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ABSTRACT

Exposure of murine skin to UVB (280-320 nm) radiation accelerates
the outgrowth of melanoma cells implanted into the irradiated site.
Because many of the biological effects of psoralen plus UVA (320-400
nm) radiation (PUVA) resemble those of UVB radiation and because
PUVA therapy is used extensively in the treatment of cutaneous diseases
in humans, we determined the effect of PUVA on the growth of trans
planted murine melanoma cells. Unshaved C3H/HeN(MTV-) mice were
treated twice each week for 3 weeks with 0.4 mg 8-methoxypsoralen i.p.
plus 4.25 k.l/nr UVA radiation; syngeneic K1735 melanoma cells were
then injected s.c. into the external ear. This treatment stimulated the
outgrowth of the melanomas compared to that in untreated mice and
mice treated with 8-methoxypsoralen or UVA alone. The use of a
nonphototoxic, monofunctional psoralen plus UVA was equally effective,
indicating that neither phototoxicity nor the ability to form DNA cross
links was required for this effect. In vitro treatment of a murine keratin-
ocyte cell line PAM 212 with PUVA caused the release of soluble factors
that, when mixed with K1735 melanoma cells prior to injection, stimu
lated their outgrowth in vivo. These studies demonstrate that PUVA
treatment can contribute to the pathogenesis of melanoma by exerting a
stimulatory effect on the outgrowth of melanoma cells. Furthermore, they
suggest that this effect may result from the ability of PUVA to cause the
release of stimulatory factors from keratinocytes.

INTRODUCTION

Cutaneous melanoma is the most dangerous form of skin
cancer. In the years between 1950 and 1985, there was an
increase in incidence of 200% and an increase in mortality of
150% from this disease (1). Exposure to ultraviolet B radiation
has been implicated as a contributing factor in the etiology of
melanoma (2); however, the role played by UVB in melanoma
induction is complex and differs from the role it plays in basal
and squamous cell carcinomas (3).

Studies with murine models demonstrated that exposure to
UVB (280-320 nm) radiation can contribute to melanoma
development in several ways. First, UVB can contribute to the
development of melanomas directly, by serving as the initiator
(4) or the promoter (4, 5) in melanoma induction. Second, it
can accelerate the appearance of melanoma induced by chemical
agents (4). Third, it can contribute to melanoma development
by means of an indirect, local effect on the host environment
(6), which appears to be immunologically mediated (7). Finally,
UVB can cause epidermal cells to release soluble factors that
stimulate the growth of melanoma cells (8) and melanocytes
(9). These studies suggest that, in addition to its carcinogenic
activity, UVB radiation may contribute to the incidence of
melanoma by means of indirect effects on the host.
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The combination of 8-methoxypsoralen and UVA (320-400
nm) radiation has biological effects similar to those observed
after UVB irradiation: Both treatments are mutagenic, carcin
ogenic, and immunosuppressive (10, 11). In spite of these
effects, PUVA1 therapy is widely used for the management of

certain dermatological diseases. Although only sporadic cases
of cutaneous melanoma have been reported among PUVA-
treated patients (12), PUVA treatment is associated with the
formation of atypical proliferations of melanocytes (PUVA
lentigines; Refs. 13 and 14) and with hyperpigmentation of the
skin. We therefore wished to determine whether PUVA treat
ment, like UVB irradiation, would accelerate the development
of melanoma cells in vivo in a murine model, and if so, whether
soluble factors derived from keratinocytes were involved. In our
study we included a nonphototoxic, monofunctional psoralen,
as well as 8-MOP, a bifunctional, phototoxic compound, to
determine if the effect of psoralen plus UVA radiation on the
outgrowth of melanoma cells was related to its ability to cause
cutaneous phototoxicity or the formation of DNA cross-links.

MATERIALS AND METHODS

Animals

Specific pathogen-free female C3H/HeNCr(MTV-) mice were pur
chased from the Animal Production Area of the Frederick Cancer
Research Facility (Frederick, MD). Mice were 8-10 weeks old at the
beginning of each experiment, and they were housed in a pathogen-
free, barrier facility accredited by the American Association for Accred
itation of Laboratory Animal Care and in accordance with current
United States Department of Agriculture, Department of Health and
Human Services, and NIH regulations and standards. Animal proce
dures were approved by the Institutional Animal Care and Use Com
mittee. Within a single experiment all mice were age and sex matched.
The mice received NIH-31 open formula mouse chow and sterile water
ad libitum. Ambient light was controlled to provide regular 12-h light,
12-h dark cycles.

UV Radiation Sources

In Vivo Irradiation. The UV light source used to irradiate the mice
was a bank of 6 Westinghouse FS-40 sunlamps, which emit a continu
ous spectrum from 270 to 390 nm, with a peak emission at 313 nm;
approximately 65% of the radiation emitted was within the UVB range
(280-320 nm), as determined by an Optronic 742 spectroradiometer
(Optronic Laboratories Inc., Orlando, FL). During UV irradiation, the
mice were housed 5/cage under a wire cage top, individually separated
by clear plastic partitions, on a shelf 20 cm below the fluorescent bulbs.
The incident UVB dose rate through the cage top at the level of the
animals' backs averaged 3.54 J/m2/s. The source of UVA radiation was

the same bank of 6 FS-40 sunlamps filtered through a 0.05-mm sheet
of Mylar to eliminate radiation of wavelengths less than 320 nm. The
irradiance at the level of the animals' backs averaged 1.58 J/m2/s in

the 320-400 nm wave band.
In Vitro Irradiation. The UV light source used to irradiate PAM 212

keratinocytes was a single FS-40 sunlamp bulb with an irradiance of

' The abbreviations used are: PUVA, psoralen plus UVA radiation; 8-MOP,
8-methoxypsoralen; TMA. 4,4'.6-lrimethylangelicin; PBS. phosphate-buffered
saline; PÃšVA-SN, supernatants from PUVA cultures; UVB-SN. supernatants
from UVB cultures; NR-SN, control supernatant.
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4.1 J/m2/s within the UVB range (280-320 nm), at a tube-to-target

distance of 20 cm. The source of UVA radiation was a bank of 2
fluorescent black light lamps (F15T8; Sylvania, Danvers, MA) Tillered
through a 0.05-mm sheet of Mylar to eliminate radiation below 320
nm. Approximately 99% of the radiation emitted was within the UVA
range (320-400 nm), as determined by an Optronic 742 spectroradi-
ometer, and the peak emission was at 366 nm. The output of these
lamps was 22 J/m2/s (320-400 nm) at a tube-to-target distance of 20

cm.

Treatment Protocol

Each animal was treated twice weekly for 3 weeks. Unshaved mice
were exposed for 20 min to UVB radiation at each treatment (4.25 kj/
m2), so the total dose of UVB received was (25.5 kJ/m2). For PUVA
treatment, the mice were given injections i.p. of 0.4 mg of 8-MOP
(Sigma Chemical Co., St. Louis, MO) or with n equimolar dose of
4,4',6-trimethylangelicin (15), kindly provided by Dr. F. Dall'Acqua

(Institute of Pharmaceutical Chemistry, Padova, Italy) in 0.5 ml of a
2% (w/v) solution of gelatin. Forty-five min later, they were exposed to
UVA radiation for 45 min, which constituted the same amount of total
radiant energy as that derived in a 20-min exposure to UVB radiation
(4.25 kJ/m2).

Production of Supernatants

The BALB/c keratinocyte line PAM 212 was used to obtain super-
natants (16). The PAM 212 cell concentration was adjusted to 1 x IO6
cells/ml in Eagle's minimal essential medium, and 5 ml of the cell
suspension was plated in I00-mm tissue culture dishes. Twenty-four h
later, the cells were washed 3 times with PBS and incubated with 400
ng/ml of psoralen in PBS for 30 min in a dark room. The covers of the
tissue culture dishes were then removed, and the cells were irradiated
with various doses of UVA radiation; supernatants from such cultures
are designated PUVA-SN. The UVB-SN was obtained by exposing the
tissue culture dishes to 200 J/m2 of UVB radiation. NR-SN was

obtained from keratinocytes handled in a similar manner except that
they were not exposed to UV radiation or psoralen. Immediately after
irradiation, the cells were washed 3 times with PBS and resuspended
in serum-free, phenol red-free medium. Eighteen to 24 h later, the
supernatants were harvested and filtered through a 0.22-^m filter, and
their protein concentration was determined by the Bradford assay (Bio-
Rad, Rockville Centre, NY). The protein concentration of each super
natant was adjusted to 15 ^g/rnl; the presence of endotoxin could not
be detected (<0.125 ng/ml) by the Limulus amebocyte lysate assay
(Cape Cod Associates, Woods Hole, MA).

Tumor Cell Lines

The K-1735 melanoma arose in a C3H mouse that had been treated
with UVB radiation followed by repeated painting with croton oil (17).
This tumor cell line was used at passages 5 to 15. All cells were grown
in Eagle's minimal essential medium supplemented with 10% fetal

bovine serum, L-glutamine, vitamins, sodium pyruvate, nonessential
amino acids, and penicillin-streptomycin (GIBCO Laboratories, Grand
Island, NY). Cells were routinely tested to demonstrate that they
remained free of Mycoplasma. In addition, they were free of pathogenic
murine viruses (as determined by Microbiological Associates, Rockville,
MD).

Tumor Growth in Syngeneic Mice

The tumor cells were harvested from subconfluent monolayers after
1-min treatment with 0.25% trypsin-0.02% versene (v/v). The cells
were washed and resuspended in Hanks' balanced salt solution (GIBCO

Laboratories). The cell number was determined by using a hemocytom-
eter, and the viability was always >90% as measured by trypan blue
exclusion. Twenty-four h after the last UV treatment, 2.5 x IO4tumor
cells in 50 ^1 of serum-free medium were injected s.c. into each pinna
of syngeneic mice. The groups consisted of 10 mice, and the mice were
individually numbered and examined weekly for tumor growth. Pre
vious studies (6-8) demonstrated that a 6-week observation period after

tumor implantation was optimal for distinguishing different rates of
tumor growth; after this time, few or no additional mice developed
tumors, and mice with tumors became moribund. Ear tumors were
measured in 2 bisecting diameters with vernier calipers. Tumor inci
dence was defined as the number of tumors >2 mm in diameter, divided
by the total number of tumor cell injections in each group.

Local Effect of Supernatant on Tumor Growth

K-1735 melanoma cells were prepared as described above and were
adjusted to 5 x IO5cells/ml in serum-free medium mixed 1:1 with the
various supernatants. Then 2.5 x 10" tumor cells in 50 pi were injected

s.c. into each pinna of syngeneic mice. The mice were examined weekly
for tumor growth.

Statistical Analysis

The statistical significance of differences in mean tumor diameter
between treatment and control groups was determined by a 2-tailed
Student's / test; differences in tumor incidence were compared by using
the x2 goodness of fit test. Probabilities of no difference <0.05 were

considered statistically significant; all experiments were performed at
least twice.

RESULTS

Phototoxicity and Pigmentation. Since the PUVA-treated
mice were not shaved before exposure to UVA irradiation, no
phototoxic effects were observed on the dorsal skin. However,
the ears, which were not protected from UVA radiation, exhib
ited cutaneous changes. In mice treated with PUVA or UVB,
the ears exhibited thickening, increased pigmentation, and er
ythema. In contrast, in mice treated with TMA plus UVA or
with UVA, the ears exhibited hyperpigmentation but no thick
ening or erythema. A previous histolÃ³gica! evaluation of TMA
plus UVA treatments demonstrated no evidence of cellular
infiltrate, epidermal hyperplasia, parakeratosis, or acanthosis
(18); therefore, the treatment was considered to be
nonphototoxic.

Effect of 8-MOP Plus UVA Radiation on Melanoma Cells.
To determine whether PUVA treatment could affect the devel
opment of transplanted melanoma cells, C3H mice were given
injections i.p. twice each week for 3 weeks of 0.4 mg of 8-MOP,
followed by an exposure to 4.25 kJ/m2 of UVA radiation. Other
groups were exposed to 4.25 kJ/m2 of UVB (20 min exposure)
or UVA (45-min exposure through Mylar), twice a week for 3
weeks. One day after the last treatment, mice were given injec
tions of 2.5 x IO4 K-1735 melanoma cells in the pinna, which

was the major exposed body site on the unshaved mice. As is
illustrated in Fig. 1, the tumors reached a higher incidence in
mice pretreated with either PUVA or UVB radiation. In both
groups the tumor incidence was significantly increased over
that of control groups at most time points. There was also a
significant increase in tumor size at weeks 2 and 6 in mice
treated with PUVA or UVB radiation, compared with the other
groups (not shown). There was no significant difference between
the groups treated with PUVA or UVB. The development of
tumors in mice treated with either 8-MOP or with 4.25 kJ/m2

of UVA did not differ from that in untreated controls.
Effect of TMA Plus UVA Radiation on Melanoma Cells. To

determine whether stimulation of the growth of transplanted
melanoma cells by treatment with PUVA was related to its
phototoxic or DNA-binding properties, C3H mice were treated
as described above by using TMA. TMA is a nonphototoxic,
angular psoralen, which upon exposure to UVA radiation forms
only monofunctional adducts with pyrimidine bases of one
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Fig. 1. Growth of K-1735 melanoma cells in UVB- or PUVA-treated mice.

C3H mice were exposed twice each week for 3 weeks to 20 min of UVB (3.54 J/
iti2/s), or to 45 min of UVA filtered through Mylar (1.58 J/m2/s) following the
i.p. injection of 0.4 mg of 8-MOP (PUVA). Control groups received UVA alone,
8-MOP alone, or no treatment. Twenty-four h after the last treatment, 2.5 X IO4
K-1735 melanoma cells were injected into each pinna. The data are presented as
the percentage of tumor incidence

No. of tumors >2 mm

No. of challenges
x 100

versus time; *, P s 0.05 versus no treatment.
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Fig. 2. Growth of K-1735 melanoma cells in mice treated with TMA plus

UVA radiation. C3H mice were exposed twice a week for 3 weeks, to 20 min of
UVB (3.54 J/m2/s) or to 45 min of UVA light filtered through Mylar (1.58 J/
m2/s) following i.p. injection of TMA (0.4 mg). Control groups received TMA
alone, UVA alone, or no treatment. Twenty-four h after the last treatment, 2.5 x
IO4K-1735 melanoma cells were injected into each pinna. The data are presented

as percentage of tumor incidence

No. of tumors a2 mm
No. of challenges

versus time; *, P s 0.05 versus no treatment.

X 100

DNA strand (15, 18). In contrast, 8-MOP is a phototoxic,
linear compound, which upon exposure to UVA radiation forms
both monofunctional and bifunctional adducts (cross-links)
with DNA (19). As shown in Fig. 2, mice treated with either
UVB or TMA plus UVA demonstrated a higher tumor inci
dence at weeks 3 through 6, and there was no significant

difference between these two groups. In contrast, mice treated
with TMA or UVA alone developed tumors at the same rate as
untreated mice. In addition, tumors in mice treated with UVB
or TMA plus UVA showed a greater mean diameter than those
in untreated mice at week 6 (not shown).

Effect of Supernatants on in Vivo Growth of Melanoma Cells.
Some of the immunological effects of UV radiation are attrib
uted to soluble mediators released or produced by UV-irradi-
ated keratinocytes (20-22). In addition, UVB irradiation of
sheets of murine epidermis caused the release of factors that
stimulated melanoma growth in vivo (8). To determine whether
UVB- or PUVA-treated keratinocytes would release factors
that could stimulate the growth of melanoma cells in vivo,
supernatants were obtained from the PAM 212 keratinocyte
cell line after in vitro treatment with either UVB or PUVA.
The supernatants were added to K-1735 melanoma cells before
injection into the ears of C3H mice. The incidence of tumors
from K-1735 cells injected with UVB-SN or PUVA-SN was
significantly higher than that seen in mice given injections of
cells alone or with cells plus NR-SN (Fig. 3). In addition, mice
given injections of melanoma cells resuspended in medium
containing UVB-SN or PUVA-SN exhibited larger tumors than
those observed in untreated mice at weeks 5 and 6 (not shown).
Varying the dose of UVA radiation between 200 and 1000 kJ/
m2 with 8-MOP for production of PUVA-SN did not affect the

specific activity of the supernatants; there was an increase in
tumor incidence and size in all three groups receiving PUVA-
SN, regardless of the UVA dose used. The apparent lack of a
UVA dose response is not surprising since the protein concen
tration of the supernatants was equalized before use.

DISCUSSION

Since 1974, PUVA has been extensively used for the treat
ment of several dermatological diseases, including psoriasis,
vitÃligo,and cutaneous T-cell lymphoma (23). One of the feared,
long-term side effects of this therapy is an increased risk of skin
cancer. Since PUVA is mutagenic, it is not surprising that it
induces skin cancers in experimental animals (19). However,
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Fig. 3. Effect of supernatant released from PAM 212 keratinocytes on the

growth of K-1735 melanoma cells m vivo. Supernatants were prepared from
untreated PAM 212 keratinocytes (NR-SN) or from PAM 212 cells irradiated
with 200 J/m1 of UVB (UVB/SN) or treated with 400 ng/ml of 8-MOP followed
by 200, 500, or 1,000 J/m! of UVA radiation (8-MOP-SN). K-1735 melanoma
cells (2.5 x IO4)were mixed 1:1 with supernatants and injected into each ear of

C3H mice. The data are presented as the percentage of tumor incidence versus
time. All the values, except NR-SN, were significantly different (P < 0.05) from
the no treatment group at weeks 3 through 6.

5895

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/21/5893/2445448/cr0510215893.pdf by guest on 19 M

ay 2023



EFFECT OF PUVA ON MELANOMA GROWTH

the relationship between PUVA therapy in humans and the risk
of developing melanoma and nonmelanoma skin cancer re
mains controversial. Henseler et al. (24) and Torinuki et al.
(25) observed no increase in the incidence of skin cancers in
PUVA-treated patients; in contrast, Stern (10) showed that
long-term exposure to PUVA substantially increases the risk of

squamous cell carcinoma. So far, only sporadic cases of malig
nant melanoma have been reported among patients treated with
PUVA (25-27). Gupta et al. (12) reported the occurrence of 3
melanomas among 1380 PUVA-treated patients, but this num
ber was not significantly higher than expected in the normal
population. Because melanoma may have a long latent period,
however, the authors suggested that long-term PUVA treatment
may still constitute a risk factor for melanoma development. In
addition, patients treated with PUVA often develop lentigines,
which represent clinically and histologically atypical prolifera
tions of melanocytes (13, 14). Although such PUVA lentigines
have not been shown to be precursors of malignant melanoma
in humans, their histolÃ³gica! atypia has been cause for concern.
Furthermore, a link between PUVA treatment and melanoma
induction has been supported recently by the occurrence of a
cutaneous melanocytic tumor in a PUVA-treated mouse (28).

Our study demonstrates that treatment of mice with PUVA
stimulates the in vivo outgrowth of transplanted melanoma
cells. The stimulatory effect was observed in animals pretreated
for 3 weeks with systemic psoralen plus UVA radiation. The
fact that the ears of the animals were not protected from UVA
radiation suggests that PUVA treatment had a local promoting
effect on melanoma development; however, a systemic effect of
the treatment is also possible. In a previous study, Romerdahl
et al. (6) observed accelerated outgrowth of K-1735 melanoma

cells when the tumor cells were transplanted directly into the
site of UVB irradiation, but not when they were injected into a
protected site.

Our results also show that both UVB- and PUVA-treated

keratinocytes produce soluble factors that stimulate the out
growth of melanoma cells in vivo. This stimulatory effect was
observed upon injection of tumor cells mixed with supernatants
from PUVA- or UVB-treated PAM 212 keratinocytes. These
data suggest that keratinocyte-derived factors could be involved
in the effects of PUVA and UVB treated in vivo on the out
growth of small numbers of melanoma cells. In a previous
study, Wang et al. (8) demonstrated that melanoma cells sus
pended in supernatant from UVB-irradiated, freshly isolated
epidermal sheets prior to injection in vivo, exhibited a shorter
latent period than tumor cells injected with control superna
tants. Our results are consistent with this finding, but demon
strate in addition that keratinocytes are the probable source of
this activity in the epidermis.

The mechanism by which such soluble factors may stimulate
the development of melanomas is unclear, but at least two
explanations may be suggested. First, soluble factors could
interfere with immunological resistance to tumor development,
thereby promoting the growth of tumor cells, it is well docu
mented that UVB and PUVA treatments have profound im-

munosuppressive consequences, both within the treated site and
at distant sites (20-22, 29-31). The mechanisms involved in
such immunosuppressive effects are not clear, but recent studies
suggest that soluble factors released from UV-treated keratin
ocytes may be involved (20-22). Thus, it is possible that expo
sure to PUVA may cause local or systemic immune suppression
that interferes with immunological resistance to the develop
ment of antigenic tumors.

A second possibility relates to recent studies showing that
soluble factors derived from epidermis stimulate the growth of
melanocytes (9) and melanoma cells (8) in vitro. It is possible
that keratinocytes stimulate the growth of melanocytes and
melanoma cells by releasing specific growth factors.

On the molecular level, the mechanism by which PUVA
treatment initiated its effects on the growth of melanoma cells
in vivo is also unclear; however, the fact that both 8-MOP
(bifunctional), and TMA (monofunctional), plus UVA radiation
stimulated melanoma development indicates that the formation
of DNA cross-links is not required. Furthermore, the finding
that TMA plus UVA produces no detectable inflammation or
epidermal proliferation (18, 31) suggests that such changes are
not a prerequisite in the augmentation of melanoma develop
ment. Because 8-MOP plus UVA, TMA plus UVA, and UVB
all exhibited this activity, it is possible that any form of DNA
damage may trigger keratinocytes to release mediators that
affect tumor growth.

In summary, we show that PUVA treatment can stimulate
the in vivo outgrowth of small numbers of melanoma cells. This
stimulatory effect may be mediated by soluble factors released
from keratinocytes. This effect on melanoma cells should be
kept in mind when PUVA treatment is considered for the
therapy of cutaneous diseases.
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