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ABSTRACT

This study describes the induction and repair of UV-induced cyclobu-

tane pyrimidine dimers (CPD) in transcriptionally active and inactive
genes in the epidermis of the hairless mouse. Mice were exposed to a single
dose of 2000 J/nr ultraviolet B and kept in darkness for up to 24 h. The
CPD frequency was measured in the transcriptionally active hypoxan-
thine-guanine phosphoribosyltransferase gene, the adenosine deaminase
gene, the inactive c-mos protooncogene, and the haptoglobin gene using
the CPD-specific enzyme T4 endonuclease V. Sixty % of the CPD was

removed from the active genes during the first 4 h, after which no further
repair took place up to 24 h. In contrast, the inactive genes did not show
any removal of CPD. Assuming that the rate of repair in the c-mos and

haptoglobin genes is representative for the repair rate in the genome
overall, these results suggest only marginal repair of UV-induced CPD in

the mouse epidermis in vivo. The selective repair of active genes in the
epidermis of mice resembles that of rodent cells in culture and shows the
biological relevance of repair studies performed with cultured rodent cells
in vitro.

INTRODUCTION

Exposure to UV light produces several classes of DNA photoprod-
ucts, among which CPD' are the most prominent. Induction and

removal of CPD have been extensively investigated in cultured rodent
and human cell lines. These studies demonstrate large differences in
the rate and extent of removal of UV-induced CPD by mammalian

cells from their DNA. Normal human fibroblasts exhibit rapid re
moval of CPD. whereas mouse fibroblasts and Chinese hamster cells
show only a slight removal of CPD from their genome (1-3). In spite

of these large differences in their overall genome CPD repair capacity,
rodent and human cells exhibit equal sensitivities to the lethal effects
of UV irradiation. A plausible explanation for this apparent paradox
was provided by the discovery that in rodent cells transcriptionally
active DNA was repaired at a much faster rate than inactive DNA
(4, 5). Also in human cells preferential repair of CPD in transcrip
tionally active DNA was found (6, 7).

Although various studies provided insights into the repair kinetics
of CPD in defined sequences in cultured mammalian cells, it is still
unknown whether the heterogeneity in repair observed in in vitro
cultured cells is relevant for the situation in vivo. In this paper, we
present the first data about gene-specific repair of CPD in mammalian

tissue, i.e., the epidermis of the hairless albino mouse. After a single
exposure to UVB. we measured the removal of CPD from the Iran-
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scriptionally active HPRT and the ADA genes and the presumably
transcriptionally inactive c-mos protooncogene (8, 9) and Hp gene

(10). The fast repair of CPD in the transcriptionally active genes and
the absence of repair in the inactive genes in the epidermis of the
hairless mouse are similar to the repair phenotype found in in vifw
cultured rodent cells and could have major implications for mutation
induction in vivo.

MATERIALS AND METHODS

Animals and UVB Irradiation. Randomly bred. 8- to II-week-old male

hairless albino mice (SKH:HRI) were irradiated in a cage in which they were
able to move freely. UVB irradiation of mice was carried out with Philips
TLI2/40 W lamps, which were positioned above the cage (II). The dose rate
(13 J/m2-s) was determined with a Waldmann UVB detector (Schwenningen.

Germany) calibrated with a thermophile (Kipp El 1) ( 11). After UV irradiation,
mice were killed immediately or placed in darkness for 2, 4. 8, or 24 h.

Isolation of the Epidermis. The epidermal cells were isolated according to
the trypsin flotation procedure (12) with some modifications. After sacrificing
the mouse, a defined part (6 cm2) of the dorsal skin was removed and imme

diately put on ice. The skin was incubated for 16 h in 0.25% trypsin (Sigma)
in phosphate-bufferd saline at 4Â°Cfollowed by separation of the epidermis

from the dermis with a pair of forceps. Alternatively, epidermal cells were
isolated by the scraping technique (13). Briefly, the mice were killed, and the
dorsal skin was removed and immediately put on ice. The dorsal skin was
stretched, and the epidermis was scraped from the dermis. Comparison of CPD
frequency in epidermal DNA using both techniques showed no differences in
CPD frequency, indicating no significant repair activity during the 16-h incu

bation in the trypsin solution (data not shown).
Isolation, Purification, and Restriction of DNA. The epidermis was

minced thoroughly, and lysis buffer (10 ITIMTris. pH 8.0; 150 rmi NaCI; 1 m.M
EDTA; 0.5% sodium dodecyl sulfate; 100 ug/ml proteinase K) was added
followed by incubation for 16 h at 37Â°C.DNA was further purified by phenol

and chloroform extraction. After ethanol precipitation and centrifugaron, pel
lets were dissolved in TE buffer and digested with 50 ug/ml RNase A for 1 h
at 37Â°C.After ethanol precipitation and resuspension in TE buffer the DNA

was incubated with the appropriate restriction enzyme. DNA was precipitated.
washed in ethanol. and resuspended in TE buffer at a final concentration of
about 1 ng'u'-

T4 Endonuclease V Digestion. T4 endonuclease V digestion was per
formed as described previously (7). Five ug DNA were incubated with T4
endonuclease V (14) for 15 min at 37Â°Cin a reaction buffer containing 10 msi

Tris (pH 8.0), 80 mm NaCI. and 10 ITIMEDTA. An equivalent amount of DNA
not receiving enzyme was incubated with enzyme buffer only. Incubation was
terminated by adding alkaline loading buffer to each sample to final concen
trations of 50 mM NaOH, I ITIMEDTA, 2.5<7rFicoll. and 0.025% bromocresol

purple.
Alkaline Gel Electrophoresis, Southern Transfer, and Hybridization.

Electrophoresis of DNA samples was carried out in 0.8% alkaline agarose gels
for 18 h at 20 V in a buffer containing 30 ITIMNaOH and I ITIMEDTA.
Equivalent amounts of DNA (5 ug) incubated with or without T4 endonuclease
V were loaded onto the gel. After electrophoresis the DNA was transferred to
a support membrane in an alkaline transfer solution. Filters were prehybridized
for 24 h at 42Â°Cin hybridization solution containing 40% deionized forma-
mide. 5x saline-sodium phosphate-EDTA. 5x Denhardt's solution. 1% so

dium dodecyl sulfate, and 100 ug denatured salmon sperm DNA. Hybridization
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took place for 40 h at 42Â°Cin hybridization solution. DNA probes were labeled
with [a-':P]dATPby random primer extension (15). After hybridization, filters

were washed at 65 C. with a final wash step at 1x saline-sodium phosphate-
EDTA. \c/c sodium dodecyl sulfate. Filters were exposed to Kodak XAR-S
X-ray film at -80Â°C. The intensity of the bands was quantified using a BioRad

video densitometer (model 620). The average number of CPD per fragment
was calculated from the densities of full-length fragments in the lanes of T4
endonuclease V-treated and nontreated DNA using the Poisson expression as

described by Bohr et al. (4).
DNA Probes. Hybridizations were performed with a 1.3-kilobase mouse

HPRT complementary DNA insert from pHPT5 (16) and an ADA complemen
tary DNA probe encoding exons 5-11 (Fig. 1) (17. 7). A plasmid (pMSl)
spanning the c-mos ORF (8) was obtained from Prof. Dr. W. Ostertag (Hein-
rich-Pette-Institut fÃ¼rExperimentelle Virologie und Immunologie. University
of Hamburg. Hamburg. Germany). A 0.7-kilobase mouse complementary DNA

insert in pCRlOOO (10) which recognizes the a and ÃŸcluster of the HÂ¡>gene
was kindly provided by Dr. R. Fodde (Department of Human Genetics, Leiden
University. Leiden, the Netherlands).
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RESULTS

Induction of CPD in the Skin of Hairless Mice. The initial CPD
frequency was determined in epidermal DNA derived from the back
skin of irradiated mice. These measurements were carried out in
certain restriction fragments of active and inactive genes using the
enzyme T4 endonuclease V which incises DNA at CPD sites. Re
stricted genomic DNA was treated with T4 endonuclease V or mock-

treated and subsequently electrophoresed under alkaline conditions.
Southern blotted, and hybridi/ed with appropriate probes. The pres
ence of CPD is indicated by a reduced intensity of full-size restriction
bands in the T4 endonuclease V-treated DNA sample compared to the

untreated sample (4). The CPD frequencies were calculated from the
ratio of the band intensities using the Poisson distribution. The CPD
frequency was determined in an 11-kilobase BamW and a 20-kilobase
Prall restriction fragment of the HPRT gene, as determined by aga-
rose gel electrophoresis, and in an 11-kilobase EcoRl fragment of the
ADA gene (18) (Fig. 1). CPD frequencies in the c-mos and Hp genes
were determined in a 22-kilobase Bam\\\ fragment (19), as deter
mined by agarose gel electrophoresis, and a 7.2-kilobase EcoRl frag

ment ( 10). respectively. A linear relationship between dose and CPD
frequency was found at doses up to 3000 J/m2 (Fig. 2). Remarkably,

the CPD induction in the Biunlil fragment of the c-mos gene was

significantly lower compared to the HPRT gene (Table 1). To see
whether differences in fragment size could explain the lower induction
frequency, control experiments were carried out to determine CPD
frequency in the 20-kilobase P\-ull fragment in the HPRT gene. The

HPRT gene
2 3 6 7-9

H H-

Pvull

BamHI

ADA gene

234
â€”¿�Iâ€”Iâ€”H-III H

12

EcoRl

10 kb

Fig. I. Molecular organization of the HPRT and ADA genes. Bates, exons of the genes.
The Pvull. Bain\\\. and Â£<Y>RIrestriction fragments and exon numbers are indicated. The
HPRT ana ADA maps are derived from Melton (36) and AI-L'haidi (I8). respectively.

dose

T4

(kj/rn2)

B

Fig. 2. a. relationship between UVB dose (J/irr) and CPD frequency in the epidermis
of irradiated mice. CPD frequencies were determined in the PvuU (â€¢)and ÃŸiiwHI(A)
fragments of the HPRT gene and the BamHI â€¢¿�fragment of the c-mm gene. Bars. SEM.
h. autoradiogram showing the diminishing intensity of the bands in the T4 endonuclease
V-treated DNA ( +T4 lanes} al increasing UV dose. The restriction fragment presented is

the FruÃ¬]fragment of the HPRT gene. The experimental procedure is described in
"MalcriÃ¡is and Methods."

CPD induction proved to be similar in both the BamHI and Pvull
fragments of the HPRT gene (Fig. 2).

Gene-specific Repair of CPD in the Skin of Hairless Mice. In

order to determine removal of CPD from the restriction fragments of
genes we exposed mice to 2000 J/m2 UVB, which induces a mean

initial CPD frequency of 0.7 CPD/10 kilobases in the HPRT restric
tion fragments. Assuming a shielding effectiveness of the stratum
corneum of about 60%. epidermal cells received an average dose of
800 J/m2 UVB (20). The initial CPD frequency equals the CPD
frequency found in V79 Chinese hamster cells exposed to 10 J/m2

UVC (predominantly 254 nm UV light) (7). After irradiation, mice
were either killed immediately or kept alive for 2, 4, 8, or 24 h in
darkness, and CPD frequencies were determined. The effects of load
ing errors were reduced by measuring CPD in restriction fragments of
different genes on the same filter.

The BamHI and Pvull fragments of the HPRT gene exhibited 60%
repair in the first 4 h, after which no further repair occurred up to 24
h (Table 1; Fig. 3). CPD removal in the BamHI fragment of the c-mos

gene showed no repair up to 24 h. An explanation for the increase in
CPD frequency observed in the c-mos gene during the first 4 h is

unknown, although occasionally similar observations have been made
by others (21). A similar phenomenon might play a role in the HPRT
and ADA genes, although fast repair might obscure it in those genes
(Fig. 3). The 3'-located EcoRl fragment covering exons 5-11 of the

ADA gene showed 60"7rrepair in the first 4 h and no further repair up

to 24 h (Table 2). No significant CPD removal from the Hp gene was
observed (Table 2; Fig. 3). The observed pattern of CPD removal from
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Table I Gene-specific removal of CPD from the I1PRT and c-tnos genes

CPD frequencies (CPD/IOkilobases) were determined in Iheoi/mHI andA'wIl fragments of the HPRT gene and the 0amHI fragment ot the c-mos gene at the different time intervals
after a UVB dose of 2000 Â¡Im-.CPD frequencies in the Bum HI fragments of both genes were measured on the same filters. CPD frequencies in the Pvu\\ fragment were determined

in independent experiments.

HPRT/Pvu\\Posl-UV
time (h) (Â±SEM)0

0.72 Â±0.0432
0.42 Â±0.0094

0.25824

(IMNo.

ofexperiments(no.

ofmice)2(3)2(4)1

(2)1

(2)HPRT/BamHl(Â±

SEM)0.70

Â±0.0210.57
Â±0.0090.34
Â±0.0250.220.32

Â±0.014c-mÂ«.s//fi/mlll(Â±SEM)0.50

Â±0.0190.63
Â±0.0030.65
Â±0.0270.590.54

Â±0.089No.

ofexperiments(no.

ofmice)2(6)2(9)2(9)I

(5)2(8)
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Fig. 3. Percentage CPD remaining in the BumHI and KniRl fragments of the HPRT,
ADA, c-mru, and Hp genes in the mouse epidermis in the first 24 h after a single UVB dose
of 2(XX)Mm-. A. BamHVHPRT gene; â€¢¿�EmRVADA gene; â€¢¿�A<imHI/c-mÂ«.vgene; T.
/u Â»Rl/W/igene. The experimental procedure is as described in "Materials and Methods."

Data expressed as CPD/IO kilobases are presented in Tables I and 2. Bars. SEM.

Table 2 Gene-specific removal of CPD from the ADA Â¡milHp genes

CPD frequencies (CPD/K) kilohases) were determined in the EroRI fragments of the
ADA and Hp genes at the different time intervals after a UVB dose of 2000 J/m-. CPD

frequencies were measured on the same filters.

Post-UVtime
(h)02424ADA/Ec,iRl(Â±SEM)0.66

Â±0.0250.56
Â±0.0760.220.28

Â±0.044H/j/Â£Â«Â»Rl(Â±

SEMI0.73

Â±0.0480.70
Â±0.0130.620.58

Â±0.028No.

ofexperiments(no.

ofmice)2

(4)2
(5)I
(2)4(10)

the four restriction fragments suggests selective removal of CPD from
transcriptionally active genes in the mouse epidermis.

DISCUSSION

In this study, we have demonstrated that UV-induced CPD are

preferentially repaired in transcriptionally active genes in the epider
mis of mice exposed to UVB irradiation. The active HPRT and ADA
genes were repaired quickly during the initial phase following UV
exposure, although complete repair of CPD during a time period of up
to 24 h was not observed. Repair of CPD in the Hp and c-mos genes

was not significant up to 24 h. This repair pattern in mouse epidermis
i/i vivo correlates well with the repair pattern in Chinese hamster cells
(CHO and V79) and mouse 3T3 fibroblasts cultured in vitro (4, 5, 7).
Both m Â»'/vÂ«and i/i vitro, rodent cells repair CPD in their active genes

quickly and extensively, whereas repair of inactive sequences is very
low. Therefore, we conclude that the repair phenotype in in vitro
cultured rodent cells closely resembles the repair of CPD in vivo.

Complete removal of CPD from the active genes of the epidermis
in the first 24 h could not be detected. This incomplete repair of active

genes might be due to the absence of repair in the nontranscribed
strand of active genes as already reported for rodent cell lines (22, 23).
Moreover, the ability to remove CPD from their active genes might be
reduced in differentiated cells as reported recently for the murine
3T3-T proadipocyte cell line (24). However, it remains to be estab

lished whether the 60% repair we found in the HPRT and ADA genes
represents very efficient repair in some subpopulations of cells and the
absence of repair in others, or whether repair is incomplete in the
whole cell population.

Rodent cells have the capacity to replicate their DNA. although
most CPD are still present in the genome (25). A reduction of CPD
frequency could therefore be due to either DNA repair or a dilution of
DNA photolesions due to DNA synthesis. The absence of a reduction
of CPD in the c-mos and the Hp genes in the first 24 h and in the

HPRT and ADA genes between 4 and 24 h after irradiation shows that
the reduction is not due to DNA synthesis. The absence of DNA
synthesis in the first 24 h after UV is consistent with previous reports
(26-28).

Several factors may contribute to variations in determined CPD
frequencies. The movement of mice during irradiation, shielding of
cells by other cells, the variable thickness of the stratum corneum, and
skin wrinkling might be sources of variation. A variation in types of
isolated cells is likely to play a role as well. The isolated cell popu
lation using the trypsin flotation technique contains differentiated cells
and only a fraction of the basal cells because a fraction of the basal
cells stick to the dermis and therefore will not be isolated (29, 30). To
get some insight into the variation in induced CPD frequency in the
cell population, single cell analysis was performed on epidermal cells
of UVB-irradiated mice and UVC (254 nm)-irradiated cultured human
fibroblasts.4 Flow cytometric analysis using an anti-thymine dimer

antibody and a fluorescent second antibody demonstrated that the SD
in fluorescence was about two times higher in mouse epidermis com
pared to the cultured human fibroblasts. To average out individual
variation in initial CPD frequency and repair capacity, DNA samples
of several mice were pooled.

A major implication of these mouse epidermis studies is the devi
ation from a Poisson distribution of CPD in contrast to the distribution
of CPD in cells in a monolayer. The distribution of CPD in the
epidermis can be considered as a summation of Poisson distributions
in which the diminishing UV dose through the epidermis leads to a
discrepancy between determined CPD frequency and the average CPD
frequency. In case incomplete repair of active genes is caused by
strand-specific repair of the transcribed DNA strand only, a deviation

from the Poisson distribution can be expected as a result (22). Devi
ation from the Poisson distribution could lead to an incorrect estima-

4 R. J. W. Berg. F. R. de Gruijl, L. Roza, and J. C. van der Leun. Flow cytometric

immunofluorescence assay for quantification of cyclobutyldithymine dimers in separate
phases of the cell-cycle, submitted for publication.
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tion of the absolute CPD frequencies observed but does not influence
the observed differences in repair of CPD between active and inactive
genes.

Substantial contradictions are reported in the literature about re
moval of CPD from the overall genome in mouse skin in vivo.
Bowden et al. (31) found removal of 30% of CPD after 24 h by
measurements of ['HJthymidine incorporation following UVC (254

nm) irradiation using thin-layer chromatography. Ley et al. (32) did

not find any repair of CPD in intact skin of two hairless mouse strains
after UVB irradiation (FS40 Westinghouse sunlamp). Mitchell et al.
(33), using an immunoassay. reported the persistence of CPD in
mouse skin in the first 48 h after UVB irradiation. Recently. Yarosh et
al. (34) reported the removal of CPD from the epidermis of the
hairless mouse with a half-life of 7.4 h at doses of 2500-5000 J/m2

UVB (FS40 Westinghouse sunlamp). Vink et al. (35) reported 60%
removal of thymine dimers in the first 6 h using a specific antibody
and immunofluorescence microscopy after a UVB dose of 2000 J/irr.
Since a large fraction of the genome is not transcribed, we assume that
repair in the c-mos and Hp genes is representative of overall genome

repair, and. therefore, we conclude that there is little repair of CPD
from the overall genome in the population of cells we are investigat
ing.

So far, gene-specific repair of UV-induced CPD had been measured
only in in vitro cultured cells. Our data show that gene-specific repair

of CPD also occurs in animal tissue. Since repair of transcriptionally
active genes has been demonstrated to be more rapid than repair of
inactive DNA sequences or the genome as a whole, silent sequences
might accumulate DNA damage or mutations. Such processes could
be particularly relevant for activation of certain oncogenes.
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