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INTRODUCTION

The radiations to which man is exposed vary in wavelength by many

orders of magnitude. It is not surprising t'.v." the type of molecular

lesions that are induced and the subsequent biological effects also vary

(Table 1). The range of wavelengths of radiations tnat have been shown

to be carcinogenic is much less than for cell killing. In fact, although

carcinogenic studies with longer wavelengths have been far from extensive,

wavelengths above 320 nm are usually considered non-carcinogenic. Despite

the fact that the radiation dose-response curves for cell killing, muta-

genesis and carcinogenesis are similar in form it seems reasonable to

believe that the molecular lesions and their expression may differ in

these biological effects. It has been difficult to demonstrate unequivocally

such differences. Recently, Elkind and Han (11) have shown that mutation

and in vitro cell transformation can be induced by ultraviolet radiation

(UVR) of a particular emission spectrum without measurable cell killing*

Conversely, Harisiadis et al. (19) have shown that hyperthermia, induced

by much longer wavelengths than UVR,causes cell killing without any

measurable ̂ n. vitro cell transfoxmation. These results suggest that there

may be qualitative as well as quantitative differences in the molecular

lesions, or their repair, that induce malignant changes from those that

induce cell killing.

Studies in radiation co-carcinogenesis (17, s/e refs. in 33) suggest

that the expression of radiation-induced lesions involves processes that

are different from those that induce initiation. A myriad of

molecular lesions induced by various radiation qualities has been

identified (Fig. 1). The quantitative differences are much



greater than the qualitative differences in the types of specific lesions

induced by the different radiations. In the case of high linear energy

transfer radiations such as neutrons, the number of two track events,

such as double strand breaks, will be greater than with more sparsely

ionizing radiations such as gamma radiation. The more densely ionizing

radiations are also more effective than the sparsely ionizing for the

induction of various biological endpoints including careinogenesis. In

the case of ultraviolet radiation many workers believe that there is a

correlation between the wavelengths that interact with DNA and those that

cause cancer. But there is no evidence that a DNA lesion common to the

different radiation qualities is involved in tumorigenesis. The apparent

lack of specificity of the molecular lesions suggests that either the

appropriate lesion(s) has not been identified or that an essential event

in the tumorigenic process is subsequent to the initially radiation—induced

lesion.

Although interpretations of animal experiments are difficult, the

spatial and temporal characteristics of the deposition of energy of

radiation together with the range of macromolecular lesions that can be

both identified and quantified make radiations of different qualities

useful probes for investigating the mechanisms of carcinogenesis and

co-carcinogenesis.

Ionizing Radiation Carcinogenesis

Most of the studies carried out with ionizing radiation have been

designed on the premise that radiation is a complete carcinogen. While

a number of experiments have investigated the co-carcinogenic effects of



radiation, especially in combination with chemical carcinogens, there are

very few experiments that have been designed to test the initiating and

promoting effects of radiation separately Both Berenblum and Shubik,

who had carried out much of the early work on co-carcinogenesis and the

promotion properties of croton oil, did establish to their satisfaction

that ionizing radiation was an effective initiator. Shubik et al. (31)

found that exposures of the skin to 3-rays which alone produced no tumors

in the period of the experiment did do so if they were followed by

treatments with croton oil. Berenblun and Trainin (3) found that doses

of x-rays that they considered non-leukemogenic resulted in an appreciable

incidence of leukemia if followed by treatment with urethan. They inter-

preted these results to indicate that radiation at dose levels insufficient

for complete carcinogenesis was an effective initiator.

This is not the only example of the use of carcinogenic agents in

small dose levels to increase the expression of radiation-induced initiation;

McGregor(26) used tar from cigarettes to enhance skin tumorigenesis initiated

by 0-rays. More recently Hoshino and Tanouka (21) found that latent

carcinogenic events induced by 8-irradiation in the skin were expressed

after treatment with 4-nitroquinoline 1-oxide even if the treatment was

carried out as much as 400 days after irradiation. These results and

others indicate clearly that irradiation initiates events that are retained

in viable cells for long periods without any evidence that the lesions

undergo further change or expression until a subsequent event is induced.

Co-carcinogenic effects on tumor induction especially in skin,

have been found in both experimental animals and man by a number of

workers when carcinogenic levels of various chemical carcinogens and



irradiation were combined (1, 6, 7, 9, 24, 25, 26, 30).

Unless it is assumed or established that there is a threshold dose

for a carcinogen the use of such terms as subcarcinogenic in describing

the protocol for a classical initiation-promotion experiment is purely

operational (20). In the case of ionizing radiation both known biophysical

factors and experimental data suggest that in the case of most tissues

that there is no threshold,and therefore, most experiments are strictly

studies of co-carcinogenesis. Skin has been a popular tissue for co-

carcinogenic studies with radiation as well as chemical carcinogens but it

is now established that other epithelial tissues such as the mammary and

Harderian glands can be used for experiments that are designed to study

separately initiation and expression or promotion. Yokoro et al. (34)

have shown that the initiation can be induced by irradiation in the rat

mammary gland and promoted by subsequent increases in the prolactin levels.

The hormonal promotion was effective as long as 7 months after initiation.

We have also used increased prolactin secretion from pituitary isografts

for investigating the expression of radiation-induced Harderian gland

tumors in mice (15).

It can be seen from Fig. 2 that the hormonal effect on the natural

occurring tumors of Harderian glands is to advar ce the time of appearance

rather than increase the incidence. In the case of radiation-induced

tumors the increased levels of pituitary hormones not only decrease the

time to appearance but also increase the incidence.

Figure 3 illustrates that the quantitative difference in tumoi

incidence when the expression of latent initiated cells is enhanced by

hormonal stimulation. These results show that initiation of cells is a



more common event than would be predicted by the cumulative tumor incidence

when radiation is given alone. Similarly.these results illustrate the

competence of the intact animal to suppress expression of initiated cells.

In huaans there is a similar indication that ionizing irradiation

may induce latent tumor cells that can be "promoted" to express their

carcinogenic potential. Psoriasis patients who had received x-ray treatment

and were treated subsequently with PUVA (8-methoxypsoralen plus UVA

radiation) had a significantly higher skin tumor incidence than patients

who received only x-ray or PUVA treatment (32).

Studies of ultraviolet radiation carcinogenesis.

We have studied a very particular form of co-carcingenesis involving

two agents, neither of which alone is carcinogenic (16, 18). The agents

are 8-methoxypsoralen and long-wavelength ultraviolet radiation (320-400 nm),

often called UVA. Certain photobiologically active furocoumarins, commonly

called psoralens, photoreact with DNA during exposure to UVR and extend

the action spectrum of UVA for lethal, mutagenic, and carcinogenic effects

(10,14,28,29). Since exposure to 8-MOP and UVA (PUVA) results in specific

photoproducts that can be assayed, it is possible to carry out carcino-

genesis experiments with dosimetry based on the quantity of specific DNA

photoproducts. In our experiments we have used two stocks of mice with

a mutation at the hr locus: SKH:hairless-l and HRS/J/Anl mice. Topical

applications of 8-MOP followed by irradiation with UVA from a Magnaflux

mercury vapor lamp (365 nm), or a Vestinghouse F40BLB fluorescent lamp

filtered through 3-mm window glass to give a 320-400 nm emission

spectrum induced skin cancer in both stocks of mice.



Figure 4 shows that the incidence of skin carcinomas was dependent

on dose (number of treatments) and that the tumor response was significantly

different in the two stocks of mice. This experiment had been designed

so that the same number of psoralen-DNA crosslinks were induced in the basal

cells of the epidermis of both stocks of mice. On the assumption that

initiation was similar in the two stocks, we chose to investigate whether

or not the difference in susceptibility was due to differences in expression

of the initial events.

It was necessary to establish whether or not a promoter such as

12-0-tetra-deconoyl-phorbol-13-acetate (TPA) could be used to modulate

the incidence of tumors induced by 8-MOP plus UVA. It can be seen from

Fig. 5 that 18 exposures to 8-MOP plus UVA (320-400 nia) over a six week

period resulted in no carcinomas. However, if TPA was applied 3 times a

week after the completion of the 8-MOP plus UVA treatment the cumulative

incidence reached almost 60 percent. Treatment with TPA alone resulted

in no carcinomas. These results are consistent with those reported for

results for promotion of UVR induced lesions (13, 22, 27). It should be

noted that multiple applications of TPA alone have been reported as

carcinogenic in other strains of hairless mice (2, 8,23 ).

Groups of both stocks of mice were given 36 exposures to 8-MOP plus

UVA with and without subsequent promotion with TPA. It was found that most

of the difference in the tumor responses between the two stocks disappeared

when the irradiation regime was followed by TPA treatment (Fig. 6). These

results suggested that the major factors in the difference in suscepti-

bility were associated with differences in expression of the initial events

in the two stocks of mice. Ms have established that these results were



not dependent on the initiating agent as similar findings were obtained

with benzo(a)pyrene.

In order to determine whether or not the difference in susceptibility

for carcinomas between the two stocks of mice was due to a systemic

difference that affected other tissues we investigated sarcomagenesis by

implanting silastic discs under the skin. It was found that sarcomas

arising in the subcutaneous tissue appeared earlier and at a higher incidence

in HRS/J/Anl than in SKH:hairless-l mice, whereas, as has been noted, the

SKH:hairless-l mice were more susceptible to epidermal carcinomas than

the HRS/J/Anl mice.

If we assume that TPA acts as a promoter of initiation by 8-MOP plus

UVA, as appears to be the case (Fig. 5), it becomes possible to investigate

dose-response relationship for initial events and tumor incidence separately.

Dose-response curves were constructed from data obtained ir. experiments

in which the cumulative incidence of carcinomas had been determined

as a function of total dose by varying the dose per fraction or the total

number of fractions. It can be seen in Fig. 7 that exposure regimes that

were not followed with applications of TPA resulted in a sigmoid dose-

response curve. In contrast, if similar regimes but with lower total doses,

were followed by TPA treatments the relationship of the response to dose

was a no threshold-linear response.

It has long been recognized that a considerable number of exposures

to UVR are required for cancer production (5). This has also been shown

to be the case with 8-MOP plus UVA (Figs. 5 and 7). The relationship of

the number of fractions to the incidence of tumors suggests that many of

the later fractions are necessary for the expression of the tumors. It



therefore of interest to determine if there was a wavelength-dependency

for the effect of UVR on expression. Groups of mice were exposed to 36

combined treatments of 8-MOP and UVA and were then given (1) no further

treatment, or (2) a series of exposures to one of the following: 3G5 ran,

320-400 nm, 280-400 nia or TPA. The results seen in Fig. 8 show that the

longer wavelength spectra had little or no effect but that exposures to

280-400 nm (Westinghouse FS40 sunlamp), which includes the tumorigenic

UVB spectrum (280-320 nm), enhanced the tumor incidence induced by the

8-M0P plus UVA treatment even more than TPA. The dose level of the

280-400 nm spectrum is sufficient to initiate cells so it is not yet

possible to determine whether the mechanisms of initiation and promotion

involve different molecular lesions.

There have been a number of studies of UVR co-carcinogenesis (see

refs. in 33). Unfortunately, interpretation of the results has been

complicated because many of the chemical carcinogens that have been used

show photodynamic activity. Also, exposure of the skin to either UVR or

chemical carcinogens may alter the distribution of cells in the cell <r:ycle

which in turn may alter the susceptibility to subsequent treatments.

Changes in proliferar-'on, in particular hyperplasia, must be taken into

account when designing co-carcinogenesis studies involving UVR.

Some experiments such as those of Epstein (12) do suggest that UVR

does enhance or promote chemical carcinogenesis of the skin. An unusual

example of UVR-co-carcinogenesis has been reported by Bingham and Nord (4).

They found that skin tumors were produced in C3H/HeJ mice by topical

treatment with n-decane or n-dodecane followed by exposures to UVR

(>350 nm), neither of which treatment independently is carcinogenic. It



is apparent that co-carcinogenesis Involving UVR is poorly understood.

CONCLUSIONS

It is clear that with low dose levels of ionizing or ultraviolet

radiation the number of initiation events exceeds the number of tumors

that grow to a detectable size. Ionizing radiation, which is a complete

carcinogen, appears to be a more effective initiator than an enhancer or

promoter. However, the initiation and promotion aspects of ionizing

radiation has been studied in very few organ systems. In the case of UVR,

with or without photosensitizers such as psoralens, the requirement of

a relatively large number of exposures for carcinogenesis suggests that the

expression of the initiated cells as frank tumors requires a number of

events spread out over the time of the development of the tumor. Both

ionizing and ultraviolet radiation are, perhaps, underutilized as tools

for probing the mechanism of both initiation and promotion.
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TABLE I

Wavelength Adverse
Type of Radiation nm Biological Effects

_7 _ Cell killing
Ganuna 1 x 10 - ^ 5 x 10

Mutagenesis

__ Teratogenesis
X-rays ^5 x 10 - <u 2

Care inogenesis

Ultraviolet 40 - 390 Cell killing

Carcinogenesis

Wavelengths greater than 320 run are not considered carcinogenic

Visible

Infrared

Radio waves

390

780

105

- 780

- 4 x

- 3 x

105

1013

Cell

Cell

killing

killing
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FIGURE LEGENDS

Fig. 1 Schematic of DNA and radiation induced lesions adapated from

an illustration of R. A. Deering in Sci. Am. 207, 135 (1962).

Fig. 2 The prevalence of Harderian gland tumors in female B6CF /Anl

after pituitary isograft only (A A); after a single exposure

to 64 rad fn only (e e); and to 64 rad fn followed by pituitary

isograft on the same day (A A).

Fig. 3 The age-adjusted incidence of Harderian gland tumors as a

function of dose of JANUS reactor fission neutrons in B6CF

mice with (e • ) , and without (A A) ;pituitary isografts.

The incidence of tumors in mice exposed to 64 rads fn before

receiving pituitary isografts: (0).

Fig. 4 The incidence of epidermal carcinomas after 18 exposures:

HRS/J/Anl (C); SKH:hairless-l (A); 36 exposures: HRS/J/Anl (c);

SKH:hairless-l (A); and 72 exposures: HRS/J/Anl (•); SKH:hairless-1

(A); to 250 yg 8-MOP plus 5.5 J/m2 365 am.

Fig. 5 The incidence of carcinomas in the skin of SKH:hairless-l

mice exposed to: (1) 18 exposures of 250 ug 8-MOP applied topically

3 2

followed 45 minutes later by 1.25 x 10 J/m (320-400 nm) given

3 times per week ( ) and (2) the same regime plus subsequent

applications of 5 ug TPA 3 times per week for 50 weeks (m • ) .
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Fig. 6 The incidence of carcinomas after 36 exposures to 250 ug 8-M0P

T 2
followed by 1.25 x 10 J/m (320-400 nm) with and without

subsequent promotion with 5 pg of TPA 3 times per week in HRS/J/Anl

mice: without promotion (A A), and with promotion (a • ) ;

SKH:hairless-l mice: without promotion (A A), and with

promotion (o o).

Fig. 7 The percent of mice with squamous cell carcinomas as a function

to total dose of 320-400 ran UVR given in various numbers of

fractions plus 8-raethoxypsoralen (o o); and similar exposures

but followed at the end of the fractionation regime by treatment

with 5 ug of TPA 3/week (• o).

Reproduced from (17) with permission from Elsevier/North-Holland

Biomedical Press.

Fig. 8 The incidence of epidermal carcinomas as a function of time

3 2
after 36 exposures to 8-M0P plus 1.25 x 10 J/m . 320-400 nm

( ); a similar regime followed by 72 exposures of 5.5 x 10

J/m2 365 nm (A A); or 1.25 x 103 :/m2 320-400 nm (o o);

or 500 J/m 280-400 nm (A A); or 5 'ig TPA 3 times/week for

24 weeks (• ).
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