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ABSTRACT
The present study was designed to determine the systemic influence of
ultraviolet (UVB) irradiation upon subsequent carcinogenesis induced by
benzo(a)pyrene. The source of UV irradiation consisted of six Westinghouse FS-40 fluorescent sunlamps. Female BALB/c mice received five
30-min dorsal UVB radiation treatments per week for 13 wk. At the end
of 13 wk, irradiated and unirradiated mice received ventral applications
of 0.1 or 1.0 mg of benzo(a)pyrene twice weekly for 20 or 10 wk,
respectively. At 18 wk after the first benzo(a)pyrene treatment, mice
receiving 0-, 0.1-, or 1.0-mg hcn/o(Â«)pyrcnctreatments bore 0,12, or 29
tumors per group of 18 mice, respectively. Tumor-free survival was
significantly shortened in the UV-irradiated hosts as compared with
unirradiated hosts, as analyzed by the Kaplan-Meier method of survival
analysis. Therefore, ultraviolet irradiation induced a systemic effect which
enhanced subsequent tumor induction by benzo(a)pyrene in a manner
which was dependent on the dose of benzo(a)pyrene.

INTRODUCTION
Early studies concerning the interactions of UV radiation
and chemicals in tumorigenesis involved sequential exposure of
the same areas of skin to these agents (1-3). In experiments in
which chemical treatment preceded UV irradiation, conflicting
results were reported, presumably because UV radiation can
lead to degradation of polycyclic aromatic hydrocarbons or to
photosensitization, which can enhance the carcinogenic re
sponse (4). In experiments in which UV irradiation preceded
each treatment with DMBA,2 a 30% enhancement of tumor
formation was reported (5). In that experiment, the UV irradia
tion treatments were interspersed with the DMBA applications,
and both were at a carcinogenic dose, so that the study dem
onstrated an additive effect of DMBA and UV irradiation as
complete carcinogens.
In addition to its local DNA-damaging role in carcinogenesis
(6, 7), UV radiation is a systemic immunomodulating agent.
After repeated UV radiation exposures, mice acquire a state of
immunosuppression that renders them incapable of mounting
an effective immunological rejection response to syngeneic UVinduced skin tumor cells (8, 9). Normal mice can reject trans
planted UV-induced tumor cells, whereas UV-treated mice
cannot. This immunosuppression can be passively transferred
with lymphoid cells and is due to the presence of suppressor Tlymphocytes in UV-irradiated mice (10). Fisher and Kripke
(11) demonstrated that the UV radiation-induced suppressor
lymphocytes could enhance the development of primary skin
cancers induced by chronic UV irradiation. The importance of
this UV-induced systemic effect on cutaneous carcinogenesis
from UV irradiation raised the question of whether or not there
is a systemic influence of UV irradiation on chemically induced
skin carcinogenesis. Roberts and Daynes (12) had reported that
Received 7/31/87; revised 10/29/87; accepted 11/4/87.
The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
1This investigation was supported by NIH Grants CA-27502 and CA-44504.
2The abbreviations used are: DMBA, 7,12-dimethylbenz(a)anthracene;
BP,
benzo(u)pyrene; UVB, electromagnetic radiation in the wavelength range of 280
to 320 nm.

dorsal UVB irradiation for 3 wk before ventral applications of
50 Â¿Â¿I
of 0.2% benzo(a)pyrene twice weekly for 30 wk resulted
in a 2- to 6-wk reduction in tumor latency. We wished to
determine if there was a dose response in UV influence on
benzo(a)pyrene-induced tumorigenesis and if vent rally applied
benzo(a)pyrene influenced the yield of tumors induced by pre
vious dorsal UVB irradiation.
MATERIALS

AND METHODS

Materials. Specific-pathogen-free BALB/c mice were purchased from
SASCO, Inc. (Omaha, NE). Females at 6 wk of age were used for these
experiments. Benzo(a)pyrene was obtained from Aldrich Chemical Co.
(Milwaukee, WI).
UVB Irradiation. The mice were housed 5 per cage on a shelf 20 cm
below a bank of 6 Westinghouse FS40 sunlamps. The dorsal fur of the
mice was shaved with electrical clippers (Oster, Model 40) once each
week during the UV treatment period. The cage order was systemati
cally rotated along the shelves to compensate for differences in flux at
various positions under the sunlamps.
The average UV irradiation at the position of the mice was 6.0 J/
m2/s over the wavelength range of 280 to 320 nm. This was determined
using a cosine-correcting UVX digital radiometer (Ultraviolet Products,
San Gabriel, CA). Mice received five 30-min treatments weekly, as
described previously by Roberts and Daynes (12), for 13 wk. The total
UV dose received by the mice during the 13-wk period, as measured
under the wire cage top at the level of the mice, was approximately 7.0
xl05J/m2.
Chemical Carcinogenesis. Tumors were induced by a complete car
cinogenesis protocol which began 1 wk after the termination of UV
irradiation. Benzo(a)pyrene was applied to the shaved ventral surface
of the mice twice weekly. Mice received 1.0 mg of BP for 10 wk, 0.1
mg of BP for 20 wk, or acetone solvent alone for 20 wk.
Experimental Design. The incidence of both dorsal and ventral skin
cancers was determined in 6 different treatment groups, each consisting
of 18 mice. The groups were treated as follows: (a) UV irradiation plus
acetone; (b) UV irradiation plus 0.1 mg of BP for 20 wk; (c) UV
irradiation plus 1.0 mg of BP for 10 wk; (d) acetone alone; (e) 0.1 mg
of BP alone for 20 wk; or (j) 1.0 mg of BP alone for 10 wk. All animals
were inspected weekly for skin cancers. The time of appearance, size,
and location of tumors were recorded. At the termination of the
experiment, tumors were randomly selected for histolÃ³gica! examina
tion.
Statistical Analysis. Tumor incidence data are presented in the format
of tumor-free survival as a function of time. Thus, only the first tumor
that developed was included in the tumor-free survival analysis which
was performed by the method of Kaplan-Meier (13) and the censored
rank order test derived by Breslow (14). Tumor occurrence did not
follow a normal distribution, so that a nonparametric analysis of the
data was required (15). Wilcoxon rank-sum tests were performed on
the mean number of tumors per mouse between UV-irradiated and
-unirradiated groups to test the hypothesis that there was a significant
difference between the medians of the irradiated and unirradiated
groups.

RESULTS
Enhancement by Dorsal UVB Irradiation of Subsequent Ven
tral Skin Tumorigenesis Induced by Benzo(a)pyrene. The num
bers of tumors which developed in the ventral skin of mice
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treated ventrally with benzo(a)pyrene at a dose of 1.0 mg per
treatment are depicted in Fig. 1. At 18 wk after the first BP
treatment, there were 2 tumors in the group of unirradiated
mice. Pretreatment of such mice with dorsal UVB radiation
dramatically increased the number of BP-induced tumors to 29
in the group of irradiated mice, at the same time point. Of 20
tumors in irradiated mice examined histologically, 90% were
squamous cell carcinomas, and 10% appeared to be undifferentiated sarcomas. Both tumors in the unirradiated mice were
squamous cell carcinomas. Thus, the systemic effects of UV
irradiation significantly enhanced skin carcinogenesis by
benzo(fl)pyrene (P < 0.05).
The effect of UV irradiation of dorsal skin was tested on the
tumor-free survival of mice treated subsequently with
benzo(fl)pyrene. Ten % of mice receiving 1.0 mg of BP ventrally
twice weekly for 10 wk developed carcinomas by 12 wk after
treatment began (Fig. 2). Sixty-seven % of the mice which had
been preirradiated had ventral carcinoma (Fig. 2; P = 0.0003,
compared with unirradiated animals).
Influence of the Dose of Benzo(a)pyrene on UV Modulation
of Tumorigenesis. Tumor formation in mice exposed to 0.1 mg
of BP twice weekly for 20 wk is shown in Fig. 3. At 21 wk after
the first BP treatment, there were 9 tumors in the 18 unirra
diated mice and 25 tumors in the 18 mice which had been UV
irradiated at a distant site. Thus, a 10-fold reduction in the
concentration of the carcinogen resulted in a pronounced de
crease in the UV enhancement of tumorigenesis at this time
point. However, the overall effect of the UV pretreatment was
a 3-wk delay in tumor formation, with a similar slope of the
curves in both irradiated and unirradiated groups. UVB irradia-
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Fig. 3. Rate of tumor development in ventral skin of mice treated with 0.1 mg
of benzo(a)pyrene, with and without dorsal UV irradiation. Treatments and
symbols are similar to those described in the legend of Fig. 1.
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Fig. 1. Rate of tumor development in ventral skin of mice treated with 1.0 mg
of benzo(a)pyrene, with and without dorsal UV irradiation. Groups of 18 mice
each received ventral applications of 1.0 mg of benzo(a)pyrene twice weekly for
10 wk. â€¢mice which had received UVB irradiation dorsally; â€¢,mice which did
not receive UVB irradiation; D and O, mice which did not receive benzo(a)pyrene,
with (D) or without (O) UVB irradiation.
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Fig. 5. Incidence of UV-induced tumors in dorsal skin of mice treated with
UVB irradiation. The mice received five 30-min exposures per week for 13 wk.
One wk later mice began to receive either O.I or 1.0 mg of benzo(a)pyrene
ventrally, twice weekly, for 20 or 10 wk, respectively. â€¢UV irradiation alone; â€¢,
UV irradiation plus 1.0 mg of benzo(a)pyrene; A, UV irradiation plus O.I mg of
benzo(a)pyrene.
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Fig. 4. Reduction of tumor-free survival in mice pretreated with UVB irradia
tion. Only benzo(a)pyrene-induced tumors were considered in these results. â€¢,
irradiated mice; â€¢,unirradiated mice.
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tion of dorsal skin did result in a significant reduction in tumorfree survival of mice treated ventrally with 0.1 mg of BP (Fig.
4; P = 0.0011, compared with unirradiated animals).
Influence of Ventrally Applied Benzo(Â«)pyreneon the Yield of
Tumors Induced by Previous Dorsal UVB Irradiation. The rate
of dorsal UVB-induced tumorigenesis was similar in control
mice and mice which received 1.0 or 0.1 mg of BP twice weekly
for 10 or 20 wk, respectively (Fig. 5). The BP treatments began
1 wk after the termination of UVB irradiation. Fourteen of the
UV-induced tumors were examined histologically. Sixty-four
% were classified as squamous cell carcinomas, 21% were
fibrosarcomas, 7% were anaplastia carcinomas, and 7% were
keratoacanthomas.
No influence of ventral benzo(a)pyrene
treatment was evident in the histology of the UV-induced
tumors.
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Fig. 2. Reduction of tumor-free survival in mice pretreated with UVB irradia
tion. Only benzo(o)pyrene-induced tumors were considered in these results. Mice
were treated as described in the legend of Fig. 1. â€¢,mice which had received UVB
irradiation; â€¢,unirradiated mice.

A systemic influence of UV radiation markedly enhanced
cutaneous carcinogenesis resulting from topical application of
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benzo(fl)pyrene to unirradiated skin. The extent of the UV
potentiation was dose dependent on the concentration of
benzo(Â«)pyrene applied. A comparison of Figs. 1 and 3 reveals
that the difference between tumor formation of UV-irradiated
versus nonirradiateci mice was maintained over time when 1.0
mg of benzo(a)pyrene was applied twice weekly for 10 wk,
whereas the UV enhancement in mice treated with 0.1 mg of
benzo(a)pyrene for 20 wk consisted of a 3-wk reduction in
latency. Thus, the U V enhancement of chemical carcinogenesis
was more profound at the higher dose of the carcinogen.
Schmitt and Daynes (16) have reported a correlation between
the inducing dose of a chemical carcinogen and the antigenicity
of the resulting tumors. Our results are consistent with the
hypothesis that UV-induced immunosuppression allowed the
growth of chemically induced antigenic tumors which were
rejected in the unirradiated controls. At the lower carcinogenic
dose, the tumors were not rejected by the unirradiated mice,
but did show accelerated growth in the UV-irradiated, immunosuppressed mice. These findings suggest that the tumors
induced by the lower dose of carcinogen were weakly immunogenic and that a state of tolerance was achieved in the unirra
diated mice.
Our results with 0.1-mg treatments of benzo(a)pyrene were
similar to those reported by Roberts and Daynes (12), who had
used 0.1 mg of benzo(<z)pyrene applied ventrally twice weekly.
They found that dorsal UV treatments had to precede carcino
gen applications in order to influence tumorigenesis. This would
be expected if UV-induced immunosuppression were responsi
ble for the accelerated carcinogenesis. Kripke has demonstrated
that mouse skin tumors induced by benzo(a)pyrene (0.1 mg
applied twice weekly) were not immunogenic, based upon
growth in unirradiated as well as in immunosuppressed recipi
ents (17). Yet, she also reported that two of three methylcholanthrene-induced tumor cell lines grew at an increased rate in
UV-treated mice (18). Roberts and Daynes (12) found that the
immunogenicity of tumors induced by a single s.c. innoculum
of 5 mg of methylcholanthrene was influenced by the imiminosuppressive state of the host. UV pretreatment of the host
resulted in a 3-fold increase over control levels in the percentage
of tumors which were immunogenic. Thus, the immunogenicity
of chemically induced tumors is influenced by the carcinogen
dose (16) and the immunological status of the host (12).
It is noteworthy that polycyclic aromatic hydrocarbons can
induce suppression of humoral and cellular immunity (19, 20).
In the present study there was no increase in dorsal UV-induced
tumorigenesis when benzo(a)pyrene was applied ventrally dur
ing the course of UV tumor development. Thus, we detected
no additive effect in immunosuppression caused by the appli
cation of benzo(a)pyrene subsequent to UV irradiation.
The systemic effect of UVB irradiation could be immunolog
ical, as has been demonstrated in the case of UV-induced
tumorigenesis (10, 11). A second possibility is that UV irradia
tion activates leukocytes which circulate to distant sites and
release high energy oxygen species which damage DNA of
adjacent target cells (21, 22). Such damage would be at a
subcarcinogenic level, requiring further DNA damage for car
cinogenesis to occur. The higher level of carcinogenesis at the
lower dose of benzo(a)pyrene, rather than at the higher dose of
BP, argues against the second possibility. Experiments are
under way to determine if the UV enhancement of chemical
carcinogenesis can be passively transferred with splenocytes. It
is possible that the systemic effect of UVB irradiation upon
benzo(a)pyrene-induced carcinogenesis is due to induction of
T-suppressor cells, as has been shown for methylcholanthrene-

induced tumors (12). The significance of this would be that
UV-induced T-suppressor cells would recognize antigens ex
pressed on skin tumors induced by UV irradiation, methyl
cholanthrene, or benzo(fl)pyrene. Studies in Daynes' laboratory
(23) suggest that UV-induced and methylcholanthrene-induced
tumors display oncofetal antigens. Negative regulation of cellmediated immunity by fetal antigens has been previously re
ported (24-26). Thus, UV-induced immunosuppression may
allow the escape from immunological surveillance of tumors,
induced by a variety of agents, all of which express a common
or similar tumor-associated antigen recognized by UV-induced
T-suppressor cells.
The finding that UV radiation can increase the tumorigenic
potency of chemical carcinogens broadens the potential role of
UV irradiation in human cancers. It is not yet known if the
systemic influence of UVB irradiation upon antigenic
benzo(a)pyrene-induced tumors applies to other organs in ad
dition to the skin. Nor is it known if the presence of multiple
carcinogens would act in an additive manner to induce antigenic
tumors. Considering that carcinogens are mutagens and that
the increase in antigenicity of tumors is likely due to an increase
in mutations, it appears probable that multiple carcinogens
could additively increase the antigenicity of tumors. Clearly,
the role of UV-induced immunosuppression in allowing the
development of antigenic tumors induced by chemical agents
warrants further investigation.
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