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c~uits profilin (20), likely promoting actin 
poly~llerization (21). These pathways thus 
may underlie neurite retraction as well as 
other Rho-mediated processes such as stress 
fiber formation (2). Rac, another member of 
the Rho family of GTPases. induces mem- 
brane l~iffles and also activates LJM-kinase 
and triggers the phosphorylation of cofilin 
(1 7 ) ;  but reduces actoinyosin-based contrac- 
tility (22). These obsenations suggest that 
Rho aiid Rac combine the same mechanism- 
inactivation of cofilill-differently with other 
mechanisms to produce different phenotypes. 
The obsei~atioii that only a limited amount of 
cofilin is phosphorylated in response to cell 
stimulation (Fig. 1B) suggests that this mech- 
anism ma17 not influence the behavior of 
actin filaments throughout the cell: howev- - 
er, it certainly contributes to the telnporal 
aiid spatial reorganization of specific actin 
cytoskeletons b17 the Rho family GTPases. 
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Fas Ligand: A Sensor for DNA 
Damage Critical in Skin 

Cancer Etiology 
Laurie L. Hill, Allal Ouhtit, Susan M. Loughlin, Margaret L. Kripke, 

Honnavara N. Ananthaswamy, Laurie B. Owen-Schaub" 

DNA-damaged cells can either repair the DNA or be eliminated through a 
homeostatic control mechanism termed "cellular proofreading." Elimination of 
DNA-damaged cells after ultraviolet radiation (UVR) through sunburn cell 
(apoptotic keratinocyte) formation is thought to be pivotal for the removal of 
precancerous skin cells. Sunburn cell formation was found to be dependent on 
Fas ligand (FasL), a pro-apoptotic protein induced by DNA damage. Chronic 
exposure to UVR caused 14 of 20 (70 percent) FasL-deficient mice and 1 of 20 
(5 percent) wild-type mice to accumulate p53 mutations in the epidermis. Thus, 
FasL-mediated apoptosis is important for skin homeostasis, suggesting that the 
dysregulation of Fas-FasL interactions may be central to the development of 
skin cancer. 

In the United States, nearly 1.000,000 per- 
sons will develop nonnielanoma skin cancer 
(NMSC) (basal and squamous cell carcino- 
ma) this year. Although death from NMSC is 
rare; these patients experience a substantially 
increased ~noi-tality from other cancers (20 to 
30% higher). suggesting that skin cancer sus- 
ceptibility may be linked to the development 
of noncutaneous ~lialignancies (I). UVR in 
sunlight is the principal carcinogen, serving 
as initiator and promoter for most skin tumors 
(2). UVR elicits p53-dependent apoptosis in 
DNA-damaged lceratinocytes (sunburn cells). 
presumably as a "guardian of the tissue" re- 
sponse to eradicate precancerous cells in the 
skin (3). This p53-driven response, termed 
"cellular proofreading" (3); erases rather than 
repairs DNA damage. Mice deficient in p53 
(p53-null) have reduced sunburn cell forma- 
tion aiid increased susceptibility to UVR- 
induced skin carcinogenesis (2, 4), implicat- 
ing apoptosis as a critical event in skin car- 
cinogenesis. Fas and FasL are complementa- 
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ry receptor-ligand proteins eliciting apoptosis 
(5). Although Fas and FasL are induced b17 
nuclear factor kappa B activation (6-8). wild- 
type p53 is essential for the transcriptional 
up-regulation of Fas after DNA damage (9- 
11). Thus, Fas and FasL ma17 serve as exter- 
nal pro-apoptotic sensors of DNA damage- 
mediated cellular proofreading. 

To investigate Fas and FasL expression in 
nonnal slun after UVR, we shaved C3H/HeJ 
wild-type mice. exposed them to a single dose 
of ultraviolet (UV) light (5 kJ/m2) (12). and 
harvested epidermal skin sections for Imnmuno- 
histochemistry (13). Noninadiated skin had lit- 
tle Fas and FasL expression (Fig. 1). Both Fas 
and FasL expression were potently induced in 
the epidermis b17 UVR as early as 3 and 6 hours 
after irradiation, with maximal induction of 
both proteins occurling at 12 hours. By 24 
horns; UVR-induced Fas and FasL expression 
in the epidermis was similar to that obsened 
before treatment. Dennal Fas expression (hair 
follicles and sebaceous glands). in conbast. re- 
mained elevated at this time point. These results 
indicate that both Fas and FasL are transiently 
up-regulated only in the normal epide~nis by 
UVR exposure, as previously reported in hu- 

*To w h o m  correspondence should be addressed. E-  man skin (8). 
mail: lowensch@mdanderson.org Because the proapoptotic proteins Fas and 
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FasL are coexpressed in the UVR-exposed epi- 
dermis, we examined C3WHeJ wild-type and 
FasL-deficient (C3WHeJ gld/gld) mice 24 
hours after exposure to UVR (5 Wm2) to de- 
termine if the number of apoptotic keratino- 
cytes was reduced (14). Typically, sunburn 
cells display a characteristic morphology of 
pycnotic nuclei and intensely eosinophilic cy- 
toplasm detectable by light microscopy in he- 
matoxylin-eosin-stained epidermal sections. 
Epidermal sections from UVR-treated wild- 
type mice had an average of 65.2 ? 17.3 
(mean + SE) sunburn cells per linear centime- 
ter (Table l), whereas epidermal sections from 
UVR-exposed FasL-deficient mice showed 
only 18.0 ? 9.3 sunburn cells per linear centi- 
meter (P < 0.001, student's t test). The apopto- 
tic nature of the sunburn cells identified by 
morphologic evaluation was confirmed by in 
situ TdT-mediated deoxyuridine triphosphate 
nick end labeling (TUNEL) (15). Few apoptotic 
cells were observed in the nonirradiated skin of 
either wild-type or FasL-deficient ( g l w d )  
mice (Fig. 2). In concert with our results using 
hematoxylin-eosin-stained epidermal sections, 
numerous apoptotic cells were detectable in 
wild-type, but not FasL-deficient, mice after 
UVR exposure. The reduction in sunburn cell 
formation in FasL-deficient mice was not attrib- 
utable to kinetic differences in keratinocyte ap- 
optosis because gldgld mice had similar inci- 
dences in sunburn cell formation at 12,24, and 
48 hours after UVR exposure (16). Prolifera- 
tive cell nuclear antigen expression in the epi- 
dermis was indistinguishable in wild-type and 
gldgld mice 24 hours after UV-B exposure, 
making it unlikely that differences in UVR- 
induced keratinocyte apoptosis were attribut- 
able to differences in the epidermal proliferative 
responses (17). The contribution of T cells to 
this process also appears to be negligible as T 
cell-deficient mice (RAG 2-'-) demonstrate 
UVR-induced sunburn cell responses similar to 

activation alone is insufficient to induce wild- 
type levels of apoptosis in UVR-damaged 
keratinocytes. 

The elimination of cells sustaining extensive 
DNA damage has been proposed as a mecha- 
nism to avoid propagation of cells constituting a 
neoplastic risk (3). In the event that cellular 
proofreading is hindered, mutations in critical 
genes regulating cellular proliferation, adhe- 
sion, and apoptosis would be expected to accu- 
mulate upon exposure to DNA-damaging 
agents. To test the premise that FasL-induced 
apoptosis restricts the accumulation of genetic 
mutations after DNA damage, we examined 
epidermal sheets from g l w d  and wild-type 
mice for mutations in p53, a gene known to 
play a central role in UVR-induced, nonmela- 
noma skin carcinogenesis (Fig. 3). In contrast to 
the high frequency of mutant p53 alleles in 
tumor tissues, the frequency of p53 mutations 
in UV-irradiated skin is low because only a 
small fraction of the cells in the epidermis are 
mutated (19). Thus, detection of p53 mutations 

in UVR-exposed skin by conventional proce- 
dures is difficult. We used a sensitive allele- 
specific polymerase chain reaction (PCR) tech- 
nique to detect p53 mutations (C - T transi- 
tions) at codons 270 and 275 because these 
codons are hotspots in UVR-induced mouse 
skin tumors (20, 21). Mice were chronically 
irradiated on shaved dorsal skin for 1 and 2 
weeks, representing five and ten exposures to 
UV-B (5 kJlm2), respectively (22). Two days 
after the final UVR exposure, epidermal sheets 
were harvested from 10 mice per group (with 
the exception of nonirradiated g l w d  mice, of 
which only nine mice were analyzed), and 
DNA was extracted. Mice were individually 
analyzed for p53 mutations in both codons 270 
and 275, and the relative incidence was deter- 
mined (Fig. 3B). Although only 1 of 20 wild- 
type mice showed evidence of p53 mutation 
after 1 or 2 weeks of chronic UVR exposure 
(codon 275), abundant p53 mutations were ob- 
served in FasL-deficient mice after only 1 week 
of UVR exposure (Fig. 3A). p53 mutations at 

those of their wi ld- t~~e counterparts (18). Fur- Fig. 1. Fas and FasL in skin after UVR exposure. Wild-type mice were acutely exposed t o  UV-B light 
thermore, p53 localized to the nucleus and in- (5 kJ/m2), skin samples were harvested at indicated times (hours) after UVR exposure, and 
duced the downstream effectorp21 (wafl/cipl) immunohistochemistry was performed (73). Sections are representative of a minimum of four mice 
in both wild-type and ~ ~ ~ - d e f i ~ i ~ ~  mice treat- examined at each time point. Magnification, x 10. 

ed with UVR (16), suggesting that repression 
of p53 activation and function is not likely to - wildtvpe Fasl-deficient 

contribute to the observed reduction in sunburn 

i- 
--- 

cells. Thus, UVR-induced sunburn cell forma- 
tion requires Fas and FasL interactions, and p53 

m 
Table 1. Sunburn cell formation in wild-type and 
gld mice. 

Strain (N) UV-B Sunbum cells (N) 
(5 kJ /mz) + SE* 

C3HIHeJ (2) - 0 5 4  
C3HIHeJ (4) + 65.2 +- 17.3 
C3Hlgld (3) - 0 2 4  
~ 3 ~ h l d  (5) + ' 9.3 Fig. 2. Sunburn cell induction in wild-ty e and FasL-deficient (gld/gld) mice after UVR. Mice were P 
* ~ ~ ~ b ~ ~ ~  given are per linear centimeter and represent acutely exposed to  UV-B light (5 kJ/m ), and skin sections were harvested for TUNEL analysis at 
normalized values against sunburn cells in nonirradiated 0 (NR) and 24 (UV) hours (75). A minimum of four mice (nonirradiated and irradiated) were 
controls. examined; sections from two individual mice are shown. NR, nonirradiated. Magnification, X 10. 
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at 

Fig. 3. p53 mutat~ons In the ep~dermts of 
wild-type and gld/gld mice after chronic UVR 
exposure. For each group, 10 individual mice 0 
were examined, with the exception of nonir- C3WHe.J C3HIgld C3HIHeJ C3~ lg ld  
radiated gld/gld mice, of which only nine 
mice were examined. (A) Autoradiographs for codon 275 at the indicated type points. Each lane 
represents the analysis of an individual mouse. Bands indicate the presence of the C -,T mutation 
in the codon. Mutations are present in wild-type mlce only in lane 3 at week 1; gld/gld mlce show 
mutations in lanes 1, 3 to 5, and 7 to 10 at week 1 and Lanes 4 to 9 at week 2. (0) Graphic 
representation of mutation incidence. An unconditional exact two-sided P value was computed 
with the unconditional exact confidence interval of 95% for the difference of proportions 
(StatXact-3, V3.0.2; Cytel Software, Cambridge, MA) to  determine statistical significance between 
wild-type and gld/gld mice at each time point for each codon. **. P = 0.0046; *, P = 0.014. 

codons 270 and 275 were detectable in 3 of 10 
and 8 of 10, respectively, of the gldgld animals 
analyzed after a single week of UV-B irradia- 
tion. FasL-deficient animals exposed to chronic 
UV-B irradiation for 2 weeks had p53 muta- 
tions in 4 of 10 and 6 of 10 in codons 270 and 
275, respectively. No p53 mutations were de- 
tectable in nonirradiated wild-type or FasL- 
deficient mice. The infrequent p53 mutations in 
codons 270 and 275 in the epidermis of wild- 
type mice are in accordance with our previous 
report that such mutations are generally unde- 

pression (25), a process believed to be critical 
for the successful outgrowth of UVR-induced 
skin cancer in mice (26), and Fas loss of 
function results in the increased lung metas- 
tasis of UVR-induced murine melanomas 
(27). Taken together with the current find- 
ings, Fas and FasL interactions are likely 
pivotal in the etiology, growth, and metasta- 
sis of UVR-induced skin tumors. 
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