

6¢
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Abstract

A digoxigenin-labeled colorimetric detection system was used
to screen a zebrafish cDNA library for p53-like genes. A
polymerase chain reaction generated nonradioactive probe of the
rainbow trout p53 conserved region IV was prepared with the
incorporation of digoxigenin-dUTP into the chain reaction.
Hybridization signals were then detected by a colorimetric system
at room temperature for up to 2 days. A total of 2 x 105 p.f.u.
were screened and one clone, termed Z-53, was isolated and
identified as a p53-like gene. The insert size of this clone was
1777 bp, which encodes part of conserved region II and all of
regions III, IV, and V. The deduced amino acid sequence of
conserved regions III, IV, and V are 73%, 92%, and 100%
homologous to rainbow trout and 100%, 96%, and 94% homologous
to the human p53 gene. A cDNA clone carrying the complete 5

sequence of this gene has yet to be isolated.
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Introduction

Mutation of the p53 gene appears to be a major genetic event in
many forms of human cancer (reviewed in Hollstein et al., 1991).
Several biochemical properties of the wild type p53 protein have
been described. For example, the wild type pS53 suppresses cell
division and induces growth arrest at the G1 phase of the cell
cycle, acts as a transcription factor to regulate certain genes in
vivo, and acts as a cell cycle check point protein for the repair of
DNA damage prior to DNA duplication (reviewed in Levine, 1993).
These multiple functions of the p53 protein indicate that it acts as
a guardian inside the cell to protect the integrity of the genome.
p53 genes have been described from human, mouse, rat, chicken,
hamster, frog and rainbow trout (Matlashewski et al., 1984; Oren
et al., 1983; Coulier et al., 1985; Louis et al.,, 1988; Legros et al.,
1992; de Fromentel et al., 1992). Though there is some sequence
diversity of the p53 gene among species, the encoded protein
consists of 5 highly conserved domains believed to involve the
important function of this protein (reviewed in Soussi et al.,, 1990;
Prives, 1994). Zebrafish, a small tropical freshwater fish, has
received considerable attention as a model for vertebrate
embryology and developmental biology (Weinberg, 1992), and was
the first aquarium species reported to show a_ tumorigenic
response following carcinogen treatment (Stanton, 1965). In spite
of the important role of the p53 gene as a guardian of the genome,
nothing is known about the function of this gene in zebrafish

development or carcinogenesis. In this study we wused a
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digoxigenin-labeled probe to isolate a p53 clone from a zebrafish
cDNA library. One such clone, which we termed Z-53, was quickly
recovered from a total of 2 x 105 p.fu. by a colorimetric detection
system. The nucleotide sequence was established and contains the

p33 highly conserved domain.

Materials and Methods

(A). Reagents

Sodium chloride, citric acid trisodium salt, sodium dodecyl
sulfate, ethylenediaminetetraacetic acid, ‘formamide, urea, boric
acid, TRIZMA™ hydrochloride, and ammonium persulfate were
purchased from Sigma (St. Louis, MO). RNase cocktail was
manufactured by 5' to 3' (Boulder, CO). Acrylamide/bis-acrylamide
solution, saturated phenol/chloroform, and chloroform were from
AMRESCO (Solon, OH). X-OMAT AR film was from Kodak (Rochester,
NY). 358-dATP was from NEN (Boston, MA). Proteinase K, and DIG-
dNTP were from Boehringer Mannheim (Indianapolis, IN).
Restriction enzymes EcoRI and Xba were from Stratagene (La Jolla,
CA). Rainbow trout p53 c¢cDNA clone was kindly supplied by Dr.
Thierry Soussie (Laboratoire de Genetique Moleculaire, IRSC,
France). The zebrafish ¢cDNA library was kindly supplied by Dr.
Philip McFadden, Department of Biophysics and Biochemistry,

Oregon State University.
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(B). RNA and DNA isolation

Whole adult zebrafish, obtained from the Oregon State
University Food Toxicology and Nutrition Lab, were cut into small
pieces and frozen immediately in liquid nitrogen. For DNA
isolation, 0.1g of ground tissue was added per 1.2ml of lysis buffer
(0.1M NaCl, 10mM Tris, 25mM EDTA, 0.5% SDS, and 0.1mg/ml of
proteinase K) and incubated overnight at 370C. The DNA was
extracted once with phenol/chloroform and chloroform, and the
DNA was then precipitated with 2.5 volumes of 95% ethanol and
final NaCl concentration of 0.2M. DNA pellets were dissolved in TE
buffer and treated with RNase (Maniatis et al., 1989). For RNA
isolation, the ground zebrafish tissue was homogenized in TRIzolT™™
reagent (GIBCO BRL, Gaithersburg, MD) and the company's
protocol was followed for total RNA isolation. The concentrations of
RNA and DNA were determined spectrophotometrically. Magnetic
separation for poly(A) mRNA isolation was carried out using a
Biomag™ mRNA purification kit following the manufacturer's
protocol (Perseptive Diagnostics, Cambridge, MA), using ¢ZS53-BIII
primer for enrichment. The first strand cDNA was synthesized by a
Superscript™ preamplification system (GIBCO BRL, Gaithersburg,
MD) and directly used for PCR reaction without further

purification.

(C). Primer
5' biotinylated ¢ZS53-BIII primer (based on the zebrafish Z-53
clone nucleotide sequence): 5'- CTC CGG CCC AGC AAC TGA CCT TCC
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TG- 3', which is anti-parallel to p53 mRNA, was purchased from
Amitof Biotech (Boston, MA). Zebrafish ¢Z53-137 primer: 5'- GGA
CCA CTT CAG CCA CAT GC-3'; rainbow trout p53 E7 primer (a
forward primer located at the 5' end of exon 7): 5'- GGG ATC AGA
GTG TAC CAC TG-3"; cE7 Primer (a reverse primer located at the 3’
end of exon 7): 5'-GTG TCT CCA GGG TGA TGA TG-3' and 20C
primer: 5'- CCC CCC CCC CCC CCC CCC CC-3' were synthesized by the
Center for Gene Research and Biotechnology, Oregon State
University. All primers were dissolved in water and used without

further purification.

(D). Probe preparation by polymerase chain reaction
(PCR) amplification

A nonradiolabeled probe based on conserved region IV of the
rainbow trout p53 gene was PCR amplified using E7 and cE7
primers and the rainbow trout p53 cDNA clone as a template, with
the incorporation of digoxigenin-dUTP and other dANTP into the
chain reaction by Replitherm™ polymerase. PCR reaction
conditions were as follows: one cycle of denaturing at 950C for 6
min; 2 cycles of denaturing at 950C for 2 min, annealing at 600C
for 45 seconds, and extension at 740C for 25 seconds; 40 cycles of
denaturing at 950C for 30 seconds, annealing at 600C for 45
seconds, and extension at 740C for 25 seconds. The PCR products
were purified through a Microcon™-30 column (Amicon Division,

Beverly, MA) to remove excess primer and dNTP.
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(E). Southern blotting

Southern blot procedures (Maniatis et al.,, 1989) are briefly
described as follows: rainbow trout and zebrafish genomic DNA
(10ug each) were digested with 20 units of EcoRI or Xba at 370C
for 3 hours and the digested DNA was then electrophoresed on 1%
agarose. After electrophoresis, the gel was denatured at 0.2N HCI,
then capillary transferred to the nylon membrane, and the DNA
was fixed by UV-light (UV-Cross Link, Stratagene). The membrane
was then soaked in 20 ml prehybridization solution (7% SDS, 5x
SSC, 2% blocking agent, 0.1% N-lauryl sarcosine and 50mM sodium
phosphate pH6.8) per 100 cm? membrane at 600C for 3 hours
and hybridized with probes for 12 hours. The membranes then
were  stringently washed and signals were detected

colorimetrically following the manufacturer's protocol.

(F). cDNA library screening and DNA sequencing

The plaque-lift hybridization methods for c¢cDNA library
screening are described elsewhere (Maniatis et al., 1989). The
nonradiolabeled screening and detection system was from
Boehringer Mannheim (Indianapolis, IN) and the method 1is
described briefly as follows: duplicated membranes were
prehybridized and then hybridized with digoxigenin-labeled probe
in a concentration of 100ng/ml wusing the same method as for
southern blotting described above. After hybridization, the
membranes were stringently washed and incubated with anti-

digoxigenin antibody, which was conjugated to alkaline
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phosphatase. The membranes carrying the hybridized probe and
bound antibody conjugate were reacted with 5-bromo-4-chloro-3-
indolyl phosphate (X-phosphate) and nitroblue tetrazolium salt
(NBT) for up to 2 days at room temperature in the dark, and the
color development was carefully monitored to reduce false signals.
Suspected signals were confirmed by second and third screenings
following the same procedures prior to isolation of plaques. The
plasmid sequencing of isolated clones was carried out by
Sequenase Version 2.0 (USB, Cleveland, OH) and final products
were resolved on 5% acrylamide denaturing sequencing gel with

35S-dATP as described elsewhere (Maniatis et al., 1989).

(G). §8' RACE (rapid amplification of cDNA end)

The enriched p53 mRNAs and their first strand cDNAs were
synthesized by the Superscript™ preamplification system (GIBCO
BRL, Gaithersburg, MD). After cDNA synthesis, the solutions were
adjusted to 0.4N NaOH and incubated at 650C for 30 min. to
destroy the RNA template. The reaction solutions were brought to
500ul and filtered through an Amicon-30 column to remove RNA,
primers and salts. The retentate was reversibly spun and diluted
to 11.8ul for terminal transferase reactions with the incorporation
of poly(G) at the 3' end (Boehringer Mannheim, Indianapolis, IN).
The terminal transferase reactions were precipitated and
redissolved in water for PCR amplification to seek the 5' end
unknown sequence of the p53 gene by 20C and ¢Z53-137

primers.
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Results

(A). Southern blotting of the zebrafish pS53-like gene

Zebrafish and rainbow trout genomic DNA were digested with
restriction enzymes, electrophoresed on a 1% agarose gel,
transferred to a nylon membrane, and hybridized with PCR-
generated digoxigenin-labeled probes, based on the rainbow trout
p53 gene conserved region IV. Hybridized signals were detected
on zebrafish restriction enzyme digested genomic DNA after
incubation at room temperature for 6 hours (Figure 3.1). The
rainbow trout p53 cDNA positive control was quickly detected
after 30 minutes incubation at room temperature, followed by
detection of restriction enzyme digested rainbow trout genomic
DNA. For restricted zebrafish DNA, hybridization signal bands were
barely visible after 3 hours incubation at room temperature in the
presence of a colorimetric reaction substrate, but the intensity of
bands increased with incubation time. These results indicate the

existence of a p53-like gene in the zebrafish genomic DNA.

(B). An incomplete p53 clone from the zebrafish cDNA
library

The southern blot hybridization conditions and probe that were
used to detect p53-like sequences were also used to screen the

zebrafish ¢cDNA library. A total of 2 x 105 p.f.u. were screened and
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their duplicates were colorimetrically detected at room

temperature for up to two days (see Materials and Methods).

Figure 3.1. The existence of a p53 gene in zebrafish genomic DNA
by Southern blotting. Lane 1 is rainbow trout genomic DNA; lane 2
1s rainbow trout p53 cDNA clone; lanes 3 and 5 are zebrafish
genomic DNA digested with restriction enzyme EcoRI; lane 4 is
zebrafish genomic DNA digested with restriction enzyme Xba.

Suspicious spots were located and isolated by contrasting the blue
color intensity with the surrounding background color for second
and third screening verification. After the third screening, the Z-53
plaque did show a strong hybridization signal. After further in

vivo excision of the purified plaque into a phagemid (pbluescript
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Stratagene), the insert size was compared with the rainbow trout
p53 c¢cDNA (data not shown). Plasmid isolation and restriction
enzyme analysis revealed the insert of the Z-53 clone was around
1.7 kb, which was smaller than the rainbow trout 2.2 Kb insert.
DNA sequencing revealed the Z-53 clone contained a total
nucleotide sequence of 1777 bp (Figure 3.2). The deduced amino
acid sequence was then compared with the rainbow trout and
human p53 gene conserved regions II, III, IV and V (Figure 3.3).
The Z-53 in the conserved region III, IV, and V is 73%, 92%, and
100% homologous to rainbow trout and 100%, 96%, and 94%
homologous to the human p53 gene. These results support
previous indication that regions IV and.V of the p53 gene are
highly conserved during species evolution. The incomplete
nucleotide sequence of this Z-53 clone might imply poor
processivity of reverse transcriptase and incomplete synthesis of
first strand cDNA, which is common and sometimes unavoidable

during cDNA library construction.

Figure 3.2. The nucleotide sequence of the zebrafish Z-53 clone
and deduced amino acid sequence. The incomplete Z-53 clone open
reading frame encodes 276 amino acid residues, ranging from part
of conserved region II to the end of the C-terminus.

. 5'CG
GCA CGA GAT AAA CTC TTC TGT CAG CTG GCA AAA ACT TGC CCC GTT
A R D K L F Cc Q L A K T C P v
CAA ATG GTG GTG GAC GTT GCC CCT CCA CAG GGC TCC GTG GTT CGA
Q M v v D v A P P Q G S v v R
GCC ACT GCC ATC TAT AAG AAG TCC GAG CAT GTG GCT GAA GTG GTC
A T A I Y K K S E H v A E v v
CGC AGA TGC CCC CAT CAT GAG CGA ACC CCG GAT GGA GAT AAC TTG
R R C P H H E R T P D G D N L
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Figure 3.2 (Continued)

GCG CCT GCT GGT CAT TTG ATA AGA GTG GAG GGC AAT CAG CGA GCA

A P A G H L I R v E G N Q R A

AAT TAC AGG GAA GAT AAC ATC ACT TTA AGG CAT AGT GTT TTT GTC

N Y R E D N I T L R H S v F v

CCA TAT GAA GCA CCA CAG CTT GGT GCT GAA TGG ACA ACT GTG CTA

)4 Y E A P Q L G A E w T T v L

CTA AAC TAC ATG TGC AAT AGC AGC TGC ATG GGG GGG ATG AAC CGC

L N Y M c N S S C M G G M N R

AGG CCC ATC CTC ACA ATC ATC ACT CTG GAG ACT CAG GAA GGT CAG

R P I L T I I T L E T Q E G Q

TTG CTG GGC CGG AGG TCT TTT GAG GTG CGT GTG TGT GCA TGT CCA

L L G R R S F E v R v C A C P

GGC AGA GAC AGG AAA ACT GAG GAG AGC AAC TTC AAG AAA GAC CAA

G R D R K T E E S N F K K D Q

GAG ACC AAA ACC ATG GCC AAA ACC ACC ACT GGG ACC AAA CGT AGT

E T K T M A K T T T G T K R S

TTG GTG AAA GAA TCT TCT TCA GCT ACA TTA CGA CCT GAG GGG AGC

L v K E S S S A T L R )4 E G S

AAA AAG GCC AAG GGC TCC AGC AGC GAT GAG GAG ATC TTT ACC CTG

K K A K G S S S D E E I F T L

CAG GTG AGG GGC AGG GAG CGT TAT GAA ATT TTA AAG AAA TTG AAC

Q v R G R E R Y E I L K K L N

GAC AGT CTG GAG TTA AGT GAT GTG GTG CCT GCC TCA GAT GCT GAA

D S L E L S D v v P A S D A E

AAG TAT CGT CAG AAA TTC ATG ACA AAA AAC AAA AAA GAG AAT CGT

K Y R Q K F M T K N K K E N R

GAA TCA TCT GAG CCC AAA CAG GGA AAG AAG CTG ATG GTG AAG GAC

E S S E P K Q G K K L M v K D

GAA GGA AGA AGC GAC TCT GAT TAA

E G R S D S D
GGTGATGGGATGCTAAGAGAGAAAGAAACTGGGAGTTTTGCTCTTTTTGACTGCCTTTTTTGCTTTTAT
TACACCAAAAAAAAAAGCTTGTCACAGGGGTCATTTGGGGAACTGCGATACATGTGATCCATTAGTCCT
GTTTGTCATGTTTCTTCTTGTTCACTCCACTGGGACCTTTGTTGCTGGACACTGATTTTGCAGTGTTTT
ACCAGCACTGGCGAGGGCTAAGACTAGCCTGACGTTTTACAGACCCGTTAAATGAACGTTCAGGAACGA
AGTTTACCTGTGACTTTTGTAAATTGTAATAATGCCAGTATTCGGTTGTTTTGTAAGCAGCATTTTTTT
TTATTTTTATAAAGAAATGAGTATTAGACTAATTGGAACAAACCATCGGAATTGGTTGCAAGCCGATTA
TGTAATAAAAATACCAAAGCAAAACCGTTTTGTATCTTATATTTTTTTATGTTAATTACTGCTGTTCCT
ATTTTTGTATTTTAGCTAATAAGAGAAGCTGCCCTTTATAACACGCTTTTAGATTTAGTACAACCATTG
TTCTTTTTCAATTGAAGTAGTTGTTGATTTACTCTTGTGATTGTTGTTGAGTAATGTGGCACAGATAAG
CTCATAAGTGGCCAGTCTGTTTTGACATGTGCTTGTGCAAATGGTTATGGATTGGATGTCTAAATATGA
GCAAATGAAATGTCAAATACTCAGGGCATGTACAAGTCCCTCCTGGAAATCTTGATAAAACTCTTCTAC
TGTTTTACCTGCTATAGATTTTATGCTGGTTTTGTTTCTTATTACTGTTTACACGCATTTGCCTTTTAT
AAATATATAAGCGTGCATTTATTTGTAGCTAGCTGAATCATTTATAATTTTTC TTTTTAAGAGAAATGT
TTTAAAATACACTCTTTAAAAAAAACAAAAAAANNANANADAAA
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Figure 3.3. Comparsion of conserved regions among rainbow trout,
human and the deduced amino acid of zebrafish p53 proteins. Part
of region II and full regions of III, IV, and V were compared
among these species. Amino acids identical to rainbow trout p53
protein are indicated by dashes.

II
rainbow trout DLNKLFCOLAKTCPVQIVVD HPPPPGAVVRALAIYKKLSD
zebrafish ARD------------- M--- VA--Q-S----T----- SEH
human A---M--------——- LW-- ST----TR---M----QSQH
III
rainbow trout VADVVRRCPHHOSTSENNEG PAPRGHLVRVEGNQRSEYME
zebrafish --E-------- ER-PDGDNL  --A---I------- AN-R-
human MTE-------- ERC-D/SDG L--PQ--I----- L-V--LD
v
rainbow trout DGNTLRHSVLVPYEPPQVGS ECTTVLYNFMCNSSCMGGMN
zebrafish -NI------ F----A--L-A -W----L-Y-----------
human -R--F----V------ E--- D---IH--Y-----------
\4
rainbow trout RRPILTIITLETQEGQLLGR RSEEVRVCACPGRDRKTEET
zebrafish  -------------"--"--"--- -~—------——————— - S
human = ----------- DSS-N---- N-------------- R---1I
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Discussion

In the past decade, traditional library screening has relied on
radiolabeled probes produced either by nick translation or by end
labeling of 32p-dNTP. Such probes are known to detect genes with
low copy numbers either in genomic DNA or in c¢cDNA library
screening, and they continue to be convenient tools for the
research community. However, the short half-life of 32p-labeled
probes and concern about the hazard they present to the
environment and to personnel, have encouraged researchers to
develop safer techniques and to limit the use of radiolabeled
probes. Nonradiolabeled screening and detection systems, using
either biotin- or digoxigenin-labeled probes, have proven to be
nonhazardous to personnel and to the environment. Furthermore,
detection by chemiluminescence has shown sensitivity equivalent
to 32p-labeling (Wundrack et al, 1992). Although the sensitivity of
the chemiluminescence method 1is better than the colorimetric
detection method, the chemiluminescence detection method does
have high background problems (authors’ data not shown;
Puchhammer-Stoeckl et al., 1992). This high background problem
is attributed to the substrate, Lumi-Phoss30 ™ which is highly
sensitive to the presence of alkaline phosphatase. Even without the
existence of a hybridized probe, nonspecific annealing may occur
with longer probes. In the presence of Lumi-Phos’30 ™, aseptic
methods and technical skill are required to reduce the high
background. Although detection sensitivity is less than the

chemiluminescence system, the colorimetric detection system



65

required no longer than overnight to detect genes by southern
blotting. Colorimetric detection can also offer an alternative
method for screening cDNA libraries when room temperature
incubation 1S extended up to 2 days in the dark. The existence of
p53-like hybridized signals in the southern blot (Figure 3.1)
suggests that the p53 gene is highly conserved among fish species.
To examine its expression and open reading frame DNA contexts, a
zebrafish cDNA library (a total of 2 x 105 p.f.u) was screened with
conditions modified from southern blotting, but the color
development was extended up to two days. During this prolonged
color development, careful control of background was necessary in
order to avoid ambiguous signals. A clone, termed Z-53, was
readily isolated and revealed an insert of 1777 nucleotides (Figure
3.2) by in-house sequencing. The amino acid sequence deduced
from open reading frame and maximum homology alignment
revealed the Z-53 insert encoded an incomplete protein sequence
starting from the middle of the p53 conserved region II domain
and ending at the C-terminus by the stop codon TAA. The deduced
amino acid sequence of conserved regions III, IV, and V are 73%,
92%, and 100% homologous to rainbow trout and 100%, 96%, and
94% homologous to the human p53 protein (Figure 3.3). The
flanking regions between region 1V and V are identical in rainbow
trout and zebrafish. Incomplete clones such as isolated here are
commonly found in cDNA library construction mainly due to the
incomplete synthesis of first strand cDNA by reverse transcriptase
(Adams et al., 1991). Attempts were made to complete the 5' end

sequence by the 5' RACE (rapid amplification of cDNA end) method
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of Frohman et al. (1988). After PCR reactions, the products were
separated on a 5% acrylamide gel. Strongly smeared bands of
400bp to >1 Kb with certain specific bands around 800bp were
clearly visible, and the 800bp bands were excised and eluted into
water for cloning (data not shown). Using PCR, we were unable to

verify the existence of a p53 clone.
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Abstract

A magnetically enriched whole zebrafish (Brachydanio rerio)
cDNA library was constructed for screening ras-related genes.
Using this approach, a positive clone was readily identified from a
single plate of 3 x 104 p-f.u.. The clone, termed Zras-Bl, carried an
insert of 2592 bp with an open reading frame encoding a 188
amino acid residue ras p21 protein. The deduced amino acid N-
terminal region (residues 1-86), as well as the CAAX binding motif
at the C-terminus of the protein are identical to mammalian N-,
Ha-, and Ki-ras. Based on total protein sequence, this expressed
zebrafish ras p21 is most closely related to human N-ras (91%
homology), with lesser homology to Ha-ras (84%) and Ki-ras (85%).
Preliminary partial sequence data obtained by genomic and RT-
PCR screening indicate the presence of at least one additional

expressed ras genes in zebrafish.
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Introduction

There are three known ras proto-oncogenes in mammalian
genomes, designated N-, Ha- and Ki-ras (Parada et al., 1982; Der et
al., 1982; Taparowsky et al., 1983). These genes encode 21 KDa
(p21) encode proteins of 188 or 189 amino acids, which undergo a
number of post-translational modifications at the carboxy
terminus including isoprenylation or palmitoylation essential to
plasma membrane localization (Hancock et al., 1989). The
discovery of activated ras genes in a variety of human and animal
tumors stimulated researchers to examine their biochemical
properties and biological function both in normal and transformed
cells. Ras p2l functions as a signal transduction protein (Barbacid,
1987; Bourne et al.,, 1990; Downward, 1992) through binding of
guanosine triphosphate (GTP) and its hydrolysis to guanosine
diphosphate (GDP). Evidence indicates that the GTP-bound form of
p21-ras is biologically active while the GDP-bound form is inactive.
The GTP-bound conformation interacts with an effector molecule,
and the life-span of this interaction is regulated either by the
effector-mediated or the intrinsic GTPase activity of the protein.
Ras-mediated signal transduction is believed to be involved in cell
differentiation, development and oocyte maturation (Daar et al.,
1991; Benito et al.,, 1991; Fortini et al., 1992). Many human and
animal tumors carry ras p2l activated by point mutations at
certain positions, such as amino acid residues 12, 13, and 61, to

produce acutely transforming products defective in GTPase
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activity and thus held in a chronically active configuration (Bos et
al., 1988).

Mammalian ras homologues have been found in yeast, mollusks,
and fish (DeFeo, et al., 1983; Swanson et al., 1986; Nemoto et al.,
1986, 1987; McMahon et al., 1990; Mangold et al.,, 1991). Zebrafish
(Brachydanio rerio), a small tropical freshwater fish, has received
considerable attention as a model for vertebrate embryology and
developmental biology (Streisinger, et al., 1981), and was the first
aquarium species reported to show a tumorigenic response
following carcinogen treatment (Stanton, 1965). However, no
published reports have appeared describing ras gene sequence or
their 1involvement in signal transduction, differentiation, or
carcinogenesis in this species. In this initial study we report the
construction of a magnetically enriched whole-fish ¢cDNA library
for isolation of ras-related sequence. One such gene, which we
term Zras-B1, was quickly recovery from a single 3 x 104 p.f.u.
plate by chemiluminescence detection, and the nucleotide
sequence was established. The p21 protein encoded by this
expressed gene shows strongest sequence homology (91%) to

human N-ras.

Materials and Methods -

(A). Reagents

Sodium chloride, citric acid trisodium salt, sodium dodecyl

sulfate, ethylenediaminetetraacetic acid, formamide, urea, boric
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acid, TRIZMA hydrochloride, and ammonium persulfate were
purchased from Sigma (St. Louis, MO). RNase cocktail was from 5’
to 3' (Boulder, CO). Acrylamide/bis-acrylamide solution, satured
phenol/chloroform, and chloroform were from AMRESCO (Solon,
OH). X-OMAT AR film was from Kodak (Rochester, NY). 35S-dATP
was from NEN (Boston, MA). Proteinase K was from Boehringer

Mannheim (Indianapolis, IN).

(B). RNA and DNA isolation

Whole zebrafish, obtained from the Oregon State University
Food Toxicology and Nutrition Lab, were cut into small pieces and
frozen immediately in liquid nitrogen. For DNA isolation, 0.1g of
ground tissue was added per 1.2ml of lysis buffer (0.1M NaCl,
10mM Tris, 25mM EDTA, 0.5% SDS, and 0.1lmg/ml of proteinase K)
and incubated overnight at 370C. The DNA was purified once with
phenol/chloroform and chloroform, and precipitated with 2.5
volume of 95% ethanol at a final NaCl concentration of 0.2M. The
DNA pellets were dissolved in TE buffer and treated with RNase
(Maniatis et al.,, 1989). For RNA isolation, the ground zebrafish
tissue was homogenized in TRIzol reagents (GIBCO BRL,
Gaithersburg, MD) and the company's protocol was followed for
total RNA isolation. The concentrations of RNA and DNA were
determined by spectrophotometry. Magnetic separation for
mRNA isolation was carried out using a Biomag mRNA purification
kit following the manufacturer's protocol (Perseptive Diagnostics,
Cambridge, MA). The first strand cDNA was synthesized by
Superscript preamplification system (GIBCO BRL, Gaithersburg,
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MD) and directly used for RT-PCR reaction without futher

purification.

(C). Primers

Rainbow trout Ki-ras HO1 primer (a forward primer located at
the 5' end of exon 1): 5'- ATG ACG GAA TAC AAG CTG-3"; ¢37
Primer (a reverse primer located at the 3' end of exon 1): 5'- CTC
GAT GGT GGG GTC ATA TT-3'; sc67(1)G primer (a reverse primer
on exon 2 region): 5'- CAT GGC GCT GTA CTC CTC CTG-3'; and
zebrafish ras-like sequence, the HZras-08 primer (a zebrafish
forward primer on exon 1 region) : 5- TCG TGG GAG CTG GAG GCG
TA-3' were synthesized by the Center for Gene Research and
Biotechnology, Oregon State University. 5'-Biotinylated ¢ZRAS-BII
primer (based on the zebrafish Z-1 type ras gene on exon 1) : §'-
GTG AGA GCG CTT TTG CCT ACG CCT CC- 3', which is anti-parallel to
ras mRNA, was purchased from Amitof Biotech (Boston, MA). All
the primers were dissolved in water and used without futher
purification. The primer concentrations used for PCR amplification

were the same as described by Fong et al. (1993).

(D). Polymerase chain reaction (PCR) amplification,
cloning and sequencing

The zebrafish genomic ras-like DNA sequence was-amplified by
nested PCR using  Replitherm thermostable DNA polymerase
(Epicentre Technologies, Madison, WI) and rainbow trout Ki-ras
exon 1 HO1 and ¢37 primers. PCR reaction conditions were as

follows: one cycle of denaturing at 950C for 6 min; 2 cycles of
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denaturing at 950C for 2 min, annealing at 550C for 45 seconds,
and extension at 740C for 25 seconds; 40 cycles of denaturing at
950C for 30 seconds, annealing at 550C for 45 seconds, and
extension at 740C for 25 seconds. RT-PCR reactions for zebrafish
ras exon 1 and part of the exon 2 region were also carried out by
nested PCR using HZras-08 and sc67(1)G primers and first
strand cDNA as templates. The PCR cycles were identical to the
above conditions. The PCR products were purified through a
Microcon-30 column (Amicon Division, Beverly, MA) to remove
excess primer and dNTP. Genomic PCR and RT-PCR cloning
reactions followed the protocol of Invitrogen (San Diego, CA) TA
cloning kit and PCR products were finally transformed to E. coli
competent cells. To screen positive clones, traces of single colony
bacterial cells were picked from plates, suspended in Replitherm
reaction buffer and directly amplified by nested PCR with the
same primers used for amplification. The results were analyzed
by gel electrophoresis and  positive clones were isolated and
recultured in LB broth with appropriate antibiotics for plasmid
isolation. Plasmid sequencing reactions by Sequenase Version 2.0
(USB, Cleveland, OH) and final products were resolved on 5%
acrylamide denaturing sequencing gels with 35S-dATP as

described elsewhere (Fong et al., 1993).

(E). Magnetically enriched ras c¢cDNA library
construction

About 900ug of total RNA were used for total mRNA isolation

by magnetic separation. The final mRNAs were resuspended in
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180ul of 0.5M NaCl and 50% formamide, then incubated with
cZRAS-BII primer-bound streptavidin beads at room
temperature (low stringency) to enrich ras mRNA by following the
manufacturer's protocol (Biomag Streptavidin system, Perseptive
Diagnostics, Cambridge, MA). The ras-enriched mRNAs were
magnetically separated, and heat eluted in diethylpyrocarborate
water. The mRNA quantitation was checked by DNA DipStick (San
Diego, CA). mRNA (Sug) was precipitated by 0.1 volume of 3M
sodium acetate and 2.5 volumes of 95% ethanol at -700C overnight
and used for library construction with the ZAP Express cDNA
synthesis kit (Stratagene, La Jolla, CA) by the manufacturer's

protocol.

(F). Plaque hybridization and chemiluminescent
detection

An RT-PCR clone with the insert of 180bp zebrafish exon 1 and
part of exon 2 region, (PCR amplification by HZras-08 and
sc67(1)G primer) was used as a template and nonradioactive
probes were prepared by incorporating digoxigenin-dUTP (DIG-
dUTP, Boehringer Mannheim, Indianapolis, IN) and other dNTP
into the PCR products under the same conditions used above. The
plaque-lift hybridization methods were described by Maniatis et
al., (1989). Lumi-Phos 530, a chemiluminescent formulation for
alkaline phosphatase detection when using nonradioactive nucleic
acid labeling, was used in cDNA library screening. The detection
procedures followed the manufacturer's protocol (Boehringer

Mannheim, Indianapolis, IN) as briefly described: duplicate
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membranes on a 3 x 104 p.f.u. plate were hybridized with DIG
probe in 7% SDS, 5x SSC, 2% blocking.agent, 0.1% N-lauryl sarcosine
50mM and sodium phosphate pH 6.8 solution. After blocking,
membranes were incubated with anti-DIG Fab fragments, which
were conjugated to alkaline phosphatase. The membranes carrying
the hybridized probe and bound antibody conjugate were reacted
with Lumi-Phos 530 for 30 min. at 370C and finally exposed to X-

OMAT AR film to record the chemiluminescent signal.

Results

(A). Initial screening for zebrafish ras-like sequences
in genomic DNA and mRNA

Rainbow trout Ki-ras exon 1 primers (HOl and c37) were used
initially to amplify zebrafish genomic DNA by PCR under low
stringency conditions. PCR products were separated on 5%
acrylamide gels, a DNA  band migrating at the expected 110bp
region was excised and DNA was eluted in water for PCR cloning
(data not shown). Bacterial colonies were probed by a similar PCR,
and 26 of 29 colonies (93%) were found to carry 110 bp inserts.
Preliminary plasmid sequencing of 18 clones revealed unique ras-
related sequences of 66bp located within these two primers; since
the sequences differed at several sites from any trout or
mammalian ras-containing plasmids in our laboratory we assume
them to be of zebrafish origin. Figure 4.1 shows the two main
categories (Z-1 and Z-5) of ras-related DNA sequence obtained

from these 18 positive clones. Six out of 18 clones (33%) were Z-1
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Figure 4.1. Nucleotide sequence comparison of rainbow trout Kki-
ras exon | region with two types of zebrafish ras-like sequences.
Zebrafish genomic DNA was amplified by rainbow trout HOl

and c37 primer and DNA sequences were compared between these
two primers.

8
RT Ki-ras GTG GTG GGG GCA GGA GGT GTG GGC AAG AGC GCG CTC ACC
z-1 --C === ==A =-T =--- --C ==A =--- =--A --= =--T -== =---
z-5 ~-- --- --C GAC =--T --C =-=A === =--= === =-A =--- =--T
21
RT Ki-ras ATC CAG CTC ATT CAG AAC CAC TTT GTG
z-1 me= =mA mmm =C mmm e mmm —mm oo
z-5 --- --- TTT TTC --- --G ATC --C ---

and 7 out of 18 clones (39%) were the Z-5 type. The remaining
five clones had intra-primer DNA sequences unrelated to ras. The
translated Z-1 sequence is identical in amino acid sequence to
mammalian ras proteins within the central 22-codon region,
whereas the Z-5 sequence contained four amino acid substitutions
and may represent a related G-protein. To obtain initial sequence
information on expressed ras-related sequences, total zebrafish
poly(A)* mRNAs was isolated and first- strand cDNAs were
synthesized by reverse transcriptase. First strand cDNAs served as
templates for PCR reactions using HZras-08 and rainbow trout
sc67(1)G primers under the same conditions used for genomic DNA
amplification. The resulting PCR products were separated by gel
electrophoresis and DNA bands migrating near the e>[pected 200bp
were excised and eluted in water for cloning (data not shown).
Twenty-four out of 29 resulting colonies gave positive PCR

reaction and, by in-house plasmid sequencing, all 24 clones were
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the Z-1 sequence type within this 200 bp region. As seen in Figure
4.2, nucleotide sequencing revealed two Z-1 ras sequence (Z-
RTPCR-1 and -2), differing by a single redundant nucleotide
change at amino acid 34 codon, third base position. The deduced
amino acid sequence of Z-RTPCR-1 and -2 were identical to

mammalian ras proteins in this region.

Figure 4.2. Ras exon 1 and 2 region nucleotide sequence
comparison of zebrafish RTPCR-1 and -2 clones, Zras-Bl cDNA
clone and rainbow trout ki-ras. Zebrafish RT-PCR clones were
generated by primers of HZras-08 and sc67(1)G under low
stringency conditions. Deduced amino acids indicating a 100%
homology shared by these ras proteins. Nucleotide sequences from
amino acid residues 8 to 60 were compared to two RT-PCR clones
and also with a complete cDNA clone isolated by enriched ras ¢cDNA
library and rainbow trout ki-ras. The RTPCR-1 and RTPCR-2 are
only different in codon 34, third position. The Zras-B1 cDNA clone
is different from RTPCR clones by nucleotide sequence.

8
RT ki-ras GTG GTG GGG GCA GGA GGT GTG GGC AAG AGC GCG CTC ACC
Z-RTPCR-1 --C === --A --T =-=- ==C =--A --- -=A === =-T =--- ---=
Z-RTPCR-2 --C ~-- --A --T =--= ==C =--A --- ==A === =-T -—- =---
Zras-Bl --T === --A === =--- --= --T --G =--- =--- --- TTA --A
21
RT ki-ras ATC CAG CTC ATT CAG AAC CAC TTT GTG GAT GAA TAT GAC
Z-RTPCR-1 === =-A --= =--C === === === —== === —me —me oo — -
Z-RTPCR-2 =--- ==A === --C =-== === === === ——o ——0 oo o o
Zras-Bl  -=- === === ==C === ==T =-== === —m= —me ——m —o -
34

RT ki-ras CCC ACC ATC GAG GAC TCG TAC AGG AAG CAG GTG GTG ATT
Z-RTPCR-1 ==-A ==T ==T =--= =—== === === === =-— —ee oo —oo —o-
Z-RTPCR-2 =--G ==T ==T === === =o= === === =-= —me ——o —mo -

Zras-B1l mee o7 =T —o= co— —oT == mmm mme mm el ael ool
47

RT ki-ras GAT GGG GAG ACA TGT CTG CTG GAC ATC CTG GAC ACT GCA

Z-RTPCT-1 =--C =~-A -== ==G =-== ==A === === ==— =—=— oo —eo —o-

Z-RTPCR-2 --C ~-A --- =-G === =-A === === === ——= ——0 ——o -—--

Zras-B1l —=C ==C === ==G === —m= mm= mmm e eme emm e o
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Figure 4.2 (Continued)

60
RT Ki-ras GGT
Z-RTPCR-1 ---
Z-RTPCR-2 ---
Zras-Bl --C

(B). A full-length zebrafish ras clone isolated from
enriched c¢DNA library

Z-RTPCR-1 provided a zebrafish-specific probe for the isolation
of a full-length zebrafish ras ¢cDNA. To synthesize a ras-enriched
cDNA library, whole zebrafish poly(A)™ mRNA was magnetically
separated (see Methods) from total RNA, then incubated at room
temperature in 50% formamide with a streptavidin-bound cZRAS-
BII primer, derived from Z-RTPCR-1. This procedure was designed
to enrich for ras specific mRNAs prior to cDNA library construction.
A subsequent cDNA synthesis from this enriched mRNA fraction
followed the manufacturer’'s protocol. After the complete
synthesis, the presence of ras-related cDNA was verified and
roughly quantified by external PCR. An appropriate amount of
cDNAs was ligated into the ZAP Express system for later use in
plaque screening. A non-radioactive DIG-labeled probe was made
by PCR using Z-RTPCR-1 as a template and HZras-08 and sc67(1)G
as primers. A single 3 x 104 p.f.u. plate was hybridized with the
DIG-probe followed by chemiluminescence detection. Six potential
clones were isolated for second and third screenings and 2 out 6

showed positive results. Inserts from these two clones (Zras-Bl
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and Zras-BS5) were then excised into the pBK-CMV phagmid.
Plasmid 1solation and restriction enzyme analysis indicated that
the insert sizes of Zras-Bl and Zras-B5 were 2.6Kb and 0.6 Kb,
respectively (data not shown). Futher DNA sequencing showed
only the Zras-Bl is the ras-related clone. The complete nucleotide
sequence of the 2592 bp Zras-B1 insert is shown in Figure 4.3. The
deduced amino acid sequence (Z-ras) of the Zras-Bl protein is
compared with mammalian N-, Ha-, and Ki-ras protein in Figure
4.4. The Zras-Bl nucleotide sequence was not identical in the
amino acid residue 8-60 overlap region to either of the RT-PCR
fragments obtained by initial screening (Figure 2). Differences
were observed in several positions, mainly in redundant third
base codon positions. This preliminary evidence suggests that
more than one ras-related protein may be expressed in the

zebrafish.

Figure 4.3. Nucleotide sequence of Zras-Bl clone and deduced
amino acid codon. The Zras-Bl clone open reading frame encodes
188 amino acid residues, which are indicated by the bold face
letter under each nucleotide sequence.

GGCACGAGCGTGAATCGTGAAGTTCTGGGGAAGCTGCTTGCTGAACTC TTATTCAAAACTTTGGCCAGACTTGTTTAACGGCT
GTTTATATACCTGGATTTGTGGCCTCTCTACGAATCTGGTTAGCGCGGGTTACGCTGCCTCCAGACGGGTGTGAAGTGACTTT
TGGAGGGCTCCTCATGGCATTATTTTGGGCGAGGGAGCAGTAATAAGCAGAGCCCTGTTGATCAGATCAGCCAGAGGTCGCAG
AACTGCAGTGTAAGCGGTGGTCCCTCAGGACTGTAAG

ATG ACT GAG TAT AAG CTG GTT GTT GTG GGA GCA GGA GGT GTT GGG

M T E Y K L v v v G A G G v G

BAAG AGC GCG TTA ACA ATC CAG CTC ATC CAG AAT CAC TTT GTG GAT

K S A L T I Q L I Q N H F v D

GRAA TAT GAC CCC ACT ATT GAG GAC TCT TAC AGG AAG CAG GTG GTG

E Y D P T I E D s Y R K Q v v

ATT GAC GGC GAG ACG TGT CTG CTG GAC ATC CTG GAC ACT GCA GGC

I D G E T c L L D I L D T A G

CAG GAA GAG TAC AGC GCA ATG AGA GAC CAG TAC ATG AGG ACA GGA

Q E E Y S A M R D Q Y M R T G
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Figure 4.3 (Continued)

GAG GGT TTC CTC TGC GTC TTC GCT ATC AAC AAC AGC AAA TCC TTC
E G P L Cc v F A I N N S K S F
GCC GAC GTG CAT TTG TAC AGA GAG CAG ATC AAG CGT GTG AAG GAC
A D v H L Y R E Q I K R v K D
TCG GAT GAT GTT CCC ATG GTC CTA GTG GGG AAC ATT TGT GAT TTG
S D D v P M v L v G N I C D L
GCA AGG ACT GTG GAC ACC AAG CAA GCT CAG GAA CTT GCC AGA AGC
A R T v D T K Q A Q E L A R S
TAC GGT ATT GAG TTT GTA GAA ACC TCT GCC AAA ACC AGA CAG GGA
Y G I E F v E T S A K T R Q G
GTC GAG GAT GCT TTC TAC ACC CTT GTT CGT GAG ATC CGG CAT TAT
v E D A F Y T L v R E I R H Y
CGC ATG AAA AAG CTC AAC AGC AGA GAA GAC AGG AAG CAG GGC TGT
R M K K L N S R E D R K Q G Cc
CTG GGC GTG TCC TGT GAA GTC ATG TGA
L G v S C E v M
CCGCACTGTCTCCCTATTTTTGTGTTTGTTTTTTGGAAGCAGTTTGTTAAGCAGGCAGCTGGAAGCCTCATGACCACCCGTGT
GCATGCGGCAGATTTCGCCCTCTGCTGGCTGAAAGGGAATAATGCACAACTGGTCATCTTTCCGGGTTGGCCTGCTGTAATAT
ATATAAATGAGGCCGATGGACATTACATGTTTTAACCGAGGCTTAGTACTTAGGTTTTCCTTCTTCCTTTGGAAGAGCAACTT
AAAACGGGCATTGAGATTGGGCATTGGATGATTCTACATTCTCTTCTGACCCCTTATAAACACGGGATCATCAAGCAGATTGG
CATTGAGGAAAATAAATAAAAATTAATATTCATGGCACATTTTATCCCAAAATC TGAAGGATTTAAATTTTTTGTTTATATAC
AATTTATCACATTTACCCTCATTCTTATTATAATTTAGCTATTTTTAATATTCTCATCTTTTAATAGACATCAAATAAAGCCA
TTACCTATTACTGTGATGCATAAAAATGAATATATTATTTCCTCATTAACATAATGATAATTGAGAAGGAAATGTGCTTAACT
GCCAATCATCATTTGACATTAAAGCACCACAATGGCAAAAATTCTAGACGTATACCCACATATATATAATTTCTGATTAATTG
TTTTAATTTTGGGATTATATTTGGAGC TGTTCTTTGCAGGGTGTTATGACCCGTAGAATGTTTTACAATACATCTGTATGTCC
AGAAGAAGCTGTTTTCAAGTCATACACTTCAGGATTAGTATAATTTATGACTGTCATTTTCTCAGAATTTGTAAAGGCCTCAG
AAGAGAACGAGTGAAATGCCCTTTAATCTTAATCCGCAGGTTCAATGCTCAGGAATACTGTGAAACACAGAACTTCTTCTTCC
CCAAAAGTGTGGAATTTTTCTCTTCAGTTTTTTTTTAATTTGT TTGTTTTCAAGGTAGCCAAAGAGTTTTAGCATTTACCATT
TTTAGATACATTTGCTCTAGAGTTTCACCTTCTTTGCTCTCAGATGATAATTGTATATATTGATATATAATACTTAATGATTT
GGTTCAGCTGCAGACAATTGGATTGGATTTTAAGCATAGGGGTTTGTTGGATTTTACTTTTAAGGGCCTTTTGAATCATGGTG
CTGCTGGTGTTTATGCCAAATCTGCGTGCCGCCTTCTGTGTCCTTTATAGCATGACATC TTTAGCTCATATCAATGTCTTAAA
TCTTCCAACAAAAGAGTTTTTCTTGGAAGTGTAACGGATCAGAGTAAGGTTTGTTGCATTGTTTC CATGCCTGAGGTCTCCTC
TTAAGAGCCGCTGAAGGTTTCCCAAGAAGTTGAAATGATCTTTCTTGTTGACTGTCGTGTTATTTATATGGCATTTGTC TGAA
ACTGTGCCTGATTTCATTGAGAATGAAATC TGCAATGTGTTCTTGTTATTACTGCGGTTGCGTTTGGCCTTCTGTCCTCACAC
TAACAGAGGCAAGATGTTTGGTAGAAAATACAGACTAAGTTTGCCATTATGTTAACAAATCCTTTCTTTTTTTAAACTATATA
GAAACTTGTTTTTTGTATATTTGTTTTACCATTTTAGCACACTTTATCATTACCACCGACTATCTCTAATCAGAAAGTCATGT
GAAAACGAGCATTTCATGTCTTTTGGGGGAGGGTGGGGGACTATACATGTGTAACAGATGTGCCTACCATATTACAAGAAGTT
TAACCAGTAAATTAACTGGAATCTGAAAAAAAAAAAAAAAAA

Figure 4.4. Deduced amino acid of Z-ras protein compared to
mammalian N-, Ha- and Ki-ras. Amino acid identical to N-ras

"on

protein is indicated by "-

1 13 25 37
N-ras MTEYKLVVVGAG GVGKSALTIQLI QNHFVDEYDPTI EDSYRKQVVIDG
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Figure 4.4 (Continued)

49 61 73 85
N-ras ETCLLDILDTAG QEEYSAMRDQYM  RTGEGFLCVFAI NNSKSFADINLY
Z-ras —-----------  —---------o- m-m-——-—--- ———————- VH--
Ha-ras ------------  —-------c-oc oo --T---E--HQ-
Ki-ras =----------==  ——ceemcooooe —m - --T---E--HH-
97 109 121 133
N-ras REQIKRVKDSDD  VPMVLVGNKCDL PTRTVDTKQAHE LAKSYGIPFIET
Z-ras ------------  ---—---- I--- [A--—————- Q- --R----E-V--
Ha-ras ------------  ——--w---—--- AA---ESR--QD --R----- Y---
Ki-ras ---------- E- -—----------- -8-------- QD --R---------
145 157 169 181
N-ras  SAKTRQGVEDAF  YTLVREIRQYRM  KKLNSSDDGTQG CMGLPCVVM
Z-ras --—--——-—=---  ——————— H---  ----- RE-RK--  -L-VS-E--
Ha-ras ------------  --------- HKL  R---PPE-SGP- --SCK--LS
Ki-ras =--------=----  ————w-—---- L --ISKEEKTPGC VKIKK-II-
Discussion

The techniques used to isolate ras-related genes have been
reviewed by Chardin (1993). Methodologies based on traditional
poly(A)* mRNA cDNA library synthesis without any specific
enrichment of pertinent sequence often prove difficult for efficient
isolation of mRNA of low copy number. Magnetic enrichment has
shown promise in isolating low copy sequences from complex
cDNA or genomic libraries (Morgan et al., 1992). Enrichment not
only reduces the effort to screen a high background library, but
also offers an alternative way to isolate sequence-.related genes
such as the ras superfamily from the same librar);.' To obtain
zebrafish-specific ras sequences, two rainbow trout Ki-ras primers
were used at a low annealing temperature for PCR amplification.

‘Cloning and sequencing analysis revealed two types of partial
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genomic clones. Z-1, the intra-primer sequence 1is identical to
mammalian ras in translated amino acid sequence, and Z-5, a
fragment of similar length, which shares 77% homology has a
conserved region around codons 12 and 13. Z-5 is presumed to
represent a more distantly related ras-type GTP-binding protein in
the zebrafish, though its total sequence and biological function
remain to be established. DNA sequencing of RT-PCR clones Z-
RTPCR-1 and -2 revealed heterogeneity at the third position of
codon 34 in the Z-1 gene. It is presently unclear if this represents
polyphorphism or duplication. Absence of Z-5 clones in the RT-PCR
preparation suggests that this gene may not be expressed in the
mature zebrafish used for mRNA preparation, though this was not
investigated exhaustively. Efforts using trout ras primers and
probes to obtain a full-length ras clone from a traditional zebrafish
cDNA library were unsuccessful (data not shown). However, the
~ alternative strategy of constructing a cDNA library enriched for
expressed ras-related =zebrafish genes through use of a 5'-
biotinylated 26mer antiparallel to ras mRNA proved successful. By
this approach several potential clones were readily isolated from a
single 3 x 104 p.f.u. plate and finally identified a positive clone,
Zras-B1. The first 86 amino acids of the Zras-B1 clone are identical
in sequence to mammalian ras proteins, and the CaaX motif for C-
terminal modification 1s maintained (Figure 4.4). The segment
encompassing amino acids 87 to 164 is more divergent among
mammalian ras proteins, and region 165-189 is hypervariable. Z-
ras homologies with mammalian N-, Ha-, and Ki-ras proteins

within region 87-164 are 88, 83, and 86%, while homologies in the
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hypervariable C-terminal region are 64, 32, and 28% respectively
(Figure 4.4). Overall, Z-ras is 91, 84, and 85% homologous to human
N-, Ha-, and Ki-ras p21, respectively. Thus, by simple amino acid
sequence comparison zebrafish Zras-Bl shows strongest homology
to mammalian N-ras. However, the precise differences that confer
biologically significant properties unique to N-, Ha-, Ki-ras p21 are
not known, and we cannot be confident that Z-ras functions in
zebrafish as an N-ras protein. Zras-Bl and the two RT-PCR
fragments share extensive nucleic acid homology, with minor
differences in the wobble base (Figure 4.2). Since the ras-related
mRNAs were enriched under low stringency conditions, it was not
surprising that similar nucleotide sequences would be present in
the enriched cDNA library. This result is consistent with the known
ras superfamily diversity in other species, and indicates the
similar existence of multiple forms of ras-like proteins in the
zebrafish. The functioning of these proteins in zebrafish cellular
differentiation, embryogenesis, and tumorigenesis remain to be
established. The PCR techniques and enriched cDNA |library
application used here offer a relatively quick and efficient way to

search for additional ras-related genes in zebrafish.
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Abstract

The tumorigenicity of dietary 7,12-dimethylbenz[a]anthracene
(DMBA) and dibenzo[a,l]lpyrene (DBP) were compared in the
rainbow trout model. Both chemicals are potent, dose-responsive,
multiorgan carcinogens, eliciting adenopapillomas of the stomach
and gas bladder, hepatocellular and cholangiocellular adenomas
and carcinomas, énd nephroblastomas at high doses. At 100 ppm,
incidences were 3.6% and 65% in liver, 94% and 76% in stomach,
and 0.9% and 29% in swim bladder for DMBA and DBP,
respectively. The incidence and spectrum of Ki-ras oncogene
mutations in liver and stomach tumors were also compared by
direct sequencing of exon I and II PCR products. Both chemicals
elicited predominantly 12(1)G— A and 12(2)G— T mutations in
trout livers and no codon 61(2)A— T mutation, which is dominant
in mouse skin, liver and lung tumors. In the sixteen DMBA-
induced liver tumors, six were 12(1)G— A and one was 12(2)G-T.
Of the twenty four DBP liver tumors, ten were 12(1)G— A and six
were 12(2)G—- T, while two double mutations of {12(1)G—T and
12(2)G—>T} and one double mutation of {12(1)G— A and 12(2)G-T}
also existed. Some stomach tumors from both chemicals were
degraded and we were unable to amplify them by routine PCR
reaction, so only those with recoverable DNA were used for
mutational screening. Of the sixteen DMBA stomach tumors
examined, no Ki-ras mutations were found. In the sixteen DBP
stomach tumors, one had a 12(1)G> A and two had 13(1)G—-C

mutations. Three spontaneous liver tumors were also examined for
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their ras activation by direct sequencing and no mutation was
observed. The G—T transversions elicited by these carcinogens are
partially compatible with apurinic mutagenesis driven by unstable
DNA adducts arising from one-electron oxidation, but the major
G —> A transitions, G— C transversions and rare double mutations in
this study are not compatible with a one-electron oxidation

activating mechanism.
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Introduction

The availability of an aquatic vertebrate model known to be
responsive to carcinogens is especially important for
understanding the environmental health significance of aquatic
genotoxicants. Xenobiotics such as the polycyclic aromatic
hydrocarbons (PAH) tend to persist in the aquatic enviroment and
have raised concerns about the cause of neoplasms in some fish
populations. The discovery of tumor epizootics in feral fish
populations from PAH contaminated waters support the concerns
(Murchelano et al., 1985; Malins et al., 1985; Malins et al., 1987).
Among freshwater fishes used for tumor induction studies, the
rainbow trout is the most thoroughly characterized model for
carcinogenesis (Hendricks et al., 1984; Bailey et al., 1984), and it is
able to metabolize and activate several PAH to induce tumor
formation (Hendricks et al., 1985; Fong et al.,, 1993). DMBA is a
synthetic PAH compound and has long been used to study PAH
carcinogenesis mechanisms in animal models. Dibenzo[a,l]pyrene
(DBP) is naturally found in the environment and in cigarette
smoke condensate, and was shown to be a much more potent
carcinogen than DMBA in mouse skin (Cavalieri et al., 1991). Over
the past decade, metabolism, mutagenicity, DNA binding, and
tumorigenicity studies have established that bay-region diol
epoxides are the ultimate carcinogens of at least a dozen polycyclic
aromatic hydrocarbons (Jerina et al.,, 1986). However, in some
cases, activation to other intermediates has led other investigators

to postulate that radical cations arising from removal of one
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electron from PAH were the predominant electrophilic species and
were capable of reacting with cellular nucleophiles to form
unstable DNA adducts (Cavalieri et al., 1985; Devanesan et al.,
1990; RamaKrishna et al., 1992). PAH bioactivation either by diol
epoxide or one electron oxidation leads to major DNA adducts
located on guanines or adenines (Bigger et al., 1983; RamaKrishna
et al., 1992). The diol epoxides are believed to form stable DNA
adducts, while one electron oxidation may lead to unstable DNA
adducts, almost all which are lost from DNA by depurination
(RamaKrishna et al., 1992). In the rodent models, DMBA-induced
ras mutations spectra may be tissue dependent. For example,
DMBA-induced mouse mammary and skin tumors carry
predominantly Ha-ras codon 61(2)A— T transversions, whereas
liver tumors have the Ha-ras codon 61(2)A— T mutation and Ki-ras
codon 13(1)G—C transversions, and lung tumors contain a variety
of Ki-ras mutations but no Ha-ras mutation (Loktionov et al.,
1990). In hamster and rabbit of DMBA-induced skin tumors, the
codon 61(2)A—-T of H-ras was also the exclusive mutation found
(Corominas et al., 1991; Robles et al., 1993), while in rainbow
trout liver tumors, the Ki-rasl2(1)G—> A and 12(2)G—> T are
dominant (Fong et al., 1993). Until recently, DMBA was the most
potent known carcinogenic PAH. However DBP has been
established recently as the strongest PAH carcinogen ever tested
in rodent and human cell lines (Ralston et al., 1994), but the role of
ras activation in DBP carcinogenesis has received little attention.
The objectives of the present study were to compare the relative

tumorigenicity of DMBA and DBP in rainbow trout when
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administered 1n the diet, and to examine the types and incidences

of Ki-ras oncogenic mutations elicited by these two carcinogens.

Materials and Methods

(A). Reagents

DMBA was purchased from Aldrich Chemical Co. Inc.
(Milwaukee, WI) and DBP from Chemsyn Science Laboratories
(Lenexa, KS). Purity of both compounds was >98%. Sodium chloride,
citric acid trisodium salt, sodium dodecyl sulfate,
ethylenediaminetetraacetic acid, formamide, urea, boric acid,
TRIMA hydrochlorideTM | and ammonium persulfate were
purchased from Sigma (St. Louis, MO). Acrylamide/bis-acrylamide
solution, saturated phenol/chloroform, and chloroform were from
AMRESCO (Solon, OH). X-OMAT AR film was from Kodak (Rochester,
NY). 35S-dATP and 335S-dCTP were from NEN (Boston, MA).

Proteinase K was from Boehringer Mannheim (Indianapolis, IN).

(B). Carcinogenesis study

Shasta strain rainbow trout (Oncorhynchus mykiss) were
hatched and reared in 120C well water at our laboratory as
previously described (Sinnhuber et al., 1976). Animals for each
treatment group were reared in separate 100-gallon tanks. The
fish were fed twice daily. Fish were given the control diet from
Swim-up to 14 weeks of age. Beginning at 14 weeks, fish were

were fed diets containing 0, 10, 100, 500, or 1000 ppm DMBA or
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DBP (dry diet basis). Each concentration was fed for 4 months to
duplicate groups of 100 fish each (DMBA treatment) or 75 fish
each (DBP treatment). The number of fish at necropsy, shown in
Table 5.1, and 5.2 were in most cases lower due to occasional
mortalities. High fish mortalities from toxicity were observed in
the fish fed 1000ppm DMBA and DBP. All fish were sacrificed
twelve months after start of exposure. After sacrifice, the livers,
stomachs, and swim bladders of each fish were examined for
grossly observable tumors. Portions of liver, stomach, and swim
bladder were fixed in Bouin's solution for light microscopy. After 1
week 1n fixative, the tissues were processed by routine histological
methods. Tumors were classified accordin.g to criteria established

previously by Hendricks et al. (1984).

(C). PCR hygiene for tumor DNA isolation and
amplification

Tumors larger than 3mm were collected and stored at -80 OC
until analysis for Ki-ras mutation. Tumor DNA was isolated from

each tumor tissue by incubation overnight with lysis buffer (50

mM Tris pH8.0, 1 mM EDTA, 0.5% NP40, 400pug/ml proteinase K) at
SOOC. The tumor DNA was then used directly for PCR amplification
of Ki-ras exon I and exon II regions by nested primers. PCR
hygiene for tumor DNA isolation and Ki-ras exons-amplification
was strictly followed to prevent any potential tumor DNA carry-

over contamination. Filtered tips and gloves were used throughout

the analysis. The working surface was routinely cleaned with 2%



Table 5.1. Twelve month tumor incidence of rainbow trout (Oncorhynchus mykiss) after 4 month
dietary DMBA treatment.

Diet Liver Tumors Stomach Tumors Swim Bladder Tumors Other
No. % No. % No. % No. %

Control 1/114 0.9 1/114 0.9 0/114 0 0 0

Control 0/120 0 0/120 0 0/120 0 0 0

(DMSO)

10 ppm  0/126 0 6/126 48 0/126 0 0 0

DMBA

100 ppm 4/112 3.6 105/112 94 1/112 0.9 0 0

DMBA

1000 ppm?@ 30/41 73 41/41 100 | 21/41 512 341 1.3

DMBA 2

a; High mortalitily (68%) was observed with the high dose DMBA.

L6



Table 5.2. Twelve month tumor incidence of rainbow trout (Oncorhynchus mykiss) after 4 month
dietary DBP treatment.

Diet Liver Tumors Stomach Tumors Swim Bladder Tumors Other
No. % No. % No. % No %

Control 576 6.6 1776 1.3 0/76 0 0 0

(THF)

10 ppm 15/126 12 1/66 1.5 0/66 0 0 O

DB{a,l]P

100 ppm 41/63 65 48/63 76 18/63 28.6 0 0

DBJa,l)P

500 ppm 60/92 65 67/92 73 42/92 45.6 2/92 2.2

DB{a,l]P

1000 ppma 24/30 80 30/30 100 16/30 53 0 0

DBJa,l]P ;

a: Dose was toxic. Most of the fish died. Stopped feeding DB[a,l]P diet after 17 days. Fed normal
diet till termination. :

86
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sodium hypochloride and all pipet equipment was cleaned with 3%
hydrogen peroxide at intervals. All reagent solutions used for
tumor DNA isolation were newly purchased and aliquots stored
until used and routinely checked for possible Ki-ras contamination
by PCR. The PCR products were purified using differential
precipitation as follows: one volume of PCR products and one
volume of 5M ammonium acetate were mixed with 2 volumes of
isopropanol incubated at room temperature for 5 minutes and
immediately centrifuged at high speed (13,000 g). The supernatant
was pipeted out and the DNA was air dried. The dry DNA was
dissolved in the same volume of UV-treated sterile water and

about 10 ng were used for direct sequencing.

(D). Primers

Rainbow trout Ki-ras HO1 primer (a forward primer located at
the 5" end of exon 1): 5'- ATG ACG GAA TAC AAG CTG-3'; ¢37
Primer (a reverse primer located at the 3' end of exon 1): 5'- CTC
GAT GGT GGG GTC ATA TT-3'; H38 primer (a forward primer
located at the 5' end of exon II): 5'-GAC TCG TAC AGG AAG CAG
GT-3"; sc67(1)G primer (a reverse primer on exon 2 region): 5'-
CAT GGC GCT GTA CTC CTC CTG-3'. Before being used for Exon I and
IT amplification or for direct sequencing, all newly made primers
Were dissolved in water and then checked by 20% denaturing

acrylamide gels for quality.
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(E). PCR amplification and sequencing

For PCR amplification of exons, the reaction conditions were as
follows: one cycle of denaturing at 950C for 6 min; 2 cycles of
denaturing at 950C for 2 min, annealing at 600C for 45 seconds,
and extension at 740C for 26 seconds; 40 cycles of denaturing at
950C for 40 seconds, annealing at 600C for 42 seconds, and
extension at 740C for 26 seconds. For direct sequencing of exons,
the reaction conditions were as follows: in the labeling steps one
cycle of denaturing at 950C for 2 min; SO cycles of denaturing at
950C for 28 seconds, annealing at 600C for 45 seconds, and
extension at 720C for 12 seconds; in the extension steps one cycle
of denaturing at 950C for 2 min; 30 cycles of denaturing at 950C
for 30 seconds, annealing at 700C for 30 seconds, and extension at

720C for 20 seconds.

Results

(A). Tumor incidence

Rainbow trout fed various doses of DMBA and DBP produced
tumors of the liver, stomach, and swim bladder (see Table 5.1 and
5.2). DMBA and DBP were both multiorgan carcinogens at all doses
with the exception of DMBA at the low 10ppm dose where no liver
tumors were observed. The primary target organ in rainbow trout
for DMBA by diet is the stomach, followed by the liver and swim
bladder. However, for DBP, the liver is the primary target organ at
the low dose, with a slightly higher perference for stomach tumors

at the higher doses. Both carcinogens, especially DBP showed
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higher mortalities at the high dose of 1000 ppm, with most losses
occurring within two weeks after the start of feeding. Dose related
increases in liver, stomach, and swim bladder tumor incidence was

generally observed for DMBA and DBP.

(B). Tumor multiplicity

Multiplicity of tumors (number of tumors per tumor-bearing
animal (TBA)) increased with increasing dose of DMBA and DBP
(Figure 5.1-5.4). The number of trout bearing one tumor/TBA
decreased and those bearing 22 tumors/TBA in target organs
increased as the carcinogen dose increased. This trend was
particularly noticable in the stomach, with the number of trout
bearing 25 tumors/TBA dramatically increasing at the higher
doses of both DMBA and DBP. These results show that an increase
in carcinogen dose increased both the tumor incidence and tumor

multiplicity.
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Figure 5.1. Dieatry DBP stomach tumor multiplicity
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Figure 5.3. Dietary DMBA stomach tumor multiplicity
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(C). Ki-ras mutations

Hepatic and stomach tumors initiated by DMBA and DBP were
examined for evidence of activating point mutations in codons 12,
13 and 61 of the Ki-ras protooncogene by direct sequencing
(Tables 5.3, 5.4 and Figure 5.5). Of the tumors analyzed for Ki-ras
mutations, 7/16 of DMBA initiated and 18/24 of DBP initiated
hepatic tumors in trout were found to carry Ki-ras mutant allelles.
DMBA initiated hepatic tumors were predominatly 12(1)G— A
transitions in this study. DBP initiated hepatic tumors carried G— A
transitions and G- T transversions in codon 12(1) and 12(2) at
similar frequency. Even though the primary target organ of DMBA
is the trout stomach, Ki-ras point mutations were not detected.
However, DBP initiated stomach tumors showed evidence for
12(2)G— A transitions and 13(1)G— C transversions. Some of the
DNA from DMBA or DBP initiated stomach tumors was difficult to
amplify by PCR and showed severely smeared DNA patterns (data
not shown), which might indicate degradation of the original
genomic DNA. Only good recovery DNA was further analyzed for
Ki-ras mutation by direct sequencing. The DMBA and DBP-initiated
K-ras mutations seen here in trout differ from the study of DMBA
and DBP-initiated mouse skin papillomas (Quintanilla et al., 1986;
Chakravarti et al., 1994), which predominantly show H-ras codon
61(2)A—T transversion. This event also was not seen in a previous
study of DMBA carcinogenesis in trout (Fong et al., 1993). The
double mutation of 12(1)G—T and 12(2)G->T or 12(1)G—> A and
12(2)G—>T is found only in DBP-induced liver tumors.



Table 5.3. Mutation profile of Ki-ras gene induced by dietary DMBA in rainbow trout

Exon 1 Exon II
Dose Tumor tissue 12(1)G->A 12(1)G-T 12(2)G-T 13(1)G-»C 61(2)A->T Total
Control (DMSO)  no tumors _ _ _ - - -
10 ppm Liver _ _ _ _ _ _
Stomach - _ - - - -
100 ppm Liver 2/2 0/2 0/2 0/2 0/2 2/2
Stomach 0/7 0/7 0/7 0/7 0/7 0/7
1000 ppm Liver 4/14 0/14 1/14 0/14 0/14 5/14
Stomach 0/9 0/9 0/9 0/9 0/9 0/9
Table 5.4. Mutation profile of Ki-ras gene induced by dietary DBP in rainbow trout
Exon 1 Exon 1II
Dose Tumor tissue 12(1)G—>A 12(1)G-T 12(2)G->T 13(1)G-C 61(2)A->T Total
Control(THF) Liver 0/3 0/3 0/3 0/3 0/3 0/3
10 ppm Liyer 0/4 0/4 2/4 0/4 0/4 2/4
100 ppm Liver 5/10 1/102 3/10 0/10 0/10 8/10
Stomach 1/10 0/10 0/10 0/10 0/10 1/10
500 ppm Liver 5/10 17104 4/10 0/10 0/10 8/10
Stomach 0/6 0/6 0/6 2/6 0/6 2/6

a: double mutation at 12(1)G-T and 12(2)G-»T

¢01
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Figure 5.5. Direct sequencing of Ki-ras gene exon I region of rainbow
trout tumor initiated by DMBA or DBP. (a) normal tissue
(b) codon 12(1)G— A mutation (¢) codon 12(2)G—>T
mutation (d) codon 13(1)G— C mutation (e) codon
12(1)G—A,12(2)G—>T double mutation (f) codon
12(1)G-T,12(2)G—T double mutation.
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Discussion

Development of malignancy is generally believed to involve
multiple steps, in which cells acquire a series of genetic changes
leading to progressive disruption of control mechanisms that
govern cell growth. Cancers of different origins might share certain
common mechanisms, while tumors in the same tissue may evolve
from different pathways. In this study, tumors of different size or
pathological stages might reflect diverse genetic pathways or
consequences. For example, in this study, tumors of the liver did
not always contain a Ki-ras mutation, indicating that non-ras
initiated tumor progression can also occur. However, there was no
evident relation between size and presence of a ras mutation. For
the sixteen amplificable exon regions from DBP stomach tumor, Ki-
fas mutations were rare and two 13(1)G— C mutations were
observed. These were not found in liver tumors by direct
sequencing. In this study of DMBA stomach tumors, sixteen DNA
samples were screened for Ki-ras mutations and none had
mutations detected by direct sequencing. This result might imply
another ras gene beside Ki-ras is prevalent in this tissue, that ras
mutation is a rare event of stomach cancer in the rainbow trout
model, or that the percentage of cells in the tumor with mutant ras
was below detection limits by direct sequencing. The 13(1)G-C
mutation in stomach tumors found to be initiated by DBP in this
study was also seen in a separate DMBA study (data not shown).
Codon 13(1)G—C mutations in stomach tumors were less frequent

than codon 12(1)G— A or 12(2)G—> T mautations in the liver. The
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reasons for this mutation in stomach, and swim bladder (data not
shown) but not in liver are unclear, but might indicate specific ras
mutations in different tissues.

If ras mutations are directly caused by interaction with the
carcinogen as a part of the initiation process, then the type of
mutation introduced should correlate with the known metabolism
and DNA-binding characteristics of each initiator (Balmain et al.,
1988). The first evidence for this came from the induction of rat
mammary carcinomas by the methylating agent MNU (Zarbl et al.,
1985). These carcinomas were found to contain an activated H-ras
oncogene mutation at codon 12(2)G— A. This particular mutation
would cause the generation of O®-methylguanine, which is known
to mispair with thymidine during DNA replication. However, that
study did not consider that many carcinogens are also oxidants
and may generate oxygen free radicals, which generate 8-
hydroxyguanine and complement with thymine to produce a G- A
mutation in DNA duplication (Shibutani et al., 1991). The polycyclic
aromatic hydrocarbons, unlike MNU or other alkylation agents,
form large adducts with deoxyguanine and deoxyadenine residues
that lead to excision repair, thus generating point mutations of
undefined specificity. In the case of benzo[a]pyrene, the mutation
spectrum appears to be influenced by excision repair and the
strand-specific preference of adduct position (Chen .et al., 1992;
Wei et al.,, 1995). It has been implied that mutation formation is
due to the slow DNA repair of DNA adducts (Service, 1994), which
is related to a restricted accessibility of DNA repair enzymes to

certain gene structures. Marien et al. (1989) first showed that DNA
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replication 1is strongly blocked by carcinogen-DNA adducts at the
codon 12 region of the c-Ha-ras gene. In a later experiment,
Hoffmann et al. (1993) found that a strong secondary structure
around the codon 12 and 13 region of the H-ras gene impeded the
DNA polymerase progression at these regions. The above reports
support the hypothesis of transcription-couple excision repair
proposed by Hanawalt (1994).

If PAH bioactivation occurs through one-electron oxidation
(Cavalieri et al., 1985; RamaKrishna et al., 1992), then the majority
of adducts in vitro mediated by induced rat liver microsomes are
unstable adducts of guanine and adenine and could generate
apurinic sites. The dAMP is most likely selected to incorporate
opposite the apurinic sites to cause G— T mutations (Loeb, 1985).
However, dAMP is not exclusively complementary to apurinic
sites. It was suggested that dGMP is second most frequently
incorporated by DNA polymerase at these positions. Thus, dGMP
might explain the G—C transversion found in codon 13, but not the
dominant mutation found in the codon 12(2) position. It is not yet
possible to say whether these mutations are all directly induced
by the carcinogenic agent or if they arise at a later stage of tumor
development. The ras mutation spectra in spontaneous rodent
tumors did indicate that ras mutations might arise from a
subpopulation of cells harboring the mutated ras gene which were
promoted in vivo (Reynolds et al., 1987; Belinsky et al., 1989; You
et al., 1989). However, the historical frequency of spontaneous
liver tumors in trout is about 0.1% much lower than in rodent

systems. The few tumors examined so far contained no Ki-ras
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mutation on codon 12, 13 and 61 (data not shown). This might
imply that in the rainbow trout system, any spontaneously
mutated ras subpopulation is very low or a significance number is

still not achieved at this stage.
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CHAPTER 6: CONCLUSION

Summary

Two types of cDNA library constructions were used to screen
for zebrafish ras protooncogene and p53 tumor suppressor gene
sequences. These sequence data will be essential for future studies
of chemical carcinogenesis by oncogene activation and tumor
suppressor gene inactivation in this species. In the first attempt, a
traditional cDNA library was used for p53 gene screening by
nonradiolabeled-digoxigenin colorimetric detection (Chapter 3). An
incomplete p53 clone was isolated by this method by screening 2 x
105 p.f.u. This p53 gene contained evolutionarily conserved
regions III, IV, V and part of II, but lacked the expected 5' end
sequence of 300-400 bp. The same library was screened (1 x 100
p.f.u.) for ras genes using rainbow trout Ki-ras exon I and II as
probes by colorimetric or chemiluminescence detection, but with
no success. In a second attempt, a ras-enriched ¢DNA library was
constructed to as an approach to improve the probability for
isolation of ras gene from zebrafish (Chapter 4). A clone was
readily recovered by screening 3 x 104 p.f.u. of this enriched
library, and a Z-ras cDNA was isolated with a translated amino acid
sequence sharing 91% homology with the mammalian N-ras
protein. The enriched cDNA library application used here offers a
relatively quick and efficient way to search for ras-related genes
in zebrafish. We also have attempted to complete the 5 end

unknown sequence of zebrafish p53 by wusing the rapid
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amplification of ¢cDNA end (RACE) technique, but were not
successful. We used only the Replitherm DNA polymerase to PCR
the 5° end of the unknown region and the processivity of this
enzyme might be not good for amplifying products of >500bp,
compared with other thermostable enzymes.

The spectrum of rainbow trout Ki-ras oncogene mutations from
DMBA and DBP induced liver and stomach tumors were compared
by direct sequencing of the exon I and II regions to determine the
specific ras mutations found in the tumors. Both chemicals elicited
predominantly 12(1)G—> A and 12(2)G—>T mutations in liver
tumors. The codon 61(2)A— T mutation, which is dominant in
mouse skin, liver and lung tumors (Chapter 2, Table 2.2) by these
carcinogens, was not detected. In addition to the above mutations,
the DBP induced liver tumors also contained a few double
mutations {12(1)G—-T and 12(2)G-> T} and {12(1) G- A and
12(2)G—>T}, which did not occured in DMBA livers. The 13(1)G—C
mutation was found only in stomach tumors induced by DBP in
this study and by DMBA in another study (Table 6.1), at a
frequency lower than the codon 12(1)G—>A or 12(2)G—T. Failure to
detect this mutation in liver might indicate the ras mutations are
tissue-specific, or may simply reflect insufficient sampling in liver.

It is important to note that cells in an end-stage tumor
containing a ras mutation are selected, and therefore_ the type of
mutation in them is also selected. This selection can be cell-type
specific, and tissue-specific susceptibility for a particular mutagen
as well as specificity of DNA damage and repair may influence the

mutational spectrum observed in tumors. There are several
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mechanisms by which carcinogen treatment could affect the ras
mutation profile in tumor DNA (Harris et al., 1991). First, the
carcinogen or its metabolites could cause mutations by direct
chemical interaction with DNA. Second, the carcinogen could
indirectly cause oxidative damage to DNA via oxygen free radical
or lipid peroxidation produced radicals during carcinogen
metabolism or cytotoxic injury. Third, the carcinogen could cause
other genetic alterations which either render the tumor cells
hypermutable or are selectively complemented by a particular
type of ras mutation. Fourth, the carcinogen could selectively
promote the growth or death of tumor cells that carry a specific
ras type. The spontaneous tumor incidences and ras mutations
found in some rodent model can be quite high (Table 2.1).
Therefore, the detection of ras mutations in chémically induced
mouse tumors does not necessarily demonstrate that the chemical
in question acts as a mutagen in vivo; indeed, it might act as a
nongenotoxic mechanism by facilitating a clonal expansion of cells
bearing this spontaneous mutation. However, the historical
frequency of spontaneous tumors in rainbow trout (<1%) is much
lower than in these rodent systems. The spontaneous tumors (8
archive tissue, 3 frozen samples), mainly from liver, examined so
far contained no ras mutations on codon 12, 13, or 61 (data not
shown). The scarcity of spontaneous tumors in trout actually
provides us a challenge to 1identify the direct relationship of

carcinogen-induced ras mutation found in tumors.
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Among the alkylating DNA adducts, 06-methy1guanine 1s known
to mispair with thymidine and gives G— A mutation during DNA
replication. This mispairing may explain the observation of ras
G - A mutations by most of the alkylating agents that induced
tumors, but does not explain the observation of 12(1)G— A
mutations found with other carcinogens in this study and others.
The most mutagenic compound that results from reactive oxygen
species-induced damage to DNA in bacteria is 5-hydroxy-2'-
deoxycytidine, which causes C—T transitions (Feig et al., 1994a;
Feig et al., 1994b). If oxygen free radicals have reacted at the
codon 12 region of rainbow trout Ki-ras, where the antisense
strand reading is CCT, it would create a C— T transition and
eventually generate a G— A mutation in the sense strand. This
might indicate that indirect carcinogen-induced oxidative DNA
damage during DMBA and DBP metabolism may contribute to the
observed spectrum of ras mutations.

Metabolic activation of PAH could occur through one-electron
oxidation, such that a majority of adducts are unstable adducts of
guanine and adenine and then could generate apurinic sites. dAMP
is most likely selected to incorporate opposite the apurinic sites to
cause G- T mutations (Loeb, 1985). However, dAMP is not
exclusively complementary to apurinic sites. It was suggested that
dGMP is the second most frequently incorporated by DNA
polymerase at these positions, an event that would cause G- C
transversion. Thus, apurinic sites generated by DMBA or DBP
fnight explain the G—»T and G—C transversion found in this study

and others (Table 6.1). However, 8-hydroxyguanine, one of the
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oxygen free radicals, induces promutagenic lesions in DNA and
mainly induces an in vitro G— T transversion followed by G- C
mutation (Shibutani et al., 1991; Kamiya et al., 1995a), and
therefore makes the interpretation of PAH specific ras mutation
more ambiguous.

A parallel experiment of oxygen free radical treatment and
carcinogen treatment might indicate whether the ras mutation is
driven directly from the carcinogen itself or indirectly by free
radicals generated by oxidative stress as a result of carcinogen

metabolism.



Table 6.1. Chemical carcinogenesis induced Ki-ras mutation spectra in rainbow trout codon 12 (GGA),
codon 13 (GGT), and codon 61 (CAG)

Carcinogen Tumor Mutation[Frequency] Reference
DMBA! liverd 12(1)G= A[2/9], 12(1)G—C[1/9], 13(1)G—C[1/9] this study
stomacha,0 12(1)G—=C[1/9], 13(1)G—C[4/9], 61(2)A—T[4/9] "
swim bladder@ 12(1)G—C[1/9], 13(1)G—C[3/9], 61(2)A—T[2/9]
DMBA?2 liverd 12(1)G— A[5/27], 12(2)G—T[11/27] this study
stomacha 12¢(1)G—>A[1/9] "
DMBA3 liverb 12(1)G—A[4/11], 12(2)G-T[4/11], 61(2)A=T[1/11] Fong, 1993
DMBA2 liver® 12(1)G—> A[6/16], 12(2)G->T[1/16] this study
stomach® no mutation[0/16] "
DBP2 tiverd,p 12(1)G—>A[10/24], 12(2)G—>T[9/24] this study
12(1)G=T and 12(2)G—oT[2/24]
12(1)G— A and 12(2)G—T[1/24]
stomachd 12(1)G— A[1/16], 13(1)G—C[2/16] "
AFB 4 liver 12(1)G—= A[1/14], 12(2)G—T[7/14], 13(2)G->T[2/14] Chang, 1991
AFB1! tiverf 12(1)G—= A[2/32], 12(2)G—-T[22/32], 13(2)G—=T[3/32] Gayle, 1995
AFB;1 liver8 12(1)G— A[1/29], 12(2)G—T[17/29], 13(2)G—T[7/29] Gayle, 1995
DHEA! liverl,h 12(1)G—>A[8/25] Gayle, 1995
DENI liverl 12(1)G= A[6/7] Hendricks, 1994
MNNG! liver] 12(1)G— A[3/30], 12(2)G—A[25/30] unpublished
controll spontaneous no mutation[0/11] unpublished



Table 6.1 (Continued)

detected by mismatch PCR and some confirmed by direct sequencing.
detected by direct sequencing only.

: detected by mismatch PCR and confirmed by cloning and sequencing.
detected by allele hybridization and confirmed by cloning and sequencing.

DMBA fry bath exposure/aroclor 1254 promoter.
DMBA embryo bath exposure.

: DMBA dietary.
: DBP dietary.
: AFB1 dietary

AFBI1 fry bath exposure.

: AFB1 fry bath exposure/DHEA promoter.
: DHEA promoter only.

DEN bath exposure.
MNNG bath exposure

: one double mutation 12(1)G—C and 13(1)G—C.
: two double mutation at 12(1)G-T and 12(2)G->T.

(44!



123

References

Feig, D. I., Reid, T. M., and Loeb, L. A. (1994b) Reactive oxygen
species 1n tumorigenesis.  Cancer Research 54(suppl.): 1890s-
1894s.

Feig, D. I., Sowers, L. C., and Loeb, L. A. (1994a) Reverse chemical
mutagenesis: identification of the mutagenic lesions resulting from

reactive oxygen species-mediated damage to DNA. Proc. Natl.
Acad. Sci. USA 91: 6609-6613.

Harris, C.C. (1991) Chemical and physical carcinogenesis: advances
and perspectives for the 1990s. Cancer Research 51(Suppl):
5023s5-5044s.

Kamiya, H., Muratakamiya, N., Koizume, S., Inoue, H., Nishimura, S.,
and Ohtsuka, E.. (1995a) 8-Hydroxyguanine (7,8-dihydro-8-
oxoguanine) 1n hot spots of the c-Ha-ras gene: Effects of sequence
contexts on mutation spectra. Carcinogenesis 16: 883-889.

Kamiya, H., Ueda, T., Ohgi, T., Matsukage, A., and Kasai, H.. (1995b)
Miscorporation of dAMP opposite 2-hydroxyadenine, an oxidative
form of adenine. Nucleic Acids Research 23: 761-766.

Loeb, L. A. (1985) Apurinic sites as mutagenic intermediates. Cell
40: 483-484.

Shibutani, S., Takeshita, M., and Grollman, A. P.. (1991) Insertion
of specific bases during DNA synthesis past the oxidation-damaged
base 8-oxodG. Nature 349: 431-434.



124

BIBILOGRAPHY

Aaronson, S. A. (1991) Growth factors and cancer. Science 254:
1146-1153.

Abdellatif, M., MacLellan, W. R., and Schneider, M. D. (1994) p21
ras as a governer of global gene expression. J. Biological Chemistry
269: 15423-15426.

Adams, M. D., Kelley, J. M., Gocayne, J. D., Dubnick, M,
Polymeropoulos, M. H., Xiao, H., Merril, C. R.,, Wu, A., Olde, B,
Moreno, R. F., Kerlavage, A. R.,, McCombie, W. R., and Venter, J. C.
(1991) Complementary DNA sequencing: expressed sequence tags
and human genome project. Science 252: 1651-1656.

Ahmed, F. E.. (1993) The Xiphophorus fish: a model for molecular
mechanisms of environmental carcinogenesis. Environ. Carcino.
Ecotox. Rev. 11: 125-161.

Albino, A. P., Le Strange, A. 1., Oliff, M. E., and Old, L. J. (1984)
transformation ras gene from human melanoma: a manifestation of
tumor heterogeneity?. Nature 308: 69-72.

Anderson, M. W., Reynolds, S. H., You, M., and Maronpot, R. M.
(1992) Role of proto-oncogene activation in carcinogenesis.
Environ. Health Persp. 98: 13-24.

Angel, P., Hattori, K., Smeal, T., Karin, M. (1988) The jun proto-
oncogene is positively autoregulated by its product, jun/AP1l. Cell
55: 875-885.

Bailey, G. S., Goeger, D. E., and Hendricks, J. D. (1989) Factors
influencing experimental carcinogenesis in laboratory “fish models.
In " Metabolism of polycyclic aromatic hydrocarbons in the aquatic
environment ". Varanasi, U. ed. CRC Press, Inc.

Bailey, G. S., Hendricks, J. D., Nixon, J. E., and Pawlowski, N. E.
(1984) The sensitivity of rainbow trout and other fish to
carcinogens. Drug Metab. Rev. 15: 725-750.



125

Balmain, A., and Brown, K. (1988) Oncogene activation in chemical
carcinogenesis. Advances in Cancer Research 51: 147-182.

Barbacid, M. (1987) Ras genes. Annual Review of Biochemistry
56: 779-827.

Basu, T. N., Gutmann, D. H., Fletcher, J. A., Glover, T. W., Collins, F. S.,
and Downward, J. (1992) Aberrant regulation of ras proteins in
malignant tumor cells from type 1 neurofibromatosis patients.
Nature 356: 713-715.

Belinsky, S., Devereux, T., Maronpot, R., Stoner, G., and Anderson,
M. (1989) Relationship between the formation of promutagenic
adducts and the activation of the K-ras protooncogene in lung
tumors from A/J] mice treated with nitrosamines. Cancer Research
49: 5305-5311.

Benito, M., Porras, A., Nebreda, A. R., and Santos, E. (1991).
Differentiation of 3T3-L1 fibroblasts to adipocytes induced by
transfection of ras oncogenes. Science 253:565-568.

Bera, T. K., Guzman, R. C., Miyamoto, S., Panda, D. K., Sasaki, M.,
Hanyu, K., Enami, J., and Nandi, S. (1994) Identification of a
mammary transforming gene (MATI1) associated with mouse
mammary carcinogenesis. Proc. Natl. Acad. Sci. USA 91: 9789-
9793.

Bigger, C. A., Sawicki, J. T., Blake, D. M., Raymond, L. G., and Dipple,
A. (1983) Production of binding of 7, 12-
dimethylbenz[a]anthracene to DNA in mouse skin. Cancer Research
43: 5647-5651.

Bishop, M. J. (1983) Cellular oncogenes and retroviruses. Annu.
Rev. Biochem. 52: 301-354.

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

Bollag, G., and McCormick, F. (1992) NF is enough for GAP. Nature
356: 663-664.



126

Bos, J. L., Fearon, E. R., Hamilton, S. R., Vries, M., V., van Boom, J. H.,
van der Eb, A. J., and Vogelstein, B. (1987) Prevalence of ras
mutations in human colorectal cancers. Nature 327: 293-297.

Boss, J. L. (1988) The ras gene family and human carcinogenesis.
Mutation Research 195: 255-271.

Bourne, H. R., Sanders, D. A., and McCormick, F. (1990) The GTPase
superfamily: A conserved switch for diverse cell functions. Nature
348: 125-132.

Boyle, W. J., Smeal, T., Defize, H. K., Angel, P., Woodgett, J. R., Karin,
M., and Hunter, T. (1991) Activation of protein kinase C decrease

phosphorylation of c-jun at sites that negatively regulate its DNA-
binding activity. Cell 64: 573-584.

Bruder, J. T., Heidecker, G., and Rapp, U. R.. 1992. Gen. Devel.
6:545-556.

Burchiel, S. W., Davis, D. A. P., Ray, S. D., Archuleta, M. M., Thilsted,
J. P, and Corcoran, G. B. (1992) DMBA-induced cytotoxicity in
lymphoid and nonlymphoid organs of B6C3F1 mice: relation of cell
death to target cell intracellular calcium and DNA damage.
Toxicology and Applied Pharmacology 113: 126-132.

Burgering, B. M., Medema, R. H., Maassen, J. A., van de Wetering, M.
L., van der Eb, A. J., Mccormick, F., and Bos, J. L. (1991) Insulin
stimulation of gene expression mediated by p2lras activation.
EMBO J. 10: 1103-1109.

Burmer, G. C., and Loeb, L. A. (1989) Mutation in the K-ras2
oncogene during progressive stages of human colon carcinoma.
Proc. Natl. Acad. Sci. USA 86: 2403-2407.

Candrian, U., You, M., Goodrow, T., Maronpot, R. P., Reynolds, S. H,,
and Anderson, M. W. (1991) Activation of protooncogenes in
spontaneously occurring non-liver tumors from C57BL/6 times
C3H F1 mice. Cancer Research 51: 1148-1153.

Cavalieri, E. L., Higginbotham, S., RamaKrishna, N. V. S., Devanesan,
P. D., Todorovic, R., Rogan, E. G., Salmasi, S. (1991) Comparative
dose-response tumorgenicity studies of dibenzo[a,l]pyrene versus
7, 12-dimethylbenz[a]anthracene, benzo[a]pyrene and two



127

dibenzo[a,l]pyrene dihydrodiols in mouse skin and rat mammary
gland. Carcinogenesis 12: 1939-1944.

Cavalieri, E., and Rogan, E. (1985) Role of radical cations in
aromatic hydrocarbon carcinogenesis. Environmental Health
Perspectives 64: 69-84.

Cavalieri, E. L., and Rogan, E. G. (1992) The approach to
understanding aromatic hydrocarbon carcinogenesis. The central

role of radical cations in metabolic activation. Pharmac. Ther. 55:
183-199.

Cavalieri, E. L., Rogan, E. G., Higginbotham, S., Cremonesi, P., and
Salmasi, S. (1989) Tumor-initiating activity in mouse skin and
carcinogenicity in rat mammary gland of dibenzo[a]pyrenes: the
very potent environmental carcinogen dibenzo[a,l]pyrene. J.
Cancer Res. Clin. Oncol. 115: 67-72.

Cerny, W. L., Mangold, K. A., and Scarpelli, D. G. (1992) K-ras
mutation is an early event in pancreatic duct carcinogenesis in the
syrian golden hamster. Cancer Research 52: 4507-4513.

Cha, R. S., Thilly, W. G., and Zarbl, H. (1994) N-nitroso-N-
methylurea-induced rat mammary tumors arise from cells with

preexisting oncogenic Hrasl gene mutations. Proc. Natl. Acad. Sci.
USA 91: 3749-3753.

Chakraborty, A. K., Cichutek, K., and Duesberg, P. H.. (1991)
Transformation function of proto-ras genes depends on

heterologous promoters and 1is enhanced by specific point
mutation. Proc. natl. Acad. Sci. USA 88: 2217-2221.

Chang, Y-J., Mathews, C., Mangold, K., Marien, K., Hendricks, J., and
Bailey, G. (1991) Analysis of ras gene mutations in rainbow trout
liver tumors initiated by aflatoxin B1. Molecular Carcinogenesis 4:
112-119. .

Chardin, P. (1993) Chapter 10. Ras homologs: a comparison of
primary structure. in The ras superfamily of GTPase. edited by
Lacal, J. C., and McCormick F. by CRC press, Inc..

Chen, B., Liu, L., Castonguay, A., Maronpot, R. R., Anderson, M. W_,
and You, M. (1993) Dose-dependent ras mautation spectra in N-



128

nitrosodiethylamine induced mouse liver tumors and 4-
(methylnitrosamine)-1-(3-pyridyl)-1-butanone induced mouse
lung tumors. Carcinogenesis 14: 1603-1608.

Chen, B., You, L., Wang, Y., Stoner, G. D., and You, M. (1994) Allele-
specific activation and expression of the K-ras gene in hybrid
mouse lung tumors induced by chemical carcinogens.
Carcinogenesis 15: 2031-2035.

Chen, R-H., Maher, V. M., Brouwer, J., van de Putte, P., and
McCormick, J. J. (1992) Preferential repair and strand-specific
repair of benzo[a]pyrene diol epoxide adducts in the HPRT gene of
diploid human fibroblasts. Proc. Natl. Acad. Sci. USA 89: 5413-
5417.

Chen, R. H., Sarnecki, C., and Blenis, J. (1992) Nuclear localization
and regulation of erk- and rsk-encoded protein kinase. Mol. Cell.
Biol. 12: 915-927.

Cheng, S. C., Prakash, A. S., Pigott, M. A., Hilton, B. D., Lee, H,,
Harvey, R. G., and Dipple, A. (1988) A metabolite of the
carcinogen 7, 12-dimethylbenz[a]Janthracene that reacts
predominantly with adenine residues in DNA. Carcinogenesis 9:
1721-1723.

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

Corominas, M., Leon, J., Kamino, H., Cruz-Alvarez, M., Novick, S. C,,
and Pellicer, A. (1991) Oncogene involvement in tumor
regression: H-ras activation in the rabbit keratoacanthoma model.
Oncogene 6: 645-651.

Corominas, M., Perucho, M., Newcomb, E. W., and Pellicer, A.
(1991) Differential expression of the normal and mutated K-ras
allels in chemically induced thymic lymphomas. Cancer Research
51: 5129-5133.

Costa, M. (1995) Model for the epigenetic mechanism of action of
nongenotoxic carcinogens. Am. J. Clin. Nutr. 61(suppl.): 666s-669s.



129

Coulier, F., Imbert, J., Albert, J., Jeunet, E., Lawrence, J. J., Crawford,
L., and Birg, F. (1985) Permanent expression of p53 in FR 3T3 rat
cells but cell cycle-dependent association with large-T antigen in
simian virus 40 transformants. EMBO J 4: 3413-3418.

Daar, I., Nebreda, A. R., Yew, N., Sass, P., Paules, R., Santos, E.,
Wigler, M., and Vande Woude, G. F. (1991) The ras oncoprotein and
M-phase activity. Science 253: 74-76.

Dameron, K. M., Volpert, O. V., Tainsky, M. A., and Bouck, N. (1994)
Control of angiogenesis in fibroblasts by pS53 regulation of
thrombospondin-1.  Science 265: 1582-1584.

DeClue,J., Cohen, B., and Lowy, D. R. (1991) Identification and
characterization of the neurofibromatosis type | protein product.
Proc. Natl. Acad. Sci. USA 88: 9914-9918.

DeClue, J., Papageorge, A. G., Fletcher, J. A., Diehl, S. R., Ratner, N,
Vass, W. C., and Lowy, D. R. (1992) Abnormal regulation of
mammalian p2lras contribute to malignant tumor growth in von
Recklinghauser (type I) neurofibromatosis. Cell 69: 265-273.

DeFeo, D., Scolnick, E. M., Koller, R., and Dhar, R. (1983) Ras-
related gene sequence identified and isolated from Saccharomyces
cerevisiae. Nature 306: 707-709.

de Fromentel, C. C., Pakdel, F., Chapus, A., Baney, C., May, P., and
Soussi, T. (1992) Rainbow trout p53: cDNA cloning and
biochemical characterization. Gene 112: 241-245.

Denko, N. C., Giaccia, A. J., Stringer, J. R., and Stambrook, P. J..
(1994) The human Ha-ras oncogene induces genomic instability in
murine fibroblasts within one cell cycle. Proc. Natl. Acad. Sci. USA
91: 5124-5128.

Der, C. J., Finkel, T., and Cooper, G. M. (1982) Transforming genes
of human bladder and lung carcinoma cell lines are homologous to
the ras genes of Harvey and Kirsten sarcoma virus. Cell 44: 167-
174.

Devanesan, P. D., Cremonesi, P., Nunnally, J. E., Rogan, E. G., and
Cavalieri, E. L. (1990) Metabolism and mutagenicity of



130

dibenz[a,e]pyrene and the very potent environmental carcinogen
dibenz[a,l]pyrene. Chem. Res. Toxicol. 3: 580-586.

Diller, L., Kassel, J., Nelson, C. E., Gryka, M. A., Litwak, G., Gebhardt,
M., Bressac, B., Ozturk, M.,, Baker, S. J., Vogelstein, B., and Friend, S.
H. (1990) p53 functions as a cell cycle control protein in
osteosarcomas. Molecular and Cellular Biology 10: 5772-5781.

Doi, S. T., Kimura, M., Katsuki, M. (1994) Site-specific mutation of
the human c-Ha-ras transgene induced by
dimethylbenzanthracene causes tissue-specific tumors in mice.
Japanese J. Cancer Research 85: 801-807.

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

Downers, C. S., Ryan, A. J., and Johnson, R. T. (1993) Fine tuning of
DNA repair in transcribed genes: mechanism, prevalence and
consequences. BioEssays 15: 209-216.

Downward, J. (1992) Regulatory mechanisms for ras proteins.
BioEssays 14:177-184.

Downward, J., Graves, J. D., Warne, P. H., Rayter, S., and Cantrell, D.
A. 1990. Nature 346: 719-723.

Driever, W., Stemple, D., Schier, A., and Solnica-Krezel, L. (1994)
Zebrafish: genetic tools for studying vertebrate development.
Trends in Genetics 10: 152-157.

Dumenco, L. L., Allay, E., Norton, K., and Gerson, S. L. (1993) The
prevention of thymic lymphomas in transgenic mice by human O6-
alkylguanine-DNA alkyltransferase. Science 259: 219-222.

Dutta, A., Ruppert, J. M., Aster, J. C., and Winchester, E. (1993)
Inhibition of DNA replication factor RPA by p53. Nature 365: 79-
82.

Fearon, E. R., Feinberg, A. P., Hamilton, S. H., and Vogelstein, B.
(1985) Loss of genes on the short arm of chromosome 11 in
bladder cancer. Nature 318: 377-380.



131

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

Feig, L. A. (1993) The many roads that lead to ras. Science 260:
767-768.

Feig, D. I., Reid, T. M., and Loeb, L. A. (1994b) Reactive oxygen
species 1n tumorigenesis.  Cancer Research 54(suppl.): 1890s-
1894s.

Feig, D. I., Sowers, L. C., and Loeb, L. A. (1994a) Reverse chemical
mutagenesis: identification of the mutagenic lesions resulting from

reactive oxygen species-mediated damage to DNA. Proc. Natl.
Acad. Sci. USA 91: 6609-6613.

Ferreira-Gonzalez, A., DeAngelo, A. B., Nasim, S., and Garrett, C. T.
(1995) Ras oncogene activation during hepatocarcinogenesis in
B6C3F1 male mice by dichloroacetic and trichloroacetic acids.
Carcinogenesis 16: 495-500.

Fields, S, and Jang, S. K. (1990) Presence of a potent transcription
activating sequence in the p53 protein. Science 249: 1046-1051.

Finlay, C. A., Hinds, P., and Levine, A. J. (1989) The p53 proto-
oncogene can act as a suppressor of transformation. Cell 57:
1083-

Fischer, W. H., Beland, P. E., and Lutz, W. K. (1993) DNA adducts,
cell proliferation and papilloma latency time in mouse skin after
repeated dermal application of DMBA and TPA. Carcinogenesis 14:
1285-1288.

Flier, J. S., Mueckler, M. M., Usher, P., and Lodish, H. F. (1987)
Elevated levels of glucose transport and transporter messenger
RNA are induced by ras or src oncogenes. Science 235: 1492-
1495. )

Fong, A. T., Dashwood, R. H., Cheng, R., Mathews, C., Hendricks, J. D,
and Bailey, G. S. (1993) Carcinogenicity, metabolism and Ki-ras
proto-oncogene activation by 7, 12-dimethylbenz[a]anthracene 1in
rainbow trout embryos. Carcinogenesis 14: 629-635.



132

Forrester, k., Almoguera, C., Han, K., Grizzle, W. E., and Perucho, M.
(1987) Detection of high incidence of Ki-ras oncogenes during
human colon tumorgenesis. Nature 327: 298-303.

Fortini, M. E., Simon, M. A., and Rubin, G. M. (1992) Signalling by
the sevenless protein tyrosine kinase is mimicked by ras 1
activation. Nature 355: 559-561.

Fox, T. R., Schumann, A. M., Watanabe, P. G., Yano, B. L., Maher, V.
M., and McCormick, J. J. (1990) Mutational analysis of the H-ras
oncogene 1n spontaneous C57B1/6 times C3H/He mouse liver
tumors and tumors induced with genotoxic and nongenotoxic
hepatocarcinogen. Cancer Research 50: 4014-4019.

Frohman, M. A., Dush, M. K., and Martin, G. (1988) Rapid
production of full-length c¢DNAs from rare transcripts:
amplification using a single gene-specific oligonucleotide primer.
Proc. Natl. Acad. Sci. USA 85: 8998-9002.

Funk, W. D., Pak, D. T., Karas, R. H., Wright, W. E., and Shay, J. W.
(1992) A transcriptionally active DNA-binding site for human p53
protein complexes. Molecular and Cellular Biology 12: 2866-2871.

Georgiadis, P., Smith, C. A., and Swann, P. F. (1991) Nitrosamine-
induced cancer: selective repair and conformation differences
between O6-methylguanine residues in different positions in and
around codon 12 of rat H-ras. Cancer Research 51: 5843-5850.

Gill, R. D., Beltran, L., Nettikumara, A. N., Harvey, R. G., Kootstra, A.,
and DiGiovanni, J. (1992) Analysis of point mutations in murine
c-Ha-ras of skin tumors initiated with dibenz[a,jJanthracene and
derivatives. Molecular Carcinogenesis 6: 53-59.

Gimenez-Conti, I. B., Bianchi, A. B., Stockman, S. L., Conti, C. J., and
Slaga, T. J. (1992) Activating mutation of the Ha-ras gene in
chemically induced tumors of the hamster cheek pouch. Molecular
Carcinogenesis 5: 259-263.

Graves, J. D., Downward, J., Rayter, S., Warne, P., Tutt, A. L., Glennie,
M., and Cantrell, D. A. (1991) CD2 antigen mediated activation of
the guanine nucleotide binding protein p2lras in human T
lymphocytes. J. Immunol. 146: 3709-3712.



133

Greenhalgh, D. A., Wang, X. J., Eckhardt, J. N., and Roop, D. R..
(1995) 12-O-tetradecanoylphorbol-13-acetate promotion of
transgenic mice expressing epidermal-targeted v-fos induces
ras(HA)-activated papillomas and carcinomas without p53
mutation: Association of v-fos expression with promotion and
tumor autonomy. Cell Growth & Differentiation 6: 579-586.

Guerrero, I., and Pellicer, A. (1987) Mutational activation of
oncogenes in animal model systems of carcinogenesis. Mutation
Research 185: 293-308.

Hanawalt, P. C. (1994) Transcription-coupled repair and human
disease. Science 266: 1957-1958.

Hancock, J. F., Magee, A. 1., Childs, J. E., and Marshall, C. J. (1989)
All ras proteins are polyisoprenylated but only some are
palmitoylated. Cell 57« 1167-1177.

Harris, C. C. (1993)  p53: at the crossroads of molecular
carcinogenesis and risk assessment. Science 262: 1980-1981.

Hegi, M. E., Fox, T. R., Belinsky, S. A., Devereux, T. R., and Anderson,
M. W. (1993) Analysis of activated proteooncogenes in B6C3F1
mouse liver tumors induced by ciprofibrate, a potent peroxisome
proliferator. Carcinogenesis 14: 145-149.

Heidecker, G., Huleihel, M., Cleveland, J. L., Beck, P., Lloyd, P.,
Pawson, T., and Rapp, U. R. (1990) Mutational activation of c-raf-1
and definition of the minimal transforming sequence. Mol. Cell.
Biol.. 10: 2503-2512.

Hendricks, J. D., Meyers, T. R., Shelton, D. W., Casteel, J. J., and
Bailey, G. S. (1985) Hepatocarcinogenicity of benzo[a]pyrene to
rainbow trout by dietary exposure and intraperitoneal injection. J.
Natl. Cancer Inst. 74: 839-851.

Hendricks, J. D., Cheng, R., Shelton, D. W., Pereira, C. B\., and Bailey,
G. S. (1994) Dose-dependent carcinogenicity and frequent Ki-ras
proto-oncogene activation by dietary N-nitrosodiethylamine in
rainbow trout. Fundamental and Applied Toxicology 23: 53-62.

Herzog, C. R., Schut, H. A. J., Maronpot, R. R., and You, M. (1993)
Ras mutation in 2-amino-3-methylimidazo-[4,5-f]quinoline-



134

induced tumors in the CDF1 mouse. Molecular Carcinogenesis §:
202-207.

Hicks, G. G., Egan, S. E., Greenberg, A. H., and Mowat, M. (1991)
Mutant p53 tumor suppressor alleles release ras-induced cell cycle
growth arrest. Molecular and Cellular Biology 11: 1344-1352.
Higinbotham, K. G., Rice, J. M., Perantoni, A. O. (1994) Acxtivation of
the Ki-ras gene by insertion mutations in chemically induced rat
renal mesenchymal tumors. Oncogene 9: 2455-2459.

Hoffmann, J-S., Fry, M., Ji, J., Williams, K. J., and Loeb, L. A. (1993)
Codons 12 and 13 of Ha-ras protooncogene interrupt the
progression of DNA synthesis catalyzed by DNA polymerase a.
Cancer Research 53: 2895-2900.

Hollstein, M., Sidransky, D., Vogelstein, B., and Harris, C. C. (1991)
p53 mutation in human cancers. Science 253: 49-53.

Huang, J-C., Hsu, D., Kazantsev, A., and Sancar, A. (1994) Substrate
spectrum of human excinuclease: reapir of abasic sites, methylated
bases, mismatches, and bulky adducts. Proc. Natl. Acad. Sci. USA
91: 12213-12217.

Hupp, T. R., Meek, D. W., Midgley, C. A., and Lane, D. P. (1992)
Regulation of the specific DNA binding function of p53. Cell 71:
875-886.

Hurta, R. A. R., and Wright, J. A. (1994) Ornithine decarboxylase
gene expression 1is aberrantly regulated via the cAMP signal

transduction pathway in mammalian H-ras transformed cell lines.
Journal of Cellular Physiology 161: 383-391.

Jamal, S., and Ziff, E.. 1990 Nature 344: 463-466.

Jeffrey, A. M. (1985) DNA modification by chemical carcinogens.
Pharmac. Ther. 28: 237-272. N

Jerina, D. M., Sayer, J. M., Agarwal, S. K., Yagi, H., Levin, W., Wood,
A. W., Conney, A. H., Pruess-Schwartz, D., Baird, W. M., Pigott, M. A,
and Dipple, A. (1986) Reactivity and tumorigenicity of bay-region
diol epoxides derived from polycyclic aromatic hydrocarbons. In
Kocsis, J. J., Jollow, D. J., Witmer, C. M., Nelson, J. O., and Synder, R..



135

eds. Biological reactive intermediates-I1II, pp. 11-30. New York:
Plenum Publishing Corp.

Kaibuchi, K., Fukumoto, Y., Oku, N., Hori, Y., Yamamoto, T.,
Toyoshima, K., and Takai, Y. (1989) Activation of the serum
response element and 12-O-tetradecanoylphorbol-13-acetate
response element by the activated c-raf-1 protein in a manner
independent of protein kinase C. J. Biol. Chem. 264: 20855-
20858.

Kakiuchi, H., Ushijima, T., Ochiai, M., Imai, K., Ito, N., Yachi, A,
Sugimura, T., and Nagao, M. (1993) Rare frequency of activation
of the Ki-ras gene in rat colon tumor induced by heterocyclic
amines: possible alternative mechanisms of human colon
carcinogenesis. Molecular Carcinogenesis 8: 44-48.

Kamiya, H., Muratakamiya, N., Koizume, S., Inoue, H., Nishimura, S.,
and Ohtsuka, E.. (1995a) 8-Hydroxyguanine (7,8-dihydro-8-
oxoguanine) in hot spots of the c-Ha-ras gene: Effects of sequence
contexts on mutation spectra. Carcinogenesis 16: 883-889.

Kamiya, H., Ueda, T., Ohgi, T., Matsukage, A., and Kasai, H.. (1995b)
Miscorporation of dAMP opposite 2-hydroxyadenine, an oxidative
form of adenine. Nucleic Acids Research 23: 761-766.

Kern, S. E., Kinzler, K. W., Bruskin, A., Jarosz, D., Friedman, P.,
Prives, C., and Vogelstein, B. (1991) Identification of p53 as a
sequence-specific DNA-binding protein. Science 252: 1708-1711.

Kraegel, S. A., Gumerlock, P. H., Dungworth, D. L., Oreffo, V. I, and
Madewell, B. R. (1992) K-ras activation in non-small cell lung
cancer in the dog. Cancer Research 52: 4724-4727.

Kuerbitz, S. J., Plunkett, B. S., Walsh, W. V., and Kastan, M. B.
(1992)  Wild-type p53 is a cell cycle checkpoint determinant
following irradiation. Proc. Natl. Acad. Sci. USA 89: 7491-7495.

Kwong, Y. Y., Husain, Z., and Biswas, D. K. (1992) c-Ha-ras gene
mutation and activation precede pathological changes in DMBA-
induced in vivo carcinogenesis. Oncogene 7: 1481-1489.



136

Kyriakis, J. M., App, H., Zhang, X. F., Banerjee, P., Brautigan, D. L.,
Rapp, U. R., and Avruch, J. (1992) Raf-1 activates MAP kinase-
kinase.  Nature 358: 417-421.

Laitinen, J., Sistonen, L., Alitalo, K., and Holtta, E. (1995) Cell
transformation by c-Ha-ras(Vall2) oncogene is accompanied by a
decrease in histone H1 degrees and increase in nucleosomal repeat
length. Journal of Cellular Biochemistry 57: 1-11.

Lamph, W. W., Wamsley, P., Sassone-Corsi, P., and Verma, I. M.
(1988) Induction of proto-oncogene jun/AP-1 by serum and TPA.
Nature 334: 629-631.

Lane, D. P. (1992) p53 guardian of the genome. Nature 358: 15-
16.

Ledda-Columbano, G. M., Coni, P., Simbula, G., Zedda, I., and
Columbano, A. (1993) Compensatory regeneration, mitogen-
induced liver growth, and multistage chemical carcinogenesis.
Environ. Health Persp. 101(suppl. 5): 163-168.

Legros, Y., McIntyre, P., and Soussi, T. (1992) The cDNA cloning
and immunological characterization of hamster p53. Gene 112:
247-250.

Leigh, D. A., Ferguson, V., Bentel, J. M., Miller, J. O., and Smith, G. J.
(1990) activated Ki-ras proto-oncogene in spontaneously
transformed and chemical tumor-derived cell lines related to the
mouse lung alveologenic carcinoma. Molecular Carcinogenesis 3:
387-392.

Leon, J., Guerrero, 1., and Pellicer, A. (1987) Differential expression
of the ras gene family in mice. @ Molecullar and Cellular Biology 7:
1535-1540.

Levine, A. J. (1993) The tumor suppressor genes. Annu. Rev.
Biochem. 62: 623-651.

Lloyd, A., Yancheva, N., and Wasylyck, B. (1991) Transformation
suppressor activity of a jun transcription factor lacking its
activation domain.  Nature 352: 635-638.



137

Loeb, L. A. (1985) Apurinic sites as mutagenic intermediates. Cell
40: 483-484,

Loktionov, A., Hollstein, M., Martel, N., Galendo, D., Cabrl, J. R. P.,
Tomatis, L., and Yamasaki, H. (1990) Tissue-specific activating
mutations of Ha- and Ki-ras oncogenes in skin, lung, and liver

tumors induced in mice following transplacental exposure to
DMBA. Molecular Carcinogenesis 3: 134-140.

Louis, J. M., McFarland, V. W., May, P., and Mora, P. T. (1988) The
phosphoprotein p53 is down-regulated post-transcriptionally
during embryogenesis in vertebrates. Biochimica et Biophysica
Acta 950: 395-402.

Lowy, D. R., and Willumsen, B.. (1993) Function and regulation of
ras. Annu. Rev. Biochem. 62: 851-891.

Macleod, A. R., Rouleau, J., and Szyf, M. (1995) Regulation of DNA
methylation by the ras signaling pathway. Journal of Biological
Chemistry 270: 11327-11337.

Malins, D. C., Krahn, M. M., Myers, M. S., Rhodes, L. D., Brown, D. W,
Krone, C. A., McCain, B. B. and Chan, S-L. (1985) Toxic chemicals in
sediments and biota from a creosote-polluted harbor: relationships
with hepatic neoplasms and other hepatic lesions in English sole
(Parophrys vetulus). Carcinogenesis 6: 1463-1469.

Malins, D. C., McCain, B. B., Myers, M. S., Brown, D. W., Krahn, M. M.,
Roubal, W. T., Schiewe, M. H., Landahl, J. T., and Chan, S-L. (1987)
Field and laboratory studies of the etiology of liver neoplasms in
marine fish from Puget Sound. Environ. Health Perspect. 71: 5-16.

Manam, S., Shinder, G. A., Joslyn, D. J., Kraynak, A. R.,
Hammermeister, C. L., Leander, K. R., Prahalada, S., Ledwith, B. J.,
van Zwiettn M. J., and Nichols, W. W. (1995) Dose-related change
in the profile of ras mutations in chemically induced CD-1 mouse
liver tumors. Carcinogenesis 16: 1113-1119. )

Manam, S., Store, R. D., Prahalada, S., Leander, K. R., Kraynak,
Hammermeister, C. L., Joslyn, D. J. , Matthew, B. L., van Zwiettn M.
J., Bradley, M. O., and Nichols, W. W. (1992a) Activation of the Ki-
ras gene in spontaneous and chemically induced lung tumors in
CD-1 mice. Molecular Carcinogenesis 6: 68-75.



138

Manam, S., Storer, R. D., Prahalada, S., Leander, K. R., Kraynak, A. R,
Ledwith, B. J., van Zwieten, M. J., Bradley, M. O., and Nichols, W. W,
(1992b) Activation of the Ha-, Ki-, and N-ras genes in chemically
induced liver tumors from CD-1 mice. Cancer Research 52: 3347-
3352.

Mangold, K., Chang, Y-J., Mathews, C., Marien, K., Hendricks, J., and
Bailey, G. (1991) Expression of ras genes in rainbow trout.
Molecular Carcinogenesis 4: 97-102.

Maniatis, T., Fritsch, E. F., and Sambrook, J. (1989) Molecular
Cloning: A Laboratory Manual. 2nd edition.

Marien, K., Mathews, K., van Holde, K., and Bailey, G. S. (1989)
Replication blocks and sequerce interaction specificities in the
codonl2 region of the c-Ha-ras proto-oncogene induced by four

carcinogens in vitro. The Journal of Biological Chemistry 264:
13226-13232.

Matlashewski, G., Lamb, P., Pim, D., Peacock, J., Crawford, L., and
Benchimol, S. (1984) Isolation and characterization of a human
p53 c¢cDNA clone: expression of the human p53 gene. EMBO J. 3:
3257-3262.

McKay, I. A., Marshall, C. J., Cales, C., and Hall, A. (1986)
Transformation and stimulation of DNA synthesis in NIH-3T3 cells
are a titratable function of normal p21 N-ras expression. EMBO J.
5: 2617-2621.

McMahon, G., Davis, E. F., Huber, L. J., Kim, Y., and Wogan, G. N.
(1990) Characterization of c-Ki-ras and N-ras oncogenes in
aflatoxin Bl-induced rat liver tumors. Proc. Natl. Acad. Sci. USA
87: 1104-1108.

McMahon, G., Huber, L. J., Moore, M. J., Stegeman, J. J., and Wogan,
G. N. (1990) Mutations in c-Ki-ras oncogenes in diseased livers of
winter flounder from Boston Harbor. Proc. Natl. Acad. Sci. USA 87:
841-845.

Mercer, W. E., Shields, M. T., Lin, D., Appelia, E., and Ullrich, S. J.
(1991) Growth suppression induced by wild-type p53 protein is
accompanied by selective down-regulation of proliferating-cell



139

nuclear antigen expression. Proc. Natl. Acad. Sci. USA 88: 1958-
1962.

Moerkerk, P., Arends, J. W., van Driel, M., de Bruine, A., de Goeij, A.,
and ten Kate, J. (1994) Type and number of Ki-ras point
mutations related to stage of human colorectal cancer. Cancer
Research 54: 3376-3378.

Molloy, C. J., Fleming, T. P., Bottaro, D. P., Cuadrado, A., and
Aaronson, S. A. (1992) Platelet-derived growth factors
stimulation of GTPase activation protein tyrosine phosphorylation

in control and c-H-ras expressing NIH 3T3 cells correlated with
p2lras activation. Mol. Cell. Biol. 12: 3903-3909.

Morgan, J. G., Dolganov, G. M., Robbins, S.E., Hinton, L. M., and
Lovett, M. (1992) The selective isolation of novel cDNA encoded
by the regions surrounding the human interleukin 4 and 5 genes.
Nucleic Acids Research 20: 5173-5179.

Moulds, B., and Goofman, J. I. (1994) Spontaneous mutation at
codon 61 of the Ha-ras gene in the nascent liver of B6C3FI1,
C3H/He and C57BL/6 mice. Mutation Research 311: 1-7.

Moyer, R., Marien, K., van Holde, K., and Bailey, G. S. (1989) Site-
specific aflatoxin B1 adduction of sequence-positioned nucleosome
core particle. The Journal of Biological Chemistry 264: 12226-
12231.

Murchelano, R. A., and Wolke, R. E. (1985) Epizootic carcinoma in
the winter flounder, Pseudopleuronectes americanus. Science 228:
587-589.

Nakazawa, H., Aguelon, A-M., and Yamasaki, H. (1990)
Relationship between chemically induced Ha-ras mutation and
transformation of BALB/c 3T3 cells: evidence for chemical-specific
activation and cell type-specific recruitment of oncogene in
transformation. Molecular Carcinogenesis 3: 202-209.

Nelson, M. A., Futschier, B. W., Kinsella, T., Wymer, J., and Bowden,
G. T. (1992) Detection of mutant Ha-ras genes in chemically
initiated mouse skin epidermis before the development of benign
tumors. Proc. Natl. Acad. Sci. USA 89: 6398-6402.



140

Nemoto, N., Kodama, K., Tazawa, A., Masahito, P., and Ishikawa, T.
(1986) Extensive sequence homology of the goldfish ras gene to
mammalian ras genes.  Differentiation 32: 17-23.

Nemoto, N., Kodama, H., Tozawa, A., Matsumoto, J., Masahito, P., and
Ishikawa, T. (1987) Nucleotide sequence comparison of the
predicted first exonic region of goldfish ras gene between normal
and neoplastic tissue. J. Cancer Res. Clin. Oncol. 113: 56-61.

Nigro, J. M., Baker, S. J., Preisinger, A. C., Jessup, J. M., Hostetter, R.,
Cleary, K., Bigner, S. H., Davidson, N., Baylin, S., Devilee, P., Glover,
T., Collins, F. S., Weston, A., Modali, R., Harris, C. C., and Vogelstein,
B. (1989) Mutation in the p53 gene occur in diverse human
tumor types. Nature 342: 705-708.

Oren, M., and Levine, A. (1983) Molecular cloning of a cDNA
specific for the murine p53 cellular tumor antigen. Proc. Natl.
Acad. Sci. USA 80: 56-59.

Owen, R. D., Bortner, D. M., and Ostrowski, M. C. (1990) Ras
oncogene activation of a VL30 transcriptional element is linked to
transformation.  Mol. Cell. Biol. 10: 1-9.

Parada, L. F., Tabin, C. J., Shih, C., and Weinberg, R. A. (1982)
Human EJ bladder carcinoma oncogene is homologue of Harvey
sarcoma virus ras gene.  Nature 297: 474-478.

Pawson, T. (1994) SH2 and SH3 domains in signal transduction.
Advance in Cancer Research 64: 87-110.

Pedrick, M. S., Rumsby, P. C., Wright, V., Phillimore, H. E., Butler, W.
H., and Evans, J. G. (1994) Growth characteristics and Ha-ras
mutations of cell cultures isolated from chemically induced mouse
liver tumors. Carcinogenesis 15: 1847-1852.

Pereira, M. A. (1993) Comparison in C3H and C3B6F1 mice of the
sensitivity to diethylnitrosamine-initiation and phenobarbital-
promotion to the extent of cell proliferation. Carcinogenesis 14:
299-302.

Porras, A., Nebreda, A. R., Benito, M., and Santos, E. (1992)
Activation of ras by insulin in 3T3L1 cells does not involve



141

GTPase-activated protein phosphorylation. J. Biol. Chem. 267:
21124-21131.

Prives, C. (1994) How loops, b sheets, and a helices help us to
understand p53. Cell 78: 543-546.

Pronk, G. J., and Bos, J. L. (1994) The role of p2lras in receptor
tyrosine signalling. Biochimica et Biophysica Acta 1198: 131-147.

Puchhammer-Stoeckl, E., Heinz, F. X., and Kunz, C. (1992)
Evaluation of 3 nonradioactive DNA detection systems for
identification of herpes simplex DNA amplified from cerebrospinal
fluid. J. Virol. Methods 43: 257-266.

Quintanilla, M., Haddow, S., Jonas, D., Jaffe, D., Bowden, G. T., and

Balmain, A.
(1991) Carcinogenesis 12: 1875-1881.

RamaKrishna, N. V. S, Devanesan, P. D., Rogan, E. G., Cavalieri, E. L.,
Jeong, H., Jankowiak, R., and Small, G. J. (1992) Mechanism of
metabolic activation of the potent carcinogen 7, 12-
dimethylbenz{a]anthracene. Chem. Res. Toxicol. 5: 220-226.

Ralston, S. L., Lau, H. H. S., Seidel, A., Luch, A., Platt, K. L., and Baird,
wW. M. (1994) The potent carcinogen dibenzo[a,l]pyrene is
metabolically activated to fjord-region 11, 12-diol 13, 14-epoxides
in human mammary carcinoma MCF-7 cell cultures. Cancer
Research 54: 887-890.

Reynolds, S. H,, Anna, C. K., Brown, K. C., Wiest, J. S., Beattie, E. J,,
Pero, R. W., Iglheart, J. D., and Anderson, M. W. (1991) Activated
protooncogenes in human lung tumors from smoker. Proc. Natl
Acad. Sci. USA  88: 1085-1089.

Reynolds, S. H., Stowers, S. J., Maronpot, R. R., Aaronson, S. A., and
Anderson, M. W. (1987) Activated oncogenes in B6C3F1 mouse
liver tumors: implication for risk assessment. Science 237: 1309-
1317.

Robles, A. 1., Gimenez-Conti, 1. B., Roop, D., Slaga, T. J., and Conti, C.
J. (1993) Low frequency of codon 61 Ha-ras mutation and lack of
keratin 13 expression in 7, 12-dimethylbenz[a]anthracene-induced
hamster skin tumors. Molecular Carcinogenesis 7: 94-98.



142

Rouleau, J., Macleod, A. R., and Szyf, M. (1995) Regulation of the
DNA methyltransferase by the Ras-AP-1 signaling pathway.
Journal of Biological Chemistry 270: 1595-1601.

Rumsby, P. C., Barrass, N. C., Phillimore, H. E., and Evans, J. G.
(1991) Analysis of the Ha-ras oncogene in C3H/He mouse liver
tumors derived spontaneously or induced with diethylnitosamine
or phenobarbitone. Carcinogenesisn 12: 2331-2336.

Satoh, T., Endo, M., Nakafuku, M., Akiyama, T., Yamamoto, T., and
Kaziro, Y. (1990) Accumulation of p2lras-GTP in response to
stimulation with epidermal growth factor and oncogene products
with tyrosine kinase activity. Proc. Natl. Acad. Sci. USA 87: 7926-
7929.

Satoh, T., Uehara, Y., and Kaziro, Y. (1992) Inhibition of interleukin
3 and granulocyte-macrophage-colony-stimulating factor
stimulated increase of activated ras-GTP by herbimycin A, a
specific inhibition of tyrosine Kkinase. J. Biol. Chem. 267: 2537-
2541.

Seto, E., Usheva, A., Zambetti, G. P., Momand, J., and Horikoshi, N.
(1992) Wild-type p53 binds to the TATA-binding protein and
represses transcription. Proc. Natl. Acad. Sci.,, USA. 89: 12028-
12032.

Seto, E., Usheva, A., Zambetti, G. P., Momand, J., and Horikoshi, N.
(1992) Wild-type p53 binds to the TATA-binding protein and
represses transcription. Proc. Natl. Acad. Sci.,, USA. 89: 12028-
12032.

Settleman, J., Albright, C. F., Foster, L. C., and Weinberg, R. A.
(1992) Molecular cloning of ¢cDNA encoding the GAP-associated
protein pl90: implication for a signaling pathway from ras to the
nucleus. Cell 69: 539-549. -

Schafer, W. R., Kim, R., Sterne, R., Thorner, J., Kim, S. H., and Rine, J.
(1989)  Genetic and pharmacological suppression of oncogenic
mutation in ras genes of yeast and humans. Science 245: 379-
385.



143

Schonthal, A., Herrlich, P., Rahmsdorf, H. J., and Ponta, H. (1988)
Requirement for fos gene expression 1n the
transcriptional,activation of collagenase by other oncogenes and
phorbol esters.  Cell 54: 325-334.

Scicchitano, D. A., and Hanawalt, P. C.. (1992) Intragenomic repair
heterogeneity of DNA damage. Environ. Health Perspect. 98: 45-51.

Shibutani, S., Takeshita, M., and Grollman, A. P.. (1991) Insertion
of specific bases during DNA synthesis past the oxidation-damaged
base 8-oxodG. Nature 349: 431-434.

Shiio, Y., Yamamoto, T., and Yamaguchi, N. (1992) Negative
regulation of RB expression by the p53 gene product. Proc. Natl.
Acad. Sci. USA 89: 5206-5210.

Shou, C., Farnsworth, C. L., Neel, B. G., and Feig, L. A. (1992)
Molecular cloning of c¢cDNAs encoding a guanine nucleotide
releasing factor for p2lras. Nature 358: 351-354.

Sims, P., and Grover, P. L.. (1981) Involvement of dihydrodiols
and diol epoxides in the metabolic activation of polycyclic
hydrocarbons other than benzo[a]pyrene. In polycyclic
hydrocarbons and cancer. Gelboin, H. V., and Ts'o, P. O. P. Eds.
ppl17-181, Academic Press, New York.

Sims, P., and Grover, P. L.,.Swaisland, A., Pal, K., and Hewer, A.
(1974) Metabolic activation of benzo[a]pyrene proceeds by a diol-
epoxide. Nature 252: 326-328.

Slack, J. L., Parker, M. L., Robinson, V. R., and Bornstein, P. (1992)
Regulation of collagen I gene expression by ras. Mol. Cell. Biol.
12: 4714-4723.

Smeal, T., Binetruy, B., Mer. C., and May, P. (1990) Structural
aspects of the p53 proteins in relation to gene evolution. Oncogene
5: 945-952. -

Smith, C. A. D., and Louis, M. J. (1988) A sequence homologous to
the mammalian p53 oncogene in fish cell lines. Journal of Fish
Disease 11: 525-530.



144

Soussi, T., de Fromentel, C. C., and May, P. (1990) Structural
aspects of the p53 proteins in relation to gene evolution. Oncogene
5: 945-952.

Stanton, M. F. (1965) Diethylnitrosamine carcinogen-induced
hepatic degeneration and neoplasia in the aquarium fish,
Brachydanio rerio. J. Natl. Cancer Inst. 34: 117-130.

Stanton, V., and Cooper, G. (1987) Activation of human raf

transforming genes by deletion of normal amino-terminal coding
sequences. Mol. Cell. Biol. 7: 1171-1179.

Streisinger, G., Walker, C., Dower, N., Knauber, D., and Singer, F.
(1981)  Production of clones of homozygous diploid zebrafish
(Brachydanio rerig). Nature 291: 293-296.

Sugio, K., Kishimoto, Y., Virmani, A. K., Hung, J. Y., and Gazdar, A. F.
(1994) K-ras mutations are a relatively late event in the
pathogenesis of lung carcinomas. Cancer Research 54: 5811-5815.

Surh, Y-J., Liem, A., Miller, E. C., and Miller, J. A. (1991) 7-
sulfooxymethyl-12-methylbenz[a]Janthracene 1is an electrophilic
mutagen, but does not appear to play a role in carcinogenesis by 7,
12-dimethylbenz[a]anthracene or 7-hydroxymethyl-12-
methylbenz{a]anthracene. Carcinogenesis 12: 339-347.

Sutter, C., Greenhalgh, D. A., Ueda, M., Abhyankar, S., Ngai, P,
Hennings, H., Schweizer, J., Yuspa, S. H., and Strickland, J. E. (1994)
Sencar mouse skin tumors produced by promotion alone have A to
G mutations in codon 61 of the c-Ha-Ras gene. Carcinogenesis 15:
1975-1978.

Swanson, M. E., Elste, A. M., Greenberg, S. M., Schwartz, J. H,,
Aldrich, T. H., and Furth, M. E. (1986) Abundant expression of ras
proteins in Aplysia neurons. J. Cell. Biol.. 103: 485-492.

Tada, M., Omata, M., and Ohto, M.  (1990) Analysis of ras gene
mutation in human hepatic malignanttumors by polymerase chain
reaction and direct sequencing. Cancer Research 50: 1121-1124.

Taparowsky, E., Shimizu, K., Perucho, M., and Wigler, M. (1982)
Isolation and preliminary characterization of a human



145

transforming gene from T24 bladder carcinoma cells. Nature 296:
404-409.

Tishler, R. B., Calderwood, S. K., Coleman, C. N., and Price, B. D.
(1993) Increase in sequence specific DNA binding by p53
following treatment with chemotherapeutic and DNA damaging
agents. Cancer Research 53: 2212-2216.

Trahey, M., and McCormick, F. (1987) A cytoplasmic protein
stimulate normal N-rasp2l GTPase, but does not affect oncogenic
mutants. Science 238: 542-545.

Tsuda, H., Satarug, S., Bhudhissawasdi, V., Kihana, T., Sugimura, T.,
and Hirohashi, S. (1992) Cholangiocarcinomas in Japanese and
That patients: difference in etiology and incidence of point
mutation of the Ki-Ras protooncogene. Molecular Carcinogenesis 6:
266-269.

Varanasi, U. (1989) Metabolism of polycyclic aromatic
hydrocarbons in the aquatic environment. CRC Press, Inc.

Vericat, J. A., Cheng, S. C., and Dipple, A. (1989) Absolute
stereochemistry of the major 7, 12-dimethylbenz{a]anthracene-
DNA adducts formed in mouse cells. Carcinogenesis 10: 567-570.

Vogelstein, B., and Kinzler, K. W. (1994) p53 function and
dysfunction. Cell 70: 523-526.

Vousden, K. H., and Marshall, C. J. (1984) Three different
activated ras genes in mouse tumors: evidence for oncogene
activation during progression of a mouse lymphoma. EMBO J. 3:
913-917.

Wasylyk, C., Wasylyk, B., Heidecker, G., Huleihel, M., and Rapp, U. R.
(1989) Expression of raf oncogenes activates the PEAI
transcription factor motif. ~ Mol. Cell. Biol. 9: 2247-2250.

Wei, D., Maher, V. M., and McCormick, J. J. (1995) Site-specific
rates of excision repair of benzo[a]pyrene diol epoxide adducts in
the hypoxanthine phosphoribosyltransferase gene of human
fibroblasts: correlation with mutation spectra. Proc. Natl. Acad. Sci.
USA 92: 2204-2208.



146

Weintraub, H., Hauschka, S., and Tapscott, S. J. (1991) The MCK
enhancer contains a p53 responsive element. Proc. Natl. Acad. Sci.
USA 88: 4570-4571.

Wiest, J. S., Burnett, V. L., Reynolds, S. H. (1994) A novel
mechanism of in vivo ras gene activation involving tandem
duplication of coding sequences. Oncogene 9: 2449-2454,

Wunsrack, I., and Dooley, S. (1992) Nonradioactive ribonuclease
protection analysis using digoxigenin labeling and
chemiluminescent detection. Electrophoresis 13: 637-638.

Yamada, H., Omata-Yamada, T., and Lengyel, P. (1991)
Characterization of recessive(mediator-) revertants from NIH 3T3
cells transformed with a c-Ha-ras oncogene. J. Biol. Chem. 266:

4002-4009.

Yonish-Rouach, E., Grunwald, D., Wilder, S., Kimchi, A., May, E.,
Lawrence, J-J, May, P., and Oren, M. (1993) p53-mediated cell
death: relationship to cell cycle control. Molecular and Cellular
Biology 13: 1415-1423.

You, L., Wang, D., Galati, A. J., Ross, J. A., Mass, M. J., Nelson, G. B,,
Wilson, K. H., Amin, S., Stoner, J. C., Nesnow, S., and Stoner, G. D.
(1994) Tumor multiplicity, DNA adducts and K-ras mutation
pattern of S5-methylchrysene in strain A/J mouse lung.
Carcinogenesis 15: 2613-2618.

You, M., Candrian, U., Maronpot, R. R., Stoner, G. D., and Anderson,
M. W. (1989) Activation of the Ki-ras protooncogene in
spontaneously occurring and chemically induced lung tumors of
the strain A mouse. Proc. Natl. Acad. Sci. 86: 3070-3074.

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

Zhan, Q., Carrier, F.,; and Fornace Jr, A. J. (1993) Induction of
cellular p53 activity by DNA-damaging agents and growth arrest.
Molecular and Cellular Biology 13: 4242-4250.



147

Zhang, K., Papageorge, A. G., Martin, P., Vass, W. C., Olah, Z., Polakis,
P. G., McCormick, F., and Lowy, D. R. (1991) Heterogeneous amino
acids in ras and rap 1A specifying sensitivity to GAP proteins.
Science 254: 1630-1634.

Zhong, J. M., Chenhwang, M. C., and Hwang, Y. W.. (1995)
Switching nucleotide specificity of Ha-ras p21 by a single amino
acid subsititution at aspartate 119. Journal of Biological Chemistry
270: 10002-10007.



