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Summary. Solar ultraviolet radiation has been asso- 
ciated with the induction of  skin cancer. Recent studies 
have indicated that near-ultraviolet,  especially UVB, is 
mutagenic. Exposure to trivalent inorganic arsenic 
compounds has also been associated with increased 
skin cancer prevalence. Trivalent arsenic compounds 
are not mutagenic per  se, but are comutagenic with a 
number  of  cancer agents. Here, we test the hypothesis 
that arsenite enhances skin cancer via its comutagenic 
action with solar ultraviolet radiation. Irradiation of  
Chinese hamster V79 cells with UVA (360 nm), UVB 
(310 nm) and UVC (254 nm) caused a f luence-depend- 
ent increase in mutations at the hprt locus. On an en- 
ergy basis, UVC was the most mutagenic and UVA the 
least. However,  when expressed as a function of  toxici- 
ty, UVB was more mutagenic than UVC. Nontoxic  con- 
centrations of  arsenite increased the toxicity of  UVA, 
UVB and UVC. Arsenite acted as a comutagen at the 
three wavelengths; however, higher concentrations of  
arsenite were required to produce a significant 
(P<0.05)  comutagenic response with UVB. The in- 
creased mutagenicity of  UVB and UVA by arsenite may 
play a role in arsenite-related skin cancers. 
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Introduction 

Accumulating evidence indicates that solar (near) ul- 
traviolet radiation is responsible for the induction of  
more than 90% of  non-melanoma skin cancers (Na- 
tional Research Council  1982). This is of  particular 
concern in light of  the current debate on the causes and 
consequences of  stratospheric ozone depletion. It has 
been estimated that each 1% depletion of  ozone con- 
centration results in a 2% increase in the amount  of  so- 
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lar UV reaching the earth (National Research Council, 
1982). The action spectrum of  solar ultraviolet radiation 
includes UVB (wavelengths 290-320 nm) and UVA 
(wavelengths 320-400 nm) with the flux increasing rap- 
idly as the wavelengths increase to UVA (Peak and 
Peak 1989). Although it has been shown that the most 
important  wavelengths with respect to the carcinogenic 
potential of  sunlight lie in the UVB region of  the solar 
spectrum (Setlow 1974), recent studies have shown that 
UVA may also be an important  factor contributing to 
human skin cancers (Peak and Peak 1989; Sterenborg 
and van der Leun 1990). In view of  the likely associa- 
tion between mutagenic events and the initiation of  on- 
cogenesis, there have been numerous studies demon- 
strating the mutagenicity of  near-ultraviolet radiation in 
a number  of  mammalian cell systems (Bradley and 
Sharkley 1977; Enninga et al. 1986; Hsie et al. 1977; 
Jones et al. 1977; Zelle et al. 1980). 

Ingestion of  trivalent inorganic arsenic compounds 
is also associated with increased prevalence of  skin 
cancers (Tseng 1977; Cuzik et al. 1982). Although tri- 
valent arsenic compounds are non-mutagenic at single 
gene loci (Lofroth and Ames 1978; Rossman et al. 
1980), they have been shown to be comutagenic with 
UVC (254nm) (Rossman et al. 1977; Okui and Fuji- 
wara 1986). However, because of  atmospheric shield- 
ing, there is very little human exposure to UVC irradia- 
tion (Parrish et al. 1978; Smith 1981). It was of  interest, 
therefore, to examine the comutagenic effect of  arsenite 
with the more relevant UVA and UVB radiations. 

Materials  and methods 

Cell culture. Chinese hamster V79 cells (strain 743-3-6 originally 
obtained from Dr Dennis Yep, University of Michigan) were 
grown in 75-cm 2 flasks at 37°C in an atmosphere of 5% CO2 in 
Ham's F12 medium (Gibco, Grand Islands, NY) supplemented 
with 10% heat-inactivated fetal bovine serum (Gibco), 100 units 
penicillin and 100 l.tg streptomycin/ml (Gibco). A clone of V79 
cells exhibiting a low spontaneous mutation frequency at the hprt 
locus was isolated, expanded and stored in liquid nitrogen until 
needed. Cells were thawed and utilized within 4 weeks to ensure a 
low background mutation frequency in the hprt mutation assays. 
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Test compounds. Sodium arsenite (Alfa) was stored in a desiccator 
until needed. A sodium arsenite solution was made fresh by 
weighing and dissolving this compound in water to prepare a 1 M 
stock solution that was sterilized using a 0.22-1xm syringe filter. 
The final dilutions were made in serum-free medium immediately 
prior to use. A 1-mg/ml stock solution of 6-thioguanine (Sigma) 
was prepared by dissolving it in minimum volume of 0.1 N 
NaOH, adding adequate distilled H20 and sterilizing by a 0.22- 
~tm syringe filter. 

Mutation assays. The hprt mutation assay was performed using a 
modification of the method described by Chang et al. (1978). V79 
cells were seeded for treatment in duplicate at 5 x 104 cells/100- 
mm dish, and in triplicate for toxicity at 500 cells/100-mm dish. 
Following a 4-h incubation, attached cells were mutagenized as 
desired. All ultraviolet mutation assays were performed by expo- 
sure of attached cells in dishes with Earle's balanced salt solution 
(Gibco). Sodium arsenite was added in Earle's balanced salt solu- 
tion 5 min before irradiation. For UVC (wavelength 254 nm, from 
a 15-W General Electric germicidal lamp) and UVA (wavelength 
300-420 nm, peaking at 360 nm, from a 15-W F15T8BLB integral- 
filter 'black light' lamp) mutagenesis, the cells were irradiated 
without lids. For UVB mutagenesis, the cells were irradiated with 
four 20-W 'sunlamp' fluorescent bulbs (Westinghouse FS 'Sun- 
Lamp', emitting wavelengths 280-380 nm and peaking at 310 nm) 
through the plastic lids of tissue-culture dishes. The plastic lids 
removed wavelengths below 290 nm so that the cells received 
mostly UVB irradiation with only a small amount of UVA irradia- 
tion (Zelle et al. 1980). The fluences were calculated from the 
fluence rates calibrated with a radiometer. 

After irradiation, the cells were washed twice with Earle's bal- 
anced salt solution, and sodium arsenite in complete medium, or 
medium alone, was added for 3 h. The cells were then washed 
again and refed with F12 medium for a 5-day expression period, 
replating once to maintain exponential growth. At that time, the 
survival plates were fixed and stained and the mutagenesis plates 
trypsinized and reseeded (10 dishes, 105 cells/dish) in complete 
F12 medium containing 10 Ixg/ml 6TG. For the reseeding survi- 
val, five hundred cells were plated concurrently in triplicate into 
100 mm dishes containing F12 medium without 6-thioguanine and 
stained after 7 days. Following a 10-day selection period, the mu- 
tagenesis plates were fixed and stained. The mutation frequency/ 
106 surviving cells was calculated, using the reseeding survival 
values. 

R e s u l t s  

The  effects  o f  a sub tox i c  dose  o f  s o d i u m  a r sen i t e  
(10 IxM for  3 h) on  UVC- ,  UVB-,  a n d  U V A - i n d u c e d  cy- 
t o tox ic i ty  a n d  m u t a g e n i c i t y  are  s h o w n  in Tab les  1-3.  
O n  the  bas i s  o f  i n c i d e n t  energy,  the  o r d e r  o f  p o t e n c y  in 
caus ing  cel l  d e a t h  a n d  hprt locus  m u t a t i o n  was  
U V C  > UVB > UVA.  H o w e v e r ,  when  the  d a t a  was  p lo t -  
t ed  as a f u n c t i o n  o f  cell  k i l l ing  (Fig.  1), UVB was  mos t  
m u t a g e n i c  at  this  locus.  Arsen i t e  s ign i f i can t ly  e n h a n c e d  
U V C - i n d u c e d  cy to tox ic i ty  a n d  m u t a g e n i c i t y  at  the  hprt 
locus  in V79 cells  (Tab le  1), con f i rming  p r e v i o u s  obse r -  
va t ions  t ha t  t r i va l en t  a r sen ic  c o m p o u n d s  are  c o m u t a g -  
en ic  wi th  U V C  in m a m m a l i a n  cel ls  (Lee  et al. 1985; 
O k u i  a n d  F u j i w a r a  1986). S imi la r ly ,  a r sen i te  a lso  en- 
h a n c e d  b l a c k l i g h t  ( U V A ) - i n d u c e d  cy to tox ic i ty  a n d  mu-  
t agen ic i ty  in V79 cells (Table  3). In  cont ras t ,  UVB- in -  
d u c e d  m u t a g e n i c i t y  was  no t  s ign i f i can t ly  a f f ec t ed  b y  
the  n o n t o x i c  dose  o f  a rseni te ,  a l t h o u g h  the  UVB-in-  
d u c e d  cy to tox i c i t y  was  i nc r ea sed  by  a r sen i te  (Tab le  2). 

Table  1. Comutagenicity of sodium arsenite with UVC (254 nm) 
at the hprt locus in V79 cells 

UVC Sodium Survival Mutant frequency 
(J/m 2) arsenite (% control) (mutants/lO 6 

(10 IxM, 3 h) survivors) 

0 - (100) <0.6 
0 + 92.4 <0.9 
5 - 89.1 68.4 
5 + 84.1 83.6* 

10 - 75.3 170 
10 + 55.5 258* 
15 - 67.7 346 
15 + 44.0 551" 

* Statistically significant (P<0.01) compared with UVC alone 

Table  2. Comutagenicity of sodium arsenite with UVB (peaking at 
310 nm) at the hprt locus in V79 cells 

UVB Sodium Survival Mutant frequency 
(J/m 2) arsenite (% control) (mutants/106 

(10 txM, 3 h) survivors) 

0 - (100) 1.8 
0 + 111 1.4 

400 - 90.2 101 
400 + 81.4 93 
600 - 84.2 168 
600 + 75.4 159 
800 - 62.4 524 
800 + 41.7 515 

Table  3. Comutagenicity of sodium arsenite with UVA (peaking at 
360 nm) at the hprt locus in V79 cells 

UVA Sodium Survival Mutant frequency 
(KJ/m 2) arsenite (% control) (mutants/106 

(10 ktM, 3 h) survivors) 

0 - (100) 1.3 
0 + 96.5 < 1.4 

55 - 85.9 7.9 
55 + 78.6 16.9" 

110 - 81.2 12.7 
110 + 73.7 27.0* 
220 - 72.1 26.1 
220 + 62.7 40.7* 

* Statistically significant (P<0.01) compared with UVA alone 

To d e t e r m i n e  w h e t h e r  h ighe r  doses  o r  l onge r  t rea t -  
m e n t s  wi th  a rsen i te  affect  the  U V B - i n d u c e d  cy to tox ic -  
i ty  a n d  mutagen ic i ty ,  a s ingle  low dose  o f  UVB i r r ad i a -  
t i on  was  f o l l o w e d  by  a 24-h p o s t - i r r a d i a t i o n  e x p o s u r e  
to  va r ious  c o n c e n t r a t i o n s  o f  arseni te .  As s h o w n  in Ta-  
b l e  4, U V B - i n d u c e d  m u t a g e n i c i t y  was  s ign i f i can t ly  in-  
c r e a se d  b y  h ighe r  doses  o f  a rsen i te  (10 lxM a n d  15 IxM) 
in a d o s e - d e p e n d e n t  manne r .  

D i s c u s s i o n  

W e  h a d  p r e v ious ly  o b s e r v e d  tha t  a r sen i te  inh ib i t s  the  
r e p a i r  o f  2 5 4 - n m - i n d u c e d  D N A  d a m a g e  in Escherichia 
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Fig. 1. Induced mutat ions at the hprt locus as a function of  toxic- 
ity. ( 0 )  UYA; (A)  UVB; (t~) UVC 

Table 4. Effects of varied doses of sodium arsenite on V79 cells 
treated with a low dose of UVB 

UVB Sodium Survival Mutant  frequency 
(200 J / m  2) arsenite (% control) (mutants/106 

(tzM, 24 h) survivors) 

- 0 ( I 0 0 )  < 1.7 
- 5 94.0 1.4 
- 10 52.3 <2.5 
- 15 18.1 4.2 
+ 0 99.6 72.8 
+ 5 79.5 70.9 
+ 10 42.9 120.8" 
+ 15 11.7 150.3" 

* Statistically significant, P<0.01,  compared with 2 0 0 J / m  2 of 
UVB alone 

coli (Rossman et al. 1977) as well as repair of methyl- 
nitrosourea-induced DNA damage in Chinese hamster 
V79 cells (Li and Rossman 1989a). Based on these find- 
ings, we have proposed that interference with DNA re- 
pair may be the cause of increased carcinogenesis asso- 
ciated with arsenic exposure. We have also shown that 
DNA ligase II, the putative ligase involved in DNA ex- 
cision repair, is uniquely sensitive to arsenite (Li and 
Rossman 1989b). 

The finding that a nontoxic dose of arsenite was co- 
mutagenic with UVC and UVA, but not with UVB, was 
surprising (Tables 1-3). The DNA damage caused by 
UVB is often viewed as a mixture of UVC and (the X- 
ray like) UVA effects. It has been reported that at 
254 nm (UVC) and 313 nm (UVB), mutation to 6-thio- 
guanine resistance and survival are consistent with the 
relative levels of cyclobutane-type pyrimidine dimers 
induced (Tyrrell 1984). However, at 313 nm (UVB), the 
ratio of ouabain-resistant/6-thioguanine-resistant mu- 
tants is 10 times higher than at 254 nm (UVC). Since 
ouabain resistance results from mutation in the essen- 
tial gene encoding Na + /K  + ATPase, mutations at this 
locus are thought to be base-pair substitutions leading 

to a N a + / K  + ATPase enzyme which can function in 
the presence of ouabain (Arlett et al. 1975). This sug- 
gests that a unique type of premutagenic lesion, capa- 
ble of leading to base-pair-substitution mutations, is in- 
duced by UVB. 

The putative UVB-induced lesion may be repaired 
via a mechanism other than excision repair, and such a 
repair mechanism may be less susceptible to arsenite 
inhibition than is excision repair or repair of strand 
breaks. An alternative hypothesis might be that the pu- 
tative UVB-induced premutational lesion is not repaira- 
ble at all. Tyrrell (1984) has suggested that a UVB- 
induced lesion leading to mutations at the N a + / K  + 
ATPase locus is not toxic; our results showing a high 
mutation frequency per lethal dose (Fig. 1) with UVB 
support this hypothesis. If such a lesion does not inter- 
fere with transcription or replication of DNA, it may 
indeed not be repaired. 

When photoactive cellular components such as ribo- 
flavin and porphyrins are exposed to black ultraviolet 
light (UVA), H 2 0 2  is produced, which can then pro- 
duce hydroxyl radicals (. OH) via metal-catalyzed Fen- 
ton reactions (Coohill et al. 1987). Hydroxyl radical 
and other free radicals cause DNA strand breaks and 
other DNA damage in cells (Coohill et al. 1987). Thus, 
unlike UVC (and to some extent UVB) which damages 
DNA directly, UVA induces DNA damage via an indi- 
rect route. The repair of UVA-induced DNA damage is 
not dependent upon DNA polymerase a, but may de- 
pend upon DNA polymerase fl (Tyrrell and Amaudruz 
1984). We have found that, whereas DNA polymerase a 
is inhibited by arsenite, DNA polymerase/3 is stimu- 
lated by low concentrations of arsenite in vitro (Li 
1989). DNA polymerase/~ has been shown to be highly 
error-prone, compared with DNA polymerase a (Ro- 
berts and Kunkel 1986). If the UVA-induced DNA 
damage is repaired by DNA polymerase fl, the stimula- 
tory effect of arsenite on this error-prone repair enzyme 
could account for part of its comutagenicity. Inhibition 
of DNA ligase by arsenite would also be expected to 
play a role in arsenite's comutagenic effect on UVA. 

Although action spectra show that UVA imposes 
DNA damage less efficiently than does an equivalent 
fluence of UVB, the greater fluxes of UVA in the envi- 
ronment and the greater penetration of longer wavel- 
engths of radiation into biological organisms would 
tend to increase the significance of UVA-induced muta- 
genesis. Epidemiological studies reveal that the preval- 
ence for skin cancer increases with the arsenic content 
of water intake (Tseng 1977). Although UVC is highly 
mutagenic and is comutagenic with arsenite (Table 1), it 
may be less important in terms of natural ultraviolet ir- 
radiation and human exposure (Parrish et al. 1978; 
Smith 1981). The comutagenicity of arsenite with UVA 
and (at higher doses) UVB deserves our attention be- 
cause it may explain why excess arsenic intake is asso- 
ciated with a high prevalence of skin cancers. 
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