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It is postulated that cancer is the result of genetic and epigenetic changes that occur
mainly in stem (precursor) cells of various cell types. I propose that there are three
classes of genes which are involved in the development of cancer. These are: Class I, IT
and III oncogenes. The classification is based on the way the oncogene acts at the
cellular level to further the development of cancer. Genetic changes, that is point
mutations, deletions, inversions, amplifications and chromosome translocations, gains
or losses in the genes themselves or epigenetic changes in the genes (e.g. DNA
hypomethylation) or in the gene products (RNA or protein) are responsible for the
development of cancer. Changes of oncogene activity have a genetic or epigenetic
origin or both and result in quantitative or qualitative differences in the oncogene
products. These are involved in changing normal cells into the cells demonstrating a
cancer phenotype (usually a form of dedifferentiated cell) in a multistep process. There
are several pathways to cancer and the intermediate steps are not necessarily defined in
an orderly fashion. Activation of a particular Class I or II oncogene and inactivation of
a Class III oncogene could occur at any step during the development of cancer. Most
benign or malignant tumors consist of a heterogeneous mixture of dedifferentiated cells
arising from a single cell.
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INTRODUCTION

Epidemiological analyses suggest that human cancer is caused by a combination
of environmental and genetic factors. Thus it is now recognised that cancer rates are
influenced by the environment (pollutants, combustive chemical exposure, viruses),
lifestyle (smoking, alcoholic beverages) and diet (presence or absence of anti-oxidant
factors, vitamins, fiber or fats) (1). It is thought that 909, of cancers are due to
environmental factors. The remaining 10 9% of all cancers can probably be attributed to
a hereditary component and to spontaneous mutations.

Molecular biological studies now emphasise the importance to human cancer of
changes in the quantitative or qualitative expression of particular classes of genes
collectively known as oncogenes (for reviews see refs. 2 and 3). Activation of these
oncogenes is the result primarily of mutations induced by chemicals, radiation or
viruses. However, there is also evidence that epigenetic changes influence
carcinogenesis (4, 5).

Several theories have been proposed to explain the development of cancer (6-12).
Some, such as the oncogene theory of Huebner and Todaro (8), have made significant
contributions to our understanding of the disease. However, the great advances in our
knowledge of the cancer cell in the last few years have made it clear that the situation is
very complicated. Recent progress in cloning and detailed characterization of cellular
oncogenes (for reviews see refs. 2 and 3), and the development of efficient gene transfer
methods (for a review see ref. 13), has allowed the formulation of new ideas and
concepts about cancer (2, 14, 15, 16).

In this paper I present a theory for the development of cancer taking into account
the advances made in the last 10 years of research in cancer.

A UNIFIED THEORY OF CANCER

Definitions

Mutation is defined here as a heritable genetic change in the cell. It is a change in
the genetic content of the cell and it can be a point mutation, a deletion or insertion of
one or more nucleotides, amplification of a segment of DNA, inversion or a
chromosome gain, loss or translocation. The essential point about a mutation is that
the genetic material of the cell is altered, not simply its expression.

An epigenetic change is an alteration in gene expression without any change in the
DNA sequence or genetic content of the cell. Although genetic changes can be
relatively easily identified, there are no appropriate detection systems for epigenetic
changes with the exception of methylation.

An initiated cell is a mutated cell with the potential to become a tumor or a
malignant cell.

A benign tumor is a local outgrowth of the initiated cell. When a benign tumor is
destined to become malignant it is called premalignant. A malignant tumor or cancer is
a tumor which has the ability to invade tissues and spread to distant sites. The term
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neoplasia (new growth) is used to encompass the whole range of benign and malignant
cell behavior. When necessary a tumor will be qualified as benign or malignant.

The concepts of dominance and recessiveness are complicated issues and beyond
the scope of this article. Because of these complications no attempt will be made to
classify the oncogenes in these terms. For most of them however, their behavior in
terms of dominance or recessiveness is totally unknown.

The cellular genes that influence the development of cancer either directly or
indirectly are termed oncogenes. These oncogenes are cancer related genes and they
can be divided into three classes. These are Class I, Class II and Class III.

Class I oncogenes act directly on a cell to give a transformed phenotype. They
were discovered through experiments of gene transfer of cancer markers (17-19) and
through retrovirus studies (for a review see ref. 2). The expression of transfected Class I
oncogenes in recipient cells implies that they act dominantly at the cellular level at least
in vitro. However, in vivo this may not be the case (20). So far, more than 30 such genes
are known but their number may be higher (2, 3). They can be subdivided into those
found in retroviruses (Table 1) and those not found in retroviruses (Table 2).

Class II oncogenes affect the transformed phenotype of the cell indirectly, that is
through the action of a Class I or Class III oncogene. More than 20 such genes are
known (Tables 3 and 4). They are associated with the conditions xeroderma
pigmentosum (at least 9 complementation groups), ataxia telangiectasia (at least 4
complementation groups), Bloom’s syndrome, Fanconi’s anemia and Cockayne’s
syndrome. These conditions have lesions in DNA repair or exhibit chromosome
instability and they behave recessively in a Mendelian fashion (for reviews see ref. 21,

Table 1. Class I oncogenes found in retroviruses

Gene Origin
1. src chicken
2. fps chicken
3. yes chicken
4, ros chicken
5. ski chicken
6. erbA chicken
7. erbB chicken
8. myc chicken
9. myb chicken
10. mht/mil chicken
11. ets chicken
12. rcl turkey
13. abl mouse
14. fos mouse
15. mos mouse
16. raf mouse
17. Ha-ras rat
18. Ki-ras rat
19. fes cat
20. fgr cat
21. fms cat

22 kit cat
23. sis monkey
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Table 2. Class I oncogenes not found in retroviruses

Gene Origin

1. neu Rat (neuro-glioblastoma)

2. N-ras Human (neuroblastoma/fibrosarcoma)
3. N-myc Human (neuroblastoma)

4. p53 Mouse, human

5.0nc D Human (colon Ca.)

6. Onc E Human (osteosarcoma cell line)

7. met Human (osteosarcoma cell line)

8. intl Mouse (insertion site for MMTYV)

9. int2 Mouse (insertion site for MMTYV)
10. piml Mouse (insertion site for MuLV)
11. bell* Human (rearrangement in translocation)
12. bel2* Human (rearrangement in translocation)
13. a-TGF* Rat (transforming growth factor)
14. Mlvi-1* Rat (insertion site for MoMSV)
15. Mlvi-2* Rat (insertion site for MoMSV)
16. Mlvi-3* Rat (insertion site for MoMSV)

* These have not yet been shown to have a transforming activity.

Table 3. Diseases in which Class II oncogenes may be involved

Disease Origin

1. Xeroderma pigmentosum Human
(9 complementation groups)

2. Bloom’s syndrome Human

3. Ataxia telangiectasia Human
(4 complementation groups)

4. Fanconi’s anemia Human

5. Cockayne’s syndrome Human

6. Immune deficiency syndromes Human

7. Peutz-Jeghers syndrome Human

8. Cowden’s syndrome Human

9. Albinism Human

10. Variations in estrogen metabolism Human

11. Down’s syndrome Human

12

Klinefelter’s syndrome Human
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Table 4. Class II oncogenes

Gene Origin
1. Mutator gene Hamster
2. X-LOR (trans-activator) Human (HTLVI)
3. Aryl hydrocarbon hydroxylase (AHH) Human

22). Mutator genes (23), or related genes that affect the metabolism of DNA,
carcinogen or hormones also fall into this group (Table 3). One such gene is the aryl
hydrocarbon hydroxylase (AHH) which is involved in the metabolism of carcinogens
(24). Also included in the same class are the genes that are involved in the immune
deficiency syndromes, disturbances of tissue organization like the hamartomatous
syndromes (Peutz-Jeghers and Cowden) and the X-LOR gene of the human retrovirus
HTLV 1 (25). Finally, constitutional chromosomal abnormalities such as Down’s and
Klinefelter’s syndromes have an increased risk for cancer (21,26) and the genes
responsible also fall into this class (Table 3). Thus, the ultimate result of having an
activated Class II oncogene, is predisposition to cancer. It should also be recognised
that the distinction between Class I and Class II oncogenes may be blurred at the
edges. For example genes like myc, erbA4 and X-LOR may function both as Class I and
Class II oncogenes, and in xeroderma pigmentosum the inactivation of a DNA repair
enzyme could be regarded as either a Class III or a Class II oncogene defect.

Class III oncogenes are genes, the absence of whose activity contributes to the
development of cancer (Tables 5 and 6). In two conditions, retinoblastoma (27, 29) and
Wilm’s tumor (30), the genes have been studied in some detail. They act recessively at
the cellular level, but behave dominantly in a Mendelian fashion and when inactivated
they predispose to cancer. Included in this group are the cancer genes in pediatric
predisposition syndromes such as the Beckwith-Wiedemann syndrome,
neuroblastoma, neurofibromatosis and medullary carcinoma of the thyroid (Table 5;

Table 5. Diseases in which Class III oncogenes may be involved

Disease Origin
1. Retinoblastoma Human
2. Wilms’ tumor Human
3. Neuroblastoma Human
4. Beckwith-Wiedemann syndrome Human
5. Neurofibromatosis Human
6. Medullary carcinoma of the thyroid Human
7. Adenomatosis of colon and rectum (ACR) Human

8. Familial breast cancer Human
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Table 6. Class III oncogenes

Gene Origin
1. p-Interferon human
2. B-Transforming growth factor (8-TGF) rat
3. Fibroblast growth regulator (FGR-S) mouse
4. Hepatic proliferation inhibitor (HPI) rat
5. Bovine glycopeptide inhibitor (BCSG) bovine

for a review, see ref. 31). Finally, this class also includes the genes for the adenomatosis
of the colon and rectum (ACR), familial breast cancer (for reviews see refs. 21, 32) and
those coding for negative regulators of cell growth such as the g-tumor growth factor
(B-TGF), p-interferon, fibroblast growth regulator (FGR-S), hepatic proliferation
inhibitor (HPI) and bovine glycopeptide inhibitor (BCSG) (for a review see ref. 33). It
is postulated that there are more than 100 of this type of genes, as many as the different
forms of cancer. However, only the first two examples in Table 6 (retinoblastoma and
Wilm'’s tumor) have clear-cut genetic evidence to assign them to the Class III oncogene
family. The other examples are conditions or genes which are believed to have a similar
behavior.

The Model

I present a model for the development of cancer (Fig. 1), the main features of
which are the following. A normal cell is converted to an initiated cell which carries one
critical mutation (initiation stage) which confers to it a proliferative advantage after the
action of promoters (promotion stage). Benign tumors are considered to be a
heterogeneous cell population with individual cells carrying one or more additional
mutations or epigenetic changes in addition to the initiating mutation. Both benign
and malignant tumors are therefore clonal with respect to the progenitor cell but

THE MULTI-STAGE PROCESS OF CARCINOGENESIS

sl
PROMOTION E 4 E E

% INITIATION ‘E
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NORMAL CELL INITIATED CELL E E
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e GENETIC TUMOR CELLS
EVENT
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TUMOR CELLS
(HETEROGENEOUS)

Fig. 1. The development of malignancy. The normal cell is represented by a square
divided into 25 small squares each one denoting a point wheee a genetic or epigenetic
change could occur. See text for details.
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heterogeneous with respect to acquisition of additional mutations. The tumor cells can
be converted to malignant cells after the action of progressors (progression stage).
Malignant tumors are a heterogeneous cell population with individual cells carrying
one or more mutations or epigenetic changes in addition to those present in their
parent tumor cells.

The Class I and Class IT oncogenes can be activated and the Class III oncogenes
can be inactivated in any of these stages. Oncogenes cannot be rigidly classified into
“immortalization” or “tumorigenic” groups (34) in this model since they can act on
any of these stages. However, in some cases preferences in oncogene activation may be
occurring at a particular stage of a particular tumor.

Although the above processes of initiation, promotion and progression are
involved in the conversion of a normal to a cancer cell, it should be pointed out that
cells at all three stages can be obtained at very low frequencies by spontaneous genetic
or epigenetic changes.

It is also important to note here that while an initiated and a tumorigenic stage are
essential to cancer development, not all initiated or tumorigenic cells necessarily
develop into malignant cells.

RESULTS AND DISCUSSION

Multistage Carcinogenesis

The evidence that a number of distinct steps is involved in the formation of a
malignant cell comes from studies of experimental cancer induction in animals (35), in
vitro cell transformation assays (36), histopathological (7) and biochemical (37)
analyses of tumors and from epidemiological studies in man (38).

Circumstantial evidence for the role of mutation in the genesis of cancer came
from the following observations. 1. Most carcinogens are mutagens (39). 2. There is a
relationship between the induction of mutations in cells in culture and the appearance
of the transformed phenotype (40). 3. The existence of specific chromosomal
abnormalities associated with certain cancers (41). More direct evidence comes from:
4. A predisposition to certain cancers which is inherited in a clear Mendelian fashion,
e.g. retinoblastoma (42) or xeroderma pigmentosum (43), and 5. The isolation and
characterization of transforming oncogenes (for reviews, see refs. 2, 3).

Whereas some polygenic disorders exist in man, many disorders and traits have
been found to be determined by single genes. In the fourth edition of Mendelian
Inheritance in Man (44), 2336 certain or possible single gene traits are listed. Of these 200
(9%) have neoplasia as a sole feature, an occasional finding, or a rare complication
(45). Therefore, it is reasonable to assume that the potential number of Class I, Class 11
and Class III oncogenes is not likely to exceed 9 ¢; of all human genes. This is because
mutations of many genes (perhaps most) may give rise to neither cancer nor any
detectable Mendelian trait or syndrome.

Studies on polygenic disorders with an increased risk of cancer can be divided into
ethnic differences in cancer incidence and family studies. Both these types of analyses
have provided evidence for the existence of multiple genetically determined traits
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affecting cancer risk. Colonic carcinoma patients may be predisposed to cancer as a
result of at least eleven different inherited traits (21, 46).

Oncogenes and Their Involvement in Carcinogenesis

There is now good evidence for the existence of these genes in the human genome
and their importance in human cancer. Following the initial experiments on the
transfer of cancer markers via metaphase chromosomes (17, 18) using the calcium
phosphate technique of Graham and Van der Eb (47), an explosion in the field of
oncogene research has occurred in the past 10 years which has resulted in the isolation
and characterization of Class I oncogenes and their products (for reviews see refs. 2, 3).
One such group of Class I oncogenes, the ras family, which are the cellular homologues
of the retroviral Harvey and Kirsten ras oncogenes, are activated by mutation of the
structural gene in at least 209, of human tumors (20), and in 709, of chemically-
induced tumors in several animal model systems (48-50). Taking into account other
forms of oncogenic activation, e.g. elevated expression of the normal gene by
regulatory mutations or by gene amplifications, the percentage of human tumors
carrying activated ras oncogenes may be higher (51-54). Given the occurrence of
tumor heterogeneity (53) and the multiple choice for oncogene activation in the
multistage pathway of cancer (16), this theory fits in well with these findings.

Progress has been slower on the molecular characterization of Class II and Class
I1I oncogenes. However, cloning and partial characterization of the first DNA repair
gene has been reported (56) and the retinoblastoma RB-1 gene has been mapped to
band q14 of human chromosome 13 (28, 29).

The role of individual oncogenes in multistage carcinogenesis is not well
understood at present. However, there is strong evidence that the ras and myc
oncogenes can be activated at all three stages of carcinogenesis. Thus Ha-ras is
activated at early stages of carcinogenesis (20, 49, 51, 53, 57, 58), intermediate (57, 59,
60), as well as late (61-63). Similarly, the myc oncogene has been implicated in early
(64), intermediate (16, 59, 65), and late (66) stages. Thus oncogenes cannot be strictly
placed into rigid categories (34) according to the steps in which they might act during
carcinogenesis (16). The apparent lack of tissue specificity of some oncogenes, €.g. ras
oncogenes have been found to be activated in a variety of tissues such as bladder,
colon, gall bladder, liver, lung, pancreas, etc. (for a review see ref. 20), is another
emerging principle consistent with the model presented here.

Genetic Mechanisms of Carcinogenesis

A large variety of mechanisms for the activation of oncogenes have been
uncovered (Fig. 2) and their main features are summarised below.

Transduction

Transduction is the process by which a transforming retrovirus carrying an
activated oncogene infects a cell and converts it into a cancer cell. This has been shown
to occur frequently in tumors induced by feline retroviruses where a naturally
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MECHANISM EXAMPLES
1. TRANSDUCTION Feline leukemia
2.INSERTIONAL ALV lymphoma,
MUTAGENESIS MMTV mammary carcinoma

3.(HROMOSOME ... @ Burkitt's lymphoma
!. € -onc

TRANSLOCATION CGL
chrom.a cwom b Mouse plasmacytoma

& MUTATION Carcinomas,
(STRUCTURAL OR —‘}'—{1;1'{}-{:}— Sarcomas,
REGULATORY) o Leukemias
5.AMPLIFICATION —3{O-0- —» wn(-0-CHO-HL6O
c-onc

c-onc  Neuroblastoma
Lung carcinoma

6. TRANS - ACTIVATION HTLV-1
e-ent  HTLV-II

—_
7. MODULATION —H— - Mutator gene e o
c-onc c-mos LCarcinogen hypersensitivity

Faulty DNA metabolism
8. DELETION —{—— = —dl— potinoblastoma

Anti - !
(Recesaive one) Wilm's tumor

Fig. 2. Genetic mechanisms for carcinogenesis. See text for details.
V-onc, viral oncogene; c-onc, cellular oncogene; E, enhancer; M,
mutation; Anti-onc, antioncogene; del, deletion.

occurring slow transforming retrovirus recombines with cellular proto-oncogenes. The
transduced oncogenes in these cases behave abnormally (67, 68). The oncogenes
present in transforming retroviruses belong to Class I.

Insertional Mutagenesis

In insertional mutagenesis, the slow transforming retrovirus, mainly the long
terminal repeat (LTR) sequences containing the transcriptional enhancer and
promoter elements are inserted next to a cellular oncogene, e.g. c-myc, and activate its
transcription (69). Insertion can occur either upstream or downstream of the cellular
oncogene. This mechanism was originally named the promoter insertion hypothesis
because transcription initiated at the viral promoter. However with the discovery of a
transcriptional enhancer in the LTR and the demonstration that in many cases the
virus does not provide a promoter for the proto-oncogene, this terminology may not
be appropriate and enhancer insertion has been used to describe this type of
mutagenesis (for a review see ref. 2).

Recent transfection experiments in vitro have shown that when a retroviral LTR is
covalently linked to the ras cellular oncogene and transfected into rodent cells,
oncogene activation occurs and produces cell immortalization (57) or tumorigenic
conversion (16, 57, 60).

So far, insertional mutagenesis has been observed and studied experimentally
only with Class I oncogenes, but it is possible that a similar mechanism occurs with
Class II oncogenes (activation) and Class III oncogenes (inactivation). For some Class
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I oncogenes such as myc and fos, negative regulatory elements are thought to be
located within or near the gene and may play an important role in their expression.

Chromosome Translocation

This mechanism operates when chromosome translocation activates a cellular
oncogene located near the chromosome break point (70-74). One of the best studied
chromosomal translocations is Burkitt’s lymphoma where the long arm of
chromosome 8 carrying the myc proto-oncogene and one of the loci of chromosomes
14, 2 or 22, carrying the immunoglobulin heavy or light chain genes are involved.
Similar translocations involving chromosome 15 and the immunoglobulin gene loci on
chromosome 6 and 12 have been described in mouse plasmacytoma (for a review see
ref. 70).

The localization of the human myc oncogene on chromosome 8 and its fusion to
immunoglobulin heavy chain genes on chromsome 14 has provided important clues
for its activation. In some t(8:14) translocations the myc gene is separated from its
natural promoters, whereas in others the breakpoints are upstream (72, 75). In almost
all variant translocations (8:2 and 8:22) the chromosomal break points are far
downstream of the myc gene (76, 77). More recently it has been shown that truncation
of exon I from the myc gene results in prolonged myc RNA stability (78, 79). Therefore
post-transcriptional mechanisms may well operate in this system. Although only Class
I oncogenes such as myc or abl (80) are known to be activated by chromosome
translocations, theoretically at least it is possible that Class II and Class III oncogenes
could also be activated or inactivated respectively by similar mechanisms.

Mutation

The first demonstration of oncogene activation by point mutation was obtained
from studies with the Ha-ras1 oncogene in the T24 human bladder carcinoma
cell line (81-83). Subsequent studies of human tumors showed that ras activation was
produced by single amino acid substitutions at positions 12 or 13 or 61 of the ras p21
product (84, 85). In vitro mutagenesis studies have shown that amino acid substitutions
at positions 59 and 63 can also activate the Ha-ras gene (86, 87). Moreover, chemical
carcinogens can activate the Ha-ras oncogene in the rat by causing a mutation in
codon 12 (48). These studies suggest that activation can occur by mutation of a small
number of codon positions in the structural Class I oncogene. Activation by mutation
in Class II oncogenes and inactivation in Class III oncogenes may occur in a similar
manner.

Amplification

Amplification of several oncogenes including myc, N-myc, myb, Ki-ras, abl and
erb B has been found in several human cancer cell lines and in fresh human tumors (54,
58). The amplified oncogene is often associated with double minute chromosomes
(DMs) or homogeneously staining regions of chromosomes (HSRs). Amplification
could occur for any of the Class I, II or III oncogenes.
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Trans-activation

The human retrovirus HTLV I encodes a gene, X-LOR, whose product acts in
trans to produce transcription from the viral LTR promoter and probably from other
cellular promoters (25, 89). Similarly the product of the adenovirus EIA gene activates
certain cellular genes and represses others (90, 91). Trans-activation is a property of
some Class II oncogenes. However, in contrast to the HTLVI X-LOR and
adenovirus EIA genes, no cellular genes are known to function in a similar fashion.

Modulation

Several genes can be placed in this category. Their activated forms could cause the
cells sensitivity to UV light or chromosomal instability (i.e. xeroderma pigmentosum
or ataxia telangiectasia (for a review see ref. 22) and increased mutation frequencies and
rates of other genes (mutator gene) (23). Modulation is a property of some Class 11
oncogenes. Modulator genes can activate a Class I or Class II oncogene.

Deletion

This type of gene inactivation is particularly associated with oncogenes which
predispose to cancer but behave in a recessive cellular manner and the cancer
phenotype appears when both alleles are inactivated. Their presence has been well
documented in Drosophila melanogaster in which at least 24 recessive genes have been
identified. Defects in these genes cause tissue specific tumors (92).

There is increasing evidence that human retinoblastoma is caused by a similar
type of mechanism (28, 29). A gene (RB-1) associated with human retinoblastoma
maps to band q14 of human chromosome 13. Loss of activity is thought to arise by a
variety of mechanisms such as non-disjunctional loss of a normal chromosome 13,
duplication of a single mutated chromosome 13, loss of the normal mitotic
recombination, or a gene conversion event (28). These results strongly support the
theory proposed by Knudson (42) that this particular tumor arises by two mutational
steps resulting in homozygosity of mutations at the RB-1 locus. Although a deletion
will inactivate a Class III oncogene, the loss of whose activity contributes to cancer, as
demonstrated in retinoblastoma and similarly found in Wilms’ tumor (30), it is
conceivable that deletions could activate Class I and Class II oncogenes.

Epigenetic Mechanisms of Carcinogenesis

Tumor Promotion and Progression

The major effect of tumor promoters is the specific expansion of the initiated cell
population in a target tissue. The promotion phase is initially reversible, later becoming
irreversible.

Studies using cell culture systems have suggested that the primary action of tumor
promoters takes place at the cell membrane (for a review see ref. 93).

The mouse skin tumor promoters have different potencies. Some like the TPA (12-
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O-tetradecanoylphorbol-13-acetate) are strong, others like benzoyl peroxide are
moderate and some others like iodoacetic acid are weak in their promotion effect (94).
It is presently thought that tumor promoters do not bind covalently to DNA and are
not mutagenic, they exert their effect on the initiated cell by causing important
epigenetic changes. Apart from causing morphological and biochemical changes, the
phorbol esters and other tumor promoters induce inflammation and epidermal
hyperplasia in the mouse skin model system (94).

However, in addition to the epigenetic effects of tumor promoters it has also been
found that they have an effect on the genetic material of cells. Thus it has been shown
that tumor promoters cause gene amplification (95), mitotic aneuploidy in yeast (96),
enhancement of irreversible anchorage-independent growth in mouse epidermal cell
lines (97), synergistic interactions with viruses in enhancing cell transformation (98),
and sister chromatid exchange (99). These genetic events caused by the tumor
promoters may be responsible for the irreversible portion of promotion. Furthermore,
it has been shown that tumor promoters enhance oncogene-induced transformation of
C3H10T1/2 mouse cells (100).

Progressors are carcinogens, tumor promoters or hormones which act on tumor
cells to convert them into malignant cells. Like promoters, progressors can cause both
epigenetic and genetic alteration in the tumor cells. Progression is often characterized
by the occurrence of extensive heterogeneity in the malignant cell population.

Differentiation

The development of malignancy involves genetic changes that uncouple the
normal balance between multiplication (growth) and differentiation. There are several
ways to uncouple the normal controls for growth and differentiation and several ways
for the cells to become malignant.

Evidence obtained with various types of tumors including myeloid leukemias
(101) and teratocarcinomas (102) suggests that malignant cells have not lost the genes
that control normal growth and differentiation. Phenotypic reversion of malignancy in
leukemic cells was obtained by induction of the normal sequence of cell differentiation
by the normal differentiation factor (101). In this reversion of the malignant phenotype,
halting cell multiplication in mature cells by inducing differentiation by-passes the
genetic changes that produced the malignant phenotype. This by-passing of genetic
defects is presumably also the mechanism for the reversion of malignancy by inducing
differentiation in other types of tumors such as teratocarcinomas, neuroblastomas and
erythroleukemias.

An example of tumors which are thought to arise by epigenetic mechanisms is the
spontaneous and experimentally-induced teratocarcinomas in mice (102). The
interpretation of these results is that potentially reversible, epigenetic changes which
occur during the development of these tumors are analogous to changes which occur
during normal differentiation.

Similarly, results on the carcinogen induced morphological transformation of
early passage Chinese hamster cells (36) and on the radiation-induced transformation
of C3H10T 1/2 cells (103) suggested that malignant conversion of these cells may be °
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due to epigenetic, as well as genetic changes, in order to explain the abnormally high
frequencies of transformation.

Hypomethylation

Another type of epigenetic mechanism that could result in the alteration of an
oncogene function is hypomethylation. It has been found that several carcinogens,
including some for which there is no evidence of covalent interaction with DNA,
induce hypomethylation (5, 104-106). Decreased levels of DNA methylation at the 5-
position of cytosine (4, 5) induce activity of several genes. Moreover, in some primary
human tumors the Ha-ras and Ki-ras oncogenes were hypomethylated compared to
the normal tissues adjacent to the tumor (107). These results suggest that activation of
oncogenes can be induced by chemical carcinogens not only by direct DNA damage,
but also as the result of stable DN A hypomethylation. It is of interest to note that the 5-
methylcytidine analogue, 5-azacytidine, which is incorporated into DNA but cannot
be methylated, activates various genes (for a review see ref. 4).

CONCLUDING REMARKS

There is strong evidence to suggest that cancer is a genetic disease at the cellular
level. Although environmental factors are of predominant importance in the cause of
human cancers, it has been well established that there is also an inherited component.
The combination of environmental factors together with inheritance result in the
development of cancer.

Advances such as the isolation and characterization of cellular oncogenes, the
development of a variety of efficient gene transfer methods, the great sensitivity of
nucleic acid hybridization techniques and the production of monoclonal antibodies
opened up new areas of cancer research and helped to get a better insight into the
causes and mechanisms of carcinogenesis. Oncogene research in particular has
accelerated at an explosive rate during the past decade and continues to do so because
of its importance in the understanding of human cancer.

The model described in this paper proposes that all forms of cancer are due to a
mixture of heritable changes in the cell genome occurring throughout the development
of cancer cells and epigenetic changes occurring at the stages of tumor promotion and
progression. Conceivably, both genetic and epigenetic mechanisms are associated with
the initiation and maintenance of the malignant state, but little is known about the
epigenetic contribution to these states. This model is supported by in vitro .cell
transformation experiments and is also consistent with the findings that some
oncogenes at least are not tissue specific. This model represents the first effort to
incorporate all genes which may contribute to cancer into a unified framework. It is my
hope that this will stimulate further thought and experimentation in this area of
research.
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