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ABSTRACT

To assess the contribution to mutagenesis by human DNA repair
defects, a UV-treated shuttle vector plasmili, p/.189, was passed through
fibroblasts derived from Japanese \eroderma pigmentosum (XP) patients
in two different DNA repair complementation groups (A and F). Patients
with XP have clinical and cellular UV hypersensitivity, increased fre
quency of skin cancer, and defects in DNA repair. The XP DNA repair
defects represented by complementation groups A (XP-A) and F (XP-F)
are more common in Japan than in Europe or the United States. In
comparison to results with DNA repair-proficient human cells (\YI38-
VA13), UV-treated pZ189 passed through the XP-A |XP2OS(SV)1 or
XP-F |XP2VO(SV)| cells showed fewer surviving plasmids (XP-A less
than XP-F) and a higher frequency of mutated plasmids (XP-A greater
than XP-F). Base sequence analysis of more than 200 mutated plasmids
showed the major type of base substitution mutation to be the G:C â€”Â»
A:T transition with all three cell lines. The XP-A and XP-F cells revealed
a higher frequency of G:C â€”Â»A:T transitions and a lower frequency of
transversions among plasmids with single or tandem mutations and a
lower frequency of plasmids with multiple point mutations compared to
the normal line. The spectrum of mutations in pZI89 with the XP-A
cells was similar to that with the XP-F cells. Seventy-six to 91% of the
single base substitution mutations occurred at G:C base pairs in which
the 5'-neighboring base of the cytosine was thymine or cytosine. These

studies indicate that the DNA repair defects in Japanese XP patients in
complementation groups A and F result in different frequencies of plasmid
survival and mutagenesis but in similar types of mutagenic abnormalities
despite marked differences in clinical features. These results, together
with comparable studies from United States patients in XP complemen
tation groups A and D, suggest that G:C â€”Â«A:T somatic mutations may
be important in the generation of human skin cancer by IN radiation.

INTRODUCTION

This research was designed to assess the contribution to UV-
induced DNA mutagenesis of two different human DNA repair
defects occurring in Japanese XP' patients. We utilized the

shuttle vector plasmid, pZ189 (1), to measure UV-induced
point mutations following replication in skin fibroblast cells
derived from Japanese XP patients in groups XP-A and XP-F
in comparison with normal human cells. XP is an autosomal
recessive disorder that is characterized by increased frequency
of neoplasms in sun-exposed skin (reviewed in Refs. 2 and 3).
Cultured cells derived from XP patients are hypersensitive to
UV radiation, have a reduced capacity for DNA repair, and
produce a high frequency of UV-induced mutations. There are
at least seven DNA excision repair complementation groups
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(A-G) in XP cells (2, 3). Complementation groups A and F are
more common in Japan than in Europe or the United States
(3). The defective genes have been recognized for groups XP-A
(4) and XP-B (5) and may represent a DNA-binding protein
with a zinc-finger domain and a DNA helicase, respectively.
The molecular defects in the other XP complementation groups
are not presently known.

The shuttle vector plasmid, pZ189, was developed by Seid-
man et al. (1) to assess the mutations introduced into carcino
gen-treated replicating plasmid DNA by mammalian cells.
pZ189 is useful for detecting mutations at the molecular level.
It carries a 190-base pair bacterial suppressor tRNA gene, supF,
as a marker gene for mutations. It also contains the origin of
replication and T antigen gene from SV40 to permit replication
in mammalian cells and the origin of replication and the ÃŸ-
lactamase gene from pBR327 for growth in bacteria and selec
tion for ampicillin resistance. The plasmid is treated with UV
and then transfected into the mammalian cells in which DNA
repair, mutation, and replication occur in a process dependent
on host cell enzymes. The replicated plasmid is harvested and
used to transform an indicator strain of bacteria. The number
of ampicillin-resistant bacterial colonies reflect plasmid sur
vival. The gene suppresses an amber mutation in the 0-galac-
tosidase gene (lacZ) in the indicator strain of Escherichia coli.
Bacteria with the wild-type supFgene make dark blue colonies,
while bacteria containing the mutant supF gene make white or
light blue colonies on agar plates containing the colorless
substrate for /i-galactosidase, 5-bromo-4-chloro-3-indoyl /3-D-
galactoside. Thus, the mutation frequency can be determined
by counting the proportion of white or light blue colonies
compared to the total number of colonies. Mutated plasmids
are purified from the bacterial colonies and the sequence of the
gene is determined.

The frequency and type of UV-induced mutations occurring
in pZ189 propagated in cells from XP-A and XP-D patients in
the United States was previously reported to be different from
those in normal human cells (6, 7). We examined the hypothesis
that mutations induced by UV in plasmids replicated in cells
from different XP complementation groups may correlate with
specific DNA repair defects or clinical features present in the
different complementation groups. In the present study we
examined the UV mutations induced in pZ189 passed through
cells from two Japanese XP patients with markedly different
clinical and laboratory features in complementation groups A
and F.

MATERIALS AND METHODS

Patients. At the time of biopsy. XP2OS was a 7-year-old female with
mental retardation and severe clinical symptoms who developed her
first skin cancer at the age of 5 years (8). The XP2OS skin fibroblasts
in complementation group A had <2% of normal unscheduled DNA
synthesis (a measure of DNA repair) and were extremely sensitive to
killing by UV (Do = 0.6 J/nr) (9).
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At the time of biopsy, XP2YO was a 65-year-old female with no
mental retardation and mild clinical symptoms who developed her first
skin cancer at 64 years of age (9). The XP2YO skin fibroblast cells in
complementation group F had 10-15% of normal unscheduled DNA
synthesis and were moderately sensitive to killing by UV (Do = 1.7 J/
nr; normal Do = 5.0 J/nr) (10, 11).

Cells. SV40-transformed human skin fibroblast cell lines were used
in this study. XP-A [XP2OS(SV)] and XP-F [XP2YO(SV)] cells were
previously established from Japanese XP patients by us (12, 13). An
SV40-transformed repair-proficient line has not been established from
a normal Japanese individual. Hence, WI-38-VA13 (14) was obtained
from the American Type Culture Collection, Rockville, MD. The
parental fibroblast cell line, WI-38, was derived by L. Hayflick from
normal embryonic (3 months of gestation) lung tissue from a Caucasian
female. It has been shown that the DNA repair capacity of cells does
not change with the age of the doner ( 15).

All cells were cultured in Dulbecco's modified minimum essential

medium (Nissui, Tokyo, Japan) supplemented with 10% fetal bovine
serum (Hyclone. Logan, UT).

Plasmid Preparation. In a preliminary series of experiments, stocks
of pZ189 were prepared by lysis of a culture of bacteria followed by
precipitation of low molecular weight nucleic acids with potassium
acetate and drying. The precipitate was then dissolved in TE buffer and
treated with RNase, and the DNA was extracted 3 times with phenol-
chloroform, precipitated in ethanol. and dissolved in water. Plasmid
DNA extracted by this method was found to contain a large amount of
E. coli chromosomal DNA that blocked UV absorbance so that large
doses of UV (on the order of 5000 J/nr) reduced plasmid survival by
only 5-60% and increased the plasmid mutation frequency only 2- to
5-fold with the 3 cell lines.

A second method of purification was then used in order to obtain
pure stocks of pZI89 DNA. The low molecular weight DNA obtained
by alkaline lysis was purified by cesium chloride ultracentrifugation
(16). The closed circular pZ189 band was carefully removed from the
centrifuge tube with a needle and the plasmid solution was dialyzed
against TE buffer and used for experiments.

UV Treatment and Electroporation. pZ189 dissolved in TE buffer at
a concentration of 45 ^g/ml was irradiated with a bank of two 10-W
Toshiba germicida! lamps (predominately 254 nm UV light) at a dose
rate of 3.4 J/nr/s.

The human cells were trypsinized. washed, and suspended in Dul
becco's phosphate-buffered saline (pH 7.4-7.6). Cells (2 x IO7)plus 9

fig UV-treated pZ189 in 0.2 ml buffer were placed in an electroporation
chamber (electrodes 0.3 cm apart) (PDS, Inc.. Madison, WI) and
transfected with plasmid by electric pulses (500 V, 4 times) (17). The
cells were plated in 10-cm dishes and incubated for 72 h in a CO2
incubator at 37'C.

Plasmid Recovery, Mutant Selection, and Analysis. The plasmid was
extracted from the cells by the method of Hirt (18) and digested by the
restriction endonuclease Dpn\ (Boeringer-Yamanouchi, Tokyo, Japan)
to eliminate nonreplicated input plasmids with the bacterial methyla-
tion pattern (1).

E. coli MBM7070 which has an amber mutation in its tocZgene was
transformed by the plasmid and spread onto LB agar plates which
contained ampicillin. the colorless dye, 5-bromo-4-chloro-3-indoyl ÃŸ-
n-galactoside, and isopropyl Â¿-r>thiogalactoside (Nacalai Tesque,
Kyoto, Japan). After 24 h incubation at 37Â°C,blue colonies having

normal and white or light blue colonies having mutated supFappeared
on the plate. The total number of colonies was counted as an indication
of plasmid survival and the proportion of white or light blue colonies
determined as a measure of mutation frequency.

Mutated plasmids were purified from overnight culture and the
nucleotide sequences of the gene of the plasmid was determined with a
K/RT universal dideoxy sequencing kit (Promega, Madison. Wl). To
obtain independent mutant clones, fewer than 5 mutants were isolated
from each independent transfection and only one mutant was scored if
several plasmids had identical mutations. This process may underesti
mate the intensity of the mutational hotspots; however, several hotspots
were shown to be significantly greater in intensity than other sites.
Details of these methods were described prev Â¡ously(6, 7).

Statistics. Statistical comparisons were performed with Fisher's exact

test for difference in proportions (19). The P values for a one-tailed test
are presented.

RESULTS

Plasmid Survival. The shuttle vector plasmid pZ189 was
treated with UV, transfected into the XP-A, XP-F, and normal
cells, incubated for 3 days to permit repair, mutation, and
growth, extracted, and used to transform bacteria to ampicillin
resistance. UV irradiation of pZ189 showed a dose-dependent
reduction in the number of ampicillin-resistant bacterial colo
nies recovered with all three cell lines (Fig. 1). Plasmid survival
was lowest with the XP-A line and was intermediate with the
XP-F line. At a dose of 1000 J/nr to the plasmid, the relative
number of bacterial colonies recovered with the XP-A and XP-
F lines was about 55-fold and 5.5-fold less, respectively, than
with the normal line. These relative survival values with the
plasmid are similar to the relative cell survival values previously
found with direct UV treatment of the XP2OS(SV) and
XP2YO(SV) cells (12) and reflect the reduced DNA repair
present in these cells.

Plasmid Mutagenesis. The UV-treated pZ189 was passed
through the XP-A, XP-F, and normal cells and used to trans
form indicator bacteria containing a suppressible (amber) mu
tation in the lacZ gene. Bacteria receiving plasmids with a
functioning plasmid gene yield dark blue colonies, while those
receiving a mutated gene yield light blue or white colonies. UV
irradiation to pZ189 increased the proportion of plasmids
having a mutated supF gene with all three cell lines in a dose-
dependent manner (Fig. 2). The background plasmid mutation
frequency was 1.0, 1.8, and 0.9 x 10~3 with the XP-A, XP-F,

and normal lines, respectively, and increased 40- to 275-fold
following treatment of the plasmid with 500-2500 J/m2 UV.
The mutation frequency with UV was greatest with the XP-A
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Fig. I. Survival of UV-irradiated pZ189 replicated in XP-A (XP2OS(SV); (A],
XP-F [XP2YO(SV); D], and normal (WI-38-VA13; O) cell lines. The relative
number of ampicillin-resistant bacterial colonies obtained after repair and repli
cation of UV-irradiated pZI89 in the cells followed by transformation of the
indicator E. coli is shown. The data show mean values from 2-4 independent
transfection experiments for each cell line. The SE is smaller than the symbols
for most points.
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Fig. 2. Mutation of UV-irradiated pZ189 replicated in XP-A [XP2OS(SV);
A], XP-F [XP2YO(SV): G], and normal (VVÃ•-38-VA13;O) cell lines. The fre
quency of white and light blue bacterial colonies obtained after repair and
replication of UV-irradiated pZ189 in the cells followed by transformation of the
indicator E. coli is shown. The data show mean values from 2-4 independent
transfection experiments for each cell line. The SE is smaller than the symbols
for most points.

line, and that with the XP-F was intermediate between XP-A
and normal. At 1000 J/nr UV to the plasmid the mutation
frequency with the XP-A, XP-F, and normal lines was 140, 37,
and 17 x 10~\ respectively (Fig. 2). These results reflect the

UV hypermutability of XP cells.
Base Sequence Analysis. Analysis of > 100 supF mutant plas-

mids with each of the 3 cell lines by agarose gel electrophoresis
and nucleotide sequence analysis revealed that 25-29% of the
plasmids contained large deletions (average size, 82 base pairs;
range, 3 to >200 base pairs). As seen in a previous study (6),
with the normal line the frequency of plasmids with deletions
decreased with increasing UV dose to the plasmid: 0 J/nr, 63%
(12 of 19); 250 J/nr, 33% (20 of 60); 1000 J/nr, <3% (0 of
37); 2500 J/m2, 10% (2 of 19). The deletions with XP-A were:
0 J/m2, 88% (7 of 8); 250 J/m2, 33% (17 of 51); 500 J/m2, 20%
(5 of 25); 1000 J/m2, 28% (7 of 25). The deletions with XP-F
were: 0 J/m2, 67% (10 of 15); 250 J/m2, 26% (17 of 66); 1000
J/m2, 23% (9 of 38).

The mutant plasmids without deletions contained point mu
tations. Table 1 shows the classes of base substitution point
mutations identified following base sequence analysis of 224
independent mutant plasmids of wild-type size recovered from
the XP-A, XP-F, and normal lines. Plasmids are classified as
to whether they have a single base substitution, tandem base
substitutions (2 base substitutions 0-2 bases apart or 3 adjacent
base substitutions), multiple base substitutions (2 base substi
tutions >3 bases apart or >3 base substitutions), and single
base insertion or deletions.

Single base substitutions were higher with XP-A (75%, P =
0.02) and with XP-F (71%, P = 0.06) than with the normal
cells (58%). In addition, the proportion of mutated plasmids
with multiple base substitutions was lower with XP-A (11%, P
= 0.07) and XP-F cells (!!%,/> = 0.05) than with the normal

cells (22%) (Table 1). The maximum number of base substitu

tions found in the gene in one plasmid was 3 with the XP-A
cells, 4 with the XP-F cells, and 4 with the normal line. Single
base frameshift mutations were rarely seen with any of the cell
lines. The distribution of classes of mutations found with the
XP-A cells was not significantly different from that with the
XP-F cells.

Among the mutant plasmids with single and tandem base
substitution mutations, transition mutations were predominant
with all three cell lines (Table 2). Transitions were significantly
more frequent with the XP-A (84%, P = 0.002) and XP-F cells
(76%, P = 0.03) than with the normal cells (62%). It is quite
striking that the most frequent type of base substitution muta
tion was the G:C â€”Â»A:T transition, accounting for more than
half of the single or tandem base substitution mutations with
all 3 cell lines. The frequency of G:C â€”Â»A:T mutations was
significantly higher with the XP-A (79%, P = 0.002) and XP-
F (73%, P = 0.02) cells than with the normal (56%). While 88-
94% of the mutations involved G:C base pairs with all 3 lines,
only 6-12% involved A:T base pairs. All 6 possible types of
base substitution mutations were found with the normal line,
but with the XP-A line the A:T â€”>T:A transversion was not
seen and the A:T â€”Â»C:G transversion was found once. With
the XP-F line the A:T â€”>C:G transversion was not found. The
proportion of types of transition or transversion base substitu
tion mutations found with the XP-A cells was similar to that
with the XP-F cells with the exception of the A:T â€”Â»T:A
transversion (0% versus 7%, P = 0.04).

Mutational Spectra. The distribution of single and tandem
base substitutions in the supF gene with the XP-A, XP-F, and

Table 1 Classes of point mutations induced in I'l'-irradiated pZI89

About 70% of the total mutations were point mutations (see text).

No. (%) of plasmids
with base changes

Independent plasmids sequenccd
Point mutations

Single base substitution
Tandem base substitution
Multiple base substitution

Frameshift
Single base insertion
Single base deletionXP-A61

(100)Â°46

(75)f

8(13)
7(11)00XP-F72(100)Â°51(71)11(15)8(11)"2(3)

0Normal91

(100)*S3

(58)
15(16)
20(22)KD2(2)'

Â°UV irradiation (250-1000 J/nr) to pZ189.
* UV irradiation (250-2500 J/m2) to pZ189.
c P < 0.02 versus normal.
d P < 0.05 versus normal.
" These mutants also have a single base substitution.

Table 2 Types of single or tandem base substitution mutations induced in L'V-

irradiated pZI89

No. (%) of
base changes

TransitionsG:C
â€”A:TA:T-.G:CTransversionsG:C

-.T:AG:C
-Â»C:GA:T
â€”T:AA:T-.C:GTotalXP-A52

(84)"49
(79)Â°3(5)10(16)Â°4(6)r5(8)0"1(2)62(100)'XP

F56
(77)*53
(73)f3(4)17(23)*6(8f6(8)5(7)073(100)'Normal52

(62)47
(56)5(6)32

(38)18(21)9(11)3(4)2(2)84(100/

Â°P < 0.002 versus normal.
* P < 0.05 versus normal.
c P < 0.02 versus normal.
d P < 0.05 versus XP-F.
' UV irradiation (250-1000 J/m2) to pZ189.

irradiation (250-2500 J/m2) to pZ189.
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normal cells is shown in Fig. 3. All mutations were found
between base pairs 101 and 175. The mutational patterns show
some similarities and some differences among the different cell
lines. The mutation spectrum with the XP-A cells was very
similar to that with the XP-F cells.

The point mutations were not distributed randomly in the
supF gene but appeared preferentially at certain sites. There
was a G:C â€”Â»A:T transition hotspot at base pair 156 with all 3
lines, accounting for 24, 19, and 15% of all single and tandem
mutations with the XP-A, XP-F, and normal lines, respectively.
However, the XP-A and XP-F lines differed from the normal
lines at other sites. At base pair 168 the G:C â€”>A:T transition
was more frequent with the XP-A line than with the normal
line (18% versus 7%, P = 0.04). No mutations were found at
base pair 159 with the XP-F line, while they constituted 7% of
the mutations with the normal line (P = 0.02). With the XP-A
line there were four 5'GG/CC AA/TT tandem mutations found

at base pairs 159/160. These were not seen with the other lines.
There was a high frequency of G:C â€”Â»T:A and G:C â€”>C:G
transversion mutations at base pair 133 with the normal line.

Fig. 3 shows that 76-91% of the single base substitution
mutations occurred at G:C base pairs where the 5'-neighboring

base of the mutated cytosine is a cytosine or thymine (XP-A,
91%; XP-F, 76%; normal, 91%). In contrast, 39-51% of the
single base substitutions occurred at G:C base pairs where the

3'-base adjacent to the mutated cytosine was a pyrimidine (XP-

A, 39%; XP-F, 43%; normal, 51%). All 18 adjacent tandem
mutations occurred at 5'CC sequences with the XP-A and XP-

F cells, and with the normal line 8 of 10 adjacent tandem
mutations occurred at 5'CC. Very few base substitution muta
tions were found at 5'TT sequences with any cell line (XP-A,

5%; XP-F, 8%; normal, 5%).

DISCUSSION

Cells from patients with XP show abnormal sensitivity to
killing by UV and UV hypermutability (2, 3). These cellular
abnormalities are reflected in the increased plasmiti killing and
mutations found in UV-irradiated pZ189 passed through the
Japanese XP-A and XP-F cells (Figs. 1 and 2). Furthermore,
the relative UV survival of pZ189 in these cells is similar to the
relative survival of the cells following UV treatment (12). These
results are in agreement with similar studies performed with
UV-irradiated pZ189 passed through fibroblasts from a United
States XP-D patient (7) and through fibroblasts and lympho-
blastoid cells from a United States XP-A patient (XP12BE) (6,
20, 21). Thus, the present studies provide further support for
the use of pZ189 to measure DNA repair defects in human
cells.

Despite different transfection methods (electroporation and

GTGGGGTTCCCGAGCGGCCAAAGGGAGCAGACTCTAAATCTGCCGTCATCGACTTCGAAGGTTCGAATCCTTCCCCCACCACCA

Fig. 3. Location of single and tandem base
substitution mutations found in the .sw/ifgene
of UV-irradiated pZI89 replicated in XP-A
[XP2OS(SV)]. XP-F [XP2YO(SV>], and nor
mal (WI-38-VAI3) cells. Pre-tRN A sequences
start at base pair 59. and suppressor tRNA
sequences start at base pair 99 and end at base
pair 183. Each letter represents a single base
pair substitution mutation found in an inde
pendent plasmid. Tandem base substitution
mutations are underlined.
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calcium phosphate precipitation) and different laboratories,
there was a remarkable similarity in the classes of abnormalities
found in UV-treated pZ 189 passed through XP fibroblasts from
the Japanese patient in complementation group A
[XP2OS(SV)], the United States patient in complementation
group A (XP12BE(SV)] (6), the Japanese patient in comple
mentation group F [XP2YO(SV)], and the United States patient
in complementation group D [XP6BE(SV>] (7). All showed
lower plasmid survival and higher frequency of mutations in
comparison to pZ189 passed through two different repair-
proficient cells: WI-38-VA13 (Figs. 1 and 2) and GM0637(SV)
(6, 26). Combined, these studies strongly suggest that defective
DNA repair (at least the defects in XP complementation groups
A, D, and F) is linked to (a) a relatively low frequency of UV-
induced multiple base substitutions and (b) a relatively high
frequency of single base substitutions. The frequency of plas-
mids recovered with multiple base substitution mutations can
be dramatically increased with XP-A cells (in the absence of
UV) by creating a single strand nick in the plasmid (22). This
nick may compensate for the absent endonucleolytic activity in
the XP-A cells and provide a site of entry for an error-prone
DNA polymerase (22).

Defective DNA repair in the XP cells is also associated with
an increased frequency of transitions in UV-treated pZ189. In

the present study, among the single and tandem base substitu
tion mutations, the percentage of transitions, especially G:C â€”Â»
A:T, was much higher with XP-A and XP-F than with the
normal cells (Table 2). This was also found with another XP-A
[XP12BE(SV)] (6) and a XP-D fibroblast line (7). Excision
repair-proficient monkey cells also had a lower frequency of
transitions with UV-treated pZ189 than XP cells (23, 24). No
remarkable difference was observed between the repair-profi
cient WI-38-VA13 and GM0637(SV) (6) cells with respect to
the types of mutations. The proportion of transition mutations
recovered from UV-treated pZ189 passed through an XP-A
line decreased to the normal range by selectively removing
cyclobutane dimers (with photoreactivating enzyme) prior to
transfection (25, 26). Since XP-A cells are unable to repair both
cyclobutane dimers and non-dimer 6-4 photoproducts (re
viewed in Ref. 27), this suggests that unrepaired cyclobutane
dimers are associated with a greater proportion of transitions
and unrepaired non-dimer photoproducts with a greater pro
portion of transversions.

The frequently mutated sites with the Japanese XP-A line
(Fig. 3) are in agreement with those found for the United States
XP-A line (6) and the Japanese XP-F line (Fig. 3), showing

strong transition hotspots at base pairs 156 and 168 and lesser
hotspots at base pairs 155 and 169. The G:C â€”Â»A:T transition
hotspot at base pair 156 was a hotspot for UV transition
mutations with all cell lines tested (6, 7, 20, 21), including XP-
A fibroblasts and lymphocytes, XP-D fibroblasts, other repair-
proficient fibroblasts [GM0637(SV)] and lymphoblasts
[GM606(EBV)j, and repair-proficient CV1 monkey kidney cells
(23, 24). In contrast, base pair 168 showed a high frequency of
G:C â€”Â»A:T transition mutations with the Japanese XP-A and
XP-F fibroblasts (Fig. 3), the United States XP-A fibroblasts
(6) and lymphoblasts (20, 21), the XP-D fibroblasts (7), and the
repair-proficient lymphoblasts (20, 21) but not with the repair-
proficient WI-38-VA13 (Fig. 3) or GM0637(SV) cells (6). At
base pair 159 there were no mutations found with the XP-F
cells, 7% of the mutations with the normal line (Fig. 3), and
substantial hotspots with the XP-D fibroblasts (7) and XP-A
lymphoblasts (20, 21). These data are in keeping with the

observation of mutational hotspot variability that has been
recently discussed (20) which suggested that the major deter
minants of mutational hotspots were not genetic polymor
phisms or repair capacity of the cells but cellular factors that
can influence the probability of mutagenesis at particular sites
(20).

More than 88% of the base substitution mutations were found
at G:C base pairs in all cell lines (Table 2) and >80% of 5'-

neighboring bases of the mutated cytosines are thymine or
cytosine (Fig. 3). These data are consistent with earlier studies
with the XP-A and XP-D cells (6, 7, 21). These results suggest
that the 3'cytosine of 5'TC and 5'CC sequences are the major

mutational targets of UV radiation. Tandem mutations oc
curred most frequently at 5'CC sequences (Fig. 3). These di-

pyrimidine sites can be involved in either the cyclobutane dimer
or pyrimidine 6-4 pyrimidone photoproducts (25, 27) which
have been shown to be mutagenic in bacterial cells (28-30). In
pZ189, 6-4 photoproducts have been measured to occur at a
frequency 70% ofthat of cyclobutane dimers at 5'TC sites and
30% at 5'CC sites (25, 26). Studies of photoreactivation of UV-

treated pZ189 indicate that both cyclobutane dimers and 6-4
photoproducts are mutagenic lesions (25, 26).

It should be noted that the 5'TT sequence forms the major

UV photoproduct in pZ189 [about 60% of the UV photoprod
ucts (25, 26)], forming almost exclusively cyclobutane dimers
(25, 27, 31, 32), but had only 2-8% of the mutations (Fig. 3).
Thus, as in earlier studies with UV-treated pZ189 (6, 7, 20, 21,
23, 24), the major UV photoproduct was not the major muta
genic lesion. A possible explanation for this disparity has been
termed the "A rule" (33, 34) which implies that substitution by

adenine takes place preferentially opposite the site of (noncod-
ing) damaged bases (6, 25, 26). In vitro studies have demon
strated a preference for adenine insertion by eukaryotic DNA
polymerases (35-37). In the case of 5'TT photoproducts the
correct nucleotides would be inserted, but 5'TC or 5'CC pho

toproducts would result in isolated or tandem G:C â€”Â»A:T
transitions, as seen with the XP cells. Since the XP-A cells are
unable to repair the damaged DNA, this mutation must be
introduced during replication.

The mutations at base pairs 127, 141, and 144 in XP-F
occurred at an isolated cytosine whose both neighboring bases
were purines. These mutations may be caused spontaneously or
by purine photoproducts (38).

The Japanese XP patients we studied had markedly different
clinical features. Patient XP2OS (XP-A) was a 7-year-old girl
with severe clinical symptoms including mental retardation who
had multiple skin cancers beginning at the age of 5 years (8).
In contrast, patient XP2YO (XP-F) was a 65-year-old woman
with mild clinical symptoms, who was not mentally retarded.
She developed her first skin cancer at age 64 years and subse
quently was found to have cancer of the bile duct and died at
65 years of age (9, 10, 11). The United States XP-A patient,
XP12BE, had her first skin cancer at 4 years of age (39). She
has progressive neurological abnormalities, including mental
retardation and deafness, and had >200 basal cell carcinomas
of her skin by 25 years of age. The United States XP-D patient,
XP6BE, also had neurological abnormalities (7, 39). She had
>25 skin cancers beginning at age 9 years including basal cell
carcinomas and malignant melanoma and she died at age 29
years of metastasis of a skin cancer. With this small group of
patients there is no apparent correlation between the abnor
malities detected with UV-treated pZ189 passed through these
cells and the disease severity, age of onset, number of skin
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cancers, or presence of neurological abnormalities in the XP
patients.

Our UV-induced mutation spectra from the shuttle vector
study are very consistent with the mutation spectrum observed
in endogenous genes in Chinese hamster cells (40, 41). These
results, together with previous findings (6, 7), suggest that the
G:C â€”Â»A:T transition mutation in the cells of sun-exposed skin
may play an important role in induction of human skin cancers,
particularly in XP patients.
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