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INTRODUCTION

The present workshop is the second of two coordinated
conferences on mechanisms of carcinogenesis. The first meeting
highlighted the molecular mechanisms coirmon to radiation and
chemical agents. Here we will place greater emphasis on epidemio-
logical considerations and on dose-response models used in risk
assessment to extrapolate from experimental data obtained at high
doses to the effects from long-term, low-level exposures.
Nevertheless, we feel so strongly that the sorting out of
biologically realistic dose-response models must follow from
mechanistic Insight that we will open Session I with reports from
the NCI symposium/workshop. It is my charge to deal with common
molecular mechanisms; Michael Fry will be the rapporteur on
cellular and animal models.

I shall present the material from the previous conference in
a thematic way rather than summarizing each presentation as such.
Accordingly, I shall not attempt to give a comprehensive overview
OL the fully packed program of the NCI symposium, but the names of
the speakers on molecular mechanisms and the titles of their
presentations are given In the list of references at the end of
this chapter. I have picked one theme, DNA damage, that struck me
as especially relevant to the needs of this meeting, because it is
important to an understanding of differences between radiation
and chemical carcinogenesis. I shall touch on some other topics
that seem fundamental in clarifying the picture of carcinogenic
mechanisms, while others I have chosen to discuss remain
controversial or are otherwise appealing. For good measure, I
will remark on one or two features of carcinogenic mechanisms that
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were not developed at the NCI conference but which T consider
worth bringing to the attention of this audience.

Thn opening address at the NCI symposium, given by Mortimer
Mendelsohn, presented the scope of the problem (Mendelsohn, 1983).
He set the scene with a few pithy remarks that are equally
applicable to this workshop and which express suecintly the
sentiments of the BNL organizing cosmictee:

"Carcinogenesis is an immense subject, long on history and
detail, and short on mechanistic understanding. Radiation
carcinogenesis and chemical carcinogenesis are likewise immense,
are studied by different people, are interpreted by different
mechanisms and even funded by different agencies. An approach to
mechanism through the comparison of these two modalities of
carcinogenesis is timely and appropriate. Ideas and people from
the two sub-fields should be merged, conceptual similarities and
differences identified, and new insights into—or points of attack
on—the overall process of carcinogenesis sought."

Different Aims of thr NCI and BNL Conferences

At present, carcirogenesis preoccupies tlie body politic in
its assessment of risk from low-level exposures to radiation and
chemicals; therefore carcinogenesis is the major health concern of
this conference as well. However, whereas the NCI meeting
provided guidance for the direction of research programs and did
not deal directly with risk assessment, this workshop actually
focuses on the latter, and we will lay heavy emphasis on the
dose-response functions that underlie extrapolation models. S*ii;h
models are needed to project findings from the region of
relatively high doses where experiments are feasible and
epidemiology is most clear cut to the near-background exposure
regimes that are of greatest concern to environmental health
scientists and regulators.

We consider It imperative that trustworthy extrapolation
models be biologically realistic as well as statistically sound.
With that orientation In mind, 1 shall comment on some of the
aspects of molecular mechanisms common to radiation and chemical
carcinogenesis that were developed at the NCI meeting, particular-
ly upon the DNA damage done by these agents.

COMMON AMD DIFFERED ASPECTS OF MOLECULAR EFFECTS

Routes of Exposure and Phannaeodynaniic Considerations

Before beginning my discussion, It Is important to point out
that neither the NCI nor this conference deals very explicitly



with routes of exposure, assimilation, and physiological distri-
bution which apply to chemicals and to internal radiation sources
(i.e., to radioisotopes taken up by the body) but not to external
irradiation. Nor is there direct treatment In either program of
metabolic activation and detoxification, which, of course, apply
primarily to chemicals. However, there is now much confidence
(although not absolute conviction) that DMA of somatic cells,
especially stem cells, is the primary target for at least the
so-called initiation step of both chenical and radiation
carcinogenesis, a point to which I will return later. Therefore,
although chemical carcinogenesis Is clearly different from
radiation carcinogenesis in its strong dependence on chemical
uptake and metabolism prior to any effects on DNA targets, tl.Is
realization is so widely accepted that no comprehensive overview
of the topic was necessary for the NCI audience.

Characterization of Exposure

In outlining the scope of the problems to be addressed by the
NCI conferees, Mendelsohn sought to compare and contrast aspects
of the exposure and response of organisms to external ionizing
radiation and to carcinogenic chemicals. In Fig. 1 he grouped a
number of items related to characterizing and quantifying
exposure. At the outset major differences are clear: radiation
exposure is conceived and measured In extensive units, while
chemical exposure, although complex and highly variable, is more
usually viewed as an Intensive burden or challenge. Benca there
are huge, irreconcilable discrepancies between the ways one deals
with the two modalities.

Interaction of Agents with the Organise!

The interaction of the agent with the exposed organism is
also extremely different In the two cases (Fig. 2). Pharmaco-
dynaaic factors play an important role in determining organotropic
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Fig. 2. Contrasts In the interactions of radiation and chemicals
with the organism. (From Mendelsohn, 1983).

carcinogenesis by chemicals and in explaining aspects of the
differing sensitivities of species or of individuals, and even of
different tissues or organs. The respc-^se depends strongly upon
the metabolism of specific cells, tissues and organs, and in each
case there are marked species and strain differences. 'The levels
and inducibilities of enzymes capable of repairing prerautagenic
lesions may also show organ, species and strain specificity.

Metabolic modification should be taken into account when
evaluating dose-response functions and developing extrapolation
models. Metabolic processing of chemicals Is also important in
considering modifiers of mutagenesis and carcinogenesis and in
evaluating the suitability of cellular and animal models as
surrogates for effects on humans. External radiation really has
no comparable counterpart to the metabolic conversion of
precarcinogens to detoxified catabolites or to electrophiles
capable of conjugating with D M .

Mendelsohn also called attention to differences in the rates
of interactions of radiation and chemicals with host tissues.
Radiation events occur within microseconds, whereas the reactions
of carcinogenic chemicals are measured iby the much longer time
scale of physiology and metabolism.

Distribution of Dose Effect

Tuere are major differences In the distribution of dose at
organismal, cellular and molecular levels following exposure to
radiation or chemicals (Pig.. 3). Pharmacodynamic considerations
affect organ and tissue distribution in the case of chemicals, but
local chemical reactions also largely determine dose distribution
at cellular and molecular dimensions. However, as the chains of
events are followed down to the level of target biomolecules,
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there is increasing evidence of commonality between radiation and
chemical exposure. 'Hie profiles of direct effects on DNA, the
primary target molecule for carcinogenic initiation, are usually
highly distinctive for the two classes of agents, being largely
strand breaks and chromosome-level changes for radiation and
mostly adduce or conjugate formation for the reactive,
electrophilic forms of chemicals, the so-called ultimate
carcinogens. In terms of ultimate carcinogenic effect, these are
very important distinctions. Despite these contrasts in the
direct effects of radiation and chemicals on DNA, the so-called
indirect effects may involve free radicals in both cases, albeit
in very different ways.

I want to digress now for a moment to discuss biochemistry
involving free radicals, a subject dear to my heart. The usual
connotation of the phrase, indirect effects of ionizing
irradiation, refers to the secondary reactions of free radicals
resulting from the ionization of tissue water. With low LET
ionizing irradiation, the oxyradicals produced in this way are
responsible for the predominant share of Molecular damage, both to
DNA and to most other functionally or structurally important
macroraolecules. But the metabolism of some chemical carcinogens



can also give rise to reactive free radical intermediates, so that
sometimes the ultimate carcinogens nay be free radical metabolites
of the carcinogenic chemicals themselves. In other cases
autoxidatlon reactions that are secondary to the metatoollsn of
carcinogens may afford significant fluxes of oxyradicals,
including the extraordinarily clectrophilic hydroxyl radicals
that are the dominant toxic species mediating the indirect effects
of radiation damage. On mechanistic grounds, therefore, one might
expect this latter class of chemicals to be more radiomimetic in
terms of DMA damage and thus, vltimately, in terms of carcinogenic
impact as well.

Abscopal effects are those changes produced in organs or
tissues distant from the site of primary cancer whose impact on
carcinogenesis is mediated indirectly through endocrine,
immunological or other physiological systems. .Abscopal mechanisms
are qualitatively quite similar for radiation and chemicals, and
the effects of dose modifiers are also roughly comparable for both
classes of carcinogens. These correspondences stand in sharp
contradistinction to the discrepancies between radiation and
chemicals which characterize most of the other features of
exposure and response that I have discussed.

Emphasis on DNA as the Critical Target

The extraordinarily complicated network of intertwined
physiological and metabolic pathways that intervenes between the
exposure of an individual or an organism to chemical carcinogens
and the ultimate dosing of DNA in target organs or tissues by
reactive metabolites acts as a highly variable and often
unpredictable filter strongly modulating the carcinogenic impact
of any exposure regimen. Therefore, when chemical dosage is
quantified in terms of environmental exposure, correlations -with
carcinogenesis are notoriously poor and usually unrevealing of
underlying mechanisms• However, if DNA is considered the
molecular target for carcinogenic initiation, then one may relieve
the confounding influence of highly variable pharm'acodynamics and
obtain more predictable and understandable drse-response relation-
ships. There is a growing consensus (and near unanimity at the
NCI workshop) that it would be desirable to express chemical
dose-response relationships in terns of the molecular dosixaetry of

Both the NCI conference anl this workshop emphasize the
fundamental importance of DNA damage and its consequences in
comparing and contrasting the mechanisms of carcinogenesis by
ionizing radiation and chemical agents. [Radiation and chemicals
both damage UNA, but they give rise to very different kinds of
lesions (Fig. 4). There was almost unanimous agreement at the NCI
symposium that despite major gaps and uncertainties in the . .
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Fig- 4. Differences in the dominant UNA lesions caused by
radiation and chemicals and certain considerations eoramon
to both. (From Mendelsohn, 1983).

understanding of carcinogenic mechanisms, it Is clear that the
different profiles of DNA lesions produced by radiation and by
chemicals have profound significance, probably giving rise to
characteristically different dose-response curves and possibly
causing interfering or synergistic carcinogenic effects from some
combinations of radiation and chemical exposures.

EFFECTS ON DNA

In offering some selective conclusions about the complicated
matter of how the lesions produced in DNA by radiation and by
chemicals compare, I have drawn mostly upon the contributions of
Peter Brookes, Mortimer Elkind., Mortimer Mendelsohn, Julian
Preston, and John Hard; and I have also taken account of sorae
remarks by Lawrence Maraett and Malcolm Eaterson.

Primary Interactions

At the outset, the initial damaging reactions in DNA caused
by radiation and by chemicals are very differently distributed in
both space and time. Radiation can alter all components of UNA:
by hydrogen abstraction or by hydroxyl or hydrogen addition to the
bases, by hydrogen abstraction from ths carbohydrate, and by
oxidation of the phosphate. Furthermore, even with low-LET
irradiation, the clustered pattern of primary ionizations and the
submicrosecond time scale of the primary events mean that at the
molecular level secondary free radicals are formed virtually
simultaneously in a lumpy or bunched distribution. Such local
concentrations of rathev indiscriminantly reactive intermediates



increase the likelihood of there being multiply damaged regions of
DMA where cooperative phenomena like strand breaks can occur.,
especially double-strand breaks. At such sites, with loss of
nuclcotides at each locus, there may also be loss of genetic

Information, because no effective repair is possible from
complementary strands, as occurs in the repair of singly damaged
sites. Furthermore, although there is initially much more base
adduction than strand breakage, almost all of the hydroxyl or
hydrogen adducts produced by free radicals from ionizations in
water are repaired within ten minutes or so, yet most of the
hydrogen abstractions from deoxysugars and many of the apurinic or
apyriraidinic sites resulting f-om base repair give rise to strand
breaks within minutes to about ai hour.

A significant consequence of these events is that ionizing
radiation produces high ratios of strand breaks to base changes.
The breaks are mostly single-strand breaks, but some double-strand
breaks are formed either directly (especially with high-LET
radiations) or by coincidental overlap of single—strand breaks on
complementary DNA strands. There is quick and nearly error-free
repair of single strand breaks, but the rapid repair of double-
strand breaks seems always to leave a residuum of chromatid or
chromosome aberrations, perhaps because there is a high likelihood
of DNA exchange occurring during the coincidental repair of two
nearby breaks. These events qverlap in time but are brief in
comparison to the time for cell cycling and DNA synthesis, so
radiation can induce chromosomal or chromatid aberrations in all
stages of the cell cycle.

By way of contrast to the nearly instantaneous effects of
radiation, the reactive forms of chemical carcinogens are
presented to UNA over the relatively long times required for
necessary physiological transport and/or metabolic activation.
Unlike the chemically indiscriminate but spatially heterogeneous
attacks on DNA by both primary ionizations and the products of
radiolysis, the electrophilic ultimate carcinogenic forms of most
chemicals interact more homogeneously with BNA, but they are
highly selective with regard to the molecular sites with which
they react. The initial UNA lesions from chemicals are usually
base adducts, and there are preferred configurations for many of
them.

Repair of DNA Damage

The repair of chemical damage to DNA is, perhaps, even more
complicated than its initial causation. The source of my selected
remarks about it are the contributions to the NCI meeting of Peter
Brookes, Mortimer Elkind, Robert Haynes, Mortimer Mendelsohn,
Malcolm Paterson, Julian Preston, and Katherine Sanford.



Normal cells have several error-free modes of restoring
integrity to DNA altered by chemical adducts. There may be direct
reversal _in situ, such as the alkyl transfer from 0^-alkylguanii;o
residues (Setlow, this volume). And there are at least two
classes of excision repair in higher organisms: base excision of
alkyl and other small adducts, with retained chain continuity, and
nucleotide excision with chain scission and ligation for bulky
adducts, such as polyaromatic hydrocarbons which favor the more
nucleophilic sites, especially ring nitrogenB N-7 of guanine and,
secondarily, N-3 of adenine. Some participants at the NCI sympos-
ium felt that repair of certain kinds of chemical adducts may be
complete at low doses, giving rise to thresholds for damage. This
idea is consistent with some dose-response data for mutagenesis,
vhich also suggest the presence of effective thresholds.

Sanford presented evidence that normally there is a competent
postreplication excision repair in the G-2 or prophase stage of
the cell cycle, but the ligation step of this excision system is
faulty in cancer cells. Deficient excision repair causes accumu-
lation of single-strand breaks, which then convert to double-
strand breaks by endonuclease action and give rise to the well-
known karyotypic instability of cancer. This repair defect may be
a precondition for carcinogenic initiation.

It is uncertain whether the error-prone postreplication
repair demonstrated in prokaryotes occurs in eukaryotes. Some
error-prone or SOS repair occurs, in higher organisms, but it is
not clear whether this is similar to the postreplication repair of
prokaryotes or to the repair described by Sanford. Paterson
contends that so-called error-prone repair is really what he would
term a tolerance mechanism for by-passing DNA lesions and noi: ̂
true repair in any sense.

Preston noted that unlike the rapid repair of radiation
damage at all stages of the cell cycle, most chemical damage to
DNA is repaired very elowly except in the S phase of DNA
synthesis. Only during S phase is there much likelihood that
coincidental repair of adjacent but independent lesions will
interact to produce aberrations. Hence most chemicals are much
weaker dastogens than is radiation, and their effects are
manifest primarily in S and will give rise mostly to cb.romatid
aberrations, as opposed to chromosome aberrations.

Brookes took into account the highly selective nature of
chemical adduct repair and correlated it with nutagenicity.
Mutagenicity is more selective in its dependency on specific DNA
adducts than is toxicity, and only particular adducts are
prenmtagenic, such as the 6-alkylguanlnes and the exocyelic N-2
adducts of some large hydrocarbons, both of which may be ..
effectively repaired in. some circumstances but not in others (for
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example, not in certain organs of some species). Since equal
levels of overall damage correlate with equal toxiclty, while
mutation rather than toxicity correlates with careinogenicity,
Brookes proposed that earlier hypotheses relating tumor initiation
with the extent of DMA adduction should be modified. Rather, the
correlation is with those DNA reactions leaving residual lesions
that induce mutations in mammalian cells.

Cell Transformation and CarcinoRenesis

The last iteta from the NCI symposium that 1 will discuss is
transformation (Fig. 4). It remains unclear what, if any, aspects
of carcinogenesis jLn_ vivo are modeled by transformation in_ vitro.
For years there has been a feeling that most transformable cell
lines are already initiated or otherwise precommitted, as, for ex-
ample, by the activation of an oncogene for iunmortalilty. Mendel-
sohn expressed doubt that transformation, as a generality, deals
with the same kinds of primary events as are involved in spontane-
ous or low-level induced carcinogenesis. Brookes made a support-
ing observation that although mutagenicity correlates well with
carcinogenicity jln_ vivo, it correlates poorly with transformation.

Conclusions

I have attempted to cover a complex subject in a rather brief
and simplified way. However, I have provided sufficient
mechanistic insight into DNA damage and repair so that I can
formulate several important phenomenologieal generalizations:

1. Radiation is a strong clastogen and a weak mutagen, and it is
common for radiation to cause changes in chromatin that are gross
on the molecular scale, although often submieroscopic.
Conversely, with chemical carcinogens, base changes and frame
shifts are the most frequent residual lesions and are correlated
with mutagenicity. The fact that many mutagens are weak
clastogims can also be understood.

2. The two-strand lesions more efficiently formed by radiation,
such af crosslinks and double-strand breaks, tend to be lethal.
Conversely, one-strand lesions, such as base alterations and,
possibly, single-strand breaks, tend to "be rautagenic. As a
result, the ratio of cell killing to tnutagenicity is far higher
lor radiation than for chemicals. Since cell death precludes
carcinogenic expression, the intrinsic carcinogenic!ty of
radiation nay be modulated, especially at higher doses.

3. A very important observation with regard to extrapolation
models is that there are plausible grounds to expect real or
practical thresholds for the mutagenicity and carcinogenicity of
some chemicals, at least at sufficiently low rates or levels of
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exposure. 'On the other hand, a no-threshold, linear dose-effect
response at very low doses or dose rates of radiation is
predicted. Elkind presented the stochastic, target-theory
argument for this letter prediction based on the absolute,
all-or-none quality of the so-called hit or critical radiation-
induced event (presumably some intranuclear change). However, the
physical chemical nature of the target undergoing such a discrete
and absolute change of state remains elusive. I prefer the
explanation based on the competitive kinetics of the repair of
double-strand breaks as one providing more mechanistic insight.

4. My last generalization, a question based on Preston's
remarks, applies to the biological reality of extrapolation
models. Preston noted that at radiation doses below about 50 r.ad
chromosomal aberrations are due mostly to spatially coincident
single-strand breaks rather than temporally coincident strand
repair. The fact that mechanism changes as a function of dose In
this experimentally important range challenges the premise that a
single response function can be valid over this dose range.

RELATIONSHIP OF MOLECULAR MECHANISMS TO DOSE-RESPONSE

In lighi: of the mechanisms I have discussed, it is time to
look briefly at some representative dose-response curves (Fig.
5). This afternoon's session and several other papers will deal
explicitly with dose-response functions and extrapolation models,
so I shall not describe the classes of models commonly used.

When all-or-none responses to Ionizing radiation are
measured, such as chromosome aberrations or survival of cells or
of complex organisms, it appears indisputable that the
dose-response functions are basically linear for hlgh-LET
radiations and linear-quadratic for low-LET radiations, with a
significant no-threshold linear component in the low dose range.
This generalized representation (Fig. 5) comes from the work of
Victor Bond, one of the organizers and guiding spirits of this
workshop, who, unfortunately, is unable to be present. The letter
"H" denotes typical high-LET radiation behavior, and "L" denotes
low-LET radiation. It is true that at sufficiently high doses,
here denoted by *'H'" and "L1", respectively, saturation sets in as
the fraction of cells not yet responding quantally (that is, in am
all-or-none fashion) becomes small. Nonetheless, these curves do
represent the "classical" dose-response for ionizing Irradiation.
It is not certain that radiation carcinogenesis manifests similar
linear and linear-quadratic responses, respectively, but there Is
much evidence that this Is so. Linear regressions are often taken
as the so-called conservative dose-response functions In
representing chemical carcinogenesis, but this seems poorly
Justified on mechanistic grounds, as Fig. 6 shows.
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f or "ABSORBED DOSE"
Fig. 5. Generalized representations of all-or-none responses in

cells as a function of radiation dose at the target. IJJ
and Ij, represent the incidence of hit cells with heavily
and lightly ionizing irradiation at a given absorbed
radiation dose corresponding to points A and B on curves
H and L, respectively. (Prom Bond and Varma, 1983).

Some more recent evaluations of carcinogenic risk take into
account nonlinear response functions that could be caused by
substrate induction of enzymes participating in metabolic
activation or detoxification. These models nay also include
competitive inhibition or the saturation kinetics of activation or
repair systems. Strongly nonlinear and time-dependent damage
functions are predicted for the low-dose regimes when saturation
of DMA repair occurs at higher exposure levels. "This gives rise
to the so-called hockey stick damage function, as seen in panels c
and d of Fig. 6. These dose-response curves utilize the concept
of dose as the concentration of UNA adducts in the target orgpn
rather than applied dose or exposure, much in the manner that I
have discussed. Although the modification of restricting dose to
those T»SA lesions which induce mutations is not explicitly
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Included, It may be thought of as part of the definition of
effective dose In these generalized relationships. In any case,
it is clear that these curve shapes are in serious conflict with
the linear extrapolations often assumed to be conservative.

The organizing committee of this workshop contends that to
choose proper models for extrapolating to low doses from
experimental data obtained at high doses, it is of considerable
importance to determine molecular neehanisms of damage to DJJA by
radiation and by chemicals and also to identify and characterize
the repair enzymes that different BNA lesions call into play. In

D
Fig, 6. Possible relations between administered dose, D, and
... ._ effective dose at the target {e.g. UNA), D*» for several

. kinetic models, a ) , Simple first-order kinetics;
b ) , saturation of the activation system; c), saturation
of detoxification or repair systems; and d ) , combination

. . - .of b) and c). (After Hoel et al., 1983). .... „ ..



this context, tny report on the NCI conference has focussed on the
molecular mechanisms associated with DNA damage in order to
emphasize the similarities and differences in low-level exposures
to radiation and to chemicals that seem most critical Co risk
assessment. At the NCI symposium Mendelsohn also concluded that
sorting out the biologically realistic dose-response models must
follow mechanistic insight.

There is much clarification to be gained in risk-assessment
modeling by normalizing carcinogen dosimetry to DNA effects.
Along the path from initial exposure to final manifestations of
overt cancer there is increasing commonality between radiation and
chemical carcinogenesis. There was a strong consensus at the NCI
meeting that at the level of initiation radiation and chemical
carcinogenesis have effectively converged. Since initiation, in
turn, is thought to be intimately associated with a heritable
change in DNA, I essentially limited my report to this workshop to
that part of the NCI conference. In terms of distinguishing
between radiation and chemical carcinogenesis, the remainder of
the process affords little, if anything, *'on which one can hang
one's hat," as Mendelsohn put it.

Oi'HER ASPECTS OF COMMON MOLECULAR MECHANISMS

Much material on molecular mechanisms was presented at the
NCI meetings that is of great importance to cancer research but
which dealt with topics other than DNA damage. Indeed, much of
the present excitement in experimental oncology lies in those
other areas: even my own research interests have their greatest
relevance there. Nonetheless, as rapporteur to this BNL workshop,
I judged these other topics less pertinent in characterizing
comparative risks from low-level exposures to radiation and
chemicals.

Other main themes at the NCI conference that appertained to
common molecular mechanisms included: the number and kind of
stages or steps in the overall development of cancer; the nature
of carcinogenic promotion and its apparent substages; the roles of
oxygen free radicals, the arachidonic acid cascade, and membranes
in promotion; the unlikelihood of there being a single theory of
cancer that will prove to be correct; and the accelerated use of
recombinant DNA and other new methods of contemporary molecular
biology to obtain detailed information on DNA damage. Because of
the importance of these topics, I shall make a few broad., summary
remarks.

Once initiation has occurred, radiation and chemical
carcinogenesis have largely converged (that is, promotion and
progression are mechanistically the same for both). However,
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despite some measure of consensus amongst research scientists,
there is still no broadly acceptable definition of what is meant
by initiation, promotion, or hie (versus event). The NCI
conferees could not agree as to whether progression is a genomie
change separate from promotion or part of it.

It is known that oncogenes can be expressed by single base
pair substitution, gene amplification, and by several kinds of
genetic translocation involving regulatory sequences. These
alterations to oncogenes appear to be likely steps for the
convergence of radiation and chemical carcinogenesis, but there is
no consensus of opinion on how to reconcile intermediation of
oncogenes with the concepts of initiation or promotion,.* Although
expressed oncogenes have been identified with only a small
fraction of human cancers, this situation may reflect mostly the
inadequacy of present test systems. Hence it is premature to
opine regarding the obligatory or the optional involvement of
oncogenes in cancer.

Some recent evidence strongly suggests that promoters are
clastogens, and it is tempting to relate chromosomal damage to
oncogene activation. In the studies reported, however,
clastogenesis may be an epiphenomenon, reflecting only the
presence of hydrogen peroxide educed (from neutrophils) by some of
the promoters used. It is important to resolve this issue, as
well as to ascertain the roles of proliferation and of
inflammatory cells in promotion other than in the skin, and to
determine whether skin is a general model for promotion or a
special case.

It will riot suffice to explain aspects of promoter/
antipromoter behavior as resulting from a pro-oxidant state or
from active oxygen. The promoting roles of free radicals,
oxidants and lipid peroxidation are presently unclear, and greater
efforts must be made to identify the intermediates and to
determine their reactivities under biologically significai—.
conditions. The specific chemistry of oxidants/antioxidants
should be defined to clarify how oxygen radicals work through a
common, focussed, hormone-like pathway in promotion and to
elucidate the reactions of superoxide anion and its dismutases
with plasma dastogenic factors that may be active in promotion.

*Following the NCI Symposium, Hsiao and coworkers submitted a
report suggesting "-..that during multistage carcinogenesis, the
initiating carcinogen might function by activating a cellular
proto-oncogene, whereas tumor promoters might enhance outgrowth of
the altered cells or the expression of other cellular genes that
complement the function of the activated oncogene." (Hsiao et
al., 1984) . .. ..
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Another area requiring biochemical clarification involves the
arachidonic acid cascade in both carcinogenic initiation and
promotion. The roles of several distinct but interrelated
pathways involving oxygen-requiring free radical reactions In
prostaglandin or leukotriene synthesis and action have yet to be
distinguished. The importance of precarcinogen activation In
vivo through co-oxidation by prostaglandin hydroperoxidase also
warrants further investigation.
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