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Introduction

Cancer and carcinogenicity testing

Cancer is a collection of about 200 diseases
grouped together because of their similar
growth processes. Each cancer, regardless of

the part of the body it affects. is believed to
originate from a single >>transformed cell<<i A

transformed cell, and its progeny, may grow

and multiply to produce a tumour. Studies in

human populations and in laboratory ani-
mals have linked cancer with exposures to

certain substances. (Parke et a1., 1993). On
the molecular level the initiation of the can—
cer process lies in activation of protoonco—
genes, which are normal cellular genes, to
oncogenes. Oncogenes are formed in human
and animal tumours as a result of mutations

leading to the abnormal expression or func—

tion of protooncogenes. Because cellular on-

cogenes are mutated forms of normal cellu-
lar genes, they provide a clear indication of
the genetic targets that are altered due to ex-

posure to mutagenic carcinogens Therefore

the applicability of oncogenes as markers of
tumour development has been the subject of

intensive research in the past decade and a

clear connection has been shown between
the oncogene activation and carcinogenesis
(Cooper, 1992).

Carcinogens can be identified through epide—

miology, the study of diseases and their de-

terminants in human populations, and

through various laboratory tests. Laboratory
tests, which do not depend on human illness

and death to produce data, have been devel-
oped to identify carcinogens. Currently, the
testing of suspect chemicals in laboratory
animals, generally rats and mice, is the back-

bone of carcinogen identification. As the ani—

mals which have been given the suspect che-

mical die, or when the survivors are killed at

the end of the exposure period, a pathologist
examines them for tumours. The number and
types of tumours in the exposed animals is
compared with the number and types of tu-
mours in the >>control<< group of animals,
which are treated exactly as the experimen-
tal group except that they are not exposed to
the chemical under test. The finding of a sig—
nificant excess of tumours in the exposed ani-

mals compared with the number found in

controls in a well designed, well-executed

animal test for carcinogenicity leads to the
conclusion that the chemical is a carcinogen

in that species.

The new developments in testing are short-
term tests which require from a month to a
few months to complete, as compared to
long-term feeding experiments Which may
require a year or more. Such tests have been
under development for 15 years and most of
them depend on biologically measuring inte—
ractions between the suspect chemical and
the genetic material, DNA.

The best known test, the >>Ames-test«, meas—
ures mutagenicity in bacteria. Many chemi-
cals that have already been identified as car-
cinogens or non carcinogens in bioassays have
also been assayed in short term tests to meas-
ure congruence between the two types of

tests. Results from these >>va1idati0n<< studies
vary but up to 90 percent of both carcinogens
and non—carcinogens were correctly classified
by short-term tests (Balls et a1., 1991).

Potentials of transgenic technology

The ability to transfer oncogenes into the
germ-line of animals. which became avail-

able over 10 years ago has contributed to our
understanding of the function of oncogenes
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and their role in genetic diseases and cancer.
Although more than 40 oncogenes have been
identified, not all of these are frequently en-
countered in human neoplasms (Reddy et
al., 1988). Reproducible activation of about
20 oncogenes has been described in human

tumours and some of these genes, which rep-
resent potential markers of human neo—

plasms, have been used in the construction of

transgenic laboratory animal models for car-
cinogenicity studies.
Regardless of the technique used in con-
structing transgenic animals, the usual goal is
to introduce new (foreign) DNA in the form
of a defined gene (e.g. oncogene sequence)
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into the DNA of the host animal and have
this new DNA retained in host somatic and
germ cells so that it may be propagated
across generations (Jaenish, 1988). Introduc—
tion of foreign DNA into a host animal can
be accomplished in several ways. The most
commonly used method was devised by Gor-
don and Ruddle (1981) and involves the di-
rect micro-injection of purified DNA into
the pronucleus of a single cell embryo which
is then implanted into a pseudopregnant ani—
mal. Gene transfer efficiency with this me—
thod is high in mice, with up to 30% of the
animals originating from microinjected em-
bryos being transgenic.

Transgenic mouse

cell

Transgene
expression

 

Tumorigenesis is potentiated in the transgenic mouse by oncogene expression throughout a cell compart-
ment, creating a preneoplastic population from which a malignant clone eventually evolves. In a normal
mouse, mutation imposes significant risk only if the affected cell undergoes clonal expansion; expression
of a transgene obviates both these steps. Open circles denote normal cells; grey circles. cells that have
acquired one oncogenic alternation, either by transgenic expression or mutation; filled circles, malignant
cells.
From: ”Transgenic models of tumor development”. (1991) Jerry M. Adams and Suzanne Cory. Science,
V011254 p.1161-116ét

124



Another method for directing foreign DNA
into the host nucleus utilises retroviruses as a
shuttle mechanism. In this system small (gen-

erally < 9000 bp) segments of foreign DNA

are inserted into the retroviral genome.

These retroviruses are then used to infect

mouse embryos. This results in the produc-
tion of single integrants which are minimally
disruptive to host DNA but are rather ineffi-
ciently expressed. This, coupled with the size

limitation for introduced DNA and the diffi—

culty in making the recombinant retrovirus-

es, has made this a less attractive approach
for generating transgenic mice (Gordon,
1988).
A third method for generating transgenic

mice has recently come to the forefront be-

cause it offers the possibility for targeting
transgenes to particular sites in the genome.

This technique involves use of embryonic
stem (ES) cells. ES cells are pluripotent cells
established from normal embryos at the bla-
stocyst stage. These cells can be cultured and

manipulated in vitro and will contribute to
the embryo when implanted into normal bla-
stocysts and transferred to foster mothers.
Transfer of genetic material ('e.g. oncogenes)
is accomplished via microinjection, electro-
poration, or retroviral infection of the ES

cells (Capecchi 1989). One advantage of the
ES-cell based technique is that foreign gene-

tic material can be transferred into ES cells
and suitable Clones selected before the gen—

eration of transgenic animals. Mice generat—
ed from ES—cell inoculated blastocysts are

usually chimeric in both somatic and germ

cells for the novel trait. Crosses 0f heterozy-
gote transgenic permits the generation of ho-

mozygote transgenic and allows examination

of the phenotypic expression of the trait.

Transgenic mice models based on oncogene

insertion as models for carcinogenicity test-

ing

The introduction of oncogenes into mice is a

novel approach in investigating the cancer
process. The ability to generate oncogene-

driven tumours in transgenic mice holds
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great promise for providing us with a model

that closely approaches a >>spontaneous<< tu—
mour. Linking specific combinations of pro-

moter and structural oncogene elements can
result in reasonably predictable, site-specific

development of tumours (Figure 1).
A breakthrough in rapid carcinogenicity
testing in mice after treatment with a given

carcinogen came in 1986 when the first trans-

genic mice — the so called >>Onco-mouse«

which contained specific human oncogenes —
was developed and later patented by Philip

Leder and his colleagues at Harvard (Leder
et al., 1986). They produced multiple trans-

genic mouse strains containing a c—myc gene
fused to the glucocorticoid sensitive promo—

ter of mouse mammary tumour Virus
(MMTV). The majority of transgenic strains
expressed the myc gene in breast tissue and
developed mammary carcinomas.

The ras oncogenes in transgenic mice
The ras family of oncogenes has been impli—
cated in the development of neoplasms in a
wide variety of human and animal tissues.
Studies using transgenic laboratory animals
have demonstrated that activated ras onco-
genes can exist in normal cells for long peri—
ods of time before the onset of neoplasia

(Nielsen et al., 1991). More than 40 different
individual protooncogenes (c-onc) exist in
human genome (Cordaro 1989). They are di-
vided into families according to their prod—
ucts. The ras family c-K—ras and c- H-ras

code for the best known membrane—protein
associated group of oncogenes. Transgenic
animals carrying ras oncogenes have been
produced which express ras in a variety of tis—

sues with diverse effects. A transgenic mouse

model of ras—associated oncogenesis offers

several advantages for the study of human
cancer. Unlike most animal models of tu-
mourigenesis, transgenic c—H-ras mice have
an intact immune system. This permits study
of the role of immune system modulators in
tumour progression (Suda et al., 1987).
An important contribution into understand-
ing the effect of tumour inducers of different
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potencies have been made by Momma et al.
(1991). They have shown that transgenic
mice carrying an epidermally expressed v—H-
ras oncogene can serve as valuable model for
evaluation of tumour inducers. These homo-
zygotic transgenic mice were treated twice

weekly by topical application on the skin for
up to 20 weeks with inducers of different re—

lative potencies, where the most potent indu-
cer tested was TPA 2,5mg,> 2—butanone per—
oxide 5 mg > benzoyl peroxide 10 mg > acetic
acid 30 mg or acetone (the last two served as

controls). The study demonstrated a short la—
tent period and high incidence of papilloma
formation in all treatment groups except

those treated with acetic acid or acetone. in—
dicating that this transgenic mouse model is
highly sensitive to chemicals with tumourige—
nic activity.
Another c-H-ras transgenic mouse model for

carcinogenicity testing was developed by
Katsuki et a1. (1991). These c-H-ras transge-
nic mice were tested for papilloma formation
after a single topical application of 7,12‘di-
methyl-benz[a]anthracene. Significant num-
bers of animals produced papillomas and
carcinomas in as little as 6 weeks after treat-
ment.The same fast formation of papillomas
was obtained in the forestomach by the in-
traperitoneal injection of 660 ug MNU (N—
methyl-N-nitrosourea) into the same strain
of mice. In all 56 cases transgenic mice pro—
duced 2-12 papillomas each after 12 weeks.
Although the frequency of development of
spontaneous tumours is rather high in the c—

H-ras transgenic mice 50% develop tumours
within 18 months (Griesemor & Tennant,
1992). Transgenic c-H-ras mice have proven
useful in some carcinogenicity testing.

Transgenic models carrying activated v—H—
I’llS, c-myc, and c-neu oncogenes

Three strains of transgenic mice carrying the
V-H-ras. c-myc and c—neu activated onco—
genes under the control of mouse mammary

tumour virus (MMTV) regulatory signals
LTR’s were among the earliest models avail-

able for the study of carcinogenesis (Tennant
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et al., 1993). In order to determine if chemi-

cal carcinogens could alter the type of tu-

mours, the pattern and rate of tumour induc-

tion or pathogenesis of tumour development,
these three transgenic lines were exposed to

two carcinogens. These carcinogens were
chosen from among 150 chemicals that have
demonstrated carcinogenic activity in long—
term B6C3F1 mouse bioassays conducted by
the National Toxicology Program, USA

(Ashby & Tennant, 1991). One of the chemi-
cals was reserpine, a non mutagenic mamma-
ry gland carcinogen. The other, para—cresi-

dine is a mutagen which induces urinary
bladder carcinomas in male and female
B6C3F1 mice.
The carcinogens were both administered in
the diet at doses of 2.500-5000 ppm for para—
cresidine and 5-10 ppm for reserpine.
Exposure to para—cresidine did not appear to
have any effect on the oncogenic effects of
the transgene, or the resulting histopatholo-
gy of induced mammary adenocarcinomas.
However,although para-cresidine is mutage—
nic, did not induce tumours, even in tissues

known to express the transgenes.
Unlike para-cresidine, reserpine is a relative—
ly weak carcinogen and n0 tumours were in~
duced in any of the non-transgenic FVB/N
controls during the 9 month exposure period.
The National Cancer Institute. USA estab—

lished a 104 week bioassay in B6C3F1 mice

for the mammary gland carcinogenicity of re-

serpine. The overall tumour incidence was
only 15% and the tumours were detected

during postmortem examination at the end
of the 104 week of exposure (Bioassay for

Reserpine for possible carcinogenicity 1982).
In transgenic myc and neu mice treated with
reserpine multiple mammary gland tumours
were detected. There was also a high

frequency of tumours in control animals.
However, the incidence of multiple mam-

mary gland tumours was significantly in-
creased in treated females from both strains.
Also the incidence of mammary gland ad—
enocarcinomas was significantly increased in
the transgenic mouse strains carrying the V-



H-ras oncogene treated with 5 ppm reserpine
in the diet.
The results demonstrate, for these three

transgenic strains and two carcinogens. the
importance of the expression of the trans—
gene. The results also suggest that the effects
of a relatively strong carcinogen such as
para-cresidine are not altered by transgenes

that are transcriptionally targeted to specific
tissues; however, the carcinogenic potential

of a relatively weak carcinogen such as reser-
pine may be enhanced by oncogenes express-
ed in the target tissue (Rao et al., 1991).

pim-I oncogene in transgenic mice
Anton Berns and his colleagues produced
transgenic mice carrying the the pim-l oncov
gene under the control of its own promoter,
the Eu enhancer and the Moloney murine
leukemia Virus( Mo-MuLV) LTR’s (Berns et
al., 1989). All of these transgenic pim—l mice
express high levels of the transgene in their

hemopoietic tissues and eventually develop
lymphoma. The idea was to use these trans-
genic mice to study synergism between coop-

erating oncogenes. These mice show no ab—

normalities in their hemopoietic or lymphoid
organs in the early stages (van Lohvizen et
al., 1988). Only after a latency period, of up
to 8 months, do 10% of the transgenic mice

develop T-cell lymphomas, which is a rather
low tumour incidence. These mice are ideal
for identification of other genes whose ex-
pression or suppression will synergise with

pim-1 expression and lead to tumour forma
tion. The mechanism by which over—expres—
sion of pim-l mediates the enhanced suscep-
tibility to tumourigenesis is still unknown.
Eu pim-1 mice also have general applicabil-
ity in carcinogenicity testing. When Eu pim-

1 transgenic mice were injected With single

dose of the alkylating agent N-ethyl—N—nitro—
sourea (ENU) at 60 mg/kg body weight, all of
them developed T cell lymphomas, compar-
ed to only 20% of non—transgenic control

mice (Breuer et al., 1989). This indicates that
Eu pim-l transgenic mice are tumour prone
and that carcinogen treatment can accelerate
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lymphomagenesis. Also all ENU -induced
lymphomas showed high levels of c-myc on—
cogene m—RNA, supporting the notion that
pim-l and c—myc cooperate in lymphoma—
genesis. Eu pim-l mice were up to 25 times
more susceptible to ENU-induced lympho-
magenesis than nontransgenic mice and so

represent a highly sensitive in vivo system for

ENU induced lymphomagenesis. The suit—
ability of Eu pim-1 for studying the carcino-

genicity of other chemicals was tested at the
National Institute of Public Health and Envi-
ronmental Protection(RIVM) Holland by
performing short-term in Vivo carcinogenici-

ty tests. Eu pim-l mice were given by gavage
a dose of 13 mg/kg body weight of ben-

zo[a]pyrene 3 times weekly for 13 weeks
(Kroese D. personal communication). This
treatment was reported to be non—carcinoge—
nic in previous experiments using several
non—transgenic mouse strains (Montizaan et

al., 1989). A remarkable difference in the re—
sponse between transgenic pim—l mice and
the controls was observed after only 100

days. Transgenic mice developed lymphomas
much faster and 60% of Ep. pim—l animals
got lymphoma within 100 days. If this assay
had been carried out only with the mice of
wild type mice, benzo[a]pyrene would not
have been identified as a carcinogenic agent
in this test. Further examination of the appli—
cability of Eu pim-l mice for carcinogenicity
testing is in progress at the Institute of Toxi-

cology, National Food Agency of Denmark.

Transgenic Eu pim-l mice have been fed for

about 7 months with 003% of PhIP, a food
derived heterocyclic amine 2-amino-1-me-

thyl~6-phenylimidazo(4,5-b)pyridine, which
is a potent mutagen. So far this experiment

shows that 90 percent of transgenic Eu pim—1

females and 36 percent of males have devel-

oped lymphoma within 200 days (I.K.
Sorensen et.al., 1994 unpublished results).
An obvious indication of these experiments
is that this system. once further characterised

and validated, may be useful for the screen—

ing of industrial or environmental carcino—

gens.
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P-53 deficient mice as a potential model for
carcinogenicity testing

Two classes of genes have been identified that
influence tumour formation; tumour suppres-
sor genes, which act in a negative manner to

control cell growth, and oncogenes, which ap-
pear to function in a positive fashion. One tu-
mour suppressor gene being intensively stud-

ied is the p53 gene, whose product appears to
be involved in maintaining genomic stability

and control of cell division (Hollstein et al.,
1991). Mutations that inactivate the p53 gene
are the most common genetic alternation ob-
served in a wide variety of human cancers.
Compared to normal animals, transgenic mice
that carry a mutant p-53 transgene are much

more susceptible to tumour formation after
treatment with chemical carcinogens (Done-
hower et al., 1992). To investigate the role of
p—53 in tumourigenesis a null mutation was in—
troduced into the p—53 gene by homologous

recombination (knock-out mutation) in mu-
rine embryonic stem cells (Donehower et al.,
1992). Mice homozygotes for the null allele
appear normal but are prone to the spontane—
ous development of variety of neoplasms by 6
months of age. Some tumours develop very
early, Within the first 10 weeks of life and tu-

mour occurrence increases rapidly between
15 and 25 week of age. The increased prob-
ability of these mice to develop a wide range
of tumours makes them valuable for testing

suspected carcinogens. There is, however, to
date a lack of well performed carcinogenicity
studies in this transgenic mouse model.

Conclusion and Perspectives

In the examples quoted above, mice express-
ing an inserted oncogene in their tissues al-

most invariably develop tumours. The laten-
cy of such tumours is sometimes short and

the tumour can cause physiological distur—
bances which make maintenance and breed-

ing of these animals problematic. However,
transgenic animals are an excellent tool in

studying cooperation between oncogenes
and the process of carcinogenesis and have
already made an important contribution to
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our understanding of cancer. Experiments
have shown that activation of a single onco-
gene is not always sufficient for transforma-
tion. Studies of oncogenes in transgenic ani-
mals support the concept that activation of
multiple oncogenes and/or the inactivation
of oncogene suppressors represent one of the
steps in the process of tumourigenesis.
When an oncogene such as myc is transferred
to the mouse germ line under the control of
breast-cell specific promoter, the transgenic
animals develop breast tumours. However,
of thousands of breast stem cells in the
mouse only one or two become neoplastic.
This suggests that the presence of a single on-
cogene is not sufficient for tumourigenesis.
However, doubly transgenic mice, made by
breeding a myc transgenic with a mouse car-
rying a second breast—specific oncogene, de-
velop tumours much earlier and more fre—
quently. Two oncogenes are more efficient

than one (Adams & Cory 1991). Carcinogens
can directly activate oncogenes. There is
considerable chemical specificity in this acti—
vation, such that one chemical will produce a

characteristic mutation in the activated on-
cogene, while another carcinogen will pro-
duce a different mutation. Therefore trans-
genic animal models containing only one ac-

tivated oncogene can not be broadly used in
testing of the different carcinogenic agents.
As yet too few studies have been conduct-
ed with double transgenics to assess the use-

fulness of transgenic mice in carcinogenicity
testing. So far over two dozen tumour types
have been modelled in transgenic mice but
only a couple of them have been tested in
carcinogenicity studies (Eddy. 1993).
A high-light of the last decade was the dis-
covery of new genes that are responsible for
human cancers. The next decade should
bring about the characterisation of transge-
nic animal models that are susceptible to car-
cinogens leading to a more rapid and precise
categorisation of genotoxic carcinogens and
to a better understanding of the role of ge-
netic events in the process that results in can-
cer caused by chemical carcinogens.



Summary:
The ability to transfer oncogenes into the germ—
line of animals, which became available over 10
years ago has contributed to our understanding of
the function of oncogenes and their role in genetic
diseases and cancer.
Studies have been conducted with transgenics to
assess the usefulness of transgenic mice in short
term carcinogenicity testing. The next decade
should bring about the characterisation of trans—
genic animal models that are susceptible to carci-
nogens leading to a more rapid and precise cat-
egorisation of genotoxic carcinogens and to a bet-
ter understanding of the role of genetic events in
the process that results in cancer caused by chemi—
cal carcinogens.

Resumé
I lobet af det sidste am er det lykkedes at frem—
stille en raekke nye transgene laboratoriedyr med
forskellige onkogener (kraeftgener) indsat i deres
arvemateriale. Disse transgene dyr. har allerede
bidraget til bedre forstaelse af onkogenernes rolle
i udvikling af kraeft. Brug af disse transgene dyr.
bl.a. mus.ti1 in vivo testning at' kraeftfremkaldende
stoffer (carcinogener) er lige begyndt 0g de frem-
stillede dyre—modeller er under evaluering. Disse
dyr har Vist sig til at vzere przedisponeret til hurti—
gere udvikling af kraeft efter behandling med car-
cinogener. De opnaede resultater abner nye veje
til udvikling at' transgene dyre-modeller til kort-
tids testning af kraftfremkaldende stoffer. Trans-
gene dyre-modeller Vil endvidere bidrage til prae~
cis kategorisering af kemiske carcinogener. 0g til
bedre forstaelse af onkogenernes rolle i udviklin—
gen af krazft herunder betydningen af sammenspil—
let mellem de forskelligc onkogener i kemisk in~
duceret carcinogenese. I artiklen diskuteres bade
de hidtil fremstillede transgene muse—modeller til
brug for testning af kraeftfremkaldende stoffer
samt de transgene dyrs fremticlige perspektiver
som modeller til korttids in Vivo testning af poten-
tielt carcinogene stoffer.
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