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Abstract: Substantial differences in DNA damage caused by a single

UV irradiation were found in our previous study on skin with

different levels of constitutive pigmentation. In this study, we

assessed whether facultative pigmentation induced by repeated UV

irradiation is photoprotective. Three sites on the backs of 21 healthy

subjects with type II–III skin were irradiated at 100–600 J/m2

every 2–7 days over a 4- to 5-week period. The three sites received

different cumulative doses of UV (1900, 2900 or 4200 J/m2)

and were biopsied 1 day after the last irradiation. Biomarkers

examined included pigment content assessed by Fontana–Masson

staining, melanocyte function by expression of melanocyte-specific

markers, DNA damage as cyclobutane pyrimidine dimers (CPD),

nuclear accumulation of p53, apoptosis determined by TUNEL

assay, and levels of p21 and Ser46-phosphorylated p53. Increases

in melanocyte function and density, and in levels of apoptosis

were similar among the 3 study sites irradiated with different

cumulative UV doses. Levels of CPD decreased while the number of

p53-positive cells increased as the cumulative dose of UV

increased. These results suggest that pigmentation induced in skin

by repeated UV irradiation protects against subsequent UV-

induced DNA damage but not as effectively as constitutive

pigmentation.
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Introduction

The risk of skin cancer is inversely related to constitutive

pigmentation of the skin due to its protective effects

against ultraviolet (UV) damage (1–5). According to risk

factors calculated for 2006 in the US, White/Caucasian

(hereafter referred to as White) skin has a 70-fold higher

risk for basal and squamous cell carcinomas compared to

Black or African-American (hereafter referred to as Black)

skin, and risks for melanoma are almost 20-fold higher in

White subjects than in Black subjects (6–9). Irradiation by

artificial sources of UV has similarly detrimental conse-

quences in human skin, and the use of tanning devices

has been associated with increased risk of skin cancers

(6–8,10,11). Our group has published several articles on

the importance of constitutive skin pigmentation for the

reduction of UV damage resulting from a single irradiation

to one minimal erythemal dose (MED) (12–14). It is some-

times argued that facultative tanning, i.e. skin pigmentation

induced by UV irradiation, protects against damage caused

by subsequent UV irradiation but no conclusive studies to

measure that directly have been reported. We have begun

to investigate the effects of repetitive UV irradiation,

including effects on skin pigmentation (15,16), to assess

the ability of facultative pigmentation to reduce DNA

damage from subsequent UV irradiation.

Several studies have examined whether pigmentation

induced by repeated low-dose UV irradiation is protective

in human skin, but the findings have been inconclusive.

One study reported that pigmentation induced by

multiple UV doses protected against UV-induced DNA

damage (17). That study showed increased epidermal

pigmentation and thickness, and demonstrated that

Abbreviations: AU, arbitrary unit; CPD, cyclobutane pyrimidine

dimer; MED, minimal erythema dose; SSR, solar simulated

radiation; TUNEL, terminal deoxynucleotidyl transferase-mediated

dUTP-nick end labelling; UV, ultraviolet.
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elevated post-irradiation levels of cyclobutane pyrimidine

dimers (CPDs) and nuclear p53 return to background lev-

els within a relatively short period of time (3–4 days).

However, another study (18) reported that distinct DNA

damage persisted in skin up to 3 weeks after a moderate

dose of solar simulated radiation (SSR). Another study

showed that DNA damage accumulates with repetitive UV

irradiation and that comparable levels of damage (per

physical dose) occurred in types II and IV skin (19); the

authors proposed that the kinetics of DNA repair played

an important role in controlling DNA damage and con-

cluded ‘that increased skin pigmentation may not be the

major factor in natural photoprotection’. Thus, although it

is well-accepted that excessive acute UV irradiation must

be avoided (6,20,21) there is no consensus regarding

whether and how photoprotection can be induced by

moderate UV irradiation.

In this study, we examined how different doses and pro-

tocols of UV irradiation induce facultative pigmentation in

White subjects (skin phototypes 2–3.5), what mechanisms

are involved in melanocyte activation by UV and to what

extent the induced pigmentation is protective against sub-

sequent UV irradiation. DNA repair in epidermis repeat-

edly irradiated by UV is a very complex process (19,22,23).

We compared various biomarkers in human skin irradiated

with three different UV irradiation protocols, resulting in

cumulative UV doses of 1900, 2900 and 4200 J/m2 (Fig. 1)

(16). The proteins examined included markers of melano-

cyte activation (e.g., tyrosinase, MITF and Pmel17) and

also markers of cellular damage (e.g., CPDs, levels of p53,

p21, apoptosis, etc). We previously reported that increases

in CPD levels and the nuclear accumulation of p53 are sig-

nificantly higher in White skin than in Black skin irradiated

with a single 1 MED exposure (14). The results now

reported indicate that UV-induced, facultative pigmentation

in fair skin is less effective in protecting against subsequent

UV damage than is constitutive pigmentation in the skin.

Materials and methods

Study subjects
This study involved 21 volunteer subjects with skin photo-

types 2–3.5 who were recruited from the local Washington,

DC metropolitan area. Sex, age, phototype and MED of

these subjects are given in Table 1. This study was

approved by the FDA Research Involving Human Subjects

Committee (#01-026R).

UV irradiation and dosimetry
Throughout this report, UV doses are expressed in ery-

thema-effective J/m2, i.e. J/m2 weighted with the CIE refer-

ence action spectrum for erythema (24). The three UV

irradiation protocols used in this study have been previ-

ously described and discussed (16). The MED for each sub-

ject was determined as previously described (16) using an

array of 8 Kodacel- filtered (Eastman Chemical Products,

Kingsport, TN, USA) FS lamps (FSX24T12/UVB/HO,

National Biological Corp., Twinsburg, OH, USA). For

repeated UV irradiation, we used a 12-lamp UV source

canopy (SunQuest Model SQ 2000S; ETS, Indianapolis, IN,

USA) equipped with 100 W lamps (Beach Sun; Light

Sources, Orange, CT, USA) emitting 5% UVB, commonly

Figure 1. UV irradiation protocols used in this study. Histograms show

individual UV irradiation doses on days indicated on the abscissa.

Cumulative doses of protocols A, B and C are shown as circles

connected by dashed lines using the axis to the right and were 1900,

2900 and 4200 J/m2, respectively. Biopsies were taken 1 day after the

final UV irradiation noted, i.e. on day 24 for protocols A and B, and on

day 31 for protocol C and the unirradiated control.

Table 1. Study subjects

Subject no. Age Sex Phototype MED (J/m2)

T7 32 F 2 385

T8 40 F 2 205

T9 33 M 2.5 185

T10 28 F 2.5 330

T11 23 F 2.5 345

T12 24 M 2.5 285

T13 50 F 3.5 355

T14 40 M 3 170

T16 45 M 2.5 335

T17 38 F 2.5 330

T18 36 F 2.5 290

T19 34 M 2 195

T20 30 F 3 185

T21 38 F 2.5 320

T22 24 M 2.5 330

T24 22 F 3 615

T25 29 M 2.5 200

T26 26 F 2.5 295

T27 41 F 3.5 220

T28 31 M 2.5 210

T30 27 F 2 225
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used in tanning salons. The spectrum of this source was

previously shown in fig. 1 of Ref. (16).

We applied three different repeated UV irradiation regi-

mens (Protocols A, B and C – Fig. 1) on three 3 · 3-cm

areas on the back of each subject, as previously described

(16). Cumulative doses were 1900 J/m2, 2900 J/m2 and

4200 J/m2 for protocols A, B and C, respectively. The out-

put of both UV sources used in this study was measured

using a double-grating spectroradiometer (Model 754;

Optronic Laboratories, Orlando, FL, USA), whose calibra-

tion is traceable to the National Institute of Standards and

Technology. We used a low profile detector (SSD 001A;

International Light, Newburyport, MA, USA) before each

irradiation to determine the correct exposure time for each

of the three areas of skin.

Skin biopsies
Shave biopsies (4 mm diameter) of skin were taken from

the 3 UV-irradiated sites 1 day after the last UV irradia-

tion, i.e., after eight irradiations (day 24) for protocols A

and B, and after 10 irradiations (day 31) for protocol C,

and from an adjacent unirradiated area as a control (on

day 31). Each biopsy was placed dermis side down on a

Millipore filter and was then fixed in 4% formaldehyde,

embedded in paraffin, sectioned at 3 lm-thickness and

mounted on silane-coated glass slides.

Melanin content
Melanin content was analyzed in sections fixed and sec-

tioned as noted above. Specimens were stained for melanin

using the Fontana–Masson method (25) and were quanti-

tated as previously described (12,13). Melanin content was

analyzed using a Leica DMRB/DMLD microscope (Leica

Microsystems, Bannockburn, IL, USA), a Dage-MTI 3CCD

3-chip color video camera (Dage-MTI, Michigan City, IN,

USA) and ScionImage software (Scion Corp, Frederick,

MD, USA) from the integrated density in given areas of

the epidermis in each section, as described previously

(12–14). The Fontana–Masson stain correlates well with eu-

melanin content in the skin, but not with pheomelanin

content (12). Using this approach, melanin contents were

measured before and after repeated UV irradiation, and are

reported in arbitrary units (AU).

Immunohistochemical analysis
Paraffin-embedded specimens were mounted on silane-

coated glass slides and were processed as previously

described (14,26,27). Briefly, specimens were deparaffinized

twice with xylene for 5 min and were then dehydrated with

a graduated series of ethanol, followed by antigen retrieval

through boiling in antigen unmasking solution (Vector

Laboratories, Inc., Burlingame, CA, USA) for 12 min. They

were subsequently incubated with 10% goat serum (Vector

Laboratories) for 30 min at 37�C, and then with primary

antibodies in 5% goat serum at 4�C overnight. Secondary

antibodies were appropriate for the primary antibody,

Alexa Fluor 488/594 anti-mouse or anti-rabbit IgG (H+L)

(at 1:500 dilution, Molecular Probes Inc., Eugene, OR,

USA). Staining was analyzed and quantified using a Leica

DMRB/DMLD fluorescence microscope and ScionImage

imaging software. The fluorescence intensity was calculated

for specific areas in the epidermis and 10 randomly selected

areas were quantified for each data point. An internal con-

trol was used each time to control for reproducible anti-

body staining. Fluorescence intensities for antibodies

detecting DNA damage and melanocyte-specific markers

were normalized against DAPI staining. The following were

measured:

Melanocyte density
Melanocytes were counted as cells positive for the expres-

sion of tyrosinase, MART-1, Pmel17 and MITF, and their

density along the epidermal:dermal border is expressed as

cells/mm. Primary antibodies used were aPEP7h (at 1:750

dilution) to detect tyrosinase (26), D5 (at 1:20 dilution,

Abcam Inc, Cambridge, MA, USA) to detect MITF,

HMB45 (at 1:100 dilution; Dako Inc., Carpinteria, CA,

USA) to detect GP100/Pmel17, and Ab3 (at 1:100 dilution,

NeoMarkers, Fremont, CA, USA) to detect MART-1.

ScionImage software was used to semi-quantify the green

and/or red fluorescence intensity of each primary antibody

from 10 random images photographed in each section.

DNA damage
CPDs were detected by immunofluorescence using a thy-

mine dimer mouse monoclonal-2 (TDM-2) antibody (at

1:40 000 dilution) (28). The TDM-2 antibody binds TT

and CT cyclobutane dimers in a dose-dependent manner at

UV doses as low as 0.5 J/m2 (29).

p21 content
Primary antibodies used were anti-human p21WAF1/Cip1

(#M7202, at 1:25 dilution, Dako, Glostrup, Denmark).

p53 content
Primary antibodies used recognized p53 (#9282, at 1:100

dilution, Cell Signaling Technology, Beverly, MA, USA),

and phospho-p53-Ser46 (#2521, at 1:100 dilution, Cell

Signaling).

Apoptosis
An ApopTag in situ apoptosis detection kit (Serologicals

Corp., Norcross, GA, USA), based on the terminal deoxy-

nucleotidyl transferase-mediated dUTP-nick end labeling

(TUNEL) assay, was used according to the manufacturer’s

protocol, as detailed in (14).
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Statistical analyses
Values are reported as means ± SEM. All analyses, includ-

ing Student’s t test and the estimation of correlation

coefficients and P-values, were conducted with spss 10.0

software (SPSS Inc., Chicago, IL, USA).

Results

Melanin content
The skin phototype, gender, age and MED of the subjects

in this study are reported in Table 1. The UV irradiation

protocols are shown in Fig. 1, which gives individual doses

and the cumulative doses over the course of the study.

Note that the biopsies for protocols A and B were taken on

day 24 while the biopsies for protocol C and the unirradi-

ated control were taken on day 31 (1 day after the final

irradiation). Representative micrographs of melanin stained

in the epidermis and the pigmentation visible in the study

areas are shown in Fig. 2. Increased melanin content was

visible in all subjects after all three UV irradiation proto-

cols, and correlated with increasing cumulative UV doses.

Melanin content was quantified for 14 subjects and com-

bined data show that after completion of protocols B or C,

the epidermis contained �2-fold more melanin than the

control. Even the average 60% increase in melanin content

after protocol A was statistically significant (Table 2). How-

ever, there was no significant difference in melanin content

between protocols B and C suggesting that the pigmentary

system was close to maximal stimulation at those doses.

Figure 2. Melanin in the epidermis visualized by Fontana–Masson

staining after repeated UV irradiations. Representative images of sections

from subject T18. Dashed lines in all figures represent the

epidermal:dermal border; scale bar = 50 lm. Inset: Example of

facultative skin pigmentation elicited by the three UV irradiation protocols

compared with the unirradiated control site (subject T20 at day 23).

Table 2. Quantitative measures of UV effects on human skin

Unirradiated

Repetitive UV Irradiation Single UV Irradiation1

A B C Unirradiated 1 MED

Melanin content2 4.9 ± 0.4 7.9 ± 0.6*** 10.6 ± 0.8*** 11.5 ± 0.8*** 4.7 ± 3.1 5.2 ± 3.7NS

Melanocyte density3 12.6 ± 0.9 32.7 ± 3.2*** 34.4 ± 3.5*** 30.2 ± 1.9*** 12.8 ± 1.2 14.3 ± 1.4NS

Tyrosinase expression4 0.23 ± 0.05 0.71 ± 0.07*** 0.72 ± 0.14** 0.52 ± 0.10* 9.89 ± 1.755 18.90 ± 5.85**

DNA damage6 7.1 ± 4.3 308.3 ± 77.8** 243.9 ± 58.7** 196.2 ± 50.0** Not done Not done

DNA damage7 0.11 ± 0.01 0.86 ± 0.14*** 0.70 ± 0.08*** 0.42 ± 0.05*** 0.05 ± 0.01 0.22 ± 0.02***

p53 expression8 0.0 ± 0.0 92.9 ± 7.0*** 107.0 ± 7.7*** 138.3 ± 6.8*** 0.0 ± 0.0 59.2 ± 10.5**

p53 Ser46P9 0.0 ± 0.0 2.5 ± 0.7** 2.6 ± 0.7** 3.2 ± 0.5*** 0.0 ± 0.0 0.0 ± 0.0

TUNEL stain10 0.3 ± 0.1 3.6 ± 0.7*** 3.8 ± 0.5*** 4.0 ± 05*** 0.0 ± 0.0 3.3 ± 1.0**

p21 expression11 1.8 ± 1.4 8.0 ± 2.2* 10.0 ± 3.9NS 16.2 ± 3.5** Not done Not done

Data are reported as means ± SEM; NS = not significant; *P < 0.05; **P < 0.01; ***P < 0.002 compared to unirradiated controls.
1Data published for White subjects before and 1 week after a single 1 MED UV irradiation in Refs (12,13).
2Data for 14 subjects (T12–T14, T17–T22, T24–T28) reported in arbitrary units/field.
3Data for 15 subjects (T9, T12, T13, T17–T22, T24–T28, T30) reported as # melanocytes/mm skin.
4Data for 9 subjects (T9, T12, T13, T17–T22) reported in arbitrary units/field; similar changes in expression were found for MITF, Pmel17 and

MART1.
5Units are reported as originally published in (13) and are not corrected for DAPI staining.
6Data for 10 subjects (T7, T9, T12, T13, T18–T22, T24) reported as CPD-positive cells/mm skin.
7Data for 18 subjects (T7–T14, T16–T22, T24, T27, T28) reported as arbitrary units/field.
8Data for 7 subjects (T12, T13, T24–T28) reported as # p53-positive cells/mm skin.
9Data for 7 subjects (T12, T13, T24–T28) reported as # cells positive for p53 phosphorylated at Ser46/mm skin.
10Data for 18 subjects (T7–T10, T12–T14, T17–T22, T24–T28) reported as # TUNEL-positive cells/mm skin.
11Data for 7 subjects (T12, T13, T24–T28) reported as # cells positive for p21/mm skin.
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This contrasts with our observations on the effects of a

single 1 MED UV irradiation [shown on the right side of

Table 2, taken from (13)] which showed no significant

increase in melanin content in White skin within 1 week.

Melanocyte density and function
Melanocyte density in the skin of the three UV-irradiated

sites (assessed by counting cells in the basal layer of the

epidermis that were positive for MITF, Tyr, Pmel17 and

MART-1) also increased significantly (�3-fold) compared

with the density of melanocytes in unirradiated skin

(Table 2). There were no significant differences in melano-

cyte density among the three UV-irradiated sites in the 15

subjects analyzed. Again, this contrasts with our previous

study which had shown that there was no increase in mela-

nocyte density in White skin within 1 week following a

single 1 MED UV irradiation [Table 2, taken from (13)].

Examples of expression of melanocyte-specific proteins

in skin subjected to the three UV irradiation protocols are

shown in Fig. 3. Increased expression of all four specific

melanocyte markers examined (tyrosinase, MITF, Pmel17

and MART-1) following UV irradiation was dramatic

(quantitative analysis of expression levels of tyrosinase is

shown in Table 2). Tyrosinase expression in UV-irradiated

sites A, B and C increased 2- to 3-fold compared with

unirradiated skin but there were no significant differences

in expression of tyrosinase among the three UV-irradiated

sites. Similar increases were found for, Pmel17, MART-1

and MITF, although the latter protein is less abundant and

as a transcription factor is primarily localized in the nuclei.

Our previous study had shown a slight, but not statistically

significant, increase in expression of those four markers in

White skin 1 week after a single 1 MED UV irradiation

[Table 2, taken from (13)].

Markers of cellular function and damage

DNA lesions
To assess DNA damage in skin irradiated by the three UV

irradiation protocols, we measured levels of CPDs in the

epidermis. Examples of sections used for CPD analysis are

shown in Fig. 4. Those same sections stained with DAPI

show that the damage was localized in nuclei (as expected),

and costaining for tyrosinase showed that melanocytes were

among the cells that contained CPDs. Compared to unirra-

diated control skin, CPD levels of the 18 subjects measured

were significantly higher in skin from all three UV-irra-

diation sites as were the number of CPD-positive cells

(Table 2). There was no significant difference between CPD

levels in UV-irradiation protocols A and B, but CPD levels

in UV-irradiation protocols A and B were significantly

higher than in protocol C (P £ 0.01). We also analyzed the

relationship between melanin content and CPD levels in

the three UV-irradiation sites, and found that UV-induced

CPD damage correlated inversely and significantly with the

amount of melanin (R2 = 0.210, P < 0.02, n = 18 subjects).

p53 expression
Representative images of p53 expression and its nuclear

localization are shown for skin specimens taken 1 day after

repeated UV irradiation (Fig. 5). Combined data for seven

subjects (Table 2) shows that the number of p53-positive

Figure 3. Expression of melanocyte-specific proteins after repeated UV

irradiation. Representative sections stained for TYR (green, top left

panel in each group) and for MITF (red, top right in each group)

obtained from subject T27 at the three UV-irradiated sites and at the

unirradiated control site. Also shown are representative sections stained

for Pmel17 (red, bottom left in each group) and for MART-1 (red,

bottom right in each group) from subject T28. Scale bar = 50 lm.

Figure 4. Levels of CPDs in the epidermis after repeated UV

irradiation. Representative images of specimens stained for CPD (green)

at the three UV-irradiated sites and at the control unirradiated site

(taken from subject T12). Staining for TYR (red) is used to localize

melanocytes; DAPI shows nuclei; scale bar = 50 lm.
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cells was significantly and dramatically higher in skin from

all three UV irradiation protocols compared to unirradiat-

ed controls (which had almost undetectable numbers of

p53-positive cells). There was no statistically significant dif-

ference between UV-irradiation sites A and B in the num-

ber of p53-positive cells/mm skin. However, the number of

p53-positive cells in UV-irradiation site C was significantly

and dramatically higher than in UV-irradiation sites A and

B (P < 0.01). The number of p53-positive cells correlated

positively with melanin content (R2 = 0.305, P < 0.05,

n = 7) but negatively with the number of CPD-positive

cells (R2 = 0.912, P < 0.01, n = 10).

Apoptosis
Results of TUNEL staining revealed that levels of apoptosis

were significantly increased in response to repeated UV

irradiation compared with unirradiated skin (Fig. 5,

Table 2). However, the number of TUNEL-positive apopto-

tic cells was relatively low and did not differ significantly

among the three UV-irradiation sites. In an earlier study,

we observed similar TUNEL results for a single 1 MED UV

irradiation (14).

Phosphorylation of p53 at Ser46 is an important post-

translational modification that reflects the function of p53

to induce apoptosis in response to stress. While no p53-

Ser46P- positive cells could be detected in unirradiated

control skin, significantly increased numbers of those cells

were found in skin irradiated by all three UV irradiation

protocols (Fig. 5, Table 2) unlike in the samples from the

previous single 1 MED UV irradiation (14).

p21 expression
Staining for the cell cycle marker p21 revealed that the

number of p21-positive cells was extremely low in unirradi-

ated control skin but increased significantly following all

three protocols of repetitive UV irradiation (Fig. 5, Table 2).

Discussion

Previously, we reported the effects of a single UV irradia-

tion at the level of 1 MED on human skin of different pho-

totypes (5,12–14). However, in real life, human skin is

repeatedly irradiated by UV emitted by the sun, by thera-

peutic devices and/or by indoor tanning equipment. Such

exposures can be carcinogenic. The repetitive nature of the

insults contributes to the complexity of the molecular and

cellular phenomena elicited. This study explored the effects

of three protocols of repetitive UV irradiations that result

in increased skin pigmentation. We found that some

cancer-related molecular and cellular phenomena correlate

differently with pigmentation induced by repeated UV

irradiations (i.e. facultative pigmentation) than with

constitutive skin pigmentation.

We used three experimental UV irradiation protocols, A,

B and C (Fig. 1), which resulted in cumulative doses of

1900, 2900 and 4200 J/m2, respectively. UV irradiation

according to each of those protocols stimulated skin pig-

mentation very effectively. Protocol B produced darker pig-

mentation of the skin than did protocol A, however the

difference between pigmentation produced by protocols B

and C at the end of the irradiations was small as assessed

visually (inset of Fig. 2) and could only be detected instru-

mentally (30). The results of Fontana–Masson staining

(Fig. 2) confirmed significant increases in pigment levels

following each of the three UV irradiation protocols.

Although histologically there seemed to be a difference in

overall melanin content between protocols B and C, only

small differences in melanin content were measured quanti-

tatively (Table 1). This corroborated what was seen by

visual evaluation following irradiation according to proto-

cols B and C.

In our previous studies, a single dose of UVB-rich irradi-

ation at the 1 MED level had negligible effect on melano-

cyte density in the skin within 1 week post-irradiation

[data taken from (12,13) are included for comparison in

Table 2]. In the present study, melanocyte density was sig-

nificantly increased following repeated UV irradiation given

over 3–4 weeks, and the three UV irradiation protocols

tested were similarly effective (Table 2). It is possible that

melanocytes in control unirradiated skin may be present

but express their specific markers at levels too low to

be detected. However, we do not believe this to be the

case since we measured melanocyte density based on the

Figure 5. Expression of various markers of cellular damage and

proliferation in the epidermis after repeated UV irradiation.

Representative specimens stained for p53 (green, top left panel in each

group) at the three UV-irradiation sites and the unirradiated control

(taken from subject T28). Also shown are TUNEL (green, top right panel

in each group), p53 Ser46 (green, bottom left panel in each group) and

p21 (green, bottom right panel in each group); scale bar = 50 lm.
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expression of a variety of melanocyte specific markers, all

of which gave comparable numbers at the time points

examined. Further, in our previous study (12), we used

identical techniques and antibodies to show similar densi-

ties of melanocytes in unirradiated skin of the various

racial and ethnic groups examined and those densities did

not change within the first week after UV irradiation.

The amount of DNA damage measured as CPD in the

epidermis was dramatically higher after repeated UV irradi-

ation according to all three protocols compared to unirra-

diated skin (Fig. 4, Table 2). Interestingly, CPD levels were

significantly lower after protocol C compared with proto-

cols A and B, both when measured as overall intensity per

area of skin or as the number of CPD-positive cells per

mm of skin which suggests a photoprotective benefit from

the facultative pigmentation induced by the repetitive UV

irradiations. A similar phenomenon was reported by

de Winter et al. (17). In their study, 9 irradiations given

over 3 weeks resulted in lower CPD levels after a UV chal-

lenge than those observed in unirradiated controls. A

recent study (31) reported that expression of DNA repair

enzymes in the skin increases significantly following various

types of stress, including UV irradiation. Hence, DNA

repair kinetics may be significantly altered by different

courses of UV irradiation. However, neither de Winter and

co-workers nor our group assessed DNA damage during

the course of repetitive UV irradiations to examine the

kinetics of CPD generation and DNA repair. Such data are

needed to fully assess differences in DNA damage caused

by different UV irradiation regimens and for characteriza-

tion of long-term effects of these UV doses. Additionally,

many biomarkers other than CPD are required to elucidate

the photoprotective effect of UV-induced pigmentation at

occasionally sun-exposed sites.

An interesting recent study (32) showed that the type of

UV used to irradiate human skin (types II and III) had

important consequences on effects in the epidermis and

dermis. That study used a repetitive UV irradiation proto-

col that irradiated skin to 0.5 MED UV (96% UVA/4%

UVB) 19 times over 5 weeks. That is a similar UVA/UVB

ratio and time course to our study but contrasts with

respect to the increasing dose protocols in our study. That

study also used buttock skin, normally considered a sun-

protected site, compared to our study which used dorsal

skin, considered an occasionally sun-exposed site. Never-

theless, that study reported significant increases in skin

color, p53 nuclear accumulation, melanin staining

(detected by Fontana–Masson), more dendritic DOPA-

positive melanocytes and only a slight increase in apoptotic

cells (sunburn cells). Those parameters are similar to what

we observed in this study which suggests that UV responses

are comparable in different anatomical locations regardless

of UV exposure background. More recently, Young et al.

(33) reported a study on human skin (types I and II) using

repetitive UV irradiations (11 irradiations of 0.5–0.6 MED

per day), again on sun-protected buttock skin. They

reported the preventive effects of a sunscreen on DNA

damage and p53 accumulation resulting from the repetitive

UV irradiations and also noted that virtually no apoptotic

cells (sunburn cells) were seen in the UV-irradiated sites.

The low level of apoptosis in human skin following repeti-

tive UV irradiation may result from decreased expression

of the Fas ligand. In that regard, a recent study reported

that while Fas ligand is relatively strongly expressed in the

basal layer of the epidermis and weakly expressed in the

upper layer, it became totally negative following chronic

UV irradiation (34). The sum of those results is consistent

with the observations and interpretations reported in our

study.

The p53 tumor suppressor protein plays several impor-

tant roles in the inhibition of photocarcinogenesis. It

enhances the nuclear excision repair of UV-induced DNA

damage, delays cell proliferation to provide time for DNA

repair, and (following its phosphorylation at Ser46) stimu-

lates apoptosis (20,35–37). p53 protein accumulates in the

nuclei of skin cells after UV irradiation (38) and expression

of p53 in the skin can serve as a risk marker for skin can-

cer in humans (39). We previously reported that following

a single 1 MED UV irradiation: (1) increases in CPD levels

and the nuclear accumulation of p53 are significantly

higher in White skin than in Black skin despite the fact

that the latter received up to 4-fold more UV in physical

doses (13,14), but (2) the number of apoptotic cells is sig-

nificantly lower in White skin than in Black skin (14). The

results reported in this study (Fig. 5, Table 2) show that

p53 expression increased significantly with increasing

cumulative UV doses, i.e. it correlated well with increased

skin pigmentation. Although this seems to contradict our

previous report on p53 induction in skin, we think it sim-

ply highlights the fact that facultative skin pigmentation is

distinct from constitutive skin pigmentation. The increase

in skin pigmentation elicited by UV- irradiation protocol C

showed significantly higher levels of p53 nuclear accumula-

tion than seen after protocols A or B (Fig. 5) and p53

accumulation correlated with melanin content. However,

neither the rate of apoptosis (measured as TUNEL-positive

cells) or the level of p53 phosphorylation at Ser46 showed

a dose-dependence, although levels of p53 and p21 were

dose-dependent. p21 expression in the skin after UV irradi-

ation can be regulated by p53-dependent and by p53-

independent processes; a recent study showed the

p53-dependent transcriptional activation of the p21 pro-

moter which may be involved in this process (40). Again,

lack of data regarding changes in these end points at earlier

stages of the experiment should be noted. The extremely

low level of TUNEL-positive cells is consistent with our
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earlier single UV dose study (14). Very few TUNEL-posi-

tive cells are visible in White skin after repetitive UV

irradiation, and this is consistent with other recent reports

that found very low levels of apoptotic/sunburn cells in

White skin after repetitive UV irradiation (32,33). Signifi-

cantly increased numbers of TUNEL-positive cells were

found in darker skin after a single 1 MED UV irradiation

in our earlier study. The effects of repetitive UV irradiation

on darker skin remain to be explored. These low levels of

apoptosis, which potentially could reduce the risk of skin

cancers from UV-mutated cells, would seem to be almost

negligible in White skin due to the low numbers seen, and

one could argue that they are too few to be physiologically

relevant.

While analyzing these findings, it is particularly interest-

ing to juxtapose the CPD and p53 dose-dependence data

for repeated vs. acute UV irradiations. In both cases,

increases in nuclear accumulation of p53 correlates with

increases of UV dose. This is consistent with the findings

of a study on subjects exposed to 6 weeks of natural sun-

light (41). However, while higher acute UV doses lead to

formation of more CPDs, the increases in cumulative

repetitive UV doses result in lowering the CPD level (at

least in the dose range explored in this study). It is tempt-

ing to speculate that the increases in p53 accumulation are

mechanistically different in the two cases: within 1 day

after a single UV irradiation it signifies an initial, perhaps

relatively primitive response, of the cellular/nuclear defense

system while after numerous repeated irradiations – and

given more time – it may reflect development of a mature,

efficient defense system. This is but one possible explana-

tion for the decline of CPD levels at the higher cumulative

repeated dose. The significance of such a putative mecha-

nism for carcinogenesis would depend on the fidelity of the

cellular defense system that evolved during repeated UV

irradiations. Further investigations of DNA damage,

changes in the p53 system (including p53 mutations) and

apoptosis induced by repeated UV irradiation will be

needed to fully assess the carcinogenic risk of such UV

irradiations.
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