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I. Introduction and Definitions

The first need in any area of research is to define the problem. Lack of
precise definition is hampering the elucidation of mechanisms of carcino-
genesis both by epidemiological and by experimental means.

Most cancer research workers would agree that “carcinogenesis” refers

. to “the induction of cancer”, but differences between their individual
images of “cancer” are legion. Doubtless most share a similar picture of
the usual course of the terminal stages of cancer in man - of a slowly

+  Kkilling, invasive and disseminating process, associated with the prolifera-
tion of abnormal body cells. But, of the earlier stages of the disease, either
in the clinic or in the laboratory, views differ according to knowledge and
particular experience. Lack of anything like a common image is currently
making cancer research a much more confused subject than it need be.

Although numerous infective agents that cause a wide variety of disease
states are recognized, it is still useful to be able to use the term “infectious
disease”. Undoubtedly an equally large number and even wider range of
aetiological agents are involved in the genesis of the cancerous state.
Nevertheless, even some of those who could be expected to know better
still speak of ““the cause” of cancer, as though cancer were a single disease
entity.

Because cancer is in reality a group of diseases, and because multiple
factors may contribute to its causation, it can only be defined in general
terms which avoid any reference to aetiological mechanisms. Elsewhere
(Roe,¥1966a) we have suggested as a definition: “Cancer is a disease of
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multicellular organisms which is characterized by the seemingly uncon-
trolled multiplication and spread within the organism of apparently
abnormal forms of the organism’s own cells”. Unfortunately neither this
nor any other general definition meets the needs of all cancer researchers
of all disciplines.

In some senses the morbid anatomist is in the best position to lay down
the criteria that have to be fulfilled for a diagnosis of cancer to be made. He
has the opportunity to examine the whole body macroscopically and micro-
scopically and to establish the complete pattern of the disease state at one
point in time — the time of death. Despite these advantages, even he is some-
times in doubt with regard to the diagnosis. If death is incidental to the
disease state that is suspected of being cancerous (e.g. a possibly cancerous
lesion is discovered at necropsy on a patient who died from some other
cause), his findings may well be equivocal and subject to differences of
opinion between himself and his colleagues. There are no hard and fast
lines which separate the appearance of inflammatory, hyperplastic and
neoplastic states. The classification of cancers into microscopically dis-
tinguishable types is the subject of even greater and more frequent differ-
ences of opinion between pathologists. For most experienced pathologists
the areas of uncertainty are not wide, but they exist. When errors are
made they are reproduced by the epidemiologist who bases his survey on
necropsy findings - so that a distorted picture of mortality from a partic-
ular type of cancer may emerge. In the laboratory the cancerous nature
of a lesion may be checked by seeing if it will grow as a tumour on trans-
plantation into other genetically similar (syngeneic) animals of the same
species. Growth of the transplant should certainly not be accepted as an
absolute criterion of malignancy, but it is a procedure that may be helpful
in some circumstances. Clearly this aid to precision is not available to the
human pathologist.

In clinical practice the pathological diagnosis of biopsy specimens is
more open to error than necropsy in so far as the information and amount
of tissue available to the pathologist is much less. In many cases his report
is in reality a prognostication based on previous experience of patients with
lesions of similar macroscopic and microscopic appearance. The use of the
word “malignant” in the pathological report is to be interpreted as ‘““treat
radically”. But the “previous experience” on the basis of which such
reports are made is sometimes ill-defined. Often it is not personal, but
based mainly on the work of other observers. If radical treatment is
recommended and followed, there is no means of knowing whether it was
justified or not. Hence there is no feed-back of information that tells a
pathologist that he is overdiagnosing malignancy. Under the most favour-
able conditions errors of judgement by pathologists are probably in-
frequent, but the potentiality for them increases sharply with distance
from the necropsy department of the teaching hospital, and the margin
of error in relation to epidemiological studies not based on pathological
diagnosis is very wide.
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Two aspects of cancer diagnosis are especially relevant to the present dis-
cussion, namely the concepts of the pre-invasive carcinoma and of latent
carcinoma. The criteria for diagnosis of such lesions are far from generally
agreed. Franks (1954), from a study of serial sections, has reported the
presence of small foci of latent carcinoma in a considerable proportion of
human prostates, the proportion increasing with age. He and others have
described latent carcinomas in the lung and a number of other tissues. On
the other hand, Whitwell (1955) and Cunuingham ef al. (1958) decided that
the small neoplastic-like lesions or “tumourlets”, often seen in association
with bronchiectasis or chronic lung abscess are not true neoplasms. If an
unknown proportion of such small and symptomless lesions were to be
counted as examples of cancer, then it would become more or less impossible
to arrive at a meaningful estimate of the human cancer burden.

In relation to this burden, ideally one would like to know the numbers
and times of appearance of each type of cancerous lesion in every individual
within a defined population. The study of correlations between genetic
factors, environmental factors, and the incidence and progress of particular
types of lesion would constitute the first logical step in the elucidation of
the mechanisms of carcinogenesis involved.

The experimentalist is much better placed in the search for meaningful
associations between the incidence of cancerous lesions and the operation
of genetic and environmental factors. He can formulate, and rigidly adhere
to, diagnostic criteria for malignancy and can, to a large extent, study the
effects of single genetic or environmental factors whilst controlling the
rest. Unfortunately, individual experimentalists often fail to take full
advantage of these opportunities and the literature on experimental
carcinogenesis is unnecessarily confused because of this.

As will be concluded below, it may well be that the value of many labor-
atory experiments in the field of carcinogenesis lies not in the fact that they
reveal information of any basic relevance to the mechanism of induction of
any form of cancer in man, but that they point to methods whereby the
aetiology of particular forms of human cancer may be investigated. The
study, however detailed in other respects, of pathologically and epidemio-
logically ill-defined lesions in genetically uncharacterized populations of
laboratory animals is not very likely to be of much value in this latter
connection.

II. Multi-factorial Causation of Cancer

If exposure to a particular agent is regularly associated with the sub-
sequent development of cancer under a wide variety of circumstances and
in a wide variety of species, it seems reasonable to regard the agent as
“carcinogenic”. Experiments with such agents are easy to perform and
results that are both acceptable and quantifiable are more or less assured
even if only scant attention is paid to the control of background genetic or
environmental factors. More careful studies usually show that the effects
of such agents may be modified by other agents operating simultaneously or
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sequentially. Depending on the direction of the modification, such agents
have been regarded as exerting co-carcinogenic or anti-carcinogenic effects.
In a recent review (Roe and Rowson, 1968) an attempt was made to list
some of the ways in which modification may be brought about (see Table I).

Many examples are known in which the mechanism of modification is
so obvious that one would hesitate to use the term co-carcinogenesis or anti-
carcinogenesis to describe them. Thus in skin carcinogenesis experiments,
lipophilic solvents which aid absorption, enhance carcinogenesis by poly-
cyclic aromatic hydrocarbons in comparison with oily solvents which retard
it (Riska, 1956). In germ-free mice the oral administration of cycasin gives
rise to no neoplasms, whereas in conventionally maintained animals whose
intestines contain bacteria which degradate cycasin to a potent carcinogen,
intestinal tumours arise (Laqueur et al., 1967). The elucidation of the
reason why germ-free and conventional animals behave differently obvi-
ates the need to regard the bacterial flora as co-carcinogenic. What would
have been the position if the mechanism was not apparent?

This question raises a more general problem. There are situations in
which the distinction between carcinogens and factors which enhance the
co-carcinogenicity of other agents is difficult. The induction of malignant
lymphoma in mice may be taken as an example. A high proportion of mice
of the AK strain develop the disease spontaneously. A peculiarity of the
strain is the poor development of the adrenal cortex and low level of
adrenocortical secretion. Administration of cortisone or corticosteroids
reduces the incidence of the disease. Associated with the poor develop-
ment of the adrenal cortex in AK strain mice there is a hypertrophy, or
more correctly, a persistence, of the foetal state of the cortex of the
thymus. A group of viruses (including Gross Passage A virus, Maloney
virus, and Graffi virus), carried regularly by mice of several strains, may
react with the primitive cells of the thymic cortex in such a way that
lymphoma eventually develops. Any factor or agent which favours the
persistence of a wide zone of foetal cortical cells in the thymus favours
the development of malignant lymphoma. Adrenalectomy and the admin-
istration of oestrogens do this; in other words, these treatments make mice
of various other strains similar to the AK strain in respect of thymic
status. X-radiation causes first a partial destruction, and then a rebound
and fairly persistent hyperplasia of the thymic cortex. It is unlikely that
any of these procedures would predispose to lymphomagenesis in the
absence of one of the lymphoma viruses. Genetic factors influence not
only the extent of the thymic cortical overgrowth in response to stimuli,
but also the susceptibility of mice to the carrying of the necessary viruses.

It is now known that viruses, such as the Gross Passage A virus, may act
as helper viruses by providing the information necessary for the production
of the protein coat for yet another virus, the mouse sarcoma virus (Har-
vey and Maloney strains), though there is no evidence that the mouse
sarcoma virus is itself involved in lymphomagenesis. At present, therefore,
the closest we can get to identifying the true basic cause of malignant



491

MECHANISMS OF CARCINOGENESIS

13

S[[90 pawIo}

-suerl woij dojoasp
(epG61 ‘wWnjquaIag)
9ZIS [BOTILID

Jo sJ[90 Jo ssuord
1eyl yons (JuelLLar
ue Aq €8+9) erserd
-19d4y jo uononpuy

snjels [euonl
-LIINU JO [EUOULIOY
Ul SUONBIdY

UIDISAS DUSJ
-3p Teo1Sorounuurwur
Jo uonrqryuy

UOIBAIIOR dUOWLIOY

J0 ersejdelaw Jo Iynsax
& sé JudSe Suronpul

01 a1qndoosns S[[a0 Jo
wonxodoxd ur asearouy

d1e1s AIOJBWIWIEB[jUL

Jo 1uowrysi[qe1s? Jorrd
£q 1ua8e Surnput o1
onssn 1338181 Jo amsod
-X3 JO JudWsduByUg

udSourored Jo
UONBOYIX019p IO Uoll
-9I0Xd IIM 9DUIISJINUT

€ SUIdISAS 20UdJp
JeINI[39 JO JO S[2AJ]
Apoqniue SunemoIn

Jo uorssaxddns £q 89

4 ‘onssn 198181 91 01
Apoq a1 uryim 11o0d
-SueIl s1I Jo I0 Apoq ojul
Jua8e Suronpur Jo uon

*I ~dIosqe Jo UONIBIIIOR]

o

—

$90I0J O11BISOWOY
J3Y10 01 [[30 PaWIO]
-suen jo Auqndao

-SN§ JO uononpay ‘g

SWISAS D0UIJIP
[eo1Sorounuuur jsurede

[[99 pawLIoJsuesl

91 Jo uonodalord I

Jone]

Y1 JO JOARJ UI ALIED
£33 sasnaIIA 33 Jo
pue s[[20 Jo uoneord
-9I U39M19q dUB[eq
M 9OUIIAIUT

UOI1BUIIOJSUBI]
01 9[qndaosns dx0ur St
1 JBY3 YONs [[90 91
Jo 21818 Teo130101sAyd
9U1 ur uoneIdlfe uy

SWIRISAS SWAZUS uor
-BOYIXO019P JO IO ‘U0IS]
-131ul Jo uononpoid

941 Jo uomiqryur ¢3+
‘UOIIBUWIIOJSUBI] SISISAX
[120 £qaioym ws[ue
~103W YIIM 0USIDJINU]

1190 3Y1 Uryiim

911s 398181 91 01
110dsueIl SII 10 [0
olur juade Suronpur Jo

A11us Jo uonelOR] *

<

S[99 Jo
snyeredde onouas a3 uo
Aqrennuanbas 10 A[snosuel

-[nwiIs 1oe sjuase ylog

1uswrdo[aAsp Inown J,

UONBULIOJSURI] [[3D)

1uowdoroAsp Jnown,J,

UONIBWIOJSURI] [[9D)

Ayrpour 01 [2A9] anssn oY1 e Sunerado 101081

AJIpowt 01 [9A9] Ie[nj[ao 3yl Je Sunerddo s10108g

sIsauagouroIed
[eLIOIOBIIINWI NI T,

SISOUS30UIdIEd Ul 10BIdIUL AW

[ a1av],

S1U98e ISYI0 PUB SISNIIA YOIYM AQ SWSIUBYOIW WO




492 F. J. C. ROE

lymphoma in mice is that it is one of a group of viruses. In the past, how-
ever, many other agents, including some of those mentioned above, have
been regarded as causative.

Morton and Mider (1938) reported that certain carcinogenic polycyclic
hydrocarbons predispose to malignant lymphoma in mice. Later Kawamoto
et al. (1958) reported a similar response in respect of urethane. The adminis-
tration of quite small doses of these agents to mice when they are newly born
is especially evocative of lymphomas (Pietra et al., 1959). The lymphomas
that arise in response to these chemical agents are indistinguishable from
“virus-induced” lesions which suggests that the chemicals do no more than
enhance the lymphomagenic effect of viruses carried naturally by the mice.
Thus, although there is abundant evidence from experimental studies in
other systems that the polycyclic hydrocarbon and urethane referred to
above may act as true carcinogens, it seems that in relation to the induction
of lymphoma in mice their usual or sole role is one of co-carcinogenesis.

There are other examples of known carcinogens acting as co-carcinogens
under certain circumstances. The administration of immuno-suppressive
agents, such as X-radiation, prednisolone, cortisone, 6-mercaptopurine or
methotrexate, change the response of rabbits to Shope fibroma virus from
a trivial local reaction to one of generalized fibromatosis (see Roe and Row-
son, 1968, for review). Coal tar, or carcinogens such as 3-methylcholan-
threne (MC) or 3,4-benzopyrene (BP), may bring about the same type of
enhancement (Ahlstrom and Andrewes, 1938). The evidence suggests
that MC and BP bring about the enhancement not by reason of their
carcinogenicity, but because they too suppress immune responsiveness
(Stjernsward, 1965; Ball et al., 1966; Weston, 1967).

There are, then, many examples both of multifactorial carcinogenesis
and of known carcinogens modifying carcinogenesis by other agents. It
follows that there is a real risk of confusing carcinogens and co-carcinogens,
and that, in general, it is wrong indiscriminately to use as adjectives terms
such as ““carcinogenic” or “‘co-carcinogenic” in relation to individual agents
without reference to the particular biological systems and conditions in
which the adjective applies.

III. Investigation of Mechanisms

Because of the diversity of ways in which numerous factors may interact
to bring about cancer, it would be presumptive for any worker to assume
that a particular mechanism that he has unravelled in one biological system
is directly, without modification, applicable to any other. If he is lucky he
may discover a phenomenon of general application, but the onus is on him
to demonstrate its wider significance and he should never assume it. This
applies both to extrapolation between various laboratory species and extra-
polation from the laboratory to man. History tells us that it is not always easy
to demonstrate carcinogenesis by exposing laboratory animals to agents
known to be potent carcinogens for man. Thus coal tar (soot) was recognized
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as carcinogenic for human skin 140 years before the first tumours were
induced in animals by it. Investigators made many difficulties for them-
selves by failing to observe their animals for long enough, or by exposing
them to doses of tar that were too small to elicit an effect. Even today there
is one agent, arsenic, associated with the induction of cancer in man, which
has not yet been shown to induce cancer in other species. It is possible that
the apparently peculiar sensitivity of man to carcinogenesis in response to
arsenic depends on the existence of another peculiarly human factor. If this
is so the latter may be the true carcinogen, and arsenic merely a co-
carcinogen, albeit an important one.

It is not always easy to arrange a laboratory model in which human
exposure is satisfactorily mimicked. This is especially true in relation to the
induction of lung cancer by tobacco smoke. Other animal species lack the
higher faculties used by man in his voluntary inhalation of the smoke and
it is difficult passively to introduce a comparable dose of smoke into the
lungs of laboratory animals (see Roe and Walters, 1965, for review).
Despite these difficulties, adenomas and adenocarcinomas of the lungs
have been induced in mice by prolonged exposure to tobacco smoke
(Essenberg, 1952; Miihlbock, 1955; Harris and Negroni, 1967). In man
the types of cancer mostly associated with exposure to tobacco smoke
are squamous carcinomas and undifferentiated (oat-cell) carcinomas. The
difference in type of tumour induced may well be attributable to anatom-
ical differences between mouse and man (Roe, 1966b).

The basic requirements of a laboratory model include comparable
anatomy, the possibility of comparable exposure (dose, dose-schedule,
route of administration), comparable transport to the target tissue and
comparable observation time. In addition, if the agent administered is not
the proximate carcinogen but only a precursor of it, there should be in the
model relevant enzymic and metabolic pathways similar to those in man.
These latter requirements frequently beg the question in the sense that
neither the identity of the proximate carcinogen nor the need for metaboliz-
ing enzymes are known.

In practice, it is encouraging that, despite all the possible stumbling
blocks, many potent carcinogens act similarly in a variety of species and
under a variety of conditions. Differences in response that cannot be
attributed to lack of comparability in anatomical structure, dose at the
target site, or enzyme pathways should perhaps lead one to suspect that
the agent concerned is not acting as a true carcinogen in any of the systems
studied.

Smithers (1962) has attacked “cytologism’, or the preoccupation with
changes at the cellular level in relation to cancer. He points out that cancers
often arise in pathologically changed tissues or organs, and that their
appearance is frequently accompanied by evidence of hormonal derange-
ment or immunological disturbance, etc. On the other hand, all cancers
grow by the multiplication of cells, and there is abundant evidence that
the cells of which tumours consist are themselves abnormal. If it is
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accepted that multiple factors may contribute to the genesis of cancer,
then Smither’s argument presents no conflict. What in effect he is recom-
mending is a closer study of modifying (co-carcinogenic or anti-carcino-
genic) factors which influence the risk that cancer will develop. From a
practical point of view the distinction between carcinogen and modifier
may be unimportant. If, as we know from animal experiments, it may be
the modifier rather than the true carcinogen that determines whether
cancer develops, then it is logical to conclude that the modifier deserves
special study.

Several examples of what may be called ““whole tissue carcinogenesis’ are
known. If the ovaries are transplanted into the spleen, the oestrogen it
produces is destroyed in the liver and never reaches the general circulation
(Li, 1948). Under these circumstances the normal feedback mechanism
whereby circulating oestrogen inhibits the secretion of gonadotrophic hor-
mones by the pituitary is interrupted. The latter are produced in excess and
the ovaries become hyperplastic and eventually neoplastic. An exogenous
agent may induce cancer indirectly by first producing an effect on a whole
tissue, thus the administration of a sufficient dose of cadmium causes
complete destruction of seminiferous tubules in the testes of rats, possibly
through interference with the blood supply (Gunn et al., 1963). Later,
probably because of interference with a feedback mechanism, Leydig-
cell tumours arise in the atrophied testes (Roe ef al., 1964). If the dose of
cadmium is insufficient to cause testicular atrophy, then no Leydig-cell
tumours are induced. There is no reason in this case to regard cadmium as
a direct cause of the tumours since they also appear as a consequence of
testicular atrophy from causes which involve no exposure to the metal.

IV. The Relationships Theory, Method between and Fact

Since the end of the last century there has been a succession of general
theories of carcinogenesis, some of them based on facts gleaned from studies
in only a small part of the wide field, and some of them based on no verifiable
facts at all. A number of the more patently absurd theories are discussed in
Oberling’s excellent book, The Riddle of Cancer (Oberling, 1948).

That man should want to discover general patterns in relation to natural
phenomena is one of his strengths. That he should imagine that he has done
so when his only information stems from very limited experience is all too
often a besetting weakness. At one time the microbiologists and proto-
zoologists were the most productive of general theories of carcinogenesis,
then the geneticists, embryologists and virologists came to the forefront. In
recent years biochemical theories have predominated, but many of these
already look outdated because of the emergence of molecular biology as a
basic discipline. In fact, recent integrated observations in the fields of
molecular biology, virology and immunology make virtually all the earlier
general theories of carcinogenesis seem either wrong or irrelevant; not
because they have led to the discovery of a new, generally applicable,
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mechanism, but because they have shown how complex and how numerous
the possible aetiological mechanisms are.

Not only are multiple factors implicated in the aetiology of individual
tumours, but the spectrum of factors, and the pattern of their interaction,
is different for different tumours. It follows that knowledge of aetiological
mechanisms 1s intimately dependent on the methods that have been used to
investigate them: fact is dependent on method.

Theories that are too many steps ahead of facts and methods are usually
too vague to be helpful. At the present time, therefore, the most stimulating
theories of mechanisms of carcinogenesis are fairly closely related to obser-
vations made on specific tumour systems by the use of specific methods of
investigation. The gap between this level of theory and the level of general
theory of carcinogenesis is both wide and widening. In other words, it is
becoming more difficult to conceive of a useful general theory that is likely
to explain the increasing diversity of mechanisms which are being shown to
operate in various test systems.

There are of course many repeating patterns in carcinogenesis. Certain
chemical and viral agents freely cross inter-species barriers in relation to an
ability to induce cancer. If this were not so, it would hardly be justifiable to
hope that studies on laboratory animals may lead to knowledge of the
actiology of human cancer. Certain modifying stimuli such as “wound-
healing” also operate in a variety of species. No doubt other bits of inform-
ation will in time be pieced together to form patterns; but there is no
reason to expect that the patterns so formed will necessarily ever fit
together to make a single simple whole concept. The mechanism of
carcinogenesis like nature itself is likely to prove an infinitely variable
phenomenon.

V. Cancer as a Type of “Response”

Many writers have suggested the cancerous change should not be re-
garded so much as a positive response — an event which results from
stimulation of a specific type — but rather as failure in response. The quality
of the organic as opposed to the inorganic is that it has a capacity to
reproduce itself. For most primitive form of life, reproduction is limited
only by the exogenous environment — lack of nutriments, etc. In multi-
cellular organisms different cells specialize in different functions, even
though each cell has all the information necessary for performing all the
functions of every cell in the body. The elegant proof of this comes from
experiments in which the nuclei from differentiated cells derived from the
blastula stage of the frog embryo were substituted for the nuclei of fertil-
ized ova before the first cleavage had occurred. The ova with the substitute
nuclei developed into normal frogs (Briggs and King, 1952).

It follows that, in the multicellular organism, the capacity of each cell to
divide and to produce, either a replica of the whole organism or any part
of it, or just more cells of the same differentiated variety as itself, must be
inhibited, restrained or controlled.
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At present little is known of the mechanisms of inhibition, restraint or
control other than that they must be both multiple and of a variety of types.
Some, no doubt, are built-in to cells in the course of embryogenesis and
tissue differentiation. Others, possibly mediated by nervous impulses or
local cell-contracts, act continuously throughout life, and yet others, such
as hormones, act intermittently at one time permitting cellular prolifera-
tion, at other times inhibiting it. Every cell in the body, then, has the
information necessary to enable it to divide, but it also has the structures
necessary to enable it to respond to factors which normally restrain cell-
division.

The cancer cell stands convicted of proliferating when it should not do
so. Theoretically its failure to behave normally in this respect may stem
from a failure in the generation of the restraining mechanism, or in its
transport to the cell, a failure of the cellular apparatus responsible for
receiving the restraining message, or a failure of the cell to act on the
message even though it received it.

There is evidence that the process of carcinogenesis is sometimes associ-
ated with the escape of cells from the state of suppression of a large part of
their genetic information which is normal in relation to the differentiated
cell-status. It is now well established, for instance, that certain oat-cell
carcinomas of the bronchus secrete hormones, e.g. ACTH and antidiuretic
hormone, which it is normally the prerogative of the pituitary gland to
produce (see Roe and Walters, 1965, for review).

However, it would be wrong to give the impression that most cancers
could be explained simply in terms of failure of suppression of proliferation
(i.e. failure of homeostatic mechanisms). It is possible that some of the
cancers of early childhood represent developmental failures in the switch-
ing off of the capacity of particular cell types to divide, but the majority of
cancers of adult life cannot be explained on this basis, first, because there
is ample evidence that the cells are abnormal, and do not resemble cells
seen at any time during the development of the organism; second,
because individual cells within the same tumour may differ from each
other. The significance of these observations, however, may be clearer if
the phenomena of the latent interval and of tumour progression are first
considered.

VI. The Latent Interval and Tumour Progression

A puzzling and complicating aspect of carcinogenesis is that a variable,
and sometimes long, interval separates exposure to a causative agent and
manifestation of its effect in the form of the development of a visible cancer.
Part of this interval is taken up by the submacroscopic stage of tumour
development, but in many cases calculations based on the observed rate of
growth of a visible tumour indicate that, either its origin from a single cell
occurred long after the time of exposure to the supposedly causative agent,



13. MECHANISMS OF CARCINOGENESIS 497

or that the rate of growth must have got quicker during the course of the
early growth of the tumour.

After a tumour has reached the visible stage, its rate of growth may
suddenly increase. Microscopic examination of the tumour at this stage
shows tissue of two types. Part of the lesion consists of less rapidly dividing
cells and part, often to one side, of a mass of more rapidly dividing cells.
The chemical history and the microscopic appearances both suggest that
the more rapidly growing tumour has arisen by a sudden change in one (or
possibly more) of the cells of the more slowly growing tumour. Perhaps in
rather the same way the more slowly growing tumour arose in one of a
mass of normal cells. The process by which a tumour undergoes successive
changes towards greater and greater malignancy is referred to as ““tumour-
progression” (Foulds, 1954, 1957). Elsewhere (Roe, 1966a) we have
suggested that the latent interval and tumour progression should be con-
sidered as related phenomena.

Unequivocal examples of tumour-progression, though not rare, are
certainly not common. On the other hand, cellular pleomorphism is com-
monly encountered. Thus cells in any one neoplasm may differ in size,
shape and chromosome number and indeed in every measurable parameter.
This suggests a certain instability in the process involved in cellular
reproduction.

The frequency of disorders of mitosis in some malignant tumours
provides evidence of such instability. A consequence of this instability is
that at any one time a neoplastic lesion consists of a mixed population of
cells that compete, one with the other, for the available nutrients. Under
these circumstances a process of natural selection is likely to operate, such
that the most aggressive cells, i.e. those that can grow and divide most
vigorously, tend to survive at the expense of the less aggressive. If this is an
accurate representation of the situation, the predictable outcome would
then be for tumours to become more and more malignant with the passage
of time. By the same token, if one looks retrospectively into the history
of a tumour one would expect the average growth rate of the constituent
cells to be slower and slower the earlier in time after the inception of the
neoplastic focus. The phenomenon of tumour-progression, therefore,
may partly explain the length of the latent interval.

This biological concept of a tumour as a changing mixture of cell types
has other important implications. For instance, it makes it unreasonable to
expect that biochemical measurements made on homogenates of large pieces
of tumour tissue, containing, perhaps, a wide variety of cell types, will
necessarily lead to really meaningful results. The mixed cell-populations
theory can also help to explain the difficulty of treating cancers with
chemotherapeutic agents, particularly the fact that drug-resistant cell
types appear sometimes relatively soon after the start of therapy. Cell
variants that are less susceptible to a particular drug survive its initial
onslaught and, without the competition of the cells that succumbed to
the drug, flourish more than they might otherwise have done.

s
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So far, it has been suggested that during the latent interval the rate
of cellular proliferation increases because less and less “restrainable” cell
lines emerge within the tumour focus. However, it is also possible that
one or more of the restraining mechanisms becomes less and less effective.
Berenblum (1954) postulated, for example, that it was necessary for a
““cancer” cell to have given rise to a cellular mass or colony of “critical
size” before it was assured of giving rise to cancer. He suggested that
certain agents which cause hyperplasia could, by enabling proliferation
beyond the critical colony size to be achieved, act co-carcinogenically in
the induction of cancers.

It is natural to think of immune mechanisms at this point since it is con-
ceivable that this is a type of restraining mechanism which may suddenly
fail if the antigenic stimulus rises above a certain critical level, or if the
capacity for immune response is reduced.

VII. Imnmune Mechanisms in Carcinogenesis

It is no part of the object of the present discourse to review the present
state of knowledge with regard to immune mechanisms. However, a brief
survey of what is known and not known may help to dispel premature belief
in certain naively simple theories.

By the use of modern techniques it has been shown that abnormal
antigens are associated with most, possibly all, neoplasms. In the case of
some cancers there is also evidence of loss of antigens. The use of the term
“antigens” in this context stems from the methods used for detecting their
presence, and offers the advantage that no one expects the precise chemical
structures to be known. All antigens are in fact proteins or polypeptides,
and the possible variety of abnormal proteins that may occur in cells is
legion. The presence of abnormal proteins in cells is by no means unique
for cancer. There is, however, comparatively little information concerning
the presence of new proteins or lack of normal proteins in non-cancerous
diseases.

The most readily interpretable information on new antigens comes from
studies in viral oncogenesis. Specific proteins are produced in the course of
virus replication within the cells of the host. The proteins are of two types,
those that form the protein envelope of the virus itself, and those (probably
enzymes) that are involved in the replicating process itself. Both are coded
for in the nucleic acids of the virus.

Cells that undergo malignant transformation as a result of infection with
an oncogenic virus show surface changes including the appearance of new
proteins. New proteins that appear in cells transformed by a particular
virus are specific in the sense that they are identical irrespective of the
species, strain or tissue from which the transformed cell originated. The
specificity of the new proteins enables the virus concerned to be identified.
It is broadly assumed that “transformation” which refers to a morpho-
logical and behavioural change of cells grown #n vitro corresponds to an
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in vivo change from normal to cancerous. There is much evidence that
there is some truth in this, but not enough information, particularly with
regard to states intermediate between normal and full transformation,
for one to be completely committed to this assumption at the present
time.

Much less is known concerning the presence of new proteins in cells
transformed by chemical or physical agents. It is not yet fully established
that exposure of cells in vitro to chemical agents or to X-irradiation can
bring about malignant transformation. The success claimed in various pub-
lished papers by some (e.g. Berwald and Sachs, 1963, 1965; Borek and
Sachs, 1966; Heidelberger and Iype, 1967; Sanders and Burford, 1967) is
offset by an unknown large number of unpublished negative observations.
It is possible that success has only been achieved where a potentially
oncogenic virus, capable of being activated by the test chemical, was also
in the flask with the cells at the time of exposure to X-rays or to the
““carcinogenic” chemical agent. However, if this were so, one could expect
that the transformed cells would possess common virus-determined new
antigens. According to Sachs (1966, personal communication), however,
this is not the case. Cells of the same type and in the same flask, trans-
formed as a result of exposure to the same chemical agent, produce
different arrays of new antigens. The variety of new antigens is probably
large, but it is not yet certain whether it is finite or infinite, nor whether
different chemicals ever give rise to the same new antigens as each other.
More recent studies of Reiner and Southam (1967) suggest that different
sarcomas induced by 3-methylcholanthrene may possess some common
antigens though the margin of antigenic overlap indicated by their find-
ings is not very wide. Precise knowledge concerning iz vitro transformation
by chemical agents is urgently awaited.

There is no evidence at the present time of the presence of particular
new proteins especially correlated with cancer nor is there evidence of a
correlation between the number or concentration of new proteins in
transformed cells or in cancer cells and their malignancy: it is probable
that most of the new proteins, especially those that appear as a result of
the induction of cancer by X-rays or chemical agents are non-functional
and quite incidental by-products of the cancerous change.

So far in this section the assumption has been made that proteins that
appear during the course of carcinogenesis are not only “new” but also
‘““abnormal”. This assumption is usually unwarranted in the light of the
information available. During the course of embryogenesis and differenti-
ation of tissues it is likely that a wide variety of proteins are produced
transiently. The information for their production thereafter normally
remains unexpressed in the “adult™ differentiated cell. It would not be
surprising if, in future, some of the proteins that appear in association with
carcinogenesis are shown to be identical with proteins produced transiently
during early embryonic life.

This possibility has important implications, because if true, it then
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follows that some of the so-called “‘cancer antigens™ are not foreign to
the cancer-bearing host, and no immunological reaction against them is
to be expected.

Where the new proteins are foreign to the host, the immunological
response to them is likely to vary. However, no sure method for predicting
the extent of the response to particular antigens is at present available.
These remarks apply both to soluble antigens that can escape from cells
and to cell-surface, “transplantation’, antigens.

There is plenty of evidence that experimental animals may mount an
immunological attack against induced cancers (Klein et al., 1960), but no
evidence, in terms of spontaneous regression, that chemically-induced
tumours ever succumb to this attack. However, perhaps success is really the
rule at the submacroscopic level, and perhaps the appearance of a visible
tumour is a relatively rare expression of failure. Alternatively, as suggested
by Old and Boyse (1964) and others, perhaps the problem is that the growth
of malignant cells outpaces the immune responses of the host: inocula as
small as 40 malignant cells that are capable of rapid multiplication can
produce a tumour in a isologous host (Old et al., 1962).

Both in man and in experimental animals there are examples of regression
of cancer, occasionally entirely spontaneously, but more usually following
large-scale, though incomplete, destruction or removal of the tumour
(Everson and Cole, 1966; Boyd, 1966). It is interesting that chorio-
carcinoma, a rare malignant tumour arising because trophoblastic cells
derived from a foetus invade the mother, comes high in the list of types
of tumour that exhibit spontaneous regression. It is presumed that anti-
genic differences between the cancer and the maternal host eventually
stimulate a successful immunological response (though hormonal factors
may also be important in this case). Long-term survival of patients with
Burkitt’s lymphoma following treatment with cytotoxic drugs has also
been attributed to immunological rejection of the small residue of tumour
cells left after drug treatment. But these examples are the exception and
not the rule.

Some potent chemical carcinogens, most cytotoxic drugs, corticosteroids,
and a variety of other agents and procedures such as neonatal thymectomy
suppress immunological responsiveness. This may influence the process of
carcinogenesis by other agents in a number of different ways (see Roe and
Rowson, 1968, for review). However, there is no indication that any of these
agents, or procedures induce cancer. By the same token, there is no good
evidence that the natural immunological response of an animal against its
tumour can ordinarily be so boosted that the tumour is rejected (Old et al.,
1961). If, however, newer approaches to the treatment of cancer by the
introduction into the tumour-bearing host of large numbers of lympho-
cytes (Alexander, 1965) that have been exposed to tumour-specific anti-
gens prove successful, then it may be necessary to reconsider the role of
immunological factors in carcinogenesis. At present it seems unlikely that
they play more than a secondary, and often comparatively minor, role.
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VIIIL Possible Modes of Action of Potent Chemical Carcinogens

Cancer and carcinogenesis are four-dimensional: the finished article, the
tumour, is the result of a series of changes taking place over many cellular
generations and subject to many influences. Many of the measurable con-
sequences of first exposure to a potent carcinogen are probably incidental
and irrelevant to the carcinogenic process. Others may influence the rate at
which tumours grow or appear, or the likelihood that they will appear and
yet not be responsible for the primary change. We do not yet know for
certain that the cancerous change necessarily involves an alteration (muta-
tion) in the genetic information coded in the nucleic acids of cells. It is
possible, as suggested by the work of Brookes and Lawley (1964 - review),
that carcinogenic alkylating agents react principally with the N-7 position
of the guanine moiety of both DNA and RNA and that, in the case of bi-
functional alkylating agents, two such reactions could link the two strands
of DNA in such a way that the genetic code is altered. But such a theory
cannot easily explain carcinogenesis by mono-functional alkylating agents
such as ethyl methane sulphonate (Walters et al., 1967). Indeed it may be
that such observations amount more to a definition of the reactivity of
different parts of the guanine molecule rather than to a meaningful theory
of carcinogenesis. By the same token, the elaborate calculations of the
theoretical chemists with regard to the relation between chemical structure
and carcinogenic activity (e.g. Pullman and Pullman, 1955) never seem
capable of supporting a theory of carcinogenesis which applies to more
than a very narrow range of chemical structures.

A priori it seems unlikely that the important reactions which lead to
cancer induction will be learned from studies on highly reactive carcinogenic
agents capable of combining with many cellular components. The perfect
chemical carcinogen for study purposes would be one that was capable only
of one reaction, namely that basic to the induction of cancer. Perhaps no
such substance exists. But while we are waiting to find out if it does, we
might stand a better chance of discovering the essential alterations in cells
that lead to carcinogenesis by careful studies of the effects of single low
doses. Under these circumstances some of the irrelevant effects will not
be produced and can therefore be ruled out for the purposes of further
consideration.

IX. Résumé and Conclusions

Cancer is a general term that refers to a large number of diseases. Many
factors in many and various combinations contribute to the causation of
different types of the disease. In some cases a single factor seems to be of
such predominant importance that it is justifiable to regard its activity as
being carcinogenic. However, it is not justifiable to assume that carcino-
genicity in one biological system implies carcinogenic potential for others.
Even when an agent that is known to be carcinogenic in other systems
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appears to contribute to the induction of cancers in a new system, it can-
not be assumed that its contribution relates to its carcinogenic potential.

It is difficult to distinguish between carcinogenic and co-carcinogenic
activity. Only when information from a variety of test systems is available
may it become justifiable to regard a particular agent as *“‘carcinogenic”. In
any event, the use of such a term should normally relate only to the findings
under the actual conditions of testing. In this connection there is a serious
need, especially in relation to biochemical and molecular biological studies,
constantly to define the “cancers” that are the objects of investigation. Lack
of precision in this is both a constant handicap to the detection of actio-
logical mechanisms and a source of increasing confusion in experimental
cancer research. Oversimplification is a continuing danger in relation to
the elucidation of mechanisms of carcinogenesis. This is particularly
obvious in the search for carcinogenic metabolites from apparently non-
carcinogenic precursors. Examples of conclusions having been based on
inadequate experimental data, and of the over-ready extrapolation from
one biological test system to another are all too numerous. Theories of
carcinogenesis in which an attempt is made to explain the causation of all
forms of cancer in terms of a single mechanism are either too broad to be
of much value, or simply ridiculous in the extent to which pertinent facts
about cancer are overlooked. The latter include the width of the array of
cancer types that may be derived from a single tissue, the fact that relatively
similar cancers may arise after exposure to quite different aetiological
agents, the extent of the variation between tumours in every measurable
property, the latent interval that often separates cause and effect, and the
phenomenon known as tumour progression.

Some of the variation between induced tumours in structure and
behaviour is attributable to structural, physiological or pathological differ-
ences between target cells and some to differences in exposure to the
relevant agent. Variation in response may also arise because of genetically
or experimentally determined host factors such as hormonal or general
immunological status. It is because of the multiplicity of these possibilities
for variation that the theories of mechanisms of carcinogenesis must be
tailored to each individual situation.

Detailed research on mechanism of action of potent carcinogens is still a
fully justified pursuit, though the study of the effects of doses small enough
not to cause general effects outside the target area is to be recommended.
Investigators should be quite clear as to whether they are studying the
immediate interaction between the carcinogenic agent and its biological
target or the consequences, immediate or remote, of this interaction. The
biochemical complexity of living matter is such that the longer the interval
after exposure to an agent, the harder it will be to deduce the nature of the
initial event from the changes found. In experiments that involve repeated
exposure to an agent, it may well be impossible to discover the nature of the
initial interaction amid the background of secondary effects in the cells
concerned and of general effects on the tissue or organism as a whole.
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The full examination of the mechanisms of induction of any single form
of cancer includes investigations at the whole organism level, of tissues, of
cells, and of subcellular constituents. Many disciplines are needed and the
protagonist of one discipline ignores the rest at his peril. Elucidation is
unlikely ever to be complete in so far as mystery is an intrinsic component
of biology. However complete the knowledge of the mechanisms involved
in the genesis of one particular form of cancer, the details may be largely
irrelevant to the causation of any other form of cancer. But, with luck, the
methods developed for tackling the problem will be applicable to other
situations.
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